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PREFACE 

The Engineering Design Handbook Series of the Army Materiel Command 
iR a coordinated series of handbooks containing basic information and fundamental 
data useful in the design and development of Army materiel and systems. The 
handbooks are authoritative reference books of practical information and quanti- 
tative facts helpful in the design and development of Army materiel so that i t  
will meet the tactical and the technical needs of the Armed Forces. 

This handbook, Aerodynamics, is one of a series on ballistic missiles. I t  presents 
design information peculiar to ballistic missile flight, i.e., information outside 
the scope of basic subsonic and supersoriic aerodynamics which may be termed 
"conventional aerodynamics." Accordingly, this handbook treats the problems 
unique to ballistic flight, namely, high-speed, high temperature and high altitude 
effects. Empirical as well as theoretical data are presented in the tables and graphs 
which accompany the text material. As of the cut-off date for publication, the 
data and theory are believed to be current, representing the latest thinking and 
observations in the areas of atmospheric and geophysical parameters, typical 
ballistic trajectories, physical properties d air particularly a t  elevated temper- 
atures, pressure distributioris over bodies a t  high speeds as required for determining 
aerodynamic loads and heating effects, aerodynamic heating and cooling methods, 
hypersonic aerodynamic forces and stability considerations, and techniques and 
problems of aerodynamic experimentation. Appropriate engineering app~oximations 
have been introduced, where applicable, to simplify the complex theory and make 
the text adaptable to the solution of practical problems. 

The original manuscript for this handbook was supplied by Vitro Laboratories 
for the Engineering Handbook Office of Duke University, prime contractor to 
the Army Research Office-Durham. 

Elements of the U.S. Army Materiel Command having need for handbooks 
may submit requisitions or official requests directly to Publications and Reproduc- 
tion Agency, Letterkenny Army Depot, Chambersburg, Pennsylvania 17201. 
Contractors should submit such requistitions or requests to their contracting 
officers. 

Comments and suggestions on this handbook are welcome and should be 
addressed to  Army Research Office-Durham, Box CM, Duke Station, Durham, 
North Carolina 27706. 
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CHAPTER I *  

AERODYNAMICS IN BALLISTIC MISSILE DESIGN 

1-1 AERODYNAMIC PROBLEM AREAS 
The design and specification of a ballistic mis- 

nile cf one or more stages require areodynamic in- 
formation eomewhat wider in scope than that usually 
required tor totally-guided missiles. This is due 
mainly to enlarged operational conditions. Of great 
importance for ballistic missiles, for instance, are 
the thermal effects engendered by high velocities, 
particularly during re-entry into the higher density 
regime of the atmosphere. Furthermore, ballistic 
missiles encounter significant variations in atmos- 
pheric conditions as they traveme wide altitude 
ranges. In addition, aerodynamic factors which in- 
fluence the precision of aiming and launching be- 
come important since trajectories cannot readily be 
altered after ballistic flight has begun. 

Aerodynamic phenomena bear on numerous 
faceta of miasile deeign and' operation : 

(1) Overall performance and flight mechanics are 
iduenced by resultant aerodynamic forces. 

(2) Stability and control depend upon aero- 
dynamic momenta and stability derivatives. 

(3) Structural design in the low temperature range 
depends upo.1 steady and time-dependent 
aerodynamic loads. 

(4) Material selection and structural design in the 
high temperature range depend upon a know- 
ledge of aerodynamic heat inputa and losses, 
as well M cooling techniques. Factors of this 
type dominate the re-entry capabilities of high 
performance missiles. In fact, trajectories may 
be programmed to alleviate high temperature 
eflects. 

(5) The effectiveness of detection, discrimination, 
tracking and interception of high speed mie- 
silee, M well M communication to or from 
the miaeile, bear strongly on the physical state 
of high temperature gasea in the immediate 
vicinity of the vehicle and in ita wake. In 
particular, electron concentratiom and radia- 

*Thin volume wm written by M. H. .Bloom. 9. V. 
NuQ uded with the +pter on aerodynamq teatmg, and 
P. M. Sforra wbted in arrangement and ed~ting. All rve 
frpm Pol technic Instituta of Brooklyn. C. D. Fitz, then of 
VI- Idomtoria, p-bd co~tructive auggeatrons. 

tion properties are significant in this regard. 
(6) Aerodynamic experimentation and testing, 

and the establishment of model-scaling proce- 
dures in connection with a given design are 
important problem areas in themselves. 

(7) The magnitude of the dispersion of the missile 
at  impact may be influenced by various aero- 
dynamic disturbances. These disturbances 
may be introduced by meteorological condi- 
tions, as well as by the aerodynamic con- 
sequences of structural inaccuracies. 

(8) Aeroelastic phenomena such as flutter depend 
upon steady and time-dependent aerodynamic 
loads, and upon aerodynamic derivatives 
which act as forcing and damping functions. 

The process of designing, building and using 
a missile is a "closed-loop" system in which in- 
formation is constantly fed back and forth between 
various phases of the system, engendering correc- 
tions, modifications, and compromisea in each phase. 
Thus requirements set by other than aerodynamic 
factors, such as structural design or handling, may 
alter the ideal aerodynamic configuration. An im- 
portant role of aerodynamics is to aid in the evalua- 
tion of the effec6 of these changes. 

Furthermore. meteorological information is re- 
quired for the determination of aerodynamic phe- 
nomena. h i d e  from the usual atmospheric charac- 
teristics, features such as winds, gusta and high 
altitude properties may be of importance. Moreover, 
phenomena such as bombardment by meteoric or 
electrically charged particles may influence the con- 
dition of aerodynamic surfaces and consequently 
the aerodynamic ballltics. 

1-2 OBJECTIVES OF AERODYNAMICS 
HANDBOOK 

Significant amounta of infornmtion in the arm 
previously cited lie within the scope of basic sub- 
eonic and supersonic aerodynamics, and are not 
peculiar to ballistic missile flight. With some liberty, 
these aspecta may be termed "conventional a e m  
dynamics." On the other hand, high-speed, high- 
temperature and high-altitude effects are e n t i a l l y  
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uniquc to ballistic flight. Aa a result they receive 
nmjor c~iiphasiv in this chapter. 

Atmospheric and geophysical parameters are 
diacusscd in Chaptcr 2; typical ballistic trajectories 
in Chapter 3; physical properties of air, particularly 
a t  elevatcd tempcraturea, in Chapter 4; pressure 
distributions over bodies a t  high speeds, as required 
for determining aerodynamic loads and aerodynamic 

heating effects, in Chapter 5; aerodynamic heating 
and some cooling methods in Chapter 6; hyper- 
sonic aerodynamic forces and stability considera- 
tions in Chapter 7; and techniques and problems 
of aerodynamic exjierimentation in Chapter 8. 

Basic references on ,aerodynamics and tabula- 
tions in general use are listed a t  the end of this , 

.chapter. 
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CHAPTER 2 

ATMOSPHERIC AND GEOPHYSICAL PROPERTIES 

2-1 INTRODUCTION 
The aerodynamic characteristics and dynamic 

behavior of a vehicle in the vicinity of a planet such 
0 

aa the eaith, depend upon the nature of the atmos- 
phere and upon geophysical parameters such aa the 
planet's gravitational field. 

Standards for the principal atmospheric and 
geophysical properties of the earth have been set up 
by the Air Research and Development Command 
(ARDC), the U. S. Air Force"' and more recently 
by the U.S. Committee on Extension to the Standard 
Atmosphere (C0ESA)'O after extensive study of 
existing information. Reviews are made annually aa 
new information is acquired. These Standards pro- 
vide a unified baais for reference and are recom- 
mended for initial design. 

In actuality, deviations from standard condi- 

a tions occur due to such factors aa geographic loca- 
tion, seasonal changea, time of day and weather. 
Their effect may be significant for purposea of 
final design and detailed performance. However, 
their importance depends upon the magnitude of 
their effect on vehicle parameters, the required 
reliability of the vehicle and the probability that 
deviations from standard will occur. 

At altitudes below 46 krn (150,000 ft) atmos- 
pheric data are obtained quite accurately with the 
use of balloons. At higher altitudw, data are obtained 
by means of rockets, satellites and remote observa- 
tions. Theoretical analyses are used to correlate the 
data and provide extrapolations to extremely high 
altitudes (700 km). 

The 1959 ARDC Standard takes into account 
density data cbtained by rocket-borne ionimtion 
gag- in the 110 to 220 km range. It also considers 
the more uncertain densities inferred from the change 
in period of satellites having perigee (minimum) 
altitudes of 170 to 650 km. Below 20 km, the 1959 
Standard agrees with prior Standards such as that 
of NACAa. Below 53 km this Standard agrees with 
the 1956 ARDC model. Between 90 and 150 km 
the valuea of density are about one-half the 1956 
valuea. At 200 km, the density is about 5 times 
the prior Standard, and a t  600 km the 1959 value 
is about 20 times the 1956 Standard. 

The U.S. Standard Atmosphere ie hssed on more 
recent data acquired in euch additional diveree 
experiments as rocket g r d e  launchings, falling 
sphere density measuremenfa, etc. Below 20 km the 
1962 U.S. Standard Atmosphere agrees with the 1959 
ARDC Atmosphere and the International Civil 
Aviation Organication (ICAO) Atmosphere. Up to 
80 krn the 1959 Standard is still in agreement with 
the 1982 Standard. Above 80 km the Merences 
between the two are depicted graphically in Figs. 
2-1(Q) and 2-l(R). 

Probable errors in preesure and density are 
estimated to be lees than 10 percent a t  altitudes 
below 60 km (20CJ000 ft), and to increase to perhaps 
200-300 percent a t  200 km'. 

2-2 PROPERTIES OF THE EARTH'S 
ATMOSPHERE 

For the purpoges of this handbook, the p rop  
erties of the earth's atmosphere as developed for the 
1962 U.S. Standard Atmaephere and, secondarily, 
the 1959 ARDC Standard Atmosphere will be 
adopted. Table 2-1 presents a liat of the notations 
used in both Standardsa"O. Sea-level values are given 
in Table 2-2 in both metric and English units. 
Values of the physical constants used in deriving 
the Staudard are shown in Table 2-3. Pertinent 
conversion factors are given in Table 2 4 .  Table 2-5 
lists the numeroua altitude-dependent atmospheric 
properties which are examined in the 1992 Standard. 
The variation of these properties with altitude is 
illustrated in Figure 2-1 (ecaled in metric units). 

2-2.1. Acceleration of Gravity 

The variation of acceleration of gravity g with 
actual geometric altitude Z is claRaically expressed 
by the equation: 

where go is a etandard value a t  eero altitude (Table 
2-2), and r is an efTec:tive d u e  of the earth adjusted 
to provide for its rotation and nonspherical shape 
(Table 2-3). This relation may be applied to other 
plsnets if suitable values of go and r are employed. 
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Specific weight, kg m-'xc-' 

(A)  Specific Weight us. Altitude 
M e r o t m  &e to grov~ty. m set-' 

(B)  Acceleration of Gravity us. A1 titude 

500 500 700 900 11.00 I 
Speed, m sec-' 

(C )  Mole Vdume vr. Altitude ( D )  Mean Particle Speed v8. Altitude 

Figure 2-1. Altitude-Dependent Atmospheric Properties in Metric U n i P  
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Temperature, O K  

( E )  Kinetic Temperature and MolecularScale Tem- 
perature us. Altitude 

( F )  Mean Molecular Weight us. Altitude 

Reswre, mb 

( C )  Pressure us. Altitude 

Dens~ty, kg m-' 

( H )  Mass Density us. Altitude 

Figure 2-1. Altitude-Dependent Atmospheric Properties in Metric Unitsz0 (continued) 
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( I )  W e  Height vs. A1 titude 

Number denwty, m-' 

(J) Number Densitg us. Altitude 

Cd l~sicm frequency, sec-' 

(K) Mean Free Path us. Altitude ( L )  Collision Frequencg us. Altitude 

Figure 2-1. Altitude-Dependent Atmaspheric Properties in Metric Unib (continued) 
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(M) Speed of Sound vs. Altitude 

T h m l  cmductw~ty, k-col m-' sec-'(OK)-' 

(N) Coeflcient of Thermal Conductivity vs. Altitude 

Ktnemottc v ~ s c o s ~ t y ,  mt sec-' 

(0) Kinematic Viscosity vs. Altitude (P)  Coeflcient of Viscosity vs. Altitude 

Figure 2-1. A1 titudc-Dependent Atmospheric Properties in Metric Unitsm (continued) 
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( R )  Pressures of U. S. Standard Atmosphere, 1962 Compared with ARDC Mode2 Atmosflhere, 1959 
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Figure 2-1. Altitude-Dependent Atmospheric Properties in Metric UnitsP0 (continued) 
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2-2.2. Modified Geopotential Altitude 

The modified geopotential altitude H* is simply 
a transformed althude scale with the units of length, The equation of static equilibrium of a fluid, 
defined to facilitate the solution of the basic equation sometimes termed the "barometric equation,H is 
of static equilibrium of fluids in the atmosphere by 
absorbing the effect of variations in g It is defined dP = - p g d Z  (2-4) 

by the differential relation Substitution of Eq. 2-2 into Eq. 2-4 produces 
go dH* = g(Z) dZ ( 2 2 )  an equation resembling that which holds for g = go = 

comtant, namely 
which, when combined with Eq. 2-1 and integrated, 
yields dP = - p g o  dH* (2-5) 

TABLE 2-1. 

LIST OF SYMBOLS AND ABBREVIATIONS USED IN  
STANDARD ATMOSPHERE TABLES* 

a 
a 
b 
BTU 
OC 
c. 
cal 
cm 
E 
OF 
f 
F 
fP 
ft  
ft' 
G 

9 
9. 
~" '  
gm-mol 
H 
Hg 
H. 
H: 
H* 
i 
in. 
i. n. mi 
OK 
k 
kg-cal 
kg 
kl3f 
kg-mol 
km 
km' 
kwhr 
L 
LM 
C 
lb 

Acceleration 
Radius of the earth a t  the equator 
Subscript indicating base or reference level 
British Thermal Unit 
Degrees, in thermodynamic Celsius scale 
Speed of sound 
Calorie 
Centimeter 
Energy 
Degrees, in thermodynamic Fahrenheit scale 
Ellipsoid flattening 
Force 
Foobpound-second system of unite 
Foot 
Standard geopotential foot 
Dimensional constant in geometric-geopotential r e  
lationship 
Acceleration of gravity, effective value 
Acceleration of gravity a t  the equator 
Gram 
Gram mole 
Altitude in geopotential measure 
Mercury 
Scale height 
Geopotential scale height 
Modified geopotential altitude 
Subscript indicating ice point value 
Inch 
International nautical mile 
Degrees, in thermodynamic Kelvin scale 
Thermal conductivity 
Kilogram-calorie 
Kilogram (mass) 
Kilogram (force) 
Kilogram-mole 
Kilometer 
Standard geopotential kilometer 
Kilowatt hour 
Mean free path 
Molecular-scale-temperature gradient 
Length 
Pound (maesj 

Ibf 
M 
m 
m ' 
m 
mb 
mks 
N 
n 
n, 
nt 
0 

P 
pdl 
OR 
R* 
r 
S 
sec 
T 
T .  

TM 

t 
t 
thsd ft 
t i  

V 
v 

z 
B 
7 

r) 

P 
v 

P 
a 

+ 
W 

Pound (force) 
Mean molecular weight of air 
Meter 
Standard geopotential meter 
Msss 
Millibar 
Meter-kilogram-second system of unite 
Avogadro's number 
Number density 
Loschmid's number 
Newton 
Subscript indicating sea-level value 
Pressure 
Poundal 
Degrees, in thermodynamic Rankine scale 
Universal gas constant 
Effective radius of earth 
Sutherland's constant 
Second 
Temperature in absolute thermodynamic scalea 
Ice point temperature in absolute thermodynamic 
scales 
Molecular-scale temperature in absolute thermo- 
dynamic scalea 
time 
Temperature in nonabsolute thermodynamic scalea 
Thousands of feet 
Ice point temperature in nonabdute thermo- 
dynamic scalea 
Particle speed (arithmetic average) 
Mole volume of air under existing conditions of T 
and P 
Altitude in geometric measure 
Constant used in Sutherland's viscosity equation 
Ratio of specific heats (C,/C.) 
Kinematic viscosity 
Coefficient of viscosity 
Collision frequency 
Maes density 
Effective collision diameter of a mean air molecule 
Latitude of the earth 
Specific weight 

- 
For numerical valuea of physical constants eee Table 2-3. 
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TABLE 2-2. SEA-LEVEL VALUES .OF ATMOSPHERIC - PROPERTIESZ0 

Metric units (mks) 
--- 

1.013250Y; 105 newtons m--2 
1.2250 kg m-3 
15' C 
9.80665 rn sec-1 
110.4' K 
273.15' K 
1.458X 10-8 kg sec-~m-'('K)-'/2 
1.40 (dimensionless) 
3.65x 10-lo m 
6.02257 X lWa (kg-mo1)-1 
8.31432 joules (OK)-' mol-I 

English units (jt-lb-sec) 

2116.22 Ibf ft-2 
0.076474 lb ft-3 
59.0' F 
32.1741 ft sec--1 
198.72' R 
491.67O R 
7.3025 X 10-7 Ib ft-lsec-l(OR)-l/z 
1.40 (dimensionless) 
1.1975X 10-9 ft 
2.73179 X lWa (Ib-mol)-1 
1545.31 ft Ib (Ib-mo1)-I (OR)-' 

Differences between H* and Z are generally 
rather small except a t  very high altitudes. 

2-2.3. Geopotential Altitude 

The geopotential altitude H is numerically equal 
to H*, but is expressed in units of energy per unit 
mass, or velocity squared, rather than in units of 
simple length. It is given by the relation 

where go is defined in Table 2-3 and G has the 
value 9.80665 m2 sec-2 ml-' in the metric system 
and 32.1741 ft2 sec-2 ft'-' in the English system 
of units. The units of N are geopotential-meters m', 

potential meter expresses the fact that if 1 ~g of 
mass is raised through one m', its potential energy 
is increased by 9.80665 joules (see Table 2-4 for 
conversions to English units). 

2-2.4. Molecular-Scale Temperature 

The molecular-scale temperature TM is defined 
so as to simplify the equation of state of a perfect 
gas, which is assumed to apply throughout the 
atmosphere, by weighting the effects of changes in 
average niolecular weight a t  the higher altitudes. 
TM may be related uniquely to the density, pressure 
or speed of sound without specification of the rno- 
lecular weight. The density and sound speed are 
quantities often measured experimentally in high 

where m' is 9.80665 (m/sec)'. Physically, the geo- altitude tests. 

TABLE 2-3. NUMERICAL VALUES USED IN  1962 U. 5. STANDARD ATMOSPHERPO 

-- -- 

Symbol -1 Metr ic  units (mks) 

340.294 m eec-1 
9.80665 m sec-3 

HP .O 8434.5 m 
6.0530X 10-8 kg-cal m-1 eec-+(OK)-' 

6.6328 X 10-6 rn 
Mo 28.9644 (dimensionleaa) 

Fngliah units (ft-lb-ae$ 

1116.45 f t  aec-1 
32.1741 ft eec-1 

27,672 f t  
4.0674X 10-8 BTU ft-1 eec-'(OR)-] 

2.1761X 10-7 ft 
28.9644 (dimeneionlese) 

7.2127x 10" ft-' 
2116.22 lbf ft-1 

618.61° R 
1505.7 f t  aec-1 

1.5723 X lo-' ft' eec-1 
1.2024X 10-"b ft-1 aec-1 

6.9193X lCP eec-I 
0.076474 lb It-' 
11.975X 10-lo It  

2.4605 lb It-' eec-1 
I 

no 
*Po 
- To 
Yo 
90 
PO 

*O 
*PO 
*UP 

2.5471 x 10" m-1 
1.013250X 1 P  newtone m-1 

288.15' K 
458.94 m eec-1 

1.4607X 1 0 - b m '  aec-I 
1.7894X 10-Qg rn-1 eec-1 

6.9193X lCP aec-I 
1.2250 kg m-1 
3.65X 10-10 m 

'Tbeae values are &opted for purposed of eomputatlon. The remanlnc Mucr ue ddved born W dopted Mum. 

- 

I 
I 12.013 kg m-8 eec-a 

- 

- 
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TABU 24. CONVERSION FACT- 

(A) Metric to English Conversions of Units 
of Length, MOSS and Geopotentid 

A. hhal r d a t i o ~  (the conntanta are dopted .a being 
cuaot) : 

1 foot =0.3048 meter 
1 i.n. mi l,IU2 metem 
1 pound =0.45369237 kilogram 
1 rtand8rd goopotentid ==0.3048 rbndard gsopo- 

foot tentid meter 
B. Derived r d a t i o ~ :  

1 meter ==3.2808399. . . feet 
1 meter = 5.3995680. . . X 10-4 i.n. mi 
1 kilogram =2.2046226. . . pounda 
1 1.n. mi =6.076.1155. . . feet 
1 foot = 1.8457883. . . X 10-4 i.n. mi 
1 rtandard geopotentid =3.2808399.. . standard geu- 

metar potential 
feet 

(B )  Metric to English and Absolute to 
Non-Absolute Conversions of 

Temperature Units 
A. Ds5md: 

(( '0 = T(OK) - Ti('K), where TJ°K) = 
273.lb(OK) 

T(OR) = 1.8T(OK) 
8("p)-h("R = T('R) - Ti(OR), where ti(OF) =32(OF) 

B. Derived relatiom: 
tc(Oc) -O(OC) 
TdOR) =491.670(OR) 
( ( " 0  =ITCOR) - Ti(0R)~11.8=It(0F) -ti(eF)]/1.8 
T(O R) -1.4t('C) +273.15(°C)1=t(0F) -ti("F) + 

491.670("R) 
((OF) -32(OF) =l.&(OC) = l.NT(OK) -273.15(°K)1 

(D)  Thermal to Mechanical Mb, 
MetrbEnglish 

A. Defined relations: 

1 
1 k g 4  = - kw-hr (exact) 

880 

1 kg-cal= 0.45359237 BTU=3.9683207 BTU 

1 joule = 1 watt-sec 

B. Derived relations: 

1 kw-hr=3.6X 1W watt eec=3.6X 1W joules 

1 kg-cal=- 3'6gW joules=4,lM.O465 joules 

=4,186.0465 kg ma nee* 

1 kg-cal= 3.6X 1W 880'X9.80665n~ kgf=426.85795 m kgf 

1 kg-cal= 3.6 X 1W 
8 8 0 ~ 9 . 8 0 6 6 5 ~ 0 . 4 5 3 5 9 2 ~ 3  m0.3048 f t  Ibf 

=3087.4696 It lbf 

1 BTU = 0'45359237 kg-cal =0.25199576 kg-cal 

1 BTU = 3.6X 106 
860 XO.3048 X 9.80685 X ft lbf 

=778.02922 ft Ibf 

3.6 lo' ,b fia see* ' BTU = 8 6 0 ~  (0.3048)aX 1% 

= 25032.349 Ib It' see-* 

'Tbe c8lorle used bere Is the In(erna1lonal Storm Table cdorb and tbe joule 
b lbe m u  h W r ~ 1 b o . l  Joule. 

( C )  Absdute System of Units to 
Ahwlute-Force, Gravitational System of 

Unib, Metric-English 

A. Defined: 
1 force unit= 1 mase unit X go 

B. Derwed relations: 
1 kgf =9.80665 kg m see-' 

1 1 kg =- 80665kgf see* m-1=0.10197162 kgf seca m-1 

1 Ibf =0.45359237 kgf 
1 Ibf =32.174049 Ib ft  sec-* 
1 lb =0.031080860 Ibf reel ft-1 

= 0.031080850 slug 
1 8lug=32.174049 lb 

The molecular-scale temperature is defined by 
the relation 

where Mo is a standard molecular weight defined 
in Table 2-3. 

0 The equation of state is expressed aa follows: 

Thus T y  is seen to be directly proportional to p/p 
which will be seen to be proportional to the square 
of the sound speed C.. 

If i t  is assumed that  T ,  is a function of H* 
which can be estimated or measured, Eqs. 2-5 and 
2-8 can be combined to yield the expression 

where 

In the 1959 ARDC Standard, the ratio T y / T o  
is the basic function which is assumed as a function 
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Standard Ahnatphcw 

Altitude, 
H, km 

Altitude, 
2, km 

288 15 

216.65 

216.66 

65 

na 65 

na 65 

262 65 

lea 66 

lea 66 

Molecular. 
d e  tem- 
perature, 
Tu, OK 

Molecular 
weight, 
M 

Molecular 
weight, 
M 

Kinetic 
temper- 
ature, 
T, OK 

Kinetic 
temper- 
ature, 
T, OK 

of H* in order to match test data. All other param- 
eter variations follow as outlined above. 

2-2.5. Scale Height 

Scale heights are indicative of the magnitude 
of vertical pressure gradients in the atmosphere and 
may be defined in geometric units (H,, meters) and 
in modified geopotential units (Ht, meters) as 
follows : 

where 

1 -=  -- 1 
(Cn P) and - -- 

H. dZ 
(Cn P) (2-12) - dH* 

2-2.6. Speed of Sound 

The speed of sound C, is a scalar parameter 
defined here formally as follows: 

where 7 is the isentropic exponent or, in perfect 
gases, the ratio of specific heats. Actually 7 is a 
function of the state and molecular structure of the 
gas. Here it is assumed that 7 = 1.4 (exactly for 
altitudes below 90 km). Ahove this altitude, in- 
formation on the sound speed is given by neither 
the 1962 U.S. nor the 1959 ARDC Standards. 

The value of C. is not necessarily the actual 
speed with which sound is transmitted over long 
distances, although in usual cases of high density 
gas and moderate wave frequency, the actual long 
range propagation speed coincides with the value 
of C,. In fact, the definition used here [Equation 2-13] 
stems from this classical case. However, a real dis- 
turbance traveling an appreciable distance from its 
generator is attenuated or damped to a degree which 
increases with increasing wave frequency and with 
decreasing density of the medium. In moving fluids, 
particularly those in which chemical reactions are 
occurring, still other factors influence the actual 
propagation of disturbances. For this reason the 
parameter C loses its significance a t  very high 
altitudes and is replaced for reference purposes by 
the mean speed of the gas particles, a quantity 
closely related to the formal definition of C.. It i.: 
noted that even in the formal definition of C. given 
by RRf. 13, the value of 7 is no longer considered 
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TABLE 2-5. 

ALTITUDE-DEPENDENT ATMOSPHERIC PROPERTIES 
.- 

Kinetic temperature 
Molecular-scale temperature 
Mean molecular weight 
Pressure 
Mass-density 
Specific weight 
Acceleration of gravity 
Mole volume 

Scale heighl 
Number density 
Mean free path 
Collision frequency 
Speed of sound 
Thermal conductivity 
Kinematic viscosity 
Viscosity coefficient (absolute) 

constant a t  extreme altitudes due to the changing 
physical and chemical structure of the atmosphere. 

2-2.7. Air Particle Speed 

The mean air particle speed P is the arithmetic 
average of the distribution of speeds of all air 
particles within a unit volume, assuming that all 
air particles in the mixture have an average mass 
associated with the mean molecular weight. The 
quantity has statistical meaning only if a sufficiently 
large number of particles is present so that their 
velocities follow a "Maxwellian" statistical dis- 
tribution' and provided that variations in P and 
p are negligible within the volume. The following 
definition, derived from the classical kinetic theory 
of gasesb, is introduced: 

This yields 

where 

Although the physical meaning of also de- 
creases a t  extremely high altitudes, it is utilized on 
the basis of its formal definition. 

2-2.8. Specific Weight 

The specific weight w is defined as follows: 

This simply Newton's second lew referred to 
a unit volume, where the mass density is assumed 
to be defined and the force (weight) derived. 

2-2.9. Molecular Weight 

The molecular weight M of a compound is 
defined from a chemical standpoint as a dimension- 

less number whose magnitude is 16 times the ratio 
of the average mass of a molecule of the compound 
to the average mass of an oxygen atom. I t  is assumed 
that the oxygen arid the. con~pour~d have their 
natural distribution of isotopes and that the average 
is to be coristrued as the arithmetic mean. 

A unit such as the gram-mole is defiricd as the 
quantity of mass in grams which is numerically equal 
to the molecular weight of the substance. That is, 
1 gram-mole = M gm. The molar concenlration is 
defined as the number of moles of a component 
(in metric units, gram-mole), per linit volume of 
gas mixture. A mole-fraclion is defined as the number 
of moles of a component per mole of mixture. 

Standard air is assumed to he dry Its standard 
sea-level molar composition is shown in Table 2-6. 
This composition is assumed to be constant below 
90 km. Therefore the following standard molecular 
weight for the air mixture applies in this regime: 
M ,  = 28.966. For higher altitudes the mean molec- 
ular weight variation shown in Fig. 2-1(F) is as- 
sumed as a standard, based upon experimental 
evidence. 

2-2.10. Mole Volume 

The mole volume v is defined by the relation 

- -  R*T for perfect gases 
- P (2-17) 

TABLE 2-6. 

SEA LEVEL ATMOSPHERIC COMPOSITION 
FOR A DRY ATMOSPHERE* 

Mol. Fraction Molecular Weight 
Constituent Gas (Percent) (0 = 16.000) 

Nitrogen (N2)  78.09 
Oxygen (02) 20.95 
Argon (A) 0.93 
Carbon dioxide (Cot) 0.03 
Neon (Ne)  1.8 X 10-8 
Helium (He) 5.24 X 10- 
Krypton (Kr) 1.0 X 10- 
Hydrogen (Hz) 5.0 X 10-6 
Xenon (Xe) 8.0 X 10" 
Ozone ( 0 8 )  1.0 X 1 0 4  
Radon (Rn) 6.0 x 10-lo 

These values are taken as standard and do not neces 
sarily indicate the exact condition of the atmosphere. Ozone 
and Radon articularly are known to vary at sea level and 
above, but tiese variations would not appreciably affect the 
value of Ma. 
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At given values of P and T, the mole volume ia the 
ssme for all perfeat gases. 

2-2.1 1. Number Density 

The number density n of a gas denotes the 
number of gas particles per unit volume, neglecting 
electrons or other sub-stomic particles. Since 
Avogadro's number N ,  defined as the number of 
particles in one mole of gas, is a universal constant, 
it follows that 

where N = 6.024 X lo2' particles/kg-mole of gaa 

2-2.12. Collision Frequency 

By classical methods of the kinetic theory of 
gasesb an estimate may be made of the frequency v 
with which a given gas particle will collide succee- 
eively with other particles. In the simplest case, 
all participating particles are characterized by the 
ssme dimension, a diameter o, which expresses the 
effective extent of a particle's force field. Moreover, 
the gas is considered to behave se a perfect gas with 
o small ccmpared to distances between particles. 
The result is the following expression for the collision 
frequency : 

v = .\/zmdV (2-19) 

= collisions/sec, or particles colliding 
with a given particle/sec 

Although care must be used in ascribing too 
much significance to the dimension o, becaum of 
the actual field-like nature of a  particle'^ range' of 
influence, the expression for v is carried over formally 
to the standard air mixture. For this purpose an 
average effective collision diameter .is defined as 
follows : 

c = 3.65 X lo-'' meters = 1.199 X 10-0 ft (2-!a)) 

2-2.13. Mean Free Path 

A mean free path length L which would be 
traversed by a particle traveling with mean epeed 
and participating in v collisions per second, is given 
by the expression - v L = - = (& nwa)-' 

v 
(221) 

2-2.14. Temperature (Real Kinetlc) 

The temperature T is a quautity related to the 
kinetic energy per unit maas of the random motion 
(as dietinct from ordered masa motion) of gas mole- 

culea and storm comprising the atmosphere at a 
given altitude. Usually the random translational 
degrees of freedom furnish the kinetic energy by 
which the temperature is defined. For a homogeneom 
gae with a "Maxwellian" particle velocity distribu- 
tion the previously given expression for the mean 
random speed" yields a relation between the random 
kinetic energy and the temperature, namely, 

or in t e rm  of the mean square speed T.'l, 

The kinetic temperature T is not necessarily 
the temperature which would be acquired by a body 
a t  rest within the gas or .moving through it, since 
the ultimate temperature of a body depends upon 
a balance between various modes of energy transfer. 

2-2.15. Viscosity 

The absolute viscosity p and the kinematic 
viscosity 7 = pip are obtained by use of the Guther- 
land equation, which is based on the kinetic theory 
of gases and is adjusted empirically, se follows: 

where 

B -= 1.458 X lo-' kg/eec. me <K and 

S = 110.4OK. 

The use of this relation should be limited to altitudes 
below 40 km. 

2-2.16. Thermal Conductivity 

A modified Sutherland type of relation is used 
for the thermal conductivity 8, namely, 

where 

8, = 6.235 X lo-' 
S, - 245.4OK 

and the relation is alao limited to altitudes below 
40 km. 

2-2.17. Simplified Exponential Approximation of 
Density Variation 

Both the pressure and density vary approx- 
imately exponentially with altitude in the atmoe- 
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phere, each decreasing by a factor of about 10 
roughly every 50,000 ft. In  trajectory analyses it 
has been ,found useful to approximate the 1956 
ARDC Standard density as follows"' for altitudes 
below 150 km (490, 000 ft.): 

' = exp ( - 8 ~ )  
P r  

where p,  is a reference density evaluated to achieve 
the best fit of the actual density in the altitude 
range of prime interest, and 8, is a local decay factor. 
A fit of the 1956 Standard is shown in Figs. 2-2 and 
2-3 where the following values have been used: 

A series of local values of 8, estirnateds in the 70 
to 169 km range (230,000 to 540,000 ft) are also 

shown marked on Fig. 2-2. To obtain these values, 
values of p,  were selected a t  the altitudes indicated, 
and corresponding values of 1/8, varying between 
18,500 and 29,800 ft were derived for the intervals 
delineated. 

2-2.18. Extreme Deviations from 
Standard Conditions 

Deviations from standard temperatures are 
found to approach practical extremes under the 
following general circumstances:' arctic winter, 
arctic summer and tropical day. Values of these 
temperature deviations, compared with the ARDC 
Standard for altitudes up to 100,000 ft, are shown 
in Figs. 2-4 and 2-5. 

The corresponding pressures and densities are 
found by solution of the hydrostatic equations for 
perfect gases, as previously discussed in this hand- 
book, assuming an invariant atmospheric composi- 
tion. Values of these extreme conditions are tabulated 
in Ref. 1 and are also discussed in Refs. 9 and 10. 

Figure 2-2. Comparison of Exponential Approximation with ARDC Modd of Earth Atmosphere 
(1956). (Solid circles indicate 1962 U. S. Standard values.) 
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Figure 2-3. Dimensionless Parameter fi for 
ARDC Model of Earth ~tmosphere~' 

2-2.1 9. Atmospheric Shells 

A number of classifications of altitude ranges 
in the atmosphere have been proposed. Several are 
indicated in Figures 2-6(A) and (B)." 

Figure 2-4. Temperature-Heigh t Proji2es of Extreme 
and ARDC Model Atmospheres to 100,000 ft' 

2-3 PROPERTIES O F  THE ATMOSPHERE 
I M P O R T A N T  FOR ELECTROMAGNETIC 
W A V E  TRANSMISSION 

2-3.1. Index of Refraction (D) 

The index of refraction of air for radio waves 
is defined as the ratio of the propagation velocity 
in real air to the propagation velocity which would 
be attained in a vacuum, that is, the speed of light. 
This index is essentially independent of frequency, 
except possibly for wavelengths of less than one cm, 
and is also independent of polarization. I t  is primarily 
a function of the air temperature, pressure and 
moisture content1' as indicated by the following 
empirical formula : 

where 

P = barometric pressure (millibars) 

T = temperature ( O K )  

A = water vapor pressure (millibars) 

For many purposes i t  is. sufficiently accurate to 
assume that D decreases linearly with altitude. 

Figure 2-5. Hot and Cold Tempera lure Extremes 
and ARDC Model Atmosphere Temperature- 
Height Projile to 100,000 ft' 
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(A)  Schematic Representation of Proposed Atmospheric Nomenclature 

Figure 2-6. Sys terns of Nomencla lure' 

2-3.2. Electrical Conductivity (9) 

The current in a gaseous medium can be shown 
to be given by 

G - iwm) 
I = N p  = Nqa ( (warna + G 3  E,ei" 

where 

I = current (amps) 
N = number of electrons/cml 
q = electric unit charge (esu in cgs electrostatic 

units) 
v = velocity of a charged particle (cm/sec) 
G = average frictional constant 
i =a 
w = angular frequency of electric field (radian/ 

wc) 
m = mass of charged particle (gm) 
E ,  = amplitude of applied electric field (stat- 

volts/cm) 
1 = time(sec) 

Only the current due to electrons need be 
considered because of the large mass of other 
y rticles. 

The conductivity is then a complex number 
given as follows: 

with 

Nqar 
= m(l + war2) and a, = wra, 

where 

T = m/G, i characteristic time, for practical pur- 
poses the mean free time between electron 
collisions. 

Thus it is seen that the population of electrons 
N in the air, primarily in the ionosphere, is a quantity 
which is significant for wave transmission. 

2-3.3. Electron Density in the Atmosphere (N) 

The levels of maximum electron density a t  
middle latitudesI3 are given in Table 2-7 and Fig. 2-7. 
Figure 2-8(B) illustrates the estimated electron dis- 
tribution in the Van Allen belts located a t  altitudes 
of several earth radii." 
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It % of inkrest to note that the electron density 
and resulting conductive propertiea of air at very 
high temperaturea have become of interest because 
of the high temperatuera generated in regions very 
n e u  the eurfacea of high-speed aircraft. Since the 
trammission of electromagnetic waves through this 
hot gee blanket may be necessary, the properties 
which govern the transmimion characteristica, pri- 

marily N and T ,  must be obtained for the thermo- 
dynamic state of the hot gm blanket. Once these 
properties are evaluated, the conductivities and 
other characteristics may be estimated as for any 
other transmitting medium. This also holds true for 
transmission through flaming exhaust gases. A 
further discussion of these problems will be given 
in a later paragraph. 

The r e o n  n-t the eurface, b.vins a more or l eu  uniform docmue d tempera- 
ture with altitude. nomid rpt. of temporaturn dWmM0 L. 6.5qVLm. but ~ a -  
w n l w  u e  common. -Iht tmpmpbm, the doouln of weathar, L. In convective 
equilibrium with the eun-warmed ourface d the euth.  Iht tropopuue, which occun 
at aItituQ. between 6 ad 18 kilom.1.n W r  and colder over the m r ) ,  L. the 
domain of hlgh w i d  ad hi*mt c i r m  clod.. 
-- 
n o  re@m next rbove the tmpmpbro ad h- a aomilvlly coaLDDt temperature. 
The etrahphere L. thicker owr tho pol-. thhumr or even nondmtent over the 
eguator. Maximum of atmapheric oume found wu atratopuue. Rue lufrEOU 
clod. a& found near atrrtcauuw. Stlrtopuve L. at about 25 kilometen In middle 
mitudm. Stratapheric tempemhum ueLa&e order of arctic winter tcmperaturas. 

Tlw reglon of the f in t  temperaturn muhum. m e  mmaphere Ilea above the atra- 
taphere ud below the malor tempolrtun mintmum, rhlch L. I d  neu 80 kilo- 
meten altitude ud corutibtm UM m..ap\ue.  A rohtlvely warm rwon betrsen 
two cold regloru; the -on of drrppeuuee d ma t  metmn. Tho meaopauae L. 
foundataltitudea of from10 to85 Ulometen. Mwphere L. In rdlltive equlllbrium 
between ultraviolet orma heatlag the uppar fr- d - redon ad the infrued 
orone ad carbon diodde coolhg by mdhtlon to apace. 

Ihe reglon of rL.lry temperahue above tba mJor temperatwe mtatmum uouDd 80 
Ulometera altitude. Po upper altlhda limlt. m e  dormin of Uu surom. Tempera- 
ture rue at beofthermoophere atlrlMed to too Infrequent colUoiocu unmg mole- 
culu to rmlntaln thermalylumic equilibrium. n o  pdontially enormous Idrued 
rdtatiw cooling 4 cubon dioxtda L. mt actually r m l i d  o m g  to Mequate colli- 

behwn 80 ud LOO kilometen. me  cornpaition chmpa hqre primrlly becwe of 
dtmaoclatian cd oxygen. Mean molecular welght decreua  accordingly. m e  o w -  
phere, b.vln# it# peak concentration wu atratowwe altlhda, dom not change the 
mean mo1mSu weimht of Ibe atmapbra a ~ I c a n U ~ .  

I Ubmeten to 16 at abut 500 00meten. Wall .bore tho lave1 of maen dL..oci.- 

I I IONO6PHERB Tho re(don of adficieotly Lrw eloclmo dauily to .IIoct rd lo  communication. How- 
ever, oaly .bout mr molocula i. 1000 h we Pa redm to m Lo 100,000,000 In the 
D redm L. i m l d .  Tho bottom of Uu kmouhre, Uu D n d m .  L. f a u d  at about 80 

I I Ulometera dur- the day. At tho D- -@&I dlupp&n .ad tho bottom of the 
lomaphere rL.m to 100 Ulommon. T%a 14D d tho loomohere L. not wII d d h d  but 
h u  dten w u about e n .  ~ h o  roc& extamim uprud to 1000 
km bred oa aabllite ad rocket data b ahom. - 

C ~ Y I C A L  m A c n m  

( B )  Salient Features oj Various Atmospheric Regions 

MOLECULAR W A P B  

Figure 2-6. Systems o j  Nomeqclaturel (continued) 

BXOBPHPU Tho reglm rherelo molrmLr mc.p from tho oar&'# aiuwopbre La at@ificant. 
Tho b e  cd the eao.phere. tho crltlul bwl, L. w t  to be at an altlhde above 
W)O tllometen, pmmibly u b@ u 1000 Womebn. 8.1.llito data Iadicrtily hi-r 
d.aritim u th re  allitu6. hmr h@hr emphere lavela. L1ght.r .tonu ad mole- 
culm can mc.p at lower .Ilihdrtb.. bavler a u m .  T%a urtb'a mapetic field d- 
fectively p m d  tha a c . p  d cbrgmd puUcloo, h v m r .  
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Figure 2-7. A wrage Variation of Electron M t y  
with Attitude in the D Ionic Luym During a 
Summer Day' 

TABLE 2-7. 

LEVELS OF MAXIMUM ELECTRON DEHSilY 
AT MlDDLE LAntUDESIO 

- 
Approximate N 

(electrons per ema) 
];eve1 Range 

Region (km) (b) (Day) (Night) 

2 4  WINDS 

24.1. Introduction 

Although the presence of winds and gusts in 
the atmosphere must be considered in formulating 
the structural loads on s missile in flight, these 
factors are even more important for determining the 
characteristics of flight control systems and disper- 
sion in ballistic flight. For ballistic vehicles, control 

PROTON FLUX (protons /emt- sac 

(A) Particle Flux wrsw Altitude in the Equatorial Plane 

Figure 2-8. Particle Flux in Van Allen 'Radiation Beltn 
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LATlTUOE RELATIVE TO I N T E G R A l  INVARIANT EQUATOR 

(B)  Quiet Day Flux Contours of Electrons with Energies Greater than 20 kev in Electrons/cm2-sec 
(Proton Flux Contours are shown for reference. Accuracy is only to several orders of magnitude. 
Data shown is as of 1961. New information is continually being evolved and should be consulted 
for quantitative utility.) 

Figure 2-8. Particle Flux in Van Allen Radiation Beltz' (continued) 

systems are particularly important for establishing 
accurately the terminal properties of the Loost 
stages. Launching inaccuracies cannot be corrected 
in the ballistic flight. Therefore, design atmospheres 
for wind magnitude profiles and the rate of change 
of wind magnitude with altitude, that is, "wind 
shear" distributions, must be established in connec- 
tion with a given missile design. 

Figures 2-9(A) and 2-9(B) illustrate synthetic 
wind speed profiles for winter conditions in the 
northeastern and northwestern parts of the United 
States. 

The main factors which are influenced by winds, 
and which are important for determining control 
system features and ultimate dispersion of ballistic 
stages, are: maneuver loads due to winds, possible 
dispersion due to winds and the effect of wind shear 
on a system in which control of the longitudinal 
Mach number involves employment of on-board 
aerodynamic sensors. 

Wind effects are relatively unimportant during 
the high speed flight of hcavy, nonmaneuvering 
ballistic stages such as modern re-entry nose cones 
of long range missiles. However they may be signif- 
icant for new maneuverable re-entry concepts and 
for ballistic interceptors which employ lift (glide) 
after thrust is terminated. These subjects are dis- 
cussed in detail in References 13, 15, 16 and 17. 

24.2. Loads Due to Winds on a 
Maneuvering Missile 

A ballistic missile is controlled during its boost 
and aiming stages. A completely guided missile is 
controlled during the time it closes in on the target 
aa well. The control load problem is the same pro- 
vided the missile is commanded to follow a pro- 
grammed attitude (angle, of attack) over a period 
of time. The presence of winds during this period 
induces an additional angle of attack over the no- 
wind angle. This results in an additional aerodynamic 
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0 50 100 150 200 250 300 
WIND SPEED IN'FT/SEC 

Figure 2-9(A). Synthetic Wind Speed Proflles Ex- 
ceeded I%, 5%) lWo, 2W0 and 50% of the 
Winter for the Windiest Area (Northeastern Part) 
of .the United States1 

maneuver load dependent on both wind velocity 
end shear, which the control system must handle. 

If a missile is aerodynamically stable, the wind 
load increment will eet up a moment which causes 
the d i e  to decrease ita angle of attack and thereby 

v 
0.04 NOCTURNAL IRRADIATION FROM 

ABOVE THE AIRCRAFT 

0 10 20 30 4 0 
ALTITUDE ,THOUSANDS OF FEET 

Figure 2-10. Rate of Heat Gain by M a r  and 
Noc t u r d  ~ a d i a  tionl' 

I I I 1 I 

0 50 I00 150 200 250 300 
WIN D SPEED I N  FT/SEC 

Figure 2-9(B). Synthetic Wind Speed Profles Ex- 
ceeded I%, 5%, lo%, 20% and 50% 'of the 
Winter for the Calmest Area (Northwestern Part) 
of the United States1 

reduce the load increment. However if the missile 
is changing altitude, the nature of the wind shear 
and the missile's time rate of change of altitude 
may be such that the missile response to wind loads 
does not lead to a load reduction. For the Navaho 
SM-64A missile, a guided robot plane with ramjet 
engines, solid-fuel launching boosters and 5000-mi 
range, a large portion of the lateral and longitudinal 
maneuver loads during boost and terminal dive-in 
were directly attributable to winds. Critical trajec- 
tory conditions existed in the 25,000 to 45,000 ft 
altitude band, a region of severe wind velocities and 
wind shears. In this band, during boost, winds con- 
tributed nearly all the lateral load requirement 
( f  90,000 lb) and the largest dispersion in longitu- 
dinal maneuver loads ( f  30,000 lb). 

24.3. Wind Dispersions 

Winds contribute strongly to aerodynamic and 
mt control system dispersidns; the critical condi- . 
tion for dive dispersions is that of maximum wind 
velocity during the entire dive. Mach number fluc- 
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tuatiom due t,8 &hanging win& may engender large mieeile acceleration capabilities are insufficient to 
control load requirements in systems which are decrease the indicated error signal, the miasile syb  
commanded by means of Mach number sensing tern may become destabilized. 
devices. This is true particularly if the detected 
Mach number ie too low. 2-5 RADIATION FROM SOUR SYSTEM 

24.4. Control of Horizontal Flight AND SURROUNDING ATMOSPHERE 

If part of a controlled trajectory is horizontal, The heat flux q in Btu/fta sec due to direct 
if the control system is actuated by a IMach number solar irradiation, due to nocturnal irradiation from 
aensing device and if speed corrections are made by below the missile (mainly caused by the earth) and 
climbing or diving, the control system will be that due to nocturnal irradiation from above (mainly 
strongly sensitive to wind shear which reaulta in caused by the gaseous atmosphere) are shown in 

f - 
changes in relative velocity. Coru~quently, if the Fig. 2-10. 
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CHAPTER 3 

TYPICAL BALLISTIC TRAJECTORIES 

3-1 INTRODUCTION atmospheric density by the simple relation 

Although a detailed discussion of trajectories 
is given in AMCP 706-284 (C), Engineering Design 
Handbook, Ba1lic;tic Missile Series, Trajectories (U), 
a number of interesting trajectory characteristics 
. hich can be represented in relatively simple fashion 

are restated here for convenience. A ready reference 
for this simplified' presentation is Reference 1 which 
is based in part on the discussions of References 
2 and 3. 

3-2 BALLISTIC FLIGHT AND RE-ENTRY 

The powered flight of launching usually termi- 
nates above the effective atmosphere. At the power- 
off or burnout point, the vehicle's flight is charac- 
terized by a velocity Vi and an inclination angle 8, 
between the velocity vector and local horizontal. 
Subsequent flight outside the atmosphere occurs in 
an elliptic trajectory with the earth's center as one 
focus. Thus the vehicle again approaches the atmos- 
phere with velocity V. = Vi and an angle 8, = 8,. 

For minimum expenditure of energy to achieve 
a given range (@ = range +- earth's radius) the 
injection and re-entry velocities are given by 

measured in radians 

where V, is the orbiting speed near the earth's 
surface, equal to 6 or 25,930 ft/sec, 

g = 32.2 ft/seca, and 
no = earth's radius in feet. 

where 

PO = 0.0034 slaga/fta 
1/B = 22,000 ft 
u , = altitude in ft.  

With this relation and neglecting lift, variations 
in the drag coefficient CD, and gravity forces a~ 
compared to aerodynamic forces, one obtains the 
following expression for velocity history during flight 
within the atmosphere : 

where 

B is the ballistic coefficient, W/CDA 
W is the vehicle weight, 
A is the area upon which CD is based, and 
p is the local density. 

The value of CD for many blunt bodies a t  high 
speed approximates that of a sphere or a value on 
the order of 0.9. For satellite configurations and 
weights, values of B are on the order of 10 1b/fta. 
For a representative body such as an iron sphere 
3.6 in. dlmeter, B = 100 1b/fta; for a 3-ft diameter 
iron sphere, B = 1000 lb/fta. 

The deceleration of the vehicle measured in 
units of g can be shown to be equal to the ratio 
of drag to weight. This in turn can be expressed 
by p ~ 2 / 2 B .  

Examination of deceleration characteristics 
(Figure 3-1) shows the following: 

The cormponding launching and re-entry angles are a. Peak deceleration occurs when V = 0.61 V, 
regardless of B. n - a  

gi = 0, = - (3-2) b. Deceleration is negligibly small a t  altitudee 
4 above 250,000 ft (less than 1 g from B > 10) 

For a 6000 mile range V, - 23,000 ft/sec and unless one considers satellite flight over long 
8, - 23", whereas for a 2000 mile range V, - periods of time. This indicates that rarefied 
16,000 ft/eec and - 38". gas effects are relatively unimportant insofar 

In the analysis of vehicle reentry it is con- as aerodynamic forces of ballistic vehicles are 
venient to approximate the vertical variation of concerned. 
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A M .  OLC€UMTIOI AT V*  061 VI 
YU MMBL CYATW RITE AT VaO.72 Vi 

c YU. STAOWTION P ~ N T  MATIUO RATE AT V - 0 . m  VI 

FUWT SEED.V (FI/~EC 12) 
Figure 3-1. Altitude and Velocity for Maximum 

Deceleration and Heating oj Ballis tic Missiles 

c. Maximum deceleration of 58 g occurs for a 
minimum energy range of 4700 mi. regardless 
of B. 

It can be shown that within re~sonable engineering 
accuracy the heat transfer rate to the stagnation 
point of a blunt body is proportional to gpv3 ,  
whereas the overage heating rate of the entire 
surface of blunt or sharp vehicles is roughly propor- 
tional to pV3. For a ballistic missile, the maxima 
of these rates occur a t  V/Vi = 0.85 (stagnation 
point) and V/Vi = 0.72 (average heating). 

33 LIFTING RE-ENTRY (GLIDE) 
h i c  characteristics of re-entry for unpowered 

vehicle whose lift (force oomponent normal to the 
flight path) cannot .be neglected may be deduced 
in a simplified manner by the use of a reasonable 
set of approximations, namely: 

a. Sum of lift and centrifugal force is equal to the 
vehicle weight. 

b. Angle between flight path and local horizontal 
is small. 

c. Centrifugal force is approximately WV2/gro. 
d. Lift-to-drag ratio L/D is constant. 

The above mumptions are poorest near impact. 
Skip vehicles, which enter and leave the atmos- 

phere again one or more times, are not considered 
here. Deapite the fa& that these vehicles are efficent 
in the conversion of velocity to range, they have 
a number of disadvantages related to repeated and 
large decelerations and heating cycles. 

The glide velocity history as a function of the 
partial range 9 (angular displacement from launch 
site swept out by radius vector joining vehicle and 
earth's center) is given by 

or, as a function of altitude, 

where 

v, = 6, 

C t  is the lift coefficient, 

- - - ct , and 
D - co 
0 _ < 9 5 + .  

The initial velocity required for a given range 
is shown plotted for.values of LID. in Figure 3-2, 
based on the relation 

The desirability of having large L/D is clearly 
indicated. For low values of L/D, longer range is 
achieved with a nonlzfling vehicle for a given 

Figure 3-2. Initial Velocity of Glide Vehicles Re- 
quired to Achieve a Given Range, Showing the 
sect of the Lift-t+ Drag Ratio 
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By maximiziing the quantity Gv' it can be 
shown that the maximum stagnation point heating 
rate occurs a t  the point of the trajectory where the 
velocity f = fi V, = 21,000 ft/sec provided that 
the initial velocity V, 2 21,000 ft/sec. Likewise, 
a peak value of the average surface heating which 
is proportional to pV', occurs when V = V,/ <3 = 

15,000 ft/sec, provided that V, 2 15,000 ft/sec. 
Otherwise the peak heating occurs a t  the start of 
glide when V = V,. For valuea of the lift parameter 
K > 100 lb/fta, peak heating occurs below an 

* 

altitude of 220,000 ft. Rarefied gas phenomena will 
have a negligible or a t  most a minor influence on 
the heating of glide vehicles in the regime of peak 
heating. 
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CHAPTER 4 

PHYSICAL AND THERMODYNAMIC PROPERTIES OF AIR 

4-1 EQUILIBRIUM THERMODYNAMIC AND 
TRANSPORT PROPERTIES 

In  Chapter 2 the properties of air are given 
from the standpoint of their variation with altitude. 
I n  this chapter the equilibrium thermodynamic and 
transport properties of air are presented in more 
general terms for use in flow calculations (See 
References 25, 28-38 in Chapter 1). It is recalled 
that the thermodynamic properties such as enthalpy, 
specific heat and composition, etc., are characteristics 
of the medium which are not dependent upon flow 
or time. On the other hand, the transport properties 

such as viscosity, therlnd conductivity and diffusion 
coefficients are each essentially proportionality fac- 
tors between gradients of quantities such as velocity, 
temperature and component concentrations and 
their respective fluxes such as shear stress, heat 
flux and component-diffusion flux. 

The thermodynamic properties of equilibrium 
air presented here in tabular and graphical form, 
Tables 4-1 through 4-4 and Figures 4-1 through 4-10, 
(from Reference 31 in Chapter 1) may also be rep- 
resented in the form of Mollier diagrams. Such 
Mollier diagram are available elsewhere (References 
25, 28, 29 in Chapter 1). 

TABLE 4-1. TRANSPORT PROPERTIES OF AIR FOR VARIOUS' TEMPERATURES 
AND PRESSURES 

(A) Coeficient of Viscosity 

Ratlo 

Pressure, atmospheres 

Reference ccefflclent, 
1% In 1w 

lb sec - 
It = -8% 

crn see 
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TABLE 4-1. TRANSPORT DROPERTIES OF AIR K)R VARIOUS TEMPERATURES 
AND PRESSURES (continued) 

( B )  Coeficient of Thermal Conductivity 

Ratlo tlk, 
Reference coelflclent, 

t ,  In lo-' 
Prwure, atmospheres 

watt - 
cm O K  

MO 
1 m  
im 
pa) 
W)O 

.-... 
1W)O 
13000 
13xm 
luno 
1 4 m  
lma 

TABLE 4-1. TRANSPORT PROPERTIES OF AIR W R  VARIOUS 
TEMPERATURES AND PRESSURlES (continued) 

(6)  Prandtl Number 

Pressure, atmospheres 

0.738 
.75e 
-767 
.614 
.771 
.714 
.BOB 
,587 
.7M 
.cm3 
.a71 
.455 
.381 
.a1 
.342 
.322 
.m 
.m 
.I14 
,0576 . a14 
.0213 
.0167 
.ole . Olb 
.0121 
.0110 
.01a 
. o m  
.0110 
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TABLE 4-2. THERMAL PROPERTIES OF  AIR FOR VARIOUS TEMPERATURES A N D  PRESSURES 

( A )  Spec@ Heat 

+ z C  (;+I) 

( B )  Thermal Conductivity Ratio, k./k, 

Pressure, atmospheres Pressure, atmospheres 
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TABLE 4-3. THERMODYNAMIC PROPERTIES OF AIR FOR VARIOUS TEMPERATURES AND PRESSURES 

( B )  Dimensionless Enthalp y, Z HIRT ( A )  Compressibility, Z 

Pressure, atmospberos Pressure. atmospheres 

I. 000 
I. 000 
1.000 
1.016 
1.153 
1.200 
1.211 
1. 237 
1.677 
1.910 
1. m 
2. 008 
2.032 
2.088 
2.210 
2.146 
2.826 
3. 232 
3. 645 
3.843 
3.932 
3.988 
3.985 
3. ee3 
3.886 
3.888 
3.888 
3.888 
4.000 
4.000 

34.8 
37.5 
39.2 
40.8 
45.9 
47.5 
48.6 
51.6 
60.0 
65.9 
71.3 
72. '2 
73.4 
75.4 
79.0 
85.0 
94.1 

104.3 
112.2 
116.6 
i l a s  
119.9 
120.7 
121.3 
121.8 
in. ? 
122. r 
123.1 
123.5 
123.9 

( D )  Dimensionless Specific Heat at 
( C )  Dimensionless Entropy, ZSIR Constant Pressure, ZCJR 
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TABLE 4-3. THERMODYNAMIC PROPERTIES OF AIR FOR VARIOUS TEMPERATURES AND PRESSURES 

( E )  Ratio of Specijic Heats, 7 

Pressure, atmosphem 

(continued) 

( F )  Dimensionless Speed of Sound 
Parameter, a a p / p  

Pressure, atmospheres 

Downloaded from http://www.everyspec.com



TABLE U. CONVERSION TABLE FOR OBTAINING THERMODYNAMIC PROPERTIES 

I Multiply 

FROM THE DIMENSIONLESS QUANTITIES 

To get 
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Figure 4-1. Stagnation Temperature snd Pressure Figure 4-2. Domains of Pressure and Temperatun 
in Air as a Function of Altitude and Velocity for the M e r  Chemical Reactions in Air 
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Figure 4-4. Entropy of Air as a Function of Temperature 
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Figure 4-5. Energy of Air as a Function of Temperature 
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Temperature, r, OK 

Figure 4-7. Compressibility of Air as a Function of Temperature 
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Figure 4-8. Ratio of the Cmflcient of Thermal Conductivity of Air to the 
Rcfcrence Coeflcient, k,. as a Function of Temperature 
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Figure 4 9 .  Ratio of the Coeflcient of Viscosity for Air to the Reference Coeflcient, 70, as a Function of 
Temperature 

Figure 4-10. Prandil Number for Air as a Function of Temperature 
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PRESSURE DISTRIBUTIONS 

5-1 INTRODUCTION Here p, denotes the undisturbed pressure a t  a 
given flight altitude and p, is the maximum pressure 

The pressure distribution Over the surface Of to be found on the body surface and is usually equal 
a vehicle must be known to permit an evaluation 

>, to the stagnation pressure on the body (i.e., the 
I of the skin friction, heat transfer, and other diffusive 

pressure at a point where the velocity is on phenomena which occur in the boundary layer over a body of revolution). A reasonable estimate for 
the vehicle, and to permit an evaluation of the forces p, a t  hypersonic speeds is given as follows: - other than those due to skin friction. A detailed 
determination of the pressure distribution requires 
complex calculations of the flow field about the body. 
Methods by which such complete analyses may be 
carried out are the subject of numerous standard 
works on aerodynamics and are outside the scope 
of this work. However, approximate methods have 
been developed which give estimates with accuracy 
sufficient for present purposes and indeed for pre- 
liminary design. The main part of this chapter will 
be devoted to these approximate procedures to 
provide a "feel" for the possible values which may 
be encountered. 

5-2 "NEWTONIAN" PRESSURE 
DISTRIBUTION 

Primary interest for ballistic missile applications 
.centers on the hypersonic speed range, which. for 
present purposes can be defined as being in excess 
of 5000 ft/sec. In this regime surfaces which make 
significant contributions to the forces acting on the 
body are usually inclined a t  angles 6 with the flight 
ve!ocity vector v which are not "very small". This 
is particularly true of blunt noses which are roughly 
spherical in shepe, of conical surfaces whose angles 
are not small, and of the surfaces of inclined bodies. 
Moreover, on bodies of the type usually employed, 
surfaces which are "shaded" from the oncoming 
velocity vector (i.e., those whose surface-normals 
make oblique angles with v) usually make minor 
contributions to the forces and heat inputs to the 
body. 

As a result, the following empirical estimate can 
be applied as a first approximation to surfaces which 
are "seen" by the vector f : 

where p is the density a t  the flight altitude and 
V is the flight velocity. 

The pressure relation cited above is termed the 
"Newtonian" distribution because of associated rea- 
soning of Newton who deduced a form of this kind 
by assuming that the component of momentum 
normal to the surface in a molecular gas is completely 
lost on impact. Many theoretical discussions of the 
rigorous range and conditions of validity of this 
relation can be found in the literature, e.g., Ref. 7 
of Chapter 1. However, it is presented here in an 
empirical sense without further justification. 

I t  is seen that when 6 + 0 the Newtonian rela- 
tion predicts that p + p,, a result which is not 
quite correct because of the presence of a shock wave 
around the body. As a result, another method is 
often used to continue the estimate of pressures into 
regions of small surface inclination. This method of 
estimation employs the "Prandtl-Meyer Expansion" 
relation which is discussed in Paragraph 5-3. 

The pressure alone is not sufficient to permit 
the calculation of the velocity and other properties 
a t  the body surface which are required for estimating 
the heat transfer and other boundary layer char- 
acteristics. This procedure requires a knowledge of 
the equations of motion governing isentropic flow 
and may be found in most textbooks of aero- 
dynamics. An indication of the general nature of 
thg: procedure can be given for the highly simplified 
conditions wherein there are no chemical reactione 
occurring in the gas, and when the body is blunted 
so that a stagnation point exists. In this case 

where 
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AIL Y the local Mach number VL/aL, 
VL m the local velocity on the surface, 
aL hr 50 TL i~ the local sound speed in ft/sec, 
TL ie thc local temperature in OR, and 
y is the ratio of specific heats for the air mixture 

(1.4 a t  low temperatures). 

Thus a knowledge of p/p, and y determines 
Mi. Next, energy conservation considerations give 
a relation 

where 
T, is termed the stagnation temperature and has 

the approximate value Va/2C,, 
C, is the specific heat a t  constant pressure, and 
V is the flight velocity. 

In this manner, the local properties of the flow 
at the surface of the body can be determined. For 
flows with chemical reactions the estimation of local 
properties may be carried out with the use of a 
Mollier chart when the flow is in chemical equilib- 
rium. Otherwise, the equations governing chemical 
rate processes must be coupled with the flow equa- 
tions to permit the remaining properties to be 

evaluated. Pertinent tabulations of flow properties 
have been cited in Chapter 1 as References 22-25. 

A final word of caution is in order concerning 
the value of p, which is required in conjunction with 
p to give local flow properties. For a blunt body in 
which the viscous boundary layer is thin, the fore- 
going procedure can be applied with good accuracy. 
However, on a sharp-nosed body, where the stagna- 
tion point is e&eloped with'in the boundary layer 
near the sharp apex, the value of p, may be some- 
what higher than pV2. Indeed it rigorously would 
be the "stagnation" pressure behind the inclined 
bow shock along a streamline which pierces the 
boundary layer a t  the local point of intcrest on the 
body. For example, on a sharp cone, the value of 
p, to be used in Equation 5-3 is that corresponding 
to the oblique shock about the body. 

5-3 "PRANDTL-MEYER" EXPANSION AND 
FLOW FIEUX OF CONES 

Exact solutions of the equations of motion can 
be carried out for special types of flow. These solu- 
tions are useful in estimating pressures over bodies. 
One of these, the Prandtl-Meyer expansion, provides 
a relation between the local surface inclination 6 
and the local Mach numher A I L  for a given initial 

Figure 5-1. Prandtl-Meyer Expansion Relation 
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set of va lua  6, and M,, and for a given y. There- 
fore, if one ends an estimate of p a t  a given point 
on the surface where 6 and M ,  are known, one can 
continue the estimate for usual values of 6 by means 
of the Prandtl-Meyer relation. 

A plot of this relation for y = 1.4 is given in 
Figure 5-1. Tabulations for other values of y are 
available in the literature. Some calculations are 
also available which take into account equilibrium 
high temperature air chemistry. 

Tabulations of the properties of flows about 
sharp cones which represent another useful set of 
exact aerodynamic calculations can be found in 
NACA T R  1135 (Reference 4) and are described 
in standard texts of supersonic aerodynamics. The 
pressures on cones are sometimes used empirically 
to give the pressure on a body of revolution whose 
inclination -y is assumed to  be part of a fictitious 
cone of half angle 6. 

An example of how some oi these methods are 

Figure 5-2. The Cone- Cylinder- Flare Con figuration, Overall Modef' 

SURFACE DISTANCE, 3 
Figure 5-3. Analytical and Experimental Pressure ~istr ibutions~ 
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applied to a typical missile shape to permit a de- 
termination of theoretical heat rates is given in 
Reference 3. For the cone-cylinder-flare configura- 
tion shown in Figure 5-2, pressures were measured 
a t  M ,  = 8. The experimentally determined pressures 
are shown in Figure 5-3 together with approximate 
theoretical estimate. Methods used are indicated on 
the figures. 
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CHAPTER 6 

THERMAL EFFECTS 

6-1 IN1 RODUCT ION - 
In high speed flight, high temperatures are 

generated arouhd a missile and consequently within 
its structural components. Conditions on the exposed 
surface of the missile form the connecting link be- 
tween the air flow and the interior thermal state 
of the etructure. Therefore, interfacial conditions 
such as surface temperature or rate of heat flow 
through the surface must be expressed in terms of 
the surface contour and flight parameters (e.g., 
flight velocity, etc.). On the other hand, the surface 
conditions must be related to properties within the 
structure so that the internal temperature distribu- 
tion can be eatsbliahed. The joining of these two 
classes of information through their common bound- 

0 ary condition provides the relation between the 
flight situation and the thermal characteristics of 
the structure. 

The first step in estimating structural effects, 
such as thermal stresees, consists of determining the 
internal temperature level or temperature distribu- 
tion. Theoretically, this problem is governed by the 
classical heat conduction equation which expresses 
the energy balance within the material. The follow- 
ing parametere influence the temperature distribu- 
tion: (i) etructural geometry; (ii) material properties, 
i.e., both termal conductivity k(T) and thermal 
dittuaivity a(T) = k/wc (where w is the specific 
weight and c the specific heat) in time-dependent 
c.8ses, and only k(T) in steady-state cases; (iii) rate 
of energy transfer through the boundaries or energy 
generated within the material; or alternatively, the 
surface temperature, which implies the heat transfer 
neceeeary to maintain this temperature. 

Using the known temperature distribution or 
temperature level in the etructure, one can examine 
excessive temperatures or other destructive condi- 
tione, probable cooling requirements, possibility of 
surface melting or ablation (maw loss) which may 
be useful for cooling, as well aa evaluating thermal 
stresses and required thermal materiale. Changes in 
body-geometry or flight-programs may be employed 
to alleviate or circumvent an unfavorable situation. 

6-2 CONDITIONS FOR APPLICATION OF 
STEADY FLOW ANALYSIS 

It is worthwhile to recall here that flow and 
transfer processes are usually viewed from a coor- 
dinate system jixed to the b d y .  In this frame of 
reference a body moving through stationary air is 
aerodynamically equivalent to the same body held 
fixed with respect to the ground and subjected to 
an airstream; the ground-reference approximates an 
inertial coordinate system. The airstream is initially 
uniform, undisturbed, parallel to the flight velocity 
vector, and equal in velocity to the flight velocity. 
The state parameters of this relative flow, that is, 
its pressure, temperature and density, are equal to 
those of the stationary air a t  a given altitude. In this 
coordinate system the flow may be regarded aa 
steady or a t  least quasi-steady for all but the most 
refined heat transfer purposes. By quasi-steady we 
mean that timedependent flows may be treated aa 
a continuous series of instantaneously steady states, 
and that explicit timederivatives of the flow field 
are negligible, with respect to spatial derivatives. 

Some effects of unsteadiness, such as those due 
to the acceleration of a missile, can be taken into 
account by considering the consequent inertia forcea 
to act as additional body forces, augmenting the 
body forces such as those of gravity. Only recently 
have studies of time-dependent boundary layer and 
heat transfer phenomena received appreciable atten- 
tion. For example, special types of oscillating flows 
have been studied1-' and have indicated effects of 
unsteadiness on shear and heat transfer which are 
important only in a secondary way. More general 
treatments of the effects of time-dependent flight 
on boundary layer phenomena including heat trans- 
fer have recently appeared6-' and will be discussed 
further in a later chapter. 

A useful approximate criterion for judging when 
the direct effects of unsteadiness may be neglected 
in boundary layers is that the following inequality 
be satisfied : 

z" Cu, -- 
u:" dl" 

<< 1, n = 1, 2, (6-1) 
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where u. is a characteristic velocity, (e.g., the veloc- 
ity external &the boundary layer a t  the station x), 
z a streamwise dietarice and t denotes time. These 
conditions are usually satisfied in current missile 
applications. For example, for a body 100 f t  long, 
traveling a t  1OOOftjsec with an acceleration of 30 g 

z d u .  1 -- - - - < < I ,  for n = 1 
u : d t  10 (6-2) 

Shock-tube experimentation has indicated that 
flows over forebodies become established in the order 
of tens of microseconds in high-speed flow. Wakes 
in the base region take somewhat longer to become 
steady, perhaps on the order of milliseconds. These 
times are negligible from the flight standpoint. 

I t  is well to note here that thermodynamic rela- 
tions and other physical laws, such as the equation 
of state of a gas and the 1@w of heat conduction, 
which strictly apply only to gases n~acroscopically 
"at rest," are usually applied without alteration to 
gases in motion. This procedure yields excelle ~b 

results in practice. 

6-3 PROCESSES OF ENERGY TRANSFER 
NEAR A MISSILE 

A high speed missile imparts energy to a limited 
mass of air in the vicinity of the vehicle. Here "air" 
is used to denote the ambient atmosphere regardless 
of its actual conlposition). Primarily this energy 
transfer takes place by compressiori of the displaced 
air and by heat-dissipation due to the shear stresses 
in the boundary layer. Part of the compression- 
energy is lost to the surrounding atmosphere through 
the dissipative action of shock waves which extend 
outward from the body. These shock losses increase 
as the bluffness or pressure drag of the body in- 
creases, and as the shock wave compression becomes 
correspondingly stronger. In ballistic flight this in- 
crease in drag leads to additional deceleration. 

A further loss of energy to the surroundings 
takes place as the energized boundary layer is shed 
rearward, while a much smaller amount is lost by 
radiation from the hot gas surrounding the body. 
Energy also may be gained or lost by the missile 
surface by radiation which is not directly concerned 
with the surrounding air, for instance, by radiation 
to the surface directly from the sun or earth, and 
by radiation from the surface itself to the local 
surroundings. This radiation transfer is influenced 
by the atomic-scale characteristics of the air sur- 
rounding the missile, among other things, and will 
be discussed in a later section. 

The portion of the energy transmitted by the 

missile to its surroundings and not perrnanently lost 
to the atmosphere is returr~ed to the n~issile surface 
by several possible heat transfer mechanisms de- 
scribed below. 

6-3.1. Conduction a n d  C o n v e ~ t i o n ~ - ~ ~  

Conduction is a primary energy transfer procesv 
characterized by the proportiorlality between the 
heat flux q arid the temperature gradient a t  a point. 
Within the bouildary layer the governing relation is 

where q is transmitted along y, i.e., the outward 
normal to the surface. The thermal conductivity 
k is a property of this mode of energy transport 
on a molecular scale. With this sign convention, 
negative q indicates the heat transfered to the body 
from the gas. 

Forced convection denotes mechanically-enforced 
(e.g., by pressure gradients) fluid motion which 
brings fluid masses into contact permitting conduc- 
tion to take place more readily. Free convection 
denotes fluid motion induced by body forces such 
as gravity; it has a negligible direct effect on heat 
trarsfer to missiles although body forces may in- 
fluence the transition from laminar to turbulent flow 
and thcreby stimulate increased heat transfer rates. 
A special class of body forces resulting from the 
presence of electromagnetic fields may influence the 
motion of conducting fluids such as ionized air, or 
air artificially "seeded" with materials which en- 
hance its conductivity. As a result, the convection 
properties of the fluid may be altered; these latter 
effects fall into the category of "magneto-hydro- 
dynamics". 

In  h~rbulent  flow random motion exists on a 
macroscopic scale as distinguished from the molec- 
ular activity whieh leads to the bkic  conductive 
transport previously described. Here turbulent eddy- 
ing motion results in violent and initimate mixing 
of small discrete fluid segments of different momenta 
and temperature and consequently cause a significant 
increase in both the heat transport and the effective 
(turbulent) shear stress. By analogy with laminar 
flow, i.e., flows devoid of random eddies, attempts 
are made to relate the turbulent heat flux to  the 
local gradient of the mean temperature by an  em- 
pirical proportionality factor. This factor is often 
termed the turbulent eddy conductivity [k,]. Unlike 
its laminar counterpart k, the turbulent factor kT 
is not simply a physical property of the fluid, but 
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is quite sensitive to the nature of the turbulent flow. 
For example, the value of kT may be quite different 
in a boundary layer near a surface than in a free jet. 
The analogous turbulent shear parameter, the tur- 
bulent eddy viscosity [ e T ] ,  is sometimes considered 
to be dependent on the local derivatives of the 
mecm vetocity profile such that the turbulent shear 
is considered to be proportional to the square of 
the mean-velocity derivative rather than to the 
first power of this derivative, as in laminar flow. 

In  some cases the air flowing over the surface 
may not be of a homogeneous nature. This occurs 
when air is dissociated into a mixture of atoms and 
molecules 'at high temperature, or when foreign 
coolants or material ablated from the solid surface 
mix into the airstream. In  nonhomogeneous mixtures 
currents are set up which tend to promote homo- 
geneity. The phenomena associated with this mixing 
process are known as "diffusion" processes. In addi- 
tion to the diffusion of the various components 
through each other (i.e., "mass diffusion") certain 
secondary processes occur. These are known as 
"temperature diffusionJJ and "pressure diffusion." 
They are observed experimentally in nonhomo- 
geneous mixtures which are a t  rest on the average; 
when the different species diffuse through each other; 
and when the molecular motion sets up temperature 
and pressure differencesJJ. For example, the mean 
diffusion velocity of species 1 in a binary (two 
component) mixture can be expressed as follows: 

t, = - D l ,  [grad ( h  C,)  + W 2  W 1  C, grad (h P) 

grad (Cn T)] (6-4) 

where W i  ia the molecular weight of speciea i, 

and 
Ci = : . ) P  

An identical relation is obtained for f 2  if C ,  
and C,  are interchanged. The diffusion coefficient 
Dl ,  is virtually independent of concentration. 
Thermal diffusion (charncterized by thermal diffu- 
sion coefficient DT)  tends to concentrate lighter 
and smaller spent . .n the warmer region. The 
thermal terr. , dsually less than 10% of the leading 
term, while the pressure term is negligible (on the 
order of the inverse of the momentum-thickness 
Reynolds number) compared to the concentration 

gradient term." Thus only the concentration grad- 
ient term remains for present application, and the 
mass transport is usually expressed as follows for 
species 1 : 

P C ~  f l  = - P D ~ ,  grad (CJ (65) 

This relation is known as Fick's law. 
This transport influences the gas composition 

as well as the flow properties a t  a point, and thereby 
affects transport properties such as thermal con- 
ductivity and viscosity coefficient. 

It is noted that a "diffusion processJ' can be 
defined as any process in which the net transport 
of a substance is directly proportional to the gradient 
of a given property. The proportionality constact 
is the "diffusion coefficient." The term "mutual 
diffusion" describes the intermixing of 2 different 
gases, while "self diffusionJJ describes the inter- 
mixing of 2 types je.g., isotopes) of the same gas. 

The energy absorption and release by gas com- 
ponents which dissociate and recombine, or which 
react chemically with other components, are linked 
with the diffusion process. For instance, absorbed 
energy may be released near a surface due to the 
diffusion of the reacting component across the bound- 
ary layer. 

In  most technical applications it will suffice to 
consider only the diffusion in binary (2-component) 
mixtures. For example, dissociated air can be con- 
sidered for some purposes to behave as a mixture 
of 2 species: molecules and atoms. The differences 
in the atomic weights of oxygen (atomic weight 16) 
and nitrogen (atomic weight 14) in these cases 
can be neglected within a good approximation. In 
this connection it will be seen that binary diffusion 
can be accounted for in a rather simple way when 
the "Lewis numberJJ (Le = pD12Cv/k) which char- 
acterize the effectiveness of diffusion, as compared 
to conduction, in the energy transfer is equal to 
unity. 

We note here that the shear stresses set up by 
the intermingling of species in a mixture are negligible 
with respect. to the usual viscous stresses under the 
high Reynolds number conditions of practical flight. 
For a more advanced treatment of chemical effects 
in flow systems see References 32 and 33. 

6-3.3. Heat Transport in a Binary Mixture 

Consider dissociated air as a binary mixture 
of atoms and molecules (species 1 and 2, respec- 
tively). The enthalpy of each speciea is then 

h i = l T C v . d T + h :  i - 1 . 2  ( 6 6 )  
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wneru h: ia the heat of formation of the ith species. 
We may take 

for atoms hy G 5-10 ev 
for molecules hi = 0 

Thua we may write the heat flux q in a direction 
n as follows (in practice n will be the outward normal 
to the body surface) : 

aT q = -k - + x PC; Vihi 
1 , a  

(6-7) 

where Vc ia given by Equation 6-5 neglecting pres- 
eure and temperature ditfusion, and body force 
differences on the species. Thus we obtain 

where 

the static enthalpy h = Cihi, 
1 . 1  

the maea averaged specific heat C, = x CiCPi and 
1 . 2  

the LewiaSemenov number or Lewis number 
Le = PD,.,?,/~. 

For Le = 1, a reasonable approximation for 
gas mixtures in which the molecular weights of the 
components ditfer by a factor of only 2 or 3 as 
encountered in most missile problems, Equation 6-8 
becomes simply 

k ah 
9 =  ---- 

C, a n .  

This relation is identical to the expression for 
the heat flux in the simple case where no dissociation 
or other chemical reactions occur, and where the 
gas ia homogeneous. It represents a major simplijica- 
tion in the analytic treatment of flows with chemical 
reactione since for thia caae the heat transfer rate 
is independent of the mechanism of heat transfer 
and explicitly independent of chemical reaction rates 
to an excellent approximation. Of course, the fluid 
propertiea k and E, are dependent on the state and 
concentration of speciea a t  a point. However, Equa- 
tion 6-9 reduces the r.ole of the temperature (ex- 
plicitly) in influencing the heat fEuz in flows with 
chemical reactions of which dissociation is a special 
case. I t  is emphasized that ionization (freeing of 
electrons) has not been coneidered aa yet. 

Radiation heat tranafer rates are usually pro- 
portional to T4. However, a t  very high gaa temper- 
aturea the gas emissivity becomea sharply tempera- 

ture-dependent, being proportional, e.g., to T8.  Thus 
the radiation flux from the gas can well vary like 
TIa and become appreciable. Conditions of this kind 
may be encountered during satellite and inter- 
planetary re-entry .34-36 

Although the detailed mechanism of radiation 
energy transfer is quite complex, its engineering 
treatment may be somewhat simplified. Radiation 
energy is transferred by electromagnetic waves or 
the equivalent quanta. Most monatomic and di- 
atomic gases such as helium, hydrogen, oxygen and 
nitrogen are transparent to (i.e., emit but do not 
appreciably absorb) thermal radiation, except a t  very 
high temperatures; while polyatomic gases such as 
water vapor and carbon dioxide may absorb or emit 
in certain wave lengths. A cogent introduction to 
the role of radiative effects in aerodynamics may 
be found in Ref. 37.& 

6 4  PARAMETERS FOR CALCULATION OF 
CONVECTIVE HEAT RATES 

Heat flux to a surface can be viewed as occurring 
under the driving force of a temperature or enthalpy 
difference termed the "potential." The propor- 
tionality factor between the flux and potential is 
termed the heat transfer coefficient. This concept 
of the heat flux is borne out by theoretical analysis 
and experiments which are based on the Prandtl 
boundary layer concept, and show that the following 
more definite quantities are of prime importance in 
determining the heat rates. 

6-4.1. Stagnation Enthalpy (h,) 

This is the value of enthalpy which would be 
acquired by a moving air mass if an adiabatic 
deceleration to zero velocity were to occur. It is 
derived from the conservation of energy principle 
which states that under adiabatic conditions the 
sum of the local enthalpy and kinetic energy per 
unit m a s  remains constant, i.e., 

where J is the mechanical equivalent of heat (778 
ft-lb/Btu) and g is the gravitational acceleration. 

For constant values of specific heat, Equation 
6-10 becomes 

For conditions in the atmosphere where 
T 5 5Q0°R and h 5 125 Btu/lb, the dominant 
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factor in determining ha a t  speeds above say 6000 
ft/sec is the right side of Equation 6-10; that is, 
the effect of altitude variaiions on stagnation en- 
thalpy is negligible. This is not the case at  lower 
velocities. 

6-4.2. Adiabatic Surface Enthalpy (h,,) 

This is the value which hypothetically would 
occur a t  a totally insulated (zero net heat transfer) 
surface in the absence of any heating or cooling 
devices or substances except those naturally in the 
air. I t  is the value which that portion of the boundary 
layer fluid in immediate contact with the surface 
would acquire in the absence of heat sources and 
sinks. I t  differs from h, because.of viscous, conduc- 
tive and heat storage effects in the fluid, and, in 
cases of low-density or rarefied gas flow, because 
the fluid may not adhere perfectly to the surface. 
It is given with excellent accuracy by 

(Pr)lIa for laminar flow (612) 
(Pr)ll' for turbulent flow 

where P r  is the Prandtl number. The form of 
Equation 6-12 for constant C,, in terms of T, is 
obvious. The quantity h, denotes the local enthalpy 
directly outside the boundary layer. 

6-4.3. Equilibrium Surface Enthalpy (h,,) 

The actual temperature of a point on the surface 
of a body (and its corresponding enthalpy in the 
fluid directly adjacent to the surface) is established 
by the heat between the heat input to the surface 
by all possible means, the heat re-emitted, e.g., by 
radiation, and the heat transferred to the interior 
of the body. Under steady state conditions the final 
surface temperature is termed the "equilibrium 
temperature" T,, having a corresponding en- 
thalpy h,,. 

For example, if a coolant is injected into the 
flow at  one point on an otherwise insulated body, 
the surface acquires a temperature level and varia- 
tion different from ha,. The same is true for a 
completely insulated surface which loses heat by 
radiation. 

6-5 CONVECTIVE HEAT RATES FOR 
CONSTANT PRESSURE 
AND TEMPERATURE 

6-5.1. T wo-Dimensional Laminar Flow 

The convective heat rates for two-dimensional 
hbminar flow a t  a station 8 along a surface having 
constant preesure and temperature are described by 

the following equation : 

where 

8 N u -  is the Nusaelt number, 
ka - (hw - ha,) c,. 

R, = @&! is the Reynolds number based on S, and 
Pa 

(6-13) 

Pr = ie the Prandtl number. 
k. 

It is often specified8 that, for good agreement 
with experiments, the "subscripk" quantities in 
Equation 6-13 should be evaluated a t  a "reference 
enthalpy" given by 

However, in Reference 9, Gold ahows that, for 
temperatures below the diseociation level, Equation 
6-13 ia virtually independent of the evaluation tem- 
perature and may be expressed in a simplified form 
as follows: 

where all quantities are in British Units. A nomo- 
graph for Equation 6-16 is given in Figure 61. 

Furthermore, shock-tube experiments under condi- 
tions of dissociated inviscid flow (Reference 31) have 
shown that Equation 6-13 represents the data within 
the same order of accuracy as the "reference en- 
thalpy" method. Equation 6 1 3  applies when the 
outer flow is not dissociated although the flow 
within the boundary layer may be dissociated. 

For laminar flow over cones the constants in 
Equations 6-13 and 615  are multiplied by 6 
to give? 

Figure 6-1 also ahows a nomogtaph for Equa- 
tion 617.1° 

65.2. Two-Dimensional Turbulent Flow 

For thia type of flow the equation for convective 
heat t r a d e r  is 
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Figure 6-1. Flat Plate Heat Transfer Cwficient (hL) ,  Luminar Boundary Layer" 

In  this expression the "reference enthalpyl' evalua- 
tion should be used for beat accuracy. A simplified 
form has been derivedD for Equation 6-18, but i t  
is not independent of temperature. The simplified 
form is 

where T* is the temperature obtained by replacing 
the h values by T in Equation 6-14. A nomograph 
for Equation 6-19 is shown in Figure 6-2." 

For a cone in turbulent flow, the right sides 
of Equations 6-18 and 6-19 must be multipli~d 
by 1.15." 

It has also been shown" that Equation 6-19 
can be applied locally as a good approximation in 
turbulent flow over blunt bodies in hypersonic flow, 
a case of utmost importance in missile design. 
Evaluations of this formula for a range of local 

surface pressures, altitudes, and Mach number are 
given in Figure 6-3. These charts take into account 
the effects of dissociation equilibrium. 

The charts are expressed in terms of the local 
value of the ratio PIP,, where P is the local surface 
pressure and P, is the local surface stagnation 
pressure. 

A critical point of heating on a spherical nose 
of radius R, over which the flow has turned turbulent 
occurs in the neighborhood of the sonic point, 
generally found a t  an angular position of about 40" 
from the stagnation point (i.e., a t  about 0.7 R, in 
arc length along the body from the stagnation point). 
At this point the following rough estimate may be 
deduced from the "local flat plate" formula for 
hypersonic conditions. 

1 - 5  
h.. 
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where 

A = 9.6 vhen R, i~ in ft, 
p, in slrqs/ft ', 
u, in kilo-ft,/see and 
q is in Htu,'ft3-sec. 

In most hypersonic cases h,/h, ,  << 1. 

6-6 CONVECTIVE HEAT RATE AT THE 
STAGNATION POINT OF A 
BLUNT BODY 

In practice, the stagnation-point laminar heat 
I 

rates are among the mo& important parameters for 
design. Since the growth of the boundary layer ie 
initiated in the stagnation region, the flow will 81- 
ways be laminar in this area, a t  l w t  for a short 
distance from the stagnation point or line. 

The stagnation region is an area of maximum 
heat flux when the flow over the body is completeIy 

Laminar. If, however, ,the boundary layer becomes 
turbulent a t  a downatram position the heat flux 
in some downstream area, e.g., near a sonic point, 
may be larger than a t  the stagnation point. This 
peak turbulent flux may be on the order of twice 
the stagnation point laminar value. NevertheIers, 
the calculation of the heat flux to a blunt body 
always &arts with the laminar stagnation point 
computation. This is so for twodimensional (wing- 
like) bodies; axially-symmetric bodiea (bodies of 
revolution a t  aero angle of attack); bodies with 
almost spherical noses even when a t  an angle of 
attack (provided the stagnation point remains on 
the sphere); and nonaxially symmetric bodies (such 
sls those with ellipsoid-like noses). In nonaxially 
symmetric caws the heat rate is not single-valued 
a t  the stagnation point, but takes on different values 
along each of the streamlines emerging from the 
stagnation point. 

I 2 3 7 6 5 4 

Figure 6-2. Flat P laa  Heat Transfer Coeflcient (hr), Turbulent Boundary Luyer'O 
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F b r e  6-3. Turbulent Heat Transfer Rates as 
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f 
( D )  Maximum Heating Rates as a Function of Flight 
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Temperatures 
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The stagnation region heat rates dep;nd strongly 
on the magnitude of the velocity gradient (du./ds) 
along streamlines emerging from the stagnation 
point. In fact, they are directly proportional to 
(d~ , /d s ) ' /~ .  Thus for nonaxially symmetric bodies 
the heat rates will change along the various stream- 
lines as  du,/ds changes. 

A very accurate relation for the laminar stagna- 
tion point heat rate had been obtained theoret- 
i ~ a l l y ' ~ ~ ~ '  and verified experimentally. This relation 
takes into account the "real gas" effects of molecular 

w dissociation in the two limiting cases of "very fast" 
and "very slowl1 rates of dissociation and brackets 
the values for intermediate reaction rates. It is 
given by 

where h, = Ci(-hi) is the chemical formation 

enthalpy produced by dissociation of molecules and 

= 0 for two-dimensional flow 
= 1 for axially-symmetric flow. 

Here the constant m = 0.52 for very rapid dissocia- 
tion (i.e., for the case of chemical equilibrium) and 
m = 0.63 for very slow dissociation (i.e., for the 
case of constant or "frozen" chemical composition) 
with a catalytic surface. According to the modified 
Newtonian outer flow approximation, the velocity 
gradient in the stagnation region is 

For values of Le s 1.4, as is the case for 
dissociated air, the term in square brackets in 
Equation 6-20 takes on a maximum value of about 
1.2. Thus, Equation 6-20, which was derived in a 
very complex fashion, agrees quite closely with the 
earlier results of more approximate calculations. 

A simplified engineering form for Equation 6-20 
would bea' 

For R. in feet, the flight conditions p, and u, 
in slugs/ft3, and in kiloft/sec, respectively, and q, in 
Btu/ft2-sec, the constant A is equal to 15.5. 

The value of A is 4710 when R. is in cm, p,  in 

e gm/cm3, u, in km/eec, and q. in watts/cm2. Lees 

also suggests t,t?st this value of A may probably 
apply to the atmo~fbhere of Venus and Mars as wsii 
as the Earth. 

As previously inent,ioned, Equations 6-20 and 
6-21 also apply for the stagnation point or line of 
bodies having nearly spherical or nearly-cylindrical 
noses at  angles of attack provided the stagnation 
region remains on the nose, i.e., for moderate angles 
of attack. 

A nomograph giving the stagnation-point h a t  
transfer rates for ballistic re-entry of a body with 
an approximately spherical nose is given in Fig. 6-4." 

More recently, Hoshizaki3', presented a simple 
relation for determining t,he heat transfer ret>e at 
an axisymmetric stagnation point in the velocity 
range of 6 to 50 kilo-feet/sec. This expression in- 
cludes the effect of variable Prarldtl and Lewis 
number as well as ionization, for equilibrium chem- 
istry, and has the following form 

where 

A comparison of experimental and theoretical 
results for stagnation 'point heat transfer a t  high 
velocities is given in Figure 6-5. 

A nonspherical stagnation region with two planes 
of syrnmetry may bc approximated using an ellip- 
soidal local body geometry. Thus, Equations 6-20 
and 6-21 may be applied in this case with slight 
modifications.13 For this approximation, the value 
of du./ds in Equation 6-20, or the corresponding 
value of R. in the Newtonian approximation, must 
be interpreted as the velocity gradient and radius 
of curvature corresponding to the plane of the 
smaller principle radius of curvature, i.e., (du./ds), 
and R,,,, respectively. On the right side of Equation 
6-20 the factor (2)"" must be replaced by (1 + R)'" 
where B is the ratio of the two perpendicular velocity 
gradients, i.e., B = (du,/ds),/(du./ds),. Similarly 
in the Newtonian approximation [Equation 6-21] 
B = R.,,/tl,,2. Note that for RmS2 = R..,, B = 1, 
thus giving the axially symmetric case; while for 
R.,i --t m ,  B --t 0 giving the two-dimensional case. 

6-7 LAMINAR HEAT TRANSFER ALONG A 
STREAMLINE OF A BLUNT BODY 

With good approximation, particularly for high 
eupersonic and hypersonic flow condition8 over blunt 
bodies, we may coneider the flow along an inviscid 
etreamline emerging from the etagnation region aa 
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Figure 64. Nomograph of Staqnation Point Heat Transfer for Hypersonic Re-entryla 

if that streamline were everywhere a local body of 
revolution. The pressure variation along this stream- 
line must be known apriori, of course. Then the 
following ratio of local heat transfer to the stagna- 
tion point heat rate can be obtained. 

where 

r, = radius of crow section of bodies of revolution 
and 

n = 1 for bodies which are like bodiea of revolu- 
tion. 

Equation 6-22 was derived by Lees" strictly 
for the case of axially symmetric or two-dimensional 
floof assuming "local similarity." However, it can 

be shown to hold for the aforementioned cases 
within good engineering a c ~ u r a c y . ~ ~ . ~ ~  

6-8 MASS TRANSFER AND ABLATION 
COOLING 

The "first generation" of ballistic missiles have 
generally employed "heat-sink" methods of main- 
taining sufficiently cool structural temperatures. 
That is, a mass of metal, otherwise structuraIly 
extraneous, was applied to the body usually in the 
form of a sheath. Theis material absorbed the heat 
generated during flight and thereby maintained 
tolerable surface temperatures. Copper was found 
to be a particularly desirable heat sink material 
because of its conductive and absorptive properties. 

An upper limit to the utility of metallic heat 
sinks is given by their maximum absorptive capacity 
prior to melting or structural deterioration. For - 

copper this absorptive capacity is on the order of 
400 Btu/lb. For missile performance requiring total 
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heat inputs over the trajectory greater than several 
hundred Btu/lb other cooling methods than pure 
absorption must be utilized. 

In  the "second generation" missiles which re- 
quire higher impact velocities than can be achieved 
with simple nondestructive heat-sink methods, ma- 
terials have been utilized which mc!t or evaporate 
in a relatively orderly fashion Thcse materials, 
primarily plastic in nature (e.g., bonded resins such 
as  Fibcrglas, or materials like Teflon) have. been 
used as coatings or external caps on the nose cc;ne. 

r Their latent heat of melting, vaporization or sub- 
limation augment their effective heat absorptive 
capacity, increasing it  to the order of several thou- 
sand Btu/lb. These materials are expendable and 
their removal due to thermal effects during flight is 
termed "ablation." 

Of course, ablating lnaterials must have not 
only desirable absorptive capabilities but also must 
have desirable structural properties to resist surface 
shear by the air and other aerodynamic loads. 

An additional desirable characteristic of abla- 
tion cooling is derived from the fact that the material 

which is sublimed or evaporated from the surface 
acts as a gaseous coolant blockiug the usual entry 
of heat to the surface, such as if a coolir~g fluid were 
being blown out of the surface itself. Also ttccow- 
panying this process may be chert~ical rvactions 
between the gaseous ablated material and thc high 
temperature air around the body. It has been found 
that these chemical reactions may actually be 
beneficial 'fer the cooling process. 

Naturally, these complictttcd processes are some- 
what difficult to treat analytically. However, some 
progress has been m d e  toward an understanding 
and simplified theoretical treatment of boundary 
layer flows subjected to  mass addition and chemical 
yeaction. (References 22, 23, 24) 

Both theory and experiments indicate that  
Teflon placed in the stagnation region of a spherical 
nose in hypersonic flow has an effective absorptivity 
or "effective heat of ablationJ' which varie!: linearly 
from about 3,000 Btu/lb when the flight velocity 
is 15,000 ft/sec to about 5,000 Btu/lb a t  a velocity 
of 20,000 ft/sec. This dependence upon velocity and 
position of the material on the body reflects the 
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complex fiuid-mechanical and physico-chemical proc- 
esses which continue to give the engineering quantity 
termed the "effective- heat of ablation" denoted 
by Ha,,. 

For engineering purposes one estimates the 
mass lost from an  ablating material by computing 
the theoretical heat input to the body as if there 
were no mass addition due to material loss (i.e., the 
value q as previously discussed in. this chapter). 
Then the quantity q/H,,, yields the Ib of material 
lost per f tz  of exposed surface per second during 
the course of exposure. 

For these purposes it is of interest to note that 
the order of magnitude of the average heat input 
to the entire surface of a spherical nose is character- 
ized by the stagnation point heating value when 
the flow is laminar and by the sonic point value 
when the flow is turbulent. Integration of the heat 
transfer ?ate over a hemispheric surface a t  a given 
instant of time shows a mean heat rate equal to 
abort  ) the peak heat rate. On pointed or slender 
bodies with large amounts of lateral surface, the 
flat-plate or cone heat rate levels are more charac- 
teristic of the overall heat inputs to the body than 
are the local peak values which occur a t  the tip 
and which may require special local cooling methods 
for the preservation thereof. 

An idea of the theoretical methods by which 
the actual heat transfer to an ablating material may 
be studied in detail, and whereby the effective heat 
of ablation may be estimated, is given in the para- 
graphs which follow. 

A simplified expression for oxygen-and-nitrogen- 
limited chemical reactions with a pure ablating sur- 
face material E is treated in detail by  lee^^"^^. 
Here the salient points of interest are outlined. If 
q, is the net rate of convective heat transfer to the 
solid interior available for heating fresh surface 
material, where subscript s denotes solid and g 
denotes gas, then for reactions occurring between 
atomic and molecular oxygen and nitrogen and a 
surface material E (here an element) there results 
the expression 

For p~,,C,/k = 1 this yields 

where Cm is the Stanton number, 

and L, is the latent heat of sublimation per gram 
of E. For oxygen-nitrogen-limited reactions, wherein 
the mass fractions of individual chemical elements 
C are introduced rather than each species Ci, thie 
expression may be simplified to 

where A Q  denotes the heat released in a chemical 
reaction per unit mass, and 

where P J , ,  is the number of atoms (or molecules) 
of the element J in the species k: 

For the complete combustion of carbon by 
oxygen and nitrogen the added chemical enthalpy 
potential is about 24,000 Btu/lb, about twice the 
potential without combustion. However, this is re- 
lieved by the heat absorption due to sublimation, 
about 28,500 Btu/lb, about ten times that of un- 
burnt carbon. Thus the net effect is not catastrophic 
but may be somewhat beneficial in reducing heat 
inputs. 

The "heat blockage" or reduction in C, brought 
about by the mass transfer can be reg~rded as an  
increase in effective heat sink capacity, i.e., 

where CHSO is the Stanton number for zero maw 
transfer. The ratio C,,o/CH depends only on 

aa given by Fig. 6-6. Here LT is the thermal capacity 
of the solid material from some interior temperature 
T i  up to the . irface temperature T,, i.e., 

where q~ ia the net radiative heat transfer away 
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Figure 6 6 .  Effective Heat-Sink Capacity with Mass 
Addition'' 

from the wall. Furthermore, the term Ah,,, is an 
"effective" enthalpy potential defined by 

Ah.,, = Ah - -!h- 
P~u.CH 

6-9 RADlAT ION HEAT TRANSFER 
The emissivity c for air considered as an 

optically thin layer (c < 1) has been tabulated in 
Ref. 39 and approximately correlated in Ref. 24 

a3 follows: 

where L is a characteristic length of the body 
(in cm) and T.,  is the stagnation temperature 
external to the boundary layer (in OK). If chemical 
equilibrium is assumed, one estimates, for the flight 
regimes of interest : 

where u ,  is the flight velocity (in ft/sec]. 
With an approximate shock layer geometry and 

data for equilibrium states from Ref. 39, estimates 
of the heat flux to the stagnation region of a blunt 
body have been made in Ref. 35. The graphical 
representation of such estimates is presented in 
Fig. 6-7. These results may be correlated adequately 
by the expression developed in Ref. 40. In this case, 
i.e., c < 1, the heat flux due to radiation is given by 

1 .60  0 .5  

a e a  level 

where 

q, is the radiative heat flux (in Utu/'ft2 - sec), 
R, is the nose radius (in ft) and 
p ,  is the density a t  flight altitude. 
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However, ii the air is not in chemical equilibrium 
in the shock layer, the local temperatures may be 
much higher than those obtained assuming chemical 
equilibrium. As a n  approximation, a first estimate 
of the radiant heat flux can be made if the non- 
equilibriumt emperature is known, by evaluating 
the expression for t /L given above a t  the non- 
equilibrium state and using the relation q~ 11 raT4, 
where u is the Stefan-Boltzmn~~n constant. 

Additional work relative to radiative heat 
transfcr effects is given in References 29, 36 and 37. 

6-1 0 CONCLUDING REMARKS 
There are numerous special problems concerning 

the heat transfer to missiles which have not been 
treated explicitly in this Chapter." For example, 
the augmented heat rates which may be engendered 
by protuberances from a surface have been con- 
sidered in Reference 42, and the heat transfer and 
pressures over the blunt base of a body has been 
studied in Reference 43. The reader should consult 
the references for the solution of other heat transfer 
problems. 
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CHAPTER 7 

HYPERSONIC AERODYNAMIC FORCES 

7-1 INTRODUCTION 

Considerable information has been compiled 
concerning forcesand moments on bodies in sub- 
sonic and supersonic flight. Much of this information 
concerns wings, wing-like shapes, and sharp-nosed 
slender bodies in the low or moderate supersonic 
range, e.g., below Mach 4. For the purpose of this 
discussion, the speed range below roughly Mach 4 
will be termed "low-speed" and the range above 
Mach 4 will be referred to as "hypersonic." 

The utility of low speed aerodynamic properties 
in connection with the consideration of modern 
ballistic missiles is somewhat limited inasmuch as 
low speed flight regimes are confined to the boost 
phase and the final 50,000 ft (roughly) of re-entry. 
In  the boost phase the vehicle weight and engine 
thrust far exceed the aerodynamic forces; hence 
the aerodynamic forces are of secondary importance 

a for preliminary analyses. This is not to say that  
they do not have an important role in the final 

" 
phase of design, especially in connection with stabil- 
ity and control. However, the considerations in- 
volved are of a reltttivcly detailed nature, and may 
be thought of as lying within the scope of more 
"conventional" atwdynamics. 

In  the final phase of re-entry which may involve 
low speeds if the re-entry vehicle is sufficiently light, 
the details of forces do not have a great influence 
on preliminary design since their dispersive effects 
cannot be great and since critical regions of peak 
heating and deceleration occur well above the low 
speed part of the trajectory. 

Low-speed problems therefore will not be con- 
sidered explicitly in this chapter. Properties of this 
regime are developed in sufficient detail in standard 
texts and in applied design works such as References 
1 and 2. This .chapter will emphasize instead the 
hypersonic flight conditions unique to ballistic mis- 
sile design and performance. Similarly, we shall not 
emphasize the aspect of forces relating to lift (the 
force component normal to the flight velocity vector) 
since lift is employed primarily in satellite or manned 
re-entry to minimize heating and/or deceleration and 

like surfaces which are usually used solely to provide 
lift or control, assume less importance in hypersonic 
flight, since their contribution to lift is dominated 
by that of the body itself. Thus the body shapes 
which will be of principle interest will be spheres, 
cones, sphere-cones and sphere-cone-cylinder-flare 
combinations. 

An additional si~nplification arises from the fact 
that for many configurations the portion of the drag 
(force component parallel to the flight velocity 
vector) which stems from viscous skin friction is 
comparatively small and may be neglected or roughly 
estimated. This is not the cbse for very slender 
bodies, such as cones with included angles on the 
order of 10" or less, for which skin friction drag 
becomes important. 

The protion of the drag not contributed by skin 
friction is termed pressure drag. This drag is de- 
termined by integrating the pressures over the sur- 
face and taking the component of the resultant 
parallel to  the flight velocity vector. The body 
pressures, aside from those over the base, which 
have a minor effect on hypersonic forces are estab- 
lished essentially by the flow external to the bound- 
ary layer. In this external region viscosity may be 
neglected. Subclasses of pressure drag, termed wave 
drag a,1d base drag, need not be distinguished here. 

M'hen the ratio of pressure drag to friction is 
large, the body is termed bluff; the opposite type 
of body is termed streamlined. Viscous and pressure 
force components normal to the flight velocity vector 
comprise the lift.  This characteristic is dominated 
by the pressure forces. 

Within the current state of the ar t  it is quite 
possible to make detailed theoretical calculations of 
the hypersonic flow fields around missile configura- 
tions, even including the effects of flow chemistry. 
However the procedures required are highly complex 
and involve numerical integrations on large digital 
computers. 

In  fact, such calculation programs are considered 
to be "numerical experiments" and are used in touch- 
stone cases to check approximate theories, or in the 
final stages of design. Examples of such calculations 

a to  facihi te  terminal guidance. Furthermore, wing- are given in References 3-6. These deal with bodies 

7-1 
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a t  zero arigle of attack, i.c., axially-symmetric flow. 
The cases of non-axial syrnnietry which arise due 
to angle of attack are much more diflicult to obtain, 
and a t  present are a t  the limit of available tech- 
niques. Fortunately, however, the sinlpler problem 
of estimatilg surface forces in hypersonic flight tloes 
not rcquirc: the aforenientioried det>ail since! i t  is 
amenable to approximation. Appropriate c:~~ginec.rir~g 
approxin~atio!is for the resultant forces and n-~onlents 
for111 the muill subjcct of the subsequent paragraphs 
of this chapter. 

7-2 STEADY FRAME OF REFERENCE 

Aerodynamic effects, such as forccs acting on 
a body in flight, arc considered in terms of an  equiv- 
alent system co~isisting of a fixed body subj(.ctcd 
to an initially undisturhed stream moving relative 
to the body. This is the situation actually produrcd 
in wind tunnel testing. Tht: initial flow is taken to 
have a velocity vector ii; equal in magnitude and 
dircction, hut opposite iri serm to thn vehicle's flight 
velocity vector. The static pressure p,, di.nsity p, 

and temperature T, of the ir~itial stream are those 
of the undisturbed atmosphere a t  the flight altitude. 
I n  this frame of reference the flow relative to the 

Here subscript f denotes freestream flight conditions. 

SHOCK INVISCID REGION \ \*wwAR; 

body is s t c d y ;  i.e , a t  each point there are rlo tirne- 
wisr. variations. He~icc the determination of flow 
effects, such as forces, is simplified. The usual varia- 
tions of flight conditions along a trajectory are taken 
into account by a "quasi-steady" approximation 
which considers a succession of instaritaneously 
achieved steady-states along the flight path. Special 
conditions, i~~volving extreme curvatures of tra- 
jectory, chxtreme time-variations in fl~ght condi- 
tions, or vibrating surfaces, for which the quusi- 
steady approach may not be valid are too limited 
for consideration here. 

7-3 QUALITATIVE STRUCTURE OF THE 
HYPERSONIC FLOW FIELD 

Use of the approximate methods of force estima- 
tion to be given here does not require a detailed 
knowledge of hypersonic flow ficlds, whose coniplex 
structure can be observed from the typical schematic 
diagram shown in Figure 7-1 (from Ref. 6). However, 
several salient features are cited to serve as an in- 
troductory background. 

Shock waws are formed in supersonic flows, 
wherein local velocities exceed local sound speeds, 
due to the coalescence of disturbances which cannot 
propagate away from the body more rapidly than 

EXWNSION WAVE VISCOUS CORE 
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Figure 7-1. Schematic Diugrum of Complete Flow Field Around a Blunt-Nosed Bodye 
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the oncoming flow sweeps them back. As the flow 
traverses the shock its velocity decreases, whereas 
the static pressure, density and temperature in- 
crease. In hypersonic flow the bow shock lies very 
close to the body and is roughly parabolic in shape 
downstream of the nose. The region between the 
shock and the body is termed the shock lager. Its 
thickness in the nose region of a blunt body in 
hypersonic flow is on the order of of the nose radius. 

The boundary layer is a region adjacent to the 
body wherein significant shear stresscs are created 
by the adhesion of the fluid to the surface (no-slip 
condition). The surface shear stress has the rough 
magnitude r ,  = py)(2u./6), where 

p, is t,he absolute viscosity evaluated a t  the sur- 
face temperature, 

u ,  is the local velocity outside the boundary layer 

and 

6 is the local thickness of the boundary layer. 

The ratio 2u,/6 signifies the order of magnitude of 
the velocity gradient or rate of strain within the 
layer. 

The thickness 6 has the following order of 
magnitude a t  a distance s away from the initial 
point if the flow remains laminar: " A(..-.)-"' - - 

where 

-y is the ratio of specific heats with typical values 
between 1.2 and 1.4 in air, 

M is the Mach number and subscript e d e ~ o t e s  
values outside the boundary layer a t  the sta- 
tion x. 

Th term in parentheses is a dimension!ess group 
cdled the Reynolds number ( R N ) ,  or in this instance 
the "local" Reynolds number because its parameters 
are evaluated a t  the local conditions indicated. 

The local density p. varies in rough proportion 
to the ambient density p,, decreasing from about 
10 p, to 2p, around a typical blunt body. The local 
velocity u .  increases from zero a t  the nose of the 
blunt body to about 0.5 u, a t  the end. The temper- 
atures which determine p. are more difficult to 
evaluate generally because of their sensitivity to 
chemical composition; however, they may decrease 
from levels around 20 to 100 TI in the nose region 

of a blunt body to 10 T ,at the rear. Thus p.u,/p, N 

(+)p,u,/p, and 6/x L. 15(pI~1~/pl)-1"2. At a11 altitude 
of 150,000 ft, flight Reynolds numbers per foot 
(p,~,/p,) are on the order of 10'. Therefore for 
x = 10 ft a typical thickness d 2.0.15 ft isestirnated. 
.4t 200,000 ft d increases to about 0.5 ft, and a t  
100,000 ft it decreases to 0.05 ft. 

The foregoing rough estimates indicate that a t  
low altitudes (e.g., below 150,000 ft) the boundary 
layer thickness is relatively small compared to char- 
acteristic body dimensions and to the shock layer 
thickness, whereas a t  higher altitudes the boundary 
layer rnay become sufficiently thick to occupy a 
major part of t.hc shock layer. 

From t,he standpoint of forces, a key feature 
of the boaridary layer is the fact that it is virtually 
parallel to the surface, and thus transnlits the pres- 
sure a t  it's outer edge essc~ntially undistorted to the 
surface along a surfacc-normal As a result, t'he effect 
of t'he houndary layer thickr~v~ng oil forces is two- 
fold: k'irst,, the shew strcss i- .,creased so that a t  
high altitudes its contributici is smaller than a t  
low altitudes. Secondly, its dispi:xement effect causes 
an effective thickeriing of the body with respect to 
the flow outside the bo:lndary layer. I t  has been 
show11 both theoretically and experinlentallyH that 
this interactiori has o d y  a modest effect oil pressures 
over bodies of revolution. For exarnple GI ,  10" half 
angle cones, pressures about 20% higher than those 
obtained with thin boundary layer nre found. Al- 
though the effect is much more pronounced on two- 
dimensional wing-like surfaces. the effect of viscous- 
inviscid interactions on larger angle cones arid on 
blurit bodies of revolution is diminished still further. 
There' <re, we are justified in neglecting this low 
Rey -o.ds number phenomenon for present purposes. 
Indeed a t  the high altitudes where the interaction 
would be observed, the overall aerodynamic forces 
are small, and have only a minor influence on ballistic 
missile behavior. 

-4 word may be said about the separated $ow or 
base region of the body surface; denoted as the 
recirculation region in Figure 7-1. When the flow 
outside the boundary layer creates regions of in- 
creasing pressure over the boundary layer (and body 
surface), the boundary layer is usually forced to 
separate from the body and thus creates an eddying 
wake region. On wings, this condition is known as 
stall and leads to increased drag and decreased lift. 
On blunt-based bodies of revolution, the cause of 
separation is somewhat more complex, being related 
to the ultimate redeflection of the flow beyond the 
body. Estimates of the mean pressure in the re- 
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circulatio~i region, i.c., thc base pressure, arc usually 
made by wmi-e~l~piricnl ~~icthods.  111 low-spwd flow 
tlw contributio~~ of tlic base force to the overall 
forces on tlw body is significant and requires accurate 
evaluation. Ilowcver, ill hypersonic flight the base 
force usually is negligible and therefore will not be 
cot~sidcrcd hcre. 

Finally, it niay be re~nnrked that the boundary 
layer flow may be laminar or turbulent. Usually 
turbulent boundary layers will not be found a t  the 
higher altitudes (above 150,000 ft). However, a t  low 
altitudes they are almost certain to arise. Estimates 
of where the transition from laminar to turbulent 
flow will occur are extremely difficult to make. For 
this purpose one usually relies on experin~ents or 
prior experience in similar cases and, when in doubt, 
makes alternative estimates based on both laminar 
and turbulent possibilities. The main effect of tur- 
bulence on the force is to increase the surface shear 
and thds the skin friction drag contribution. I t  also 
leads to boundary layers which are thicker than 
laminar ones. 

Textbooks dealing in detail with the subject 
matter of the chapter are listed as Refs. 7, 10 and 11. 

7-4 FORCE ESTIMATES BY THE 
NEWTONIAN IMPACT CONCEPT 

The Newtonian impact concept, previously 
cited in Chapter 5 in connection with surface pres- 
sures, provides a very useful tool for making initial 
estimates of forces in hypersonic flow. I n  this ap- 
proximation, the approaching stream is assumed to  
lose completely its momentum component normal 
to the surface, whereas the tangential momentum 
is unchanged. Thus the  pressure is increased on a 
segment of the surface that can be "seen" by the 
oncoming stream, i.e., a segment whose surface- 
normal makes an  oblique angle with the oncoming 
stream. The surface segments "shadedJ' from the 
oncoming stream are assumed to  make a negligible 
contribution to the force impressed on the body, 
whereas those perpendicular to  the stream are sub- 
ject only to ambient stagnation pressure P,. In  
principle the pressures over shaded or slightly in- 
clined surfaces are not accurately represented by 
$hese wumptions, however, the errors involved have 
only a secondary effect on the overall forces which 
depend on the integrated pressurea. 

The impact theory, which arose from physical 
reasoning, has been studied on a rational analytic 
basis in limiting hypersonic cases for which the con- 
ditione M, + = and 7 + 1 art? considered (M, is 

the flight Mach number and y the ratio of specific 
heats). 

The aforementioned reasoning results in the 
local relation : 

where C,  is termed a pressure coefficient (dimen- 
sionless) and ,!-I is the angle of inclination of the 
surface with respect to the direction of u,. Use of 
this relation reduces all force determinations to  
geometric operations. Its nonlinear dependence on 
the deflection-measure @ is characteristic of pressure 
and force relations in the hypersonic regime. 

A correction to Eq. 7-1, which takes into account 
a decrease in the value of the absolute pressure 
p predicted by Eq. 7-1 as a result of centrifugal 
forces which accompany body curvature, will not 
be considered here for several reasons. First, the 
pressures over spheres and cylinders have been found 
to be in good agreement with experiment if Eq. 7-1 
is modified for use in the following form: 

where Cu ,.. is the value corresponding to the stagna- 
tion point on the body, and can be estimated quite 
accurately. Indeed for hypersonic flow over blunt 
bodies which produce strong bow shocks, an ex- 
cellent approximation is 

Furthermore, when centrifugal forces are con- 
sidered, i t  can be deduced that the value of p may 
decrease to zero a t  a point on the body where this 
value is not measured. Attempts have been made 
to  explain this result by postulating the presence 
of regions of separated flow and by contending that  
the hypersonic theory which produces analytically 
the "Newtonian" pressure plus a centrifugal force 
correction is invalid near the zero-pressure point. 
Finally, on straight-sided surface, such as cones, 
the centrifugal force is zero. Thus force estimatee 
in this section are based on either Eq. 7-1 or Eq. 7-2. 

7-5 TYPICAL FORCE COEFFICIENTS 

The pressure drag coe5cient for a cone a t  zero 
angle of attack is 
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where 

D is the drag 
* A is the area of the base of the cone, and 

8, is the cone half-angle. 

I t  is convenient to express the forces on bodies 
a t  -angle of attack a in terms of force components 
FN normal to the body axis x and F ,  along the body 
axis. The corresponding force coefficients are, re- 
~pectively, 

where A is a reference area usually taken to be the 
maximum cross-sectional area of the body. 

If M represents the moment of the forces on 
a body taken about an axis a t  the foremost point 
of the body, the moment coefficient may be de- 
fined as 

where X is the body length. The center of pressure 
CP may be defined as 

M XCM c p = - = -  
FN CN 

The formulas which relate the lift and drag 
coefficients CL and CD to CN and C ,  are: 

CL = CN cos a - C, sin a 
(7-6) 

CD = CN sin a + C, cos a 

where a is the angle o: attack. 
For cones a t  angle of attack a there arise the 

following equations: 

(i) a < A: 

CN = cosZ 8, sin 2a 

+ cos #(cot a tan 8, + 2 tan a cot A)] 

where # = arc sin (tan &/tan a)  signifies the 
meridian angle a t  which the pressurg has dropped 
to zero; the value # = ~ / 2  represents the most 
leeward generator. 

Relations 7-7 lead to the following expressions 
for the slope of the cone's lift curve and its center 
of pressure, respectively : 

where X is the cone length. 
The coefficients for the frustum of a cone of 

minimum radius r ,  and maximum radius rB where 
the reference area A = ~ r , 2  can be obtained from 
the cone values by simple subtraction of the force 
contributed by the initial section of a sharp cone 
of base radius rB.  The results may be expressed as 
follows: 

and similarly for C,, i.e., 

The center of pressure meaaured from the front 
of the frustum is given by: 

where X ,  is the length of the frustum. 
The force coefficients of a circular cy der are 

obtained as special cases of the cone-frustum equa- 
tions, equations in the a > 8, case, with the addi- 
tional observations that 

The above relations are substituted into Eq. 
7-10 with the use of Eqs. 7-7b, and the limit 8, - 0, 
imposed. The following result is obtained for the 
lateral eurface of a circular cylinder: 

I t  is of interest to note that an analysis taking 
into account pressure relief due to centrifugal effects, 
which are neglected completely in this chapter, leads 
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to a reduction of about 10 percent in the value of 
Cw given in Eq. 7-12. (See Ref. 7, p. 85.) 

For a pc3 uurjme n ~ r m a l  to the flow, 

CD = 2 (7-1 3) 

For a sphere or a hemisphere whose axis is parallel 
to u,, 

CD = 1 (7-14) 

For a cone-frustum a t  zero angle of attack including 
the drag of the front face, and using A = w,2, 

where 

It ia readily seen that for a fixed base r, and body 
length A,, the frustum of minimum drag is not a 
sharp cone but a frustum for which 

2r, tan 28, = - 
A! 

For example, for r,/A, = 1, the minimum drag 
is obtained when 8, = 31.7' as compared to 8, = 45' 
for the sharp cone. For the optimum frustum in this 
case CD = 0.77, whereas the sharp cone gives 
CD = 1, aa d o e  the hemisphere for which r,/A = 1 
also. 

There are many ramifications and refinements 
connected with the optimization of body forces under 
a variety of constraints such as fixed volume, fixed 
surface, etc. They are not considered to be within 
the scope of this chapter. 

Bodiea of a variety of shapes may be treated 
approximately aa .wmposites of segments of cones, 
cone-frustums, cylinders, etc. However, in this proc- 
esa i t  is probably moat convenient to sum actual 
forcea and moments in order to avoid confusing 
the various reference areas A which are used to 
form the dse ren t  force and moment coefficients. 

For eharpnosed slender bodies of revolution, 
whose shape can be expressed in terms of a power-law 

the drag coefficient may be approrimated by 

, 2n8(2n - 1)-', no centrifugal forces; 

) = {ne(3n - l)(2n - I)-', including cen- 
trifugal forces (7- 17) 

For the case of no centrifugal forces, n = $ 
gives minimum drag and C ~ / ( ~ , , / A ) ~  = #; whereaa 

including centrifugal forces the terms are n = 3 
and CD/(r , /~)2  = 3. 

When these power-la~ bodies are a t  small angles 
of attack, the coefficients are approximately 

CN = K sin 2a 

In practical use, slender bodies usually will be L 

blunted somewhat because of thermal factors. There- 
fore, it is of interest to return to reexamine Eq. 7-15, 
which gives the drag coefficient of a blunted cone, 
to estimate the ratio of the blunt-nose drag to that 
contributed by the conical afterbody for small cone 
semi-angle P , .  The result is : 

which indicates that the effect of the blunted nose 
is strongly dominant for small cone angles. 

7-6 AERODYNAMIC CHARACTERISTICS OF 
A FAMILY OF SPHERICAL-NOSED 
BODIES WITH CONVERGING 
CONICAL AFTERBODIES 

The aerodynamic characteristics of this family 
of bodies have been calculated using impact theory 
by Dickey." The importance of this report and the 
brevity of its presentation prompted the inclusion 
of it in its entirety. Another NASA report, by 
Rainey,I3 has a set of working charts to assist in 
the calculation of forces and pressure coefficients on 
arbitrary bodies of revolution; these calculations also 
being based on impact theory. 

Reproduced below, in its original form is the 
report Forces and Moments on Sphere-Cone Bodies in 
Newtonian Flow.'2 

SUMMARY 
The sht ic  longitudinal aerodynamic charac- 

teristics of a family of sphere-cone combinations 
(fineness ratios from 1.0 to 6.0) were computed by 
means of Newtonian impact theory. The effects of 
angle of attack, fineness ratio, and center-of-gravity 
location are shown. The results indicate that, with 
the center of gravity a t  or near the center of volume, 
the sphere-cone combinations are statically stable 
a t  trim points that provide low to moderate lift-drag 
ratios. In  general, the lift-drag ratio increased with 
increasing fineness ratio. As an example. with the 
center of-gravity a t  the center of volume, the liftr 
drag ratio a t  trim was increased from approximately 
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0.05 to 0.56 by increasing the fineness ratio from 
1.2 to 6.0. 

INTRODUCTION 
Consideration of the heating, deceleration, 

guidance, and stability problems encountered during 
high-speed entry into the esrth's atmosphere indi- 
cates that it would be desirable for an entry vehlcle 
to have a blunt fonvard face and to be statically 
stable a t  a trim point which would provide a mod- 
erate lift-drag ratio. I t  would also be desirable for 
the launch configuration to have axial symmetry. 
Preliminary analysis indicated that a simple body 
of revolution consisting of a sphere with a con- 
verging conical afterbody possesses these desirable 
characteristics and, consequently, that such shapes 
merit further investigation. An analytical study 
utilizing Newtonian impact theory was therefore 
undertaken to gain further knowledge of the static 
aerodynamic characteristics of sphere-cone combi- 
nations. The purpose of this report is to present the 
results of that study. The effects of angle of attack, 
fineness ratio, and center of gravity on the lift, 
drag, and pitching-moment characteristics of a 
family of sphere-cone combinations having fineness 
ratios from 1.0 to 6.0 are shown. 

NOTATION 
Axial force 

A Axial-force coefficient, - 
qls 

Local axial-force coefficient per unit length, 
dCA 

d(x/d) 
Drag-force coefficient, CA cos a + CN sin a 
Lift-force coefficient, CN cos a - CA sin a 

m 
Pitching-moment coefficient, - 

apSd 
Local pitching-moment coe cient per unit 

dC, length, - 
d(z/d) 

N Normal-force coefficient, - 
9s 

Local normal-force coefficient per unit length, 
dCN -- 

d(x/d) 
Pressure coefficient 
Drag force 
Diameter of the sphere 
Distance of the center of gravity 
longitudinal axis 
Fineness ratio of the sphere-cone 

G tion, - 
d 

Lift force 

Lift-drag ratio 

from the 

combina- 

Length of the sphere-cone combination 
Pitching moment about the center of gravity 
Normal force (force perpendicular to the 

longitudinal axis measured in the a plane) 
Free-stream dynamic pressure 
Radius of the sphere 
Local cross-sectional radius of the sphere- 
cone combination 
Frontal area of the sphere, r R Z  
Distance along the longitudinal axis from 
the nose of the sphere-cone combination 
Distance along the longitudinal axis from 
the nose to the center of gravity of the 
sphere-cone combination 
Angle of attack (angle between the longi- 
tudinal axis and the free-stream velocity 
vector) 
Radial angle measured in a plane normal to 
the longitudinal axis (See Fig. 7-1.) 
Radial angle denoting the upper limit of the 
body surface exposed to the air stream 
(See Fig. 7-1.) 
Local body slope with respect to the longi- 
tudinal axis (See Fig. 7-1.) 
Angle between the free-stream ve!ocity vec- 
tor and the perpendicular to the local surface 
of the body 

SPHERE-CONE COMBINATIONS 
The geometry of the family of sphere-cone 

combinations considered in this report is shown in 
Figure 7-2. Each combination consisted of a sphere 
with a converging conical afterbody tangent to the 
sphere. The length of the conical afterbody relative 
to the diameter of the sphere was varied so that the 
resultant fineness ratios of the sphere-cone combi- 
nations ranged from 1.0 to  6.0. 

METHOD 
In order to obtain the total force and moment 

coefficients of a sphere-cone combination, it  is con- 
venient to  determine first the local force coefficients 
acting on a transverse section. The general expres- 
sions for the local axial-force and normal-force 
coefficients per unit length of an arbitrary.body of 
revolution are given in Reference 1 as 

and 

The foregoing equations are for that portion of the 
body exposed to the air stream. In the analysis the 
portion of the body shielded from the air stream is 
assumed to have a pressure coefficient of zero and 
therefore not to contribute to the body forces. 

The pressure coefficient, C,, of a surface exposed 
to the air stream is given by Newtonian theory as 

where, for an arbitrary body of revolution 

cos = cca a sin 6 - sin a cos 6 sin B (4) 
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Side view 

Transverse section 

Figure 7-2. Geometry of Sphere-Cone Combinations 

Substituting Equations 3 and 4 into Equations 1 
and 2 and integrating yields 

. (2 cosa a sina 6 + sina a cosa 6) + cos 8. 

.(sin 2a sin 26. - sina a cosa 6 sin 8.J ] (5) 

and 

4r 1 C,& = - {- (8. + E) sin 2a sin 26 + cos P. rR 2 

-[2 cos2asina 6 - i s in2as in  26sin8. 

+ 3 sin2 a cosa 6(sina 8. + 2) 11 (6) 
The local pitching-moment coefficient per unit lepgth 
can be expressed in tenns of the local geometric 
parameters and the local axial- and normal-force 
coefficients as 

The total axial-force, normal-force, and pitch- 
ing-moment coefficients presented in this report 
were obtained by graphically integrating the c o r n  
sponding local force and moment coefficients per 
unit length (determined from Eqs. 5, 6 and 7 over 
the total length of the configuration as indicated 
below : 

RESULTS 
The static longitudinal aerodynamic charac- 

teristics of a family of sphere-cone combinations 
with the center of gravity located a t  the center oi 
volume, are presented in Figures 7-3 to 7-9. The 
results show that these blunbfaced bodies of revolu- 
tion are statically stable a t  trim points that provide 
low to moderate lift-drag ratios. In general, for a 
given angle of attack, an increase in the fineness 
ratio results in an increase in the lift and drag 
coefficients and in the lift-drag ratio. 

The trimmed (C, = 0) aerodynamic charac- 
teristics of sphere-cone combinations, with center of 

P vity a t  the center of volume, are plotted as a 
unction of the fineness ratio in Figure 7-10. The 

results show that increasing the fineness ratio from 
1.2 to 6.0 decreased the trim angle from approxi- 
mately 79' to 31' and increased the lifMrag ratio 
from approximately 0.05 to 0.56. It should be noted 
that because of the rotational symmetry of the 
spherscone combinations, the trim angles may be 
considered as angles in pitch or yaw or any vector 
combination thereof. In  order to direct the lift force 
in the deaired direction, some auxiliary method of 
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a . d w  , 

FIqurc 7-5. NormaEForcc Coeficients of Sphere- 
CopU Combinations 

Figure 7-6. Lijt Coeficients of Sphere-Cone Com- 
bina tions 
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Figure 7-4. Drag Coeficients of Sphere-Cone Com- 
bina lions 
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control (such as reaction jets) would be required for 
positioning and maintaining the configuration in the 
proper attitude of roll, pitch, and yaw. If, however, 
the rotational symmetry of the configuration is 
removed by locating the center of gravity off the 
longitudinal axis, the hft force could be placed in 
the desired direction by controlling only the roll 
at.titude of the vehicle. 

The effect of center-of-gravity location on the 
pitching-moment coefficients of a representative 
sphere-cone combination (fineness ratio = 2) is 
shown in Figure 7-11 for the complete 360" angle-of- 
attack range. The results shown in Figure 7-1 1 (A) 
(effect of longitudinal shift of the center of gravity) 
indicate that the sphere-cone combination trims at 
a usable angle of attack only when the center of 
gravity is located very near the center of volume 
(i.e., closer than about 15 percent of the body 
length). For other center-of-gravity locations, the 
trim angle is either 0" or 180" and, as a result, no 
lift would be produced. With the center of gravity 
located on the longitudinal axis and near the center 
of volume, the configuration has two stable trim 
points, one at  a positive angle of attach and one a t  
a negative angle of attack. However, the results 
shown in Figure 7-1 1 (B) (effect of transverse shift 
of the center of gravity) indicate that by locating 
the center of gravity off the longitudinal axis, the 
sphere-cone combination can be made to have only 
one stable trim point. 

Figure 7-7. Pitching-Moment Coeflcients of Sphere- 
Cone Combinations with Center of Gravity at 
the Center of Volume 

1.3 

12 

1.1 

10 

9 

B 

7 

L - 
0 

6 

.5 

4  

3 

2  

l 

o 10 2 0 3 0 4 0 5 0 6 0 m 8 0 3 0  

0 ,  deg 

Figure 7-8. Lift-Drag Ratios of Sphere-Cone Com- 
bina tions 

Figure 7-9. Drag Polars of Sphere-Cone Com- 
binations 
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Figure 7-10. Aerodynamic Characteristics of Sphere-Cone Combi- 
nations at Trim with Center of Gravity at the Center of Volume 

( A )  Longitudinal Shift of Center of Gravity i B) Transverse Shift of Center of Gravity from the 
Center of Volume 

Figure 7-11. Effect of Center-of-Gravity Location on the Pitching- Moment 
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7-7 FRICTIONAL EFFECTS 

A fundamental idea in the understanding of 
fluid flow phenomena is the Prandtl boundary layer 
concept. According to this idea the behavior of air 
flowing over solid surfaces can usually be studied 
in two parts. One is a thin "boundary layer" region 
near the surface; thin in relation to distances meas- 
ured along the surface. Within this region, shear 
forces caused by adhesion of the air to the surface, 
are stong, and the relative velocity drops off sharply 
to zero a t  the surface. The second part, outside the 
boundary layer, may be considered frictionless, its 
character being determined primarily by the dis- 
turbances caused by the surface contour. 

The transmission of shear to adjacent layers 
within the boundary layer is termed a "transport! 
process" and is attributable to the exchange of 
momentum between molecules of different velocities 
which intermix and collide. I t  is characterized by 
the "coefficient of absolute viscosity" F .  Other trans- 
port processes important in the boundary layer 
region are heat conduction and diffusion. Conduction 
involves an energy transport and exchange between 
intermixing molecules of different kinetic energies, 
i.e., temperatures. Diffusion involves a transport of 
mass, momentum and energy due to intermixing of 
various species of particles in a non-homogeneous 
mixture of different fluids. For example dissociated 
air may behave as a non-homogeneous mixture of 
molecules, atoms, ions and electrons. Likewise, in- 
jected or ablated coolants different from air form 
mixtures with the surrounding air. 

The transport processes are important only in 
boundary layers, wakes and shock waves. Outside 
the boundary layer, their explicit effects are neg- 
lected. Under most practical circumstances the char- 
acteristic Reynolds number of the flow is not small, 
being on the order of 100,000 or more; while the 
Mach r~umbcr is not extremely high. In these cases 
the deflection of the boundary layer streamlines does 
not alter appreciably the effective body shape, since 
the layer remains thin. Therefore, if the boundary 
layer does not separate from the surface, the outer 
flow valuea may be obtained by first disregarding 
the prmcncc of thc boundary layer, thereby con- 
sidering the outcr flow to slide without friction over 
the boundary layer. The pressure and velocity dis- 

tributions over the surface are obtained in this way 
Then the boundary layer characteristics can be de- 
termined in terms of the nonviscous flow properties. 
A primary feature of the boundary layer concept 
is the result that the pressure does not vary along 
surface-normals w.ithin the boundary layer. This 
permits the determination of forces other than shear 
forces by neglecting the presence of the boundary 
layer. 

Exceptions to this procedure of negligible vis- 
cous displacement are of 3 main types: 

Very slow "creeping motions" with Reynolds 
t" 

numbers on the order of 10 or less. In this 
case a boundary layer does not form. However, 
this situation is not of practical importance - 
for missile flight. 
Hypersonic flows with simultaneous high 
Mach numbers and low Reynolds number, 
where the low Reynolds numbers stem from 
low densities and proximity to sharp leading 
edges and tips. This leads to pronounced 
boundary layer growth and displacement of 
the outer flow. After first neglecting this 
interaction, the displacement effect can be 
estimated and the changed inviscid properties 
calculated by a second iteration. I t  is im- 
portant to note that the constancy of the 
pressure along surface normals still holds in 
this case. A rough criterion for neglecting this 
interaction effect is that the quantity M:R;' /2  
be much smaller than one. This criterion is 
based on the pressure change induced by the 
viscous flow deflection. This change is pro- 
portional to M ,  times the induced flow de- 
flection. The flow deflection being proportional 
to the boundary layer growth-rate which 
varies like M;R;'Ia. 
Under conditions of rising pressure, the bound- 
ary layer may lose its energy and become 
separated from the surface causing a wake 
to form in the separated region, and causing 
a major change in the inviscid flow pattern, 
especially in the wake region. An estimate of 
the separation point can be made in a first 
approximation by assuming that ~eparat~ion 
does not occur and thus deriving the in- 
viscid and boundary-layer properties. These 
will indicate the incipient separation point by 
producing a point of zero shear stress. The 
shape and flow characteristics of the separated 
flow pattern are not readily amenable to 
purely theoretical analysis but can be treated 
empirically. 
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CHAPTER 8 

AERODYNAMIC TESTING 

8-1 INTRODUCTION 
The experimental simulation of high speed 

thermal conditions encountered in hypersonic bal- 
listic flight requires the use of a variety of com- 
plementary devices. Whereas the measurement of 
forces, heat transfer and surface friction have dom- 

0 

inated aerodynamic testing in the past, additional 
factors of current importance are flow details which 
bear on the chemical and electrical properties of the 
high energy air surrounding the vehicle and in its 
wake. The latter properties are significant in relation 
to  communications, detection and discrimination 
problems, and for some purposes require relatively 
new testing techniques. 

The need for tests on a basis other than full- 
scale is clear from a financial, design and scientific 
standpoint. The economy of model tests has been 
well proven although accepted design practice re- 
quires the acquisition of all available theoretical and 
experimental data on a vehicle in parameter ranges 
as close to full-scale as possible. Moreover, detailed 
testing of a type only possible with models, leads 
to improved performance which, in the full scale 
ballistic missiles, may involve faster re-entry with 
increased payloads, and improved stability and 
launching behavior. 

Finally, the scientific aspect of the information 
gathered in experiments gives rise to new ideas and 
technical advancement. 

The variety and severity of ballistic flight con- 
ditions, as well as the aforementioned multiple 
objectives of testing, make it clear that  no single 
facility will suffice for all purposes. Rather a set 
of coordinated experimental facilities is required to  
provide maximum flexibility and research capability. 

The experimental aerodynamics connected with 
ballistic vehicles may be divided into three categories: 

(1) The first is essentially of a fluid-mechanical 
nature, and involves the pressure distribution and 
frictional resistance of the vehicle which give rise 
to the aerodynamic forces. These aspects may be 
considered to be influenced indirectly by the thermo- 
dynamics of the air a t  high speed and high temper- 

a ature. In  most ballistic missiles, the friction drag is 

a relatively small fraction of the total drag, being 
on the order of 0.1 or 0.01 of the total. Hence, it 
does not require very accurate evaluation, and is not 
given prominence in testing programs. The remaining 
forces require rather accurate determination but do 
not necessarily require the simulation of the full- 
scale thermodynamic effects. 

(2) The second involves the h.eat transfer to 
the vehicle. Even this type of information, which 
a t  first appears to be so intimately connected with 
the thermodynamic behavior of the air, may be 
largely uncoupled from the explicit thermodynamic 
and chemical effects and thus may be dealt with 
by the use of various types of partial simulation. 

Also in this category may be placed the study 
of cooling methods, and the behavior of materials 
such as heat sinks and ablators under various types 
of thermal loading. 

(3) The third category involves the explicit 
investigation of the chemical state of the gas sheath 
around the vehicle and in the wake. Moreover, it 
concerns the chemical behavior of the flow in various 
parts of the test facilities which utilize high energy 
gases in their operations, i.e., the chemical nature 
of the flow in shock-tubes and in hypersonic nozzles 
supplied by high energy air sources is of importance. 

Fortunately the problem of dealing with chem- 
ical effects in flows around vehicles can be simplified 
in some cases by the expedient of uncoupling the 
fluid-mechanical behavior from the chemical be- 
havior. For example, in many hypersonic flows the 
general flow-field configuration, including pressure 
distributions, are not affected strongly by the details 
of the chemical processes. Thus, the shock pattern, 
streamline shapes and pressures can be determined 
to a first order, theoretically or experimentally, by 
taking into account simplified chemical and thermo- 
dynamic effects. On the other hand the chemistry 
may be strongly influenced by the pressure distribu- 
tion in the field and in particular along streamlines. 
Thus, as a second step, &e pressure variation along 
streamlines may be prescribed and the chemistry 
determined by one-dimensional analysis along the 
streamlines. Experimentally this means that simple 
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norrle Bows may be uaed to simulate the chemical 
behavior of the flow along the streamline. I t  is true 
that this procedure does not provide a full chemical 
configuration; however, it ie an important step in 
the simulation of a very complicated and difficult 
flow property. Other aspects of thia problem will be 
discuaeed later. 

8-2 TYPES OF TEST FACILITIES 
Listed below are various types of aerodynamics 

fest facilities with brief statements on the features 
of each type. Moat require heateupply systems for 
their operation. Sources of heat for these facilities 
are outlined separately in Paragraph 8-3. A more 
detailed description of several of these testing sys- 
tems is given in Paragraph 8-4. Considered are: 

(1) Free flightteating of prototypes or models4' 
(2) Ballistic firing ranges.'-' 
(3) Wind tunnels, continuous or intermittent, with 

preheating systems to prevent test section 
condensation of the expanded gaa or to achieve 
increased stagnation t empera t~~e8 . '~ - '~  

(4) Shock tunnels.''-'a 
(5) Electrical discharge methods to generate a 

stream of high temperature fluid (plasma jeta 
and "h~ t sho t" ) '~ '~~- ' '  

(6) hwdensi ty   tunnel^.^^-^^ 

Free flighttesting usually ia the most expensive 
method. Unmanned rocket vehicles are expensive 
and are usually considered to be expendable. Their 
use presenta problems in the collection of data which 
must be recoverable or accurately telemetered to 
the ground. Furthermore, accurate knowledge and 
control of the flight plan and altitude of the vehicle 
ie required but is often difficult to acquire in practice. 
Thia method, however, can supply test conditions 
close to those in actual flight. 

A "ballistic range" is generally a long tabe 
which may be pressurized or filled with gases other 
than air and through which models are fired from 
guns. It is a relatively economical device and can 
supply excellent material for visual study by various 
photographic means. Electrical, radiative and chem- 
ical effects of the flow around the body and in the 
wake can be made with the use of microwaves, 
photoaensors, and spectrometers, respectively. At 
present, miniature recording and telemetering de- 
v i a  are being developed to permit certain detailed 
measurements to be ma&. Size is still a restricting 
factor, however, and in this sense range testing has 
some of the disadvantages of flightteating. 

The firing of a projectile upstream in a wind 

tunnel augmenta the relative velocity and hence the 
stagnation Certain aspects of actual 
trajectories can also be duplicated by this means. 

In "wind tunnels," models are usually held 
fixed with respect to the ground. This facilitates 

a 
the making of controlled and accurate measure- 
ments. Wind tunnels are usually found to be econom- 
ical when the cost is compared to the amount of 
data obtained. The intermittent or blowdown type 
of tunnel is less expensive than ita continuously 
operating counterpart. Duration of the test run can 
vary from several seconds to minutes depending 
upon the test conditions and the reservoir capacity. 
There are many areas in which the desired informa- 
tion can be obtained in a relatively short test run, -? 

thus justifying this type of tunnel. In certain applica- 
tions, continuous operation may be desirable, but 
the cost and power requirements may be prohibitive. 

In wind tunnels using air, Mach numbers of 
4 or 5 can be achieved without preheating the air 
supply to avoid condensation in the test s e c t i ~ n . ~ ~ . ~ ~  
Otherwise some form of preheating is required. A 
number of these preheating trystems are discussed 
separately in the next paragraph. 

High Mach number wind tunnels using certain 
gases other than air, particularly helium, do not 
require preheating to prevent condensation phenom- 
ena. However, with these devices it is necessary to 
relate the flow phenomena occurring in helium to 
those in air. 

"Shock tubes" have been used to produce rela- 

a 
tively low speed flows, on the order of Mach 2, 
a t  temperatures as high as 15,000°R. Flow durations 
on the order of 1 msec are typical and the entire 
meaaurement problem under these circumstances is 
a difficult onr. To overcome these difficultiee it has 
been proposed that a series of shouk tubes can be 
used successively to supply their air to a collection 
chamber which could act aa a settling or supply 
chamber for a supersonic n o z ~ l e . ~ ~ ' ~ ~  This device 
may modify the shock tubes disadvantage of short 
running times. 

Mach numbers above 2 may be obtained by 
expanding the high energy gas sample provided by 
the shock tube through a nozzle attached to the 
end of the shock tube. The augmented shock tube 
is termed a "shock tunnel." 

It is important to note that "shock tubes," 
which form the driving portions of shock tunnels, 
also have an extremely important use as tools for 
the study of the high-temperature properties of gas 
samples, i.e., as tools for physical-chemical studies 
of gas properties. The shocked gas samples may be 
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examined for composition, reaction rates and radia- 
tive properties u n d e ~  high energy conditions. Such 
information relative to the properties of air and 
possible gaseous contaminants clearly is important 
for hypersonic flow studies. 

Electrical discharges from arcs have been used 
to generate streams of high-temperature fluid. The 
temperatures are reported to be in the order of 
15,000"R1 but the properties of theso-called "plasma" 
fluid are not well-known. This method appears to 
be useful for materials testing. Gas stabilized plasma 

* jets and fluid transpiration a rc .  have been developed 
which supply cleaner high energy streams a t  low 
density. 

Low density phenomena of importance a t  high 
altitudes are studied by means of special wind 
tunnels whose dominant components are the vacuum 
exhaust systems. 

8-3 TYPES OF HEATERS 
Among the various types of heating systems 

available for aerodynamic test facilities, the follow- 
ing are perhaps the most widely used: 

(1) Conventional tubular or electric heaters for 
air.I3 

(2) Ceramic storage heaters heated electrically or 
with combustion  product^.^' 

(3) Compression heaters.lO'" 

Heating devices such as induction heaters and 
radiation heaters are not considered here inasmuch 
as fluid is not involved. 

Relatively large tubular or electric heaters are 
currently available for raising wind tunnel stagna- 
tion temperatures. These are now mainly in the 
1500"R range, but an increase to the 2500"R range 
is quite likely in the near future. 

A ceramic heater intermittenly operated and 
electrically powered has provided air a t  3000"R and 
600 psi with flow rates up to 12 lb/sec. This tem- 
verture can be raised to 4000°R or 5000"R if com- 

Such a heater is exemplified by the light gas free- 
piston gun tunnel described in Paragraph 8-4.6. 

8 4  DESCRIPTION O F  SELECTED TESTING 
FACILITIES 

In the following description of test facilities, 
emphasis is placed on the blow-down wind tunnel 
with combustion-fired ceramic storage heater for 
fluid mechanical information in all ranges of rare- 
faction and on the shock tunnel for real-gas in- 
formation. 

84.1. Blowdown Hypersonic Wind Tunnel with 
Storage Heater'O~~~ 

Perhaps the most generally useful and versatile 
single device for fluid mechanical information and 
testing is the intermittent hypersonic blow-down 
wind tunnel, using axially symmetric nozzles with 
air supplied through a ceramic storage heater 
(Figure 8-1).~' This facility is a ground test device 
and has the evident advantages of fixed models and 
instrumentation. 

Up to the present time, the maximum stagna- 
tion temperatures achieved in conjunction with con- 
sistent operation have been in the 3000°R range. 
It appears possible to increase this maximum capabil- 
ity of ceramic storage heaters to 4000OR or 5000°R 
if the elevated temperature characteristics of the 
ceramic (e.g., zirconium oxide) would be improved. 
Improved performance can also be achieved if the 
scarcer refractories such as beryllium oxide could be 
produced in pebble form a t  a nonprohibitive cost. 

Even supply temperatures as  high as 5000"R, 
however, are not sufficient to produce actual physical 
chemical effects, such as molecular dissociation of 
air which is encountered in hypersonic flight. The 
elevated temperatures and the corresponding en- 
thalpies in this range have had the following main 
purposes : 

bustion firing is used. 
By operating these heaters with gases other 

than air, the heat transfer rates can be increased 
for the same conditions of supply temperature and 
pressure. The use of gases other than air has been 
investigated from the standpoint of power-aaving. 
Some wind tunnels have been operated directly with 
the products of chemical reactions such as the usual 
combustion exhaust gases or special reaction 
products. 

Adiabatic compression heaters may also be used 
to achieve high supply temperatures and pressures. 

(a) to prevent component condensation a t ,  Mach 
numbers above 4; 

(b) to provide temperature or enthalpy differences 
sufficient to yield well-defined heat transfer 
measurements ; 

(c) to establish a temperature or enthalpy ratio, 
particularly a ratio of stagnation-to-surface 
enthalpy, which is an important similarity 
parameter for determining boundary layer and 
heat transfer characteristics; 

(d) to establish an  enthalpy flux of sufficient 
magnitude and duration to permit meaningful 
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mass transfer cooling tests and tests of thermal 
effects in structurce; 

(e) to permit the s t~ tdy  of intt)ractions between 
gas molecules and solid surfaces, for example, 
free rnokcular accommodation cocfficients a t  
high temperatures. 

Mach number limits above which air component 
condensation is possible under equilibrium conditions 
at a given stagnation temperature T, are shown in 

Figure 8-2.'' In this figure, the abscissa is the static 
tcmperatuw T ,  corresponding to a given Mach 
numbrr 111. I t  is important to remember that whereas 
condensation is a rate process, the above limits are 
bawd upon an  irifiriitcly rapid condensation rate, 
i.e., equilibrium condensation, and therefore rep- 
resent conservative estimates. These limiting values 
could thcrcfore be exceeded with currently available 
supply temperatures, particularly a t  low density 
levels. 

I-- TO COMPRESSION HEATER 

Figure 8-1. Schematic Cross-Sectional View of Convection Heater and Inlet Sec- 
tion, Polytechnic Institute of Brooklyn Aerodynamics Laboratorf 
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Figure 8-2. Limit of Mach Number for Component Saturation Lines" 

With the blow-down system, stagnation pres- 
sures as high as 3000 psia are considered quite 
feasible. There a1 pears to be no limit in principle 
on the extmt to which the stagnation pressure can 
be decreased for low delisity testing; the capability 
of the vacuum system being the determining factor 
in this connection. 

Supply pressures p, required for equal Reynolds 
nunibers in the test section and in flight are shown 
in Figures 8-3(A) and 8-3(B)I0 for T ,  = 3000°R and 
5000°R and for the following ratios of prototype 
to model characteristic lengths : L,/L, = 0.1 and 1 .O. 
Altitudes of 100,000 and 200,000 feet have been con- 
sidered. .It  is seen that Iieynolds numbers a t  altitudes 
around 200,000 feet and above may be readily 
achieved with reasonable stagnation pressures. 

Mass flows achievable in a blow-down hyper- 
sonic facility may be as high as 100 Ibs/sec. In 
general, much lower mass flows are required for low 
density hypersonic operation than for high density 
operation. For example, with p, = 100 psia, T, = 

3000°R and a mass flow of 2.5 Ibs/sec, a Mach 14 
tunnel 8.8 feet in diameter can be operated. This 
yields full scale flight Reynolds number simul~tion 
a t  200,000 feet when L,/L, = 1 (see Figure 8-3(A)). 
I t  should be noted, however, that !arge test section 

dimensions rwult in long nozzles--for the case cited 
above, the nozzle length would be about 106 feet 
long. 

Running times for facilities of this type can 
vary from several seconds to several hours depending 
upon the part,icular type of test or nozzle size. For 
low density, low mass flow operation, runs may be 
virtually continuous, beicg limited primarily by the 
air supply and exhaust system capabilities. 

Worthy of mention in connection with theblow- 
down tunnel is the shrouded model technique which 
has heen developed primarily for high Reynolds 
number testing. Sketches of the system as applied 
in forebody studies, and in base and wake flow 
studies, are presented in Figures 8-4 and 8-5. For 
forehody flows, the shroud forms a channel around 
the body and thus inlpresses on it a prescribed 
pressure distribution which may correspond to that  
of actual flight, if desired. Roundary layer and heat 
transfer characteristics are thus produced a t  stagna- 
tion pressures which exist in the settling chamber 
ahead of the shroud. Large models may, therefore, 
be utilized with relatively small amounts of fluid. 

In  connection with afterbodiea and wakes, the 
shroud is utilized to duplicate a streamtube in the 
inriscid region where shape may be deduced from 

Downloaded from http://www.everyspec.com



P, (PSIA) 

( A )  T ,  = 3000°R 

1 I 
Lp _, 7.14- I I I l I /  

-- -- ----------- ---A?----- 

L m  Y(vAR)--- 

I I l l l l l  1 1 1  1 1 1 1 1  I I I I I I I I I  
1 0  10' I o3 IC P, (PSIA) 

( B )  T, = 5000°R 

Figure 8-3. Requirements for Reynolds Number ~imulation'~ 
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s m o u o  --I L YODEL NOSE 

Figure 8-4. Schematic Diagram of Shrouded 
Model Technique for Forebodies (Reference 31 
of Chapter 6) 

u 

calculations or small body tests. Proper flow condi- 
.4 tions prior to the afterbody are regulated within 

the settling chamber of the shroud. 
Gases other than air may be employed as a 

test media in the blow-down system but they would 
not be used in conjunction with a ceramic pebble 
bed heater. A simple gas such as helium may be 
used to avoid condensation or to produce high heat 
fluxes. 

The direct use of other combustion reactions 
to produce gas mixtures resembling air has received 
some attention. I t  appears possible to produce rela- 
tively large mass flows of test gas which can be 
supplied continuously and conveniently. Their supply 
temperatures, however, are in the range 300O0- 
5000°R and do not produce the dissociation phe- 
nomena of hypersonic flight. Up to the present time, 
combustion products have been used primarily as  
a source of high temperature gas for structural test- 
ing rather than as a medium for the study of flow 
field properties. A schematic diagram of a rig 
utilizing a heater of this type recently put into 
operation a t  the Polytechnic Institute of Brooklyn 
i~ shown in Figure 8-6. 

I t  is important to note that under certain con- 
ditiocs there may not be the necessity to test a t  
extremely high Mach numbers. For a body enveloped 

in a shock which is everywhere strong, the flow 
between the body and the shock depends only on 
the free stream speed and density and is independent 
of all other free-stream conditions, including the 
free-stream Msch number. This "Mach number 
independence" principle includes all real gas, trans- 
port, relaxation, and rarefied gas effects. Thus i t  
is seen that for these studies around bodies enveloped 
in strong shocks, the full-scale Mach number need 
not be duplicated. It is emphasized, however, that 
the principle applies to flows around the same body 
and that further reasoning is involved in comparing 
two bodies of different scale. 

The Mach number independence principle can 
also be applied to hypersonic boundary layers. I t  has 
been demonstrated that if the fluid composition, 
pressure distribution, surface temperature distribu- 
tion, and the virtually constant external speed are 
given, the flow in major portions of the boundary 
layer is independent of the external Mach number. 

An interesting application of the blow-down 
wind tunnel with axially symmetric nozzle arises 
in connection with the firing of a free flight model 
upstream through the The relative veloc- 
ity between the model and stream creates stagnation 
enthalpies and Reynolds numbers close to those 
encountered in free flight. This method can be 
applied to duplicate some features of the time- 
dependent changes occurring during the course of a 
trajectory, e.g., the heat flux history. 

I t  can be concluded that there appears to be 
very few high speed phenomena whose dominant 
characteristics are fluid mechanical (including heat 
transfer) rather than physio-chemical which cannot 
be investigated or tested for by means of the blow- 
down tunnel. The similarity parameters or model 
laws are quite well understood for these types of 
flows, and are the same for both high and low 
densities, e.g., Mach number, Reynolds number, 
Nusselt number and other simiIarity parameters. 

Figure 8-5. Schematic Diagram of Shrouded Model Technique for Afterbodies and 
Wakes (Reference 31 of Chapter 6) 
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Figure 8-6. Schematic Diagram of Combustion Type Wind Tunnel with Shroud Rig, Polytechnic 
Znstituie of Brooklyn Aerodynamics L~boratory'~ 

This permits test data to be readily interpreted in 
terms of free flight conditiom. 

In the full use of this facility, ingenuity is a 
factor not to be disregarded. A set of test configura- 
tions employing high energy gas sources is shown 
in Figure 8-7.27 

84.2. Shock Tunnel 

At air temperatures in the 4000" to 5000°R 
range and higher, the effects of molecular dissocia- 
tion, ionization and radiation become important. 
The blow-down system, just discussed is incapable 
of developing supply energies sufficiently high to  
produce these "real gas" effects. In  order to obtain 
air energies of proper order in ground test facilities, 
i t  has been found feasible to use systems which 
produce high energy bursts for very short periods 
of time--on the order of milliseconds. 

The most highly developed and versatile of 
these systems a t  present is the shock-tube wind 
tunnel, sometimes simply referred to as the shock 
tunnel. (Figure 8-8(D)). 

Basically the shock tunnel consists of a shock 
tube which provides rt small amount of high-en- 
thalpy high pressure gas, which is then expanded 
to high velocity through a nozzle. The shock tube 
itself consists of a duct separated by a diaphragm 
into regions of high pressure (driver gas) and low 
pressure (driven or test gas). When the diaphragm 
is ruptured, artificially or by a further increase in 
driver pressure, the driver gas expands into the low 
pressure section, sending before i t  a shock which 
compresses the driven gas. The interface between 

the driver and driven gases follows the shock, and 
in practice the usable test gas is contained betwe. n 
the shock and the interface. As the shock passes 
through the driven gas, i t  sets the compressed gas 
in motion a t  a Mach number which varies roughl: 
between 1.8 and'3.0 depenPing upon the real g . 8  

effects. A model may be placed in this high enthaJpy, 
high pressure, low supersonic Mach number gas in 
one method of using the shock tube, this being 
referred to as the "straight through" method 
(Figure 8-8(A)). 

In  a second method, the shock may be permitted 
to impinge upon the downstream face of the shock 
tube and then be reflected back, further compressing 
the gas in its wake. A nozzle may be placed in the 
downstream face of the shock tube for further expan- 
sion of the small amount of test gas in both the 
straight-through and reflected shock methods. In  
still another arrangement, the shock tube may be 
left open a t  the downstream end so that the test 
gas is expelled in a free jet from the open end. 

One of the most significant difficulties in the 
use of the shock tube is the attenuation of the shock 
as i t  travels down the tube. This attenuation is due 
to the viscous effects in a tube of high length-to- 
diameter ratio, the latter being required to achieve 
practical durations of run in the test gas. 

In  an important development, this problem haa 
been greatly diminished by the use of the "tailored- 
interface" modification of the reflected shock method 
(Figure 8-8(D)). This permits the reflected shock 
to pass through the driver interface without further 
reflection, and thus allowa all the air processed by 
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the reflected shock to be used as supply gas for 
an expansion nozzle. The increased utilization of 
such procedures has allowed significmt reductions 
in the required shock tube lengths and accompanying 
reduced effects of attenuation. Testing times on the 
order of 10 times that obtainable with the simple 
refiected shock are possible by this means. 

The many technological and engineering factors 
involved m the effective use of shock tunnels are 

SUBSONIC 
FREE JET 

discussed in detail in the literature. Significant ad- 
vances in the ar t  have evolved since its inception. 
Measurements of heat transfer and pressure dis- 
tributions over models; 'visual observations of waves, 
and some wake studies have been made. Reliable 
measurements in the wake or base region of bodies 
are most difficult to achieve in the shock tunnel 
because o f  the relatively long times required to pro- 
duce steady ffow in these regions. Force balances 

B. 
SUPERSONIC FREE 
ATMOSPHERIC JET 

E 

C. 
SUPERSON lC 

TUNNEL 

0. 
SHROUD 
NOZZLE 

SIMPLE 
PIPE MODEL 

F. 
CONTOURED 
PIPE MODEL 

E 

Figure 8-7. Test Configurations for Use with High Energy Gas Sourcesa7 
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for test runs of 5 to 10 milliseconds duration appear 
to be feasible. In addition several types of testing 
configurations can be utilized in connection with a 
shock tube gas generator, (Figure 8-7), in which a 
wide raugc of high altitude test conditions are 
at tainahle. 

An advantage of the shock tunnel lies in the 
fact that the test gas is virtually frec of impurities, 

STEEL OR COPPER ,- IOL(12ATION PICKUPS 

D ' A p H ~ ~ ~ ~ F T o  -..- TANK EXPANSION 

MODEL SUPPORTING 

I 
HEAT TRANSFER GAGE 

r" 1 "VANE 

PnESSURE DISTRIBUTION AT TIME 1, 

CONTACT DISCONTINUITY 

irfiSUocK F D  1 
- 

which may not be the case in systems such as the 
plasma jet and hot-shot. This is because the test gas 
is not contaminated by the driver, although particles 
from the ruptured diaphragm may pass down-stream 
and strike a model mechanically. Nevertheless, the 
gas remains chemically pure, and diaphragm par- 
ticles can be removed mechanically by means of a 
turning passage prior to thc nozzle. 

( A )  Schematic Diagram of Shock Tube 

( B )  X -  T Diagram Showing the Progress of the 
Shock Wave and the Expansion Wave Following 
the Diaphragm Burst (The gases which were 
originally separated by the diaphragm are sepa- 
rated by the contact discontinuity (interface).) 

( C )  Pressure Distribution at Several Typical Times 
in the Shock Tube ( Time t o  and t ,  from (B) . )  

D l  SPLACEMENT 

I 

-SlEADY MODIFICATIW 

( D )  Tailored Interface 

Figure 8-8. Nomenclature for Shock Tube'' 
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In  the hot-shot systemlL' on the other hand, 
the gas in the stagnation chamber is heated and 
compressed directly by means of an arc discharge 
immersed within the gas. This gas is actually the 
test gas, which is expanded through the nozzle. It, 
therefore, has the possibility of being contaminated 
by electrode material or of possessing extraneous 
ionized components. The same is true of the plasma 
jets, although these jets my operate for time perioll- 
on the order of seconds. Moreover, the hot-shat 
may produce erosion of the nozzle throat which also 

rn may increase the flow contamination. 
An advanced and complex type of gas heating 

system developed a t  the Cornell Aeronautical Lab- 
oratory, Inc. consists of a rotating bank of shock 

d 
tubes which discharge into a collector to provide 
a steady flow of shock-heated air for an interval 
on the order of tens of This device is 
termed the "wave superheater." I ts  aim is to over- 
come the disadvantage of short running times in 
the shock tube and to provide real-gas test media 
for mass transfer studies, tests of thermal effects in 
structures and materials, pressure distribution and 
force studies, and other conditions in which extended 
testing times are required or are convenient. 

8-4.3. Combined Wind Tunnel and Shock Tunnel 

A new variation of test facilities is obtained by 
the use of the shock tunnel combined with a blow- 
down hypersonic wind tunnel or, alternatively, by 
the combination of two shock tunnels, in a manner 
under development a t  the Polytechnic Institute of 
Brooklyn Aerodynamics L a b ~ r a t o r y . ~ ~  The objective 
is to add energy to a hypersonic stream (the primary 
flow) which has already been expanded to low static 
temperature. This is accomplished by sending a 
shock downstream along the primary flow. The 
shock is provided by a secondary shock tube whose 
downstream end is attached obliquely to the test 
section of the primary nozzle through which its shock 
discharges into the primary stream. It is important 
to note that the stagnation temperature of the 
primary flow may be kept sufficiently low (e.g., less 
than 3000°R) to avoid the introduction of real gas 
effects. Thus the stagnation enthalpy and limiting 
velocity of the basic flow are increased by the second- 
ary shock, while the resultant test gas is not signifi- 
icantly influenced by chemical history, since its 
static temperature is always maintained a t  a rela- 
tively low level. 

This method is of importance since it appears 
that under low density conditions it will not be 
possible to maintain thermodynamic equilibrium 

hypersonic nozzle flows which expand their test 
media from a high energy source in the real gas 
range, regardless of whether the source is a shock 
tube, hot-shot, or plasma jet. It is believed that 
the nonequilibrium state in the nozzle will not be 
of extreme importance for fluid mechanical or heat 
transfer effects, provided that the actual state and 
velocity conditions in the nonequilibrium flow in 
the test section are known and used to explain the 
data. For chemical and physical problems in the 
shock layer and wake, however, it may be important 
to approach the precise thermodynamic state of a 
prototype in a model test. For this purpose, a method 
of creating fows simulating the equilibrium condi- 
tions of flight in a ground test facility becomes 
extremely useful. This problem may also be partially 
overcome by the use of high velocity guns and 
firing ranges, which form useful adjuncts to the 
fixed model techniques. 

Another use of this method liea in the fact that 
the stagnation enthalpy level of a basic flow can 
be increased by the action of the superimposed 
shock. In principle, the effect of several shocks may 
be superimposed in this way to provide a flow with 
extremely high stagnation enthalpy or limiting ve- 
locity. The difficulty lies in the effective running time 
which is diminished with each superimposed shock. 

8-4.4. Hot-Shot Tunnel 

In  this system, electrical energy stored in 
capacitor bank (which may have a capacity of a 
million joules or more) is released in an arc chamber, 
and, through a constant-volume process, produces 
a high pressure, high energy air mass. For example, 
the power supply in use a t  AEDCLL consists of twin 
47-ton flywheels driven by a pair of 1000 hp motors, 
which operate a 1.28 X 10' joule induction coil. 
A plastic diaphragm upstream of the nozzle throat 
is ruptured and expansion into the nozzle takes place. 

Among the advantages of this type of test 
facility is the relatively long duration of the test 
run compared to that of the shock tunnel. This 
permits sufficient time for the measurement of heat 
transfer, pressures, forces, and moments. The hot- 
shot tunnel also provides a wide operating range 
and convenience of operation. 

A critical feature, previously mentioned, is the 
impurity of the test gas caused by the arc in the 
explosion chamber and by throat erosion. However, 
substantial improvements in the purity of the best 
gas have resulted from recent work. In  this method, 
expansion of the test gas from a constant-volume 
stagnation chamber causes an unsteadiness in the 
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stagnation conditions. This unsteadiness can be 
diminished by increasing the chamber volume for 
a given length of run but a t  the expense of an 
increase in the power required for operation. 

84.5. Plasma Jet 

The arc-powered jet ie a device in which a high 
intensity arc formed between an anode and cathode, 
otabqked by a gas which is passed over, around 
or throbgh the arc (Figure 8-9)) results in a high 
enthalpy ionized gaa jet consisting of the heated 
stabilizer plus residue from the electrodes. Some 
modern arc techniques utiliee wall-cooling methods 
for stabilization; these do not require the addition 
of a foreign fluid to the jet. 

At preeent, the power input requirements are 
high for relatively small mass flows. For example, 
in one jet, 700 kw of AC power are required to 
produce 0.080 lb/sec of "air" a t  a stagnation tem- 
perature of about 11,000"R and a stagnation pres- 
sure of 150 psia. A 2000 kw version is cited as 
yielding 0.30 lb/sec of test fluid a t  a stagnation 
pressure of 2000 psis and temperature of 13,00O0R. 
Running times on the order of seconds or even 
minutes may be achieved. 

The p lasm jet provides an interesting high 
enthalpy ionized medium for testing materials and 
structures. I t  is particularly useful for ablating sys- 
tems which are primarily sensitive to the enthalpy 
absorbed per pound of material rather than to the 
fluid mechanical and other detailed parameters of 
the jet. One of the difficulties in the operation of 
plasmaa for aerodynamic testing has been minimizing 
contamination of the stabilizing gas which forms 

the test medium. This contamination stems primarily 
from the anode, usually carbon, rather than the 
cathode, which may be water-cooled copper. De- 
creasing the power input, and the arc chamber 
pressure (stagnation pressure) serves to diminish 
anode material loss. In addition, anode cooling 
methods have been utilized to advantage to deter 
material loss. Thus clean plasma jets become more 
practical in aerodynamic testing under low density 
conditiow. 

The plasma jet has the same problem, with regard 
to non-equilibrium conditions within the hypersonic 
expansion nozzle, as haa been mentioned in connec- 
tion with the shock and hot-shot tunnels. Under 
low density conditions the nozzle flows may be 
expected to be frozen. Moreover, a problem of un- 
steadiness (small scale) exists under many condi- 
tions. The use of settling chambers between the 
arc and expansion nozzle, to minimize non-uni- 
fornlity and unsteadiness, results in substantial 
heat loss. 

Plasmas have also provided a useful medium 
for the study of the behavior of ionized media and 
for magnetohydrodynamic investigation. 

6-46. Light Gas Free-Piston Gun Tunnel 

An interesting device for generating a short 
burst of high temperature, high presaure air is a 
compression heater superficially resembling a shock 
tunnel. In this device, termed a gun tunnel," a free 
piston is interposed between the driver and driven 
gas, as shown in Fig. 8-10. High thermal energy 
on the downstream end of the piston is achieved 
if a light gas such as helium or hydrogen is used 
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Figure 8-10. Schematic Diagram of Light Gas-Free Piston Gun Tunnel" 

in the breech as a driver, since the high temperature 
results from multiple shock reflections which take 
place between the moving piston and the down- 
atream end ef the barrei. The temperatqes attain- 
able are higher than those corresponding to isentropic 
compression. In  principle, temperatures as high as 
10,OOO°K can be achieved after 3 shock reflections 
with initial pressure ratios on the order of 600 across 
the piston. Running times on the order of hundreds 
of milliseconds can be obtained. However, the erosion 
of the nozzle throat restricts the running time during 
high stagnation pressure runs. 

This device appears to be quite attractive for 
hypersonic testing, a t  least on the pilot scale for 
which information is available. Factors such as 
reliability and steadiness will influence final evalua- 
tions of this device. 

84.7. Firing Ranges 

A wide variety of techniques for studying 
models fired in free flight has been accumulated in 
ballistic studies over the years. 

The possibilities for flight simulation are ex- 
cellent in firing ranges. However, a disadvantage 
is the difficulty in obtaining data on the flow near 
the model, or effects on the model without the use 
of fixed instrumentation. In  wake studies this factor 
is not as important. , 

Past observation methods have been primarily 
photographic. More recently, small telemetering 
devices have also been developed for making 
rudimentary heat transfer and presvure measure- 

ments on the model. These devices must withstand 
acceleratio~s as high as 200,000 g in some cases. 
A simple resistance, inductance, capacitance circuit 
dweloped a t  the U S .  Kaval Ordnance Laboratory 
responds to an intermittent radar pulse by reemitting 
a decayiug signal. The circuit resistance, a measure 
of temperature or pressure, can be estimated from 
the decay rate of the signal. This system is inexpen- 
sive, rugged, and can be applied to multiple channels. 

Projectile studies have bew>me even more im- 
portant with the advent of aerophysical problems 
connected with the communication through and 
detection and diagnosis of high energy flows in the 
shock layer and in the wake of hypersonic vehicles. 
These problems have been studies with the use of 
optical techniques such as the schlieren and shadow- 
graph systems, electro-magneti,: wave diagnostics 
(usually in the microwave range), molecular besnis, 
spectroscopy, radiation serisors and other methods 
of experimental physics. Wake measurements can 
be made a t  points fixed in laboratory space over 
a period of time after the model has passed. 

The modern development of light gas gunsZ-'.@ 
has !eci to projectile velocities on the order of 
30,000 fps with certain types oi models. Problems 
arise in connection with the launching of light 
delicate models without injury to the model and 
in connection with the stabilization of slender pro- 
jectiles. A typical modern flight range for purposes 
of aerophysical measurements may consist of a gun 
section on the order of 50 ft in length, a measure- 
ment section about 50 ft long and an enlarged 
terminal section for radar measurements. 
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