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ABSTOACT: Thla report describes a method of calculating aerodynaale 
..eating for the purpose cr evaluating materials for use as possible 
entry heat shields. The procedure may be described as a simplified 
re-entry flight simulation. This report gives In detail the assumptions 
made, equations used, and the form of presentation of the results. It does 
not give the results of such calculations.f > V 
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re-entry heating simulation 

INTRODUCTION 

U» « m.1*LÂr"nSÙ™1ïï1^Âî::edTkln us' p— 
'"«try .,th L ^ 'm°" « 

material« as heat 

«ntry^l^f l' BtaUteJ re- 

earth. Further, that the re^ntrí íath u a st^^hP',?" ‘ 
drag 1. significant. Ihe baunca!^ layer uô. arõcM th^h “nd<that ‘1« 
perfect gas with laminar tran-ití™ T v f d th botly ls that for a 

reference (2), The coefficient of heat tra^fe^V^1?"V® descrlbe<1 ln 
point is based on the properties of the air at t-h*. * the sfa^nation 
on the body, h 1. tann as .pîroxlmûîv iL.^!/“;^'' « ^ points 
The body 1, assume! to he a hemLpíe™^u^r^ “"U t'"P'''«“re. 
the solid surface is taken to be one^llmííí?í i ^ heat conductl°n Into 
heat conduction is calculated by a d^ f nu ’,?^1 t0 the Wal1- The 
into account the variation of therma propen es tltiV™ 
calculation thus furnishes for a given fliahí th/íí ta“Perature. Each such 
ture and heat flux to a chosen lotnt on ll^Ll l” hi8t0ry of the tempera- 
in particular is obtained for aviven flieht Sitg. J1?8 ^ teraIJerature 
body point. Hence many such calculations furnish6^1' ßhield thickness, and 
temperatures in terns of the flieht n«r^t îuthe varlation ^ Paak 
ness. aibht Pararacters, thermal properties, and thick- 

2. Vacuum Trajectory 

in«, ^“ô^;w7is^r^o^7^,bru ^ 

wd re-entry angle In the following the ballistic factor of Aliened 

Fggers, reference (1) .;u be denoted by K^-K/sln . (l.e., V based on 

¢) to distinguish It from the K used In this report. 

For unpowered flight in free space the tralectorv ia takf»n k» 
minimum energy ellipse for a noiwotating spherical íírth Thî« ^ 
specification of the two parameters V and ô tí tti l ?1S redUCes the 
the range. One has E and ÔE to the sin«l® Parameter, R, 

(2.1) Vg « U8 , 
E ItsTnv * 
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(2.2) 

where v 1$ the angle subtended 
the semi-range angle, and U is at the center of the Earth by ¿R, i,e., 

the parabolic velocity for the Earth. 

3. Re-entry Trajectory 

incnLY:^1^ tri'/Ä rrntry , p ior heating calculations. Taking the drag as 
jCjjÄpir, the equations of motion are easily written as 

(3.1) 

(3.2) 

dH/dt * -V sin Ou, 

dfydt2 » _ Kftp(V sin ©E)2, 

where V is 
the time, t, 
atmosphere 

H the alon« the P®th M functions of 
o is the density of the atmosphere. For an isothermal 

(3.3) p - p 
i 

these equations are readily integrated in closed form. However to 
results for a sufficient number of time intervals to use for hei*10 
calculation., it 1. ,ust a. ua.rul to use ÍTu^ttTn^íÍ î^0" 

tlon. Th. ..a levai density, o^. .00259 alu, ft5, and ». }0,500 ft. It 

Italíaí í"' <•». atnoaphare la aa.umed laotheraal only In 
0 , ' "0t ln the calculation. H,, choie, of 

J ,50 feet for was baaed on the fact that at thla height the aenalty of 

the APOC atmosphere la l/e-th of o^. It ha. more .-ecently beca» clear 

V?ljes °r heat tr«nsr'r based on thla vaiue are mich too low 
íhnír the heut transfer ie quite sensitive to the value of }L A bettw’ 

altn^^Lríí!: ÍÜ!.!0^*“0"' ar' by noïlng at what . T tnc compucations are performed by notï 
altitude maximum heating approximately occur, and then chMalng 0 end 

.0 that a best fit to the true den.lty 1. obtal «d at thla height.SL "P 

** • St<>«natlon Point Heat Trsna fer 

At any given height along the trajectory the velocity V (denoted in 
stetion by la knnun .1.*_ . ^ . \aenoted in ♦Vi<= »4 v 7" -o w»jcuuuijr vne velocity V 

this section by u^) i8 froœ thç trajectory calculation. 
The free 

2 
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strewn pressure, ?a), end temperature, T^, are obtained fro« a polynomial 

fit to atmosphere data, see Appendix. Next the density, sound speed, and 
Mach number are obtained froa 

O-l» o» ■ PodA T» 

(»•*) % 

(*>.3) ' “„A® • 

R, the gas constant for air Is taken here as 171Ó ft‘/sec2 °F, and y (the 
specific heat ratio) Is taken as l.W. 

Next it Is assumed that the flow over the body Is that of a perfect gas 
and that the stagnation temperature Is given by the adiabatic formula 

(*.*) 

Further, the losses through the bow shock yield a stagnation pressure 
given by the Rayleigh formula _ 1 

(k.5) P’ » P 
0 CD 

for the supersonic portion of the re-entry and the adiabatic formula 

(>*.6) P' - Pn 
o 0 '“a.'1*1? 

for the subsonic portion. 

Finally the heat transfer coefficient, h, 

(4.7) h - .TéMPr)*1* 
vw D 

where .765 is Sibulkin's constant for an axial symmetric body, Pr the 
Prandtl number, is taken as .72, D is twice the ncse radius of curvature, 

Is given by 

I 



navord report 6791 

taken %a two feet In our calculations, and the constant 1.1 U the value of 
the dimensionless velocity gradient at the stagnation point. The particular 
value taken hsie is based on the experiments of Korobkin, reference (3). 

T*«t».Wa11 value8' K and vw for alr» computed from the Sutherland 

-w ■ -«A. • ¢. - r;/* \ 

(»».9) 

(^.10) 

With h found, the heat transfer and heat conduction phases of the 
calculation are coupled through the relation for th': heat flux, q* using 

BL' “ 

(‘♦.ii) 

where is the outer surface or wall temperature, #■ U.SxlO*”^, the 
. tefan-Boltimann constant, and c is the emissivity of the wall material. 

5. Heat Conduction 

The heat conduction calculation proper as distinguished from the heat 
transfer calculation assumes a one-dimensional flow of heat normal to the 
surface according to the usual Fourier equation which may be written as 

(5.1) 

where 0, assumed constant, Is the density of the material, C(T) Is the 
specific heat at constant pressure, as a function of temperatura. Ti K(T) la 
the thermal conductivity/ q is the heat flux at each depth, y, measured 
from the outer wall surface, and, t, is the time. At the initial tiae, 
t - 0, an Initial temperature T(y) is assumed known, (e.g., T • U60°Rankine) 
and at subsequent times the equation is to be solved with the boundary con¬ 
ditions at the outside and inside walls stated for given flux, i.e. 
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(3.2) 9(0^) - q^ít)] 
q(x,t) - o j 

at y * O 

at y ■ * 

whare x Is the total thickness of the shield. 

*în C?!e?/her* several layers o*r different materials are considered 
equation (5.I) becomes subscripted with where i - 1,2,...,m 'for 

each of M materialsj thus separate tables K^T), C^T) of material 

properties must be used for each material in the respective layers 1. At 
the Interface between two such layers one must demand that the flux aero«* 
the Interface from the left equal the flux out to the right, i.e., qL . q^. 

Equation (5.I) is solved by an implicit first order finite difference 
method. In finite difference form the heat balance at the J—th point of 
some finite number of discrete points may be written in terms of the neiriv- 
borlng points J-l and j+1 as ^ 

(5.3) 

n 0 
T -T 

C p 3 1 
JPJ t 

‘j-'/i 

Vfc" Vik 

9jJLi 
2 Ay * 

where the super o, stands for "old", i.e., at time t, and the super, n. 
stands for "new*, i.e., at time U ¿t. * ' 

At any instant, 'b.*) is seen to constitute a system of equations for 
the new unknown temperatures in tens of the known old temperatures. This 
system can be assumed linear if one regards0the K’s as slowly varying 
functions of T, and hence be evaluated for I. Two of the equations in the 
system (5.5) must have a different form, namely at the inner ana outer bound¬ 
aries, JK) and J«N for Ntl pointu. These are taken as 

(3.3a) 

(5.3b) 

n 0 

CN°N 

C 0 
0 0 

n 0 
T-T 

0 0 

qBL“V- ft 

V^o 

>^y 

The flux from the boundary layer, 
given by 

qb,, less the radiative flux, is 

5 
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(5.M 
qBL 

n k 
%L - V » 

If 

qBL -h^-Tw) , 

wL1^'^:'7 1>lrer h«‘ coerrictect, ^ r is th. 

It 1. tOnbs noticed that q¿L In (5.4) ,s not known untlt the new „11 

be solved'untll "‘“i"'"’ f°Un4’ ^ ^ 
. S ,1 q»I- thus “ Iterative procedure Is resorted to 

T LuV" T ] aS a flrSt “>Pr0Xl“atl0n t0 ?W the temperatures 
j dudlng so found can be used to enter (5.4) again. This is repeated 

hree or four times until the dlrfere^e |^<k^ . ^0-D| b(!twMn the 

^LTi^s’rcastrTr ïr™vai- — 
SO slowly that more than 1Ú Iterations win^ reSui^ed^'t’tJ!'' U con’,er«In« 

over with the old values ? and uses . / ’ St<,rt* 
8 TJ and uses 8 new A* one half the old one. 

repeated attempts lead to ^t < lAoou semnri 
i/iuuu second, the case is stopped. 

6‘ —y-^mrn Heating Point Heat Transfer 

norm.îlt^ÎdrÂ^Â^Îe^îr1 “ !•«., Is locally a point of •naiHw»»" v,.. »4 heating is most severe, 
actually be heated more because of‘poor °r ZOneS 
corners) or because the boundary layer flo! -J h ' eXtrer'e CUrvatare or 
for an appreciable time. A d-tïiled stídv 0‘^íh re™in turbule^ 
point on the body may be obtained bv nArf^ f thC ¡;eíitln* history at every 
on the body for ev^ step In ühe r b°Jnûary layer calculation 
calculations have been made at this LaboratoS °Vhe ®1:nalaîe<i fHght. Such 
formulation given ir the reoo’- " t d v ^ '•he boundary layer 
he omitted here! It íh.t rbÍ' ’"It"™ (2K ^ «ííii. win 

thnt it depends on the waU vaiue, Ku,vu which ln tum^I^i ^ 1 

Wn wall temperature^. The variation o, h with Tw over the ranfla 

*. -¾¾ 16 Tbu can be seen from equation (4.7) to be at most 15 per cent 

This fact makes it possible to deal with an h bnroi 
1 n 011 h based on some constant T 

in Investigations where errors of rvn* e.« » ^ 
tlon of an h, Independent of w«n V ^ satisfactory• This assump- 
hounda. iayei calcul ^^ 

6 
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of heat conduction calculations. Thus It became possible to show at what 
point In most cases the peak heating would be expected to occur. With this 

Information one can then use the values of h(t) at this point alone, 

together with the adiabatic temperature, T , to obtain the heat flux q' . 

ad 18 oi)ta*ned equation analogous to equation {h.U), namely the 

relation, 

(6.1) - T^l ♦ M*) , 

where Te, Me are temperature and Mach number external to the boundary layer 

at the body point in question. The heat flux at this body point is then 

calculated as part of the heat conduction calculation described in paragraph 

5 using the equation analogous to namely, 

(6.2) ‘•¿L ■ h(Ta<rV - T¡¡ • 

7. Calculation Procedure 

Calculations of this type have been performed on the IBM 70U electronic 

calculator using the FORTRAN coding system. For this purpose two main 

programs were written: First a boundary layer program including sub-programs 

for the vacuum trajectory, and the re-entry trajectory. This uses as input 

the parameters, yC^A, ana R, and furnishes as output a deck of cards con¬ 

taining h and at one given body point (at or near maximum heating point) 

for each time step down the trajectory. Second, a heat conduction program 

including sub-programs for either computing stagnation point heat transfer, 

or for reading cards of h ana as input. The latter program in addition, 

has as input the thermal properties K(T), Cp(T), o, t, and the shield 

thickness x, or several sets of properties and thicknesses if the shield 
is a layer composite. 

To evaluate a single layer raterial, separate runs on the machine are 

.rade with a very thyi layer (effectively of rero thickness) for different 

loading factors, yC^A, and the peak, wall temperature found for each y^A. 

From this information one can reacily interpolate by hand to find that value 

of V/CDA for which the wall would Just break down or melt if the temperature 

Tm, of thermal instability is known. This yields the highest value of 

Vf/C^A, for a given range, for which the material can be permitted to reach 

radiative equilibria with the atmosphere. This value actually depends only 
upon the emissivity and the melting point, T . 

7 
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. plcÎVr”1? '«^“SV’Î r'PCa,-'d fr "“"o1 ». one obtain* on 
plot of R veisus yCjjA a curve that nay be referred to as a zero thick¬ 

ness (or zero shield weight) curve. 

(effeJuv^îr.îy^r?f^al^.1*îi°n í“ th'" reB'“t'd fur “ W« tiilckne.. 
l!r ^ lnflnite thickness) and one obtains a curve that may be 
thoanV0 ße ün,inflnite Sickness (or weight) curve. This cur^shows 
abmu! R*ndw/rA for which the maxinu. heat sink 
no r ° (ii,any) the •r;iat'erl-al utilized and represent the ultimate 
perfornance the material is capable of exhibiting. 

intermediate curves for given shield weight per unit area or for «iven 
thickness may be calculated in the same way. 8 

d 
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APPENDIX 

Formulas used to approximate a standard atmosphere: 

(*-l> Ta> ’ *o - »l" ♦ - a5"5 * «/ - a5»5 . 

where Is the temperature in degrees Kelvin at height H in kras. Fhe 

values for H < I5.7 km are 

ao > 292.9^3 

ax - 6.70606 

ag » I.08387 

= 0.237^34 

a4 - 0.om843 

- 0.00406633 

For H ^I5.7 km the values used are 

a^ » 295.437 

a: - x!;.158767 

ag - 0.74888348 

a^ - 0.014460238 

a,, * 1.22412 . lO“4 

a - 2.8784 • 10“^ 
5 

The pressure, in lbs. per ft 
2 

is given by 

(A.2) P » IO332.2 * 10X 
00 1 Au 

X - -C.014-0.06104H ♦ (0.064 + .00024H)x8in(i^ü) 

S - 9.549206 for H < 18 km. 

S » 6.162149 for H >18 km. 

This fit was an interim fit obtained from the Army Ballistic Miss lie Agency 
in 1957 and used for these calculations until August 1959. 

9 
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