
WANL-TMI-1921 
July 29, 1968 

Westinghouse Astronuclear Laboratory 

A PROGRESS REPORT 
O N THE DEVELOPMENT OF 

REENTRY BODY ANALYSIS TECHNIQUES 

(Title Unclassified) 

ml 

•^mi .M... 
" r i i ^ . 

»y 
wQUMU'V^ 

mm' 

S0^ 
U-'-S'ii. !iir.ifc-
'vji^ 'llisii 

iSTRSSUT 
!ONOFTHlSDOCUM£HlUNUfidlUa 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



' f ' -

/^Jj^ Astronuclear 
\ 3 / Laboratory 

WANL-TMI-1921 
July 29, 1968 

A PROGRESS REPORT 
O N THE DEVELOPMENT OF 

REENTRY BODY ANALYSIS TECHNIQUES 

Prepared b Approved by: 

Systems Engineering 
Astronuclear Laboratory 

D.R. Roberts, Su/ervisor 
Systems Engineering 
Astronuclear Laboratory 

A X M I SRaTette 
Systems Engineering 
Astronuclear Laboratory 

INFORMATION CATEGORY: 

UNCLASSIFIED 
UHSTW 

Authorized Classifier Date 

. , . ..aCUTSON OF THIS DQCUafiOil UNUMtlEO 



TABLE OF CONTENTS 

/ ^ ^ Astronuclear 
\ 3 / Laboratory 

Page No. 

TABLE OF CONTENTS 

LIST OF FIGURES 

LIST OF TABLES 

I. INTRODUCTION 

II. THE SGGEM PROGRAM 

III. EVALUATION OF AERODYNAMIC PARAMETERS 
(DRAG COEFFICIENT) 

IV. THERMAL ANALYSIS OF REENTRY VEHICLE 
HEAT SHIELDS 

A. The CINDA Program 

B. The STAB-II Program 

V. HEAT SHIELD MATERIAL SUMMARY 

APPENDIX: ADDITIONAL REFERENCES ON HEAT 
SHIELD MATERIAL PROPERTIES 

I I I 

1-1 

ll-l 

lll-l 

IV-1 

IV-1 
IV-6 

V-1 

A-1 

i 



LIST OF FIGURES 

Pag 

Pictorial Representation of Blunt-Body III 

ond Hypersonic Shock Wave 

Pictorial of the Elemental Drag Area III 

The Discoverer Body Geometry III 

Drag as o Function of Angle-of-Attack III 
ond AAoch Number (4) 
Ceromic Heat Shield and Support Panel V 
Configuration 

Schematic of a Phenolic Nylon Char- V 
Forming Ablotor 

Comparison of Uncorrected Heat Input V-
wlth Acfuol Heot Input 

Design Concepts for a Char-Forming V-
Abiotlve Heat Shield 

II 



® Astronuclear 
Laboratory 

LIST OF TABLES 

Table N o . Page No . 

5-1 Summary of Test Results for Charring V-10 
Composite Materials 

5-2 Summary of Test Results for Ceramic V-12 
Materials 

5-3 Summary of Test Results for Low V-13 
Temperature Materials 

• • • 
I I I 



/ ^ ^ Astronuclear 
V c r / Laboratory 

I. INTRODUCTION 

Recent ac t i v i t y on technical proposals associated wi th isotopic power supply units for use 

in near earth orbits has emphasized the need for WANL capabi l i ty to analyze reentry 

vehic le and heat shield requirements. Consequently, the Systems Engineering Department 

has been chartered under Product Development funding to assemble the basic analyt ical 

" tools" necessary to carry out some limited-scope heat shield evaluations. This report is 

a summary of the status of this effort. 

The purpose of a heat shield is to protect the payload from thermal damage during high 

speed atmospheric reentry. As a thermal protection device, the heat shield specifications 

are influenced by: 

1) The thermal and mechanical properties of the payload being protected. 

2) The properties of the heat shield material . 

3) The tra|ectory of the re-entering body through the atmosphere. 

4) The motion of the body Itself, i .e., p i tching, yawing, and rotary 

movement about its center of mass during reentry. 

It is obvious from the above considerations that heat shield evaluation is a complex 

problem, embodying at least the fo l lowing basic computational blocks: 

a) A trajectory simulation program taking into account both the payload's 

motion about the earth's mass center and its motion about its own mass center. 

b) An aerodynamic heating program to determine the convective and radiative 

heat f lux to the skin of the heat shield from the air stream. 

c) Heat transfer programs to determine the thermal history of pre-selected 

points wi th in the heat shield and/or payload. 
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These computational blocks are not necessarily independent of one another. For example, 

the trajectory of a body and the body's motion can be radical ly altered as an ablat ive heat 

shield loses mass to the airstreom. Such mass loss effects could, depending on the body 

geometry and in i t ia l reentry parameters, render the payload into a dynamically unstable 

condit ion in which the entire reentry package would be subsequently destroyed from reentry 

heating occurring over the entire body surface. 

General ly, i t is not practical to assemble a l l three computational blocks into one computer 

program. The reason is that each bipck is, in itself, a reasonably large program 

and computer installation limitations must be considered as wel l as the di f f icul t ies always 

attendant to fusing large programs together. 

One acceptable alternative is to use an i terat ive procedure wherein the appropriate results 

from the trajectory and aero-heating programs are used as input into the heat transfer programs. 

The findings obtained from the latter are then used to modify the in i t ia l input to the trajectory 

program (if necessary) and the cycle repeated unti l a convergent solution is obtained. It was 

fe l t that for the present at least, the i terative procedure would be suff icient, and in the time 

avai lab le, the best course of action would be to get in operational form the necessary analyt ical 

tools to handle reentry shield calculations for the non-ablat ive (heat sink) type of shield. Thus 

the effort expended was directed toward: 

1) Modi fy ing and converting the NASA Manned Spacecraft Center's generalized 

3 and 6 degree of freedom trajectory program (SGGEM) to operate on the 

Westinghouse CDC-6600 computer system. 

2) Constructing a thermal model to analyze the transient heat transfer within 

the heat shield as a function of the SGGEM output. 

3) Performing a l i terature search and compil ing information on the behavior 

of typical ablat ive heat shield materials to obtain performance data and 

working knowledge of these types of shields. 
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4) Performing a study on the theories and approaches to calculate the 

aerodynamic force, moment and stabi l i ty coefficients in hypersonic 

continuum flow for typical blunt reentry bodies (for use wi th the 3 

or 6 degree trajectory program). 

5) Carrying out a t r ia l run in on attempt to duplicate known results for a 

beryl l ium shield on a Discoverer shape body. 

In the fo l lowing sections, a resume w i l l be given describing the progress, status, current 

capabi l i ty and results as appropriate to each of the first four items listed above. Item 5 

is part ia l ly covered here and w i l l be more completely documented in a supplemental report. 
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I I . THE SGGEM PROGRAM 

The SGGEM Program is a generalized trajectory computational system that consists of 

four simulations or packages. Each of the packages in turn contains one or more trajectory 

programs. The user specifies, by means of input data, which trajectory program within the 

chosen package is to be executed. The four packages available are: 

• Two-Dimensionol Space Simulation 

e Three-Dimensional Space Simulation 

e Multi-vehicle Simulation 

e Interplanetary Simulation 

The trajectory programs contained in each of the packages ore assigned unique input call 

numbers. A brief description and the corresponding number of each of the trajectory 

programs follows: 

1. Two-Dimensional Space Simulation 

a) Subprogram 21 : Three Degrees of Freedom Trajectory Program. 

This subprogram computes translational and rotational motion of a rigid 

body in two-dimensional space with the angular velocity of the body 

computed from the moment on the vehicle. 

b) Subprogram 22: Quasi-Three Degrees of Trajectory Program. 

This subprogram computes translational and rotational motion of a rigid 

body in two-dimensional space with the angular velocity of the body 

dictated by a control system. 

c) Subprogram 23: Two-Dimensional Commanded Attitude Trajectory Program. 

This subprogram computes translational motion of a rigid body in 

two-dimensional space with the body orientation dictated by a control 

system. 
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d) Subprogram 24: Two Degrees of Freedom Trajectory Program. 

This subprogram computes the translational motion of a point in 

two-dimensional space. 

2. Three-Dimensional Space Simulation 

a) Subprogram 3 1 : Six Degrees of Freeidom Trajectory Program. 

This subprogram computes translational and rotational motion of a 

r ig id body in three-dimensional space with the angular veloci ty of the 

body computed from the moments on the vehic le . 

b) Subprogram 32: Quasi-Six Degrees of Freedom Trajectory Program. 

This subprogram computes the translational and rotational motion of 

a r ig id body in three-dimensional space wi th the angular veloci ty of 

the body dictated by a control system. 

c) Subprogram 33: Three-Dimensional Commanded Att i tude Trajectory Program. 

This subprogram computes the translational motion of a r ig id body in 

three-dimensional space with the body orientation dictated by a control 

system. 

d) Subprogram 34: Three Degrees of Freedom Particle Trajectory Program. 

This subprogram computes the translational motion of a point in 

three-dimensional space. 

3. Mu l t i - veh ic le Simulation 

a) Subprogram 35: Three-Dimensional Commanded Att i tude Trajectory Program 
for up to Four Vehicles. 

This subprogram operates in the same manner as Subprogram 33. 
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4 . Interplanetary Simulation 

a) Subprogram 44: Three Degrees of Freedom Particle Trajectory Program. 

This subprogram computes the translational motion of a point in 

three-dimensional space wi th the perturbations resulting from the 

planets, sun, and moon taken into account. 

The SGGEM Program permits the running of simulations with any of the above subprograms 

in any of three avai lable modes v i z . normal mode, parameter mode, and boundary value 

mode. In addi t ion, various output formats are optional in a l l modes. 

The normal mode is by far the one most frequently used. A program operating in the normal 

mode reads data from the input device, integrates the equations of motion to a specified 

end condi t ion, and returns to read more data. This sequence of reading data and integrating 

to termination is cal led a phase. A case consists of one or more phases, and a run consists 

of one or more cases. The importance of the concept of phases is discussed below. 

The parameter mode allows the program to return to on arbitrary point in the normal 

trajectory, adjust any single input parameter to one or more preset values, and repeat 

the remaining phases in a cose for each value. An option is avai lable to a l low linear 

interpolation and/or extrapolation on an input parameter to reach a given end condit ion. 

Two choices are avai lable for the interpolat ion; either the program w i l l run a series of 

coses wi th the input parameter set to given values until the end condition is bracketed, 

or one step-off value of the input parameter may be run wi th interpolation and/or ext ra

polation starting immediately. 

The boundary value mode allows the program to return to on arbitrary point in the normal 

trajectory and adjust up to six in i t ia l boundary parameters in order to satisfy the required 

end conditions for a given trajectory. 
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Most trajectory simulations involve the numerical integration of functions which ore, at 

most, piece-wise continuous. The discontinuities are produced by such physical require

ments as abrupt mass changes produced by release of spent motor cases, rocket motor 

Ignit ion or shut-off, in i t ia t ion of guidance mechanisms, etc. Other less obvious discon

tinuit ies are Introduced where tabular data for aerodynamic coeff icients, rocket parameters, 

etc. , are not presented as smooth functions. Unless al l such discontinuities are properly 

handled in the simulation, large errors may be Introdjced whenever these discontinuities 

occur within a single integration step. 

The presence of these discontinuities ( i .e . , those associated with abrupt mass changes, etc.) 

requires that the program user subdivide the computation into a number of "phases" such 

that no discontinuities occur wi th in any given subdivision. Thus, a phase separates dis

continuit ies (or other desirable breakpoints) In the mathematical model and a run w i l l 

denote a trajectory computation beginning at same in i t ia l point and may encompass one or 

more phases. SGGEM permits the user to make any number of runs in sequence on the 

machine. 

Although most computations w i l l normally use only one of the major subprograms In SGGEM, 

the program user may, v ia input cards, shift control from one subprogram to another at w i l l 

during one run. For example, one could use six degrees of freedom subprogram from launch 

up to the top of the sensible atmosphere, temporarily store orientation and angular rate data 

at this point, shift to a part ic le subprogram "over the top" , reset the orientation and angular 

rate data at reentry, and shift back to a six degrees of freedom computation for the rest of 

the f l ight . Such manipulations ore controlled entirely by appropriate integers on input 

cards. In each of the subprograms, several phases of computation could. If need be, have 

been used as noted above. 

At the beginning of each run or phase wi th in a run the program user must specify the 

necessary in i t ia l conditions for that part of the jomputation as wel l as the condit ion which 
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determines when that phase ends. In general, a complete list of in i t ia l conditions is 

required only at the start of the first phase; for later phases only those quantities which 

the user desires to change need be entered. 

Termination of a phase may be accomplished when any quantity computed by the machine 

reaches a pre-speclf led value. Thus, one can terminate any phase on the basis of the 

attainment of a ve loc i ty , a l t i tude, t ime, or any of the quantities given In the list of variable 

indices which accompanies the operating instructions for each subprogram. This termination 

Is accomplished by specifying that the machine automatically monitor the "termination 

quant i ty" specified by the user and continue the integration unti l the desired termination 

point is encountered or passed. 

The basic input scheme to start a run, in addit ion to the mode, simulation and Ini t ial izat ions 

control cords. Involves specifying the (1) In i t ia l ve loc i ty , al t i tude and f l ight path angle, 

(2) position in space, (3) body geometry, (4) body orientation and angular orientation rates, 

(5) reference body weights and aerodynamic areas and lengths, (6) option control to select 

the types of aerodynamic calculations, atmosphere models, etc. , (7) output quantities and 

output format, (8) frequency of output, (9) error control parameters, and (10) various control 

cards to handle the tabular input data noted below. 

The evaluation of aerodynamic coeff icients, rocket parameters, and any physical parameter 

such as hypersonic shock wave characteristics is performed by numerical interpolation in 

tables. Each table is control led by on input "table contro l " card as noted above. Tabular 

data is entered wi th a prescribed format. Any tabular quantity computed by various inter

polation schemes within the SGGEM program can be a function of up to three independent 

variables as specified on the table control card for that particular table. The importance of 

tabular data lies in the fact that through their judicious use, the simulation of the motion of 

an arbitrary body through a planetary atmosphere con be described In terms of either wind 

tunnel data or theoretical calculations as a function of the body geometry, angle of attack. 
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etc. The ab i l i t y to incorporate such features into a program is necessary to properly simulate 

six degree of freedom mot ion*. 

As a typical indicat ion of the program f lex ib i l i t y , on input, the position of the body in space 

can be specified by ony of the fo l lowing three ways: 

a) Rectangular coordinates relat ive to the inert ial frame. 

b) A l t i tude, geodetic longitude and geodetic lat i tude. 

c) Radiol distance from the center of the earth, geocentric 

longitude and geocentric lat i tude. 

The veloci ty of the body con be expressed upon input in six different systems: 

a) Inertial system components of inert ial ve loc i ty . 

b) Geocentric system components of inert ial ve loc i ty . 

c) Geodetic system components of inertial ve loc i ty . 

d) Inertial veloci ty magnitude and associated path angle and azimuth angle. 

e) Magnitude of veloci ty relat ive to the earth and associated path angle and 

azimuth angle. 

f) Magnitude of ve loc i ty relat ive to the air (local wind) and associated 

path angle and azimuth angle. 

The body orientation can be represented by any one of the fo l lowing: 

a) Direction cosines (relative to the inert ial frame). 

b) Body att i tude angle (similar to path angle of ve loc i ty ) , azimuth angle and 

bank angle. 

c) Angle of at tack, angle of sideslip and bonk angle. 

d) Euler angles. 

* Six degree of freedom motion refers to fol lowing the change of position of a body's center 
of moss in a spatial coordinate system and at the same time fo l lowing the motion of any 
point on the body about the body' s center of mass. Thus for general motion of a r ig id body 
moving In space, there are 3 degrees of translational motion ( i .e . , changes in the X ,Y ,Z 
position of the body in space-fixed coordinate system and 3 degrees of rotation motion about 
the body' s own mass center. 
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Output is completely arbitrary; any quantity computed by the subprogram can be printed. 

Hence, the trajectory and vehic le motion may be determined relat ive to the assumed Inertial 

frame, relat ive to an oblate spheroidal earth, etc. 

It is noted that the desired simulation complexity dictates the complexity of the program 

representation. Also, additions and modifications can be made to any subprogram if, In its 

present form, it does not represent the desired simulation. 

Historical ly speaking, the SGGEM program is a descendent of the MASS (Missile and 

Satel l i te Systems) program. The MASS program was jsed by the Manned Spacecraft Center 

in the Mercury Astronaut Program and on updated version of MASS in the Gemini Program. 

WANL was given access to the original MASS program during safety studies on the Intact 

reactor reentry problem. The original MASS program was supplied to WANL in binary form 

(machine language) only and was run on the IBM-7094 in somewhat of a "black box" fashion. 

The conversion to the CDC 6600 system necessitated a FORTRAN IV source language version 

of the MASS program which was in due time supplied by NASA-Houston as the SGGEM 

program. The SGGEM program was written for the IBM 360 and Univac systems and in con

vert ing the program to operate on the CDC 6600 a number of problems cropped up. Some of 

these were due to fundamental differences between computer hardware, and others were due 

to differences in local system software (compiler, etc.) options. Once the troubles hod been 

diagnosed, extensive reworking of the SGGEM routines for input/output, tabular data 

handl ing, and tope manipulation was required. 

Previous experience with the MASS program had indicated that because of the desired 

f lex ib i l i t y In operating the program, the input data scheme was Inherently somewhat com

pl icated, and thus, the opportunities for input data errors were numerous. To aid In checking 

out and denoting any errors in the input, a new subprogram was wr i t ten. This program, named 

AUDIT, reads al l tabular and non-tabular input data, checks and denotes the occurrence of 

any errors, and as part of the output lists a l l the input data together wi th appropriate error 

messages. If input data errors oie detected the AUDIT program w i l l pass over that particular 
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problem run and go to the next problem (if there ore stacked problems). This latter feature 

was not avai lable on the original MASS or SGGEM programs. Since such a read/checkout 

system had to be woven into the existing fabric of the SGGEM program, a considerable 

number of problems naturally arose in a modif ication of this type. In fact the bulk of the 

effort on this project was devoted to the conversion of the SGGEM program to operate on 

the Westinghouse CDC 6600 and the subsequent AUDIT modif tcat ion. 
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I I I . EVALUATION 0 [ AERODYNAMIC COEFFICIENTS 

In order to determine the motion and heating of a body passing through the atmosphere, it 

is necessary to know the forces applied to the body from the airstreom. In this section a 

brief treatment of the analysis performed to evaluate the drag coefficients of a Discoverer-

shaped body is given. The results obtained ore compared with wind tunnel data obtained 

from the l iterature subsequent to the calculations. 

There are several theories which ore avai lable that can be employed to determine the l i f t , 

drag, normal and axial force coefficients and the various stabi l i ty parameters for a body In 

hypersonic continuum f l ow* . The best of these theories for use wi th the Discoverer body 

geometry Is the hypersonic blunt body theory in which the pressure at any point on the 

surface of the body that "sees" the flow Is a function of the angle between the local surface 

and the pressure on the most forward (or stagnation) point in the airstreom. This has been 

expressed mathematically as: 

C „ = C Cos^e (1) 
\ Ps 

where 9 = angle between local surface and stagnation point. 

Equation (1) is often cal led the modified Newtonian impact f low theory. The basic 

Newtonian hypersonic impact flow theory simply states that the shock wove lies on (or very 

close to) the body surface and that only the normal component of the free stream gas 

momentum passing Into the shock w i l l give rise to a surface pressure on the body. It can 
(2) 

be shown that this requires high Moch Numbers and specific heat ratios approaching the 

Continuum flow refers to the fact that the atmosphere behaves as a continuous medium and 
any characteristics of individual molecules are masked. This is in contrast to more rarefied 
f low regimes (e.g., free molecule) in which molecules con act independently. 
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value of one for the gas in the shock layer (the region between the leading edge of the 

shock and the body surface). A brief discussion w i l l be given below to demonstrate the 

va l id i ty and appl icat ion of the modified Newtonian theory for a Discoverer shaped body 

in hypersonic f low. 

The theory of oblique and curved shocks specifies that upon passage of the airstreom through 

the shock wave, the low of conservation of moss normal to the shock Is maintained and that 

the momentum of the gas f low parallel to the shock is conserved. Thus, referring to Figuie 

3 - 1 , the pressure balance across the shock (the normal component of the flow) Is: 

P + p U^ = P + p U^ (2) 
QO "^OO 00 S ^S S 

where P = free stream static pressure 
00 

p = free stream density 

U = normal component of free stream veloci ty at shock 

P = static pressure just behind shock wave 

p = density just behind shock wove 

U = normal component of veloci ty behind shock wave 
s 

Equation (2) con be rewritten as follows: 

f. = p̂  + p ^ ^ i o - k ) S ' " ^ ^ (3) 
S 00 00 00 

where k = p / p density ratio across shock 

B = local angle between shock and free stream direction 

At the stagnation point the shock wave is normal to the f low stream (for blunt bodies) and 

equation (3) reduces to: 

P = P „ + P ^ V ^ (1 - k ) (4) 
S 00 00 CO 
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SHOCK WAVE 

SHOCK LAYER REGION 

B IS ANGLE SHOWN 

RADIUS OF SHOCK WAVE 

612558-lB 

Figure 3 - 1 . Pictorial Representation of Blunt-Body and a Hypersonic 'Shock Wave. 
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Assuming that the f low from inside the shock wove to the body surface is incompressible, 

then the Bernoulli equation can be appl ied. That Is to say, the relation between the 

piessure on a local surface of the body and the pressure just behind the shock is: 

P + 
s 

"̂ s s 
= p + 

P3V 
(5) 

where P 
s 

V 

V 

pressure at body surface 

veloci ty of gas in shock layer at stagnation point 

veloci ty of gas just behind shock layer 

Substituting equation (4) into (5) gives the fo l lowing: 

2 2 
J P V P V 

00 00 00 Z Z 
(6) 

The local pressure coeff ic ient relat ing the local pressure on a body surface to the free 

stieam pressure is, by def in i t ion: 

C = 2 ( P . P ) / p V ^ 
p 00 nao CD 

(7) 

Therefore, by rearranging equation (6) and comparing the result with equation (7), i t con 

be shown that the local pressure coeff ic ient, C con be expressed as: 

» 2 y v 2 l V \ / s \ / V 
Cp - 2 ( 1 - k ) + - ^ 

00 00 00 

By lecognizing from the continuity of mass f low nc-mal to the shock that 

(3) from the shock layer theory of Li and Geiger : 

2 X^ 
^ ( k ) ( 2 - k ) 

V 
00 

(8) 

k, and 

(y ^ 7 (9) 
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where X = arc length along shock wove 

R = radius of shock wave (refer to Figure 3-1) 

Then equation (8) con be reduced with the aid of (9) to: 

Cp = (2-k) "V (10) 

Referring to Figure 3 - 1 , the quantity X/R is equivalent to e and, thus for small * , equation 

(10) becomes: 

Ĉ  = (2-.)(,-,)-^(2-.,(,-S,„^,)=(2-k)Cc^4->0} (U) 

By comparing equations (1) and (11), it Is seen the two ore identical If the stagnation 

pressure coefficient, C , Is taken to be equal to 2 - k . Moreover, equation (11) stipulates 
ps 

that the modified Newtonian theory Is applicable primarily around the stagnation point, or 

where A is small. 

It Is surprising, though, that the modified Newtonian theory Is reasonably valid for points 

on the body behind the shock wave considerably removed from the stagnation line. This is 

particularly true for bodies having a larger radius of curvature (the blunt body). Examining 

equation (10) with a large R, it becomes apparent that a greater latitude in values of X ore 

allowable without violating the bounds of the modified Newtonian equation (eq. 11); i.e., 

• < 1 . 

2 
Examining equation (8) shows that the lost term in the brackets, ( V / V ) is, in effect, 

a "pressure relieving" term which, from equation (9), gets larger with Increasing distance 

(X) from the stagnation point. The result is that the modified Newtonian theory does In a 

sense take Into consideration the increase In the resultant velocity In the shock layer with 

increasing angular distance from the stagnation point. The Increase In shock layer velocity 

will effectively decrease the local pressure on the body surface. 
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The modified Newtonian theory predicts that the surfaces that "see" the airstreom will 

experience some pressure greater than the freestreom pressure. In other words, at no point 

on any surface exposed to the flow will the pressure coefficient, C , vanish. There ore 
(5) ^ 

theories which do predict for bodies of revolution a point where the pressure coefficient 

does go to zero and consequently where the shock layer flow pulls away from the body 

surface. Wind tunnel data, however, indicates that for a blunt body, the shock layer does 

not separate from the body surface. Flow separation, however, Is observed on slender bodies 
(2) 

(Large L/D) in moderate hypersonic veloclties;i.e, Moch 3 to 5. 

Finally, more exhaustive analysis Indicates that Newtonian-type flow will exist over 
(1 2) 

spherical bodies down to Moch No. as low as 1.4/ ' 'provided that the detached shock 

wave has the same shape as the body. For a blunt body of revolution having a large radius 

of curvature on the leading to surface, the shock curvature will follow closely the surface 

curvature. Thus for the Discoverer body shape, it could be expected that the pressure 

coefficient follows reasonably well the modified Newtonian impact theory down to low 

Moch numbers, v iz . , to sonic velocity. 

The foregoing discussion is admittedly somewhat tedious. But it cannot be over-emphasized 

that a properly evaluated pressure coefficient Is absolutely necessary in order to evaluate 

the axial and chord forces and moment coefficients on a rigid body during hypersonic reentry. 

The previous discussion gives only a partial insight to the problem of evaluating the pressure 

coefficient. 

The determination of the axial and normal forces coefficients on a body will be by-passed 

in this report. However, these force coefficients can be shown to be a function of the local 

pressure coefficient, the angle of attack, angle of yaw (sideslip) and the body geometry. 

The lift and drag forces as well as the pitch and yaw moment con then be determined by 

resolving the normal and oxlol forces. The angular accelerations about the body's center 

of mass and con be determined from the moment of the resultant forces. The rote of change 

in the pressure coefficient due to the change angle of attack and angle of sideslip con also 

be theoretically predicted. 
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It becomes apparent that the analytical determination of the moments, forces, and body 

motion as a function of the airstreom characteristics is Indeed a difficult problem. For the 

problem at hand, it was assumed that the Discoverer shaped body was flying completely 

trimmed, or in other words, had a zero angle-of-attock and no angular motions. A real 

situation with trimmed flight would be the reentry into the earth's atmosphere following 

orbital decay. For a zero angle-of-attock trimmed reentry, the oxlol force coefficient is 

equivalent to the drag coefficient. The lift coefficient is zero for a symmetrical body of 

revolution in trimmed flight. Therefore, the problem of predicting aerodynamic forces 

acting on the Discoverer body in trimmed flight becomes one of evaluating the drag 

coefficient. Then the subsequent reentry trajectory becomes a function of only the body's 

moss (gravitational acceleration)and the acceleration produced by drag force. 

Referring to Figure 3-2, the elemental drag per unit area, -r-r, is: 

^ = PLCOS* (12) 

where P. = local pressure 

• = angular displacement from body center line of symmetry 

2 

Now the elemental surface area on a spherical shape con be shown to be 2 ir R Sin • d • , 

and recalling the definition of the local pressure coefficient (Equation 7), the above 

relationship con be expressed In Integral form: 

D = 2 IT R / Cp q Cos» Sin ff d # (13) . R ^ C p ^ 
'CO 

Substituting into equation (13) the modified Newtonian theory expression for Cp results In 

the followlny: 

D = 2TrR^q (2 - k) / QQ? % Sin • d 9 (14) 
00 J 

•I 
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Figure 3-2. Pictorial of the Elemental Drag Area. 
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Equation (14) is directly Integrable for a given radius of curvature, R, and between any 

angular limits B. to 8,. The Discoverer body has two radii of curvature as is shown in 

Figure 3-3. Hence, equation (14) must be evaluated for each of the two frontal area regions 

corresponding to the two radii. Thus the total drag on the Discoverer body can be shown to 

be: 

T̂ = ̂ . * °2=^V (2-K) [(1.09)^(1 -Cos'*©.) + (0.726)^ (Cosi?|^- Cos'^^,.)] (15) 

where Re = base radius of the cone 

«j = 16.5° 

fl|^ = 80.0° 

The drag coefficient is commonly expressed as follows: 

where D = total drag 

A_= reference area 

"oo Poo 00 ' 

2 
Thus by comparing equations (15) and (16), and noting that the reference area is TTR , 

c 

then upon substituting the appropriate angular values into equation (16) the drag coefficient 

becomes: 

i^) c-' 
It can be shown that the density ratio across the shock is a function of the freestream Mach 

Number or more specifically: 
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Figure 3-3. Discoverer Geometry 
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( 2 / M , V y - i 
k = 7T1 (18) 

In hypersonic flow, i.e., 5 < M , < oo, k values for a perfect diatomic gas lies between 

0.2 and 0.167. Thus it is to be expected that Cp. values would be approximately equal 

to 0.64 throughout the hypersonic continuum flow regime. 

On the other hand, if the gas dissociates (y —^ 1) then the high Mach Numbers ( M , —^ co) 

the density ratio would tend toward zero and C - would approach the value of 0.7. The 

Newtonian impact theory of aerodynamics implies that y = 1. Hence, if the modified 

Newtonian theory is used, then it could be expected that the drag coefficient would vary 

between 0.63 and 0.7 for a Discoverer body in hypersonic flow. In the work cited in 

Section V , the upper limit, C_. = 0.7, was used throughout the continuum flow regime. 

It is interesting to point out that in Reference 4, ballistic-range tests revealed experimental 

Cp. values of approximately 0.7 for a Discoverer-shaped body at an angle of attack near 

zero. Figure 3-4 , which has been token from that reference shows the agreement between 

the modified Newtonian theory at Mach = 3.5 and 8.5 and the experimental C_. values. 

Note that the spread of C^. as calculated by theoretical considerations lies in the range of 

0.66 to approximately 0.69 (at zero angle of attack) which is In agreement with the findings 

above. It is believed that the experimental results substantiate the validity of the modified 

Newtonian impact theory and furthermore it can be shown that the impact theory yields 

quantitatively acceptable results for the aerodynamic stability derivatives. However, for 

first designs and evaluations of heat shields, the use of trimmed flight is perfectly permissable 

and proper, and the rigorous mathematical treatment necessary to evaluate the stability, etc., 

con be dispensed with, thus treating the problem primarily as a three-degree trimmed flight. 
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IV. THERMAL ANALYSIS OF REENTRY VEHICLE HEAT SHIELDS 

The specific problem is to determine whether a particular heat shield design is capable of 

preventing excess heat flow to the various members of the poyload structure or subsystem. 

Solution of the problem entails setting up a detailed model of the heat shield and, perhaps, 

the poyload. Boundary conditions are established from previously generated shock layer 

heating rotes from the SGGEM program and knowledge of the poyload. If any limits ore 

exceeded, heat shield thicknesses are adjusted and the aerodynamic heating calculations 

ore re-run. Alternately, it may be determined that a change in the type of thermal 

protection system or material is warranted. 

A. The GtNDA Program 

The primary tool chosen to handle the heat transfer problems within the shield is the 

Chrysler Improved Numerical Differencing Analyzer (CINDA). This program was developed 
(12) 

by the Chrysler Corporation Space Division at the NASA Michoud Assembly Facility \ 'and 

is currently in use throughout the aerospace industry. 

CINDA is a dimensionless, multi-option computer program. It constructs and analyzes a 

mathematical model of any arbitrary one-, two-, or three-dimensional lumped parameter 

representation of a physical system governed by a set of diffusion equations, e.g., the 

Fourier equation with an additional source term. Utilization of the program involves the 

construction of a thermal analog network representation of the physical system. Material 

properties and boundary conditions may be calculated simultaneously as a function of one 

or more independent variables. The program options offer the user a variety of differencing 

methods for the solutions of the set of the resulting simultaneous equations, each differing 

in machine speed, core space required and solution accuracy. 
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In developing the CINDA program, many of the thermal analyzer type programs used both 

in government and private industry were studied. The development of a single computer 

program was sought which mode available all of the advantages of the various programs 

studied with as few disadvantages as possible. In order to include the various individual 

programs as components of C INDA, it became necessary to develop o systems compiler 

program that automatically optimized the utilization of computer core space. The end 

result is that once a particular problem has been processed by the compiler portion of 

CINDA, only the data and instructions necessary for its solution ore brought into the core 

from the master program tope. Thus, this minimization technique moke virtually the entire 

core available for problem solution. 

The master program tope mokes available many general subroutines that con be sequenced 

to perform a more complex operation. Additional computational and complex manipulative 

operations may be programmed and added to the master program tope as required by the user. 

To utilize a thermal analyzer type program, a user must construct a lumped-porometer 

representation of the physical problem. To do this, the physical system is represented as 

a finite number of small elemental volumes. The geometry and physical properties of each 

volume and its relationship to all other volumes is on input to the program. Thermal analyzer 

programs solve transient non-linear problems by quasi-lineorizotion of the non-linear set; 

i.e., all variables other than the state variable (temperature) ore held constant over a small 

computer interval. The program performs a large number of integrations on the quasi-linear 

set of equations and allows material property and boundary condition changes (non-linearities) 

to be performed between the time steps. The program features means for calculating boundary 

conditions (oeroheoting, etc.) or non-linear material properties which ore not actually a basic 

port of the network problem. They ore add-on features which do increase the program's 

capability but should in no way interfere with the network solution. 
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The program user combines the volume elemental properties of the lumped parameter 

representation into a thermal capacitance term (capacitance = volume*density*specific 

heat) which is considered to be concentrated at o point or node in the center of the 

elemental volume. This procedure is performed for all the elemental volumes. When two 

elemental volumes ore in physical contact with each other, the user specifies that on 

energy flow path (thermal conductor) exists between them (conductance = thermal con

ductivity times path cross-sectional area/path length between nodes). An internal node 

in a one-dimensional problem will hove two attached conductors; for a two-dimensional 

problem, there will be four attached conductors, etc. 

Hence, a simple one-dimensional network problem such as is depicted in the following 

analog scheme 

yields the following set of energy balance equations (T1 is a boundary temperature node): 

C2(T2'-T2) = (G1(T1-T2) + G2(T3-T2)'At 

C3(T3' -T3) = (G2(T2-T3) + G3(T4-T3) At 

C4(T4' -T4) = G3(T3-T4) At \ 

The prime indicates future temperatures after time passage At, and the C's and G's 

represent the thermal capacitance and conductance df the elemental volumes. 

The standard mathematical approach for solving a network would be to construct the set 

as 0 matrix equation. Thus, in matrix notation: 

(A) T = B (1) 
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The term (A) is the coefficient matrix as follows: 

(A) = 

G1+G2+C2/At 

-G2 

0 

-G2 

G2+G3-K:3/At 

-G3 

0 

-G3 

G3+C4/At 

(2) 

T is the temperature column matrix and B is termed the boundary column matrix and includes 

all of the initial and boundary conditions. The above example is sufficient to show that the 

coefficient matrix for a one-dimensional problem (regardless of the number of nodes) con

sists of not more than three finite coefficients in any row or column. A three-dimensional 

problem would normally be limited to seven finite coefficients in any row or column. Thus 

for a 1000-node 3-D problem, the coefficient matrix would contain about 993 zeroes in 

every row and column for a total of approximately 99300 zero values, which greatly exceeds 

the number of core locations available in many present day computers. What is necessary is 

a method of storing and referring to only the finite coefficients in the coefficient matrix. 

Hence, the basis or foundation of the thermal analyzer type programs is the method by which 

they store and manipulate only the finite coefficients. The CINDA program reads all node 

data in three groups: diffusion nodes, arithmetic nodes, and boundary nodes. 

Diffusion nodes reserve core locations for temperature, capacitance and source values, 

arithmetic nodes reserve temperature and source locations and boundary nodes reserve space 

for temperature values only. Conductor data is read in as two groups: linear conductors and 

non-linear (radiation) conductors and the adjoining node pairs for each conductor. 

The program compiler now constructs the data addressing information into a pseudo-compute 

sequence. The programming instructions necessary to construct the compute sequence require 

a large amount of core space, approximately 10,000 locations. However, once the operations 

hove been performed, the instructions for producing the computing sequence ore not needed for 
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the problem solution. For this reason, CINDA operates in a segmented fashion. The 

operations for forming the computing sequence are done by a compiler phase which outputs 

all of the data values and pseudo-compute sequence onto a working problem tope. Core 

location information is retained and the subroutine colls and arguments ore processed and 

also output onto the working problem tope. When the above processing is completed, the 

program monitor takes control and reads the working problem data bock into core over the 

core space which was used by the compiler. As a result, the 1,000 node 3-D problem would 

require, at most, only 10,500 core locations and the program con handle a problem consisting 

of more than 3,000 I inear 3-D nodes. 

Another outstanding feature of the CINDA program is that the user con explicitly specify 

o radiation conductor. This is most significant because radiation heat transfer ploys an 

important role in determining the total heat transfer to a reentry vehicle. 

A radiation conductor value must consist of: 

< r A ^ (1) 

where: o= Boltzmann's constant 

A = . Surface area of the radiator 

^= f(F,0 
F = Geometrical view factor 

t = Emissivity 

Since e is a function of temperature thenar is also temperature dependent. There ore 

several available programs presently at WANL for determining view factors. 

Because^ is a temperature dependent variable another distinct advantage of the CINDA 

program is that it contains a special subroutine which colculotes^^ , via a matrix solution, 

before the next temperature iteration, and as a function of emissivities at the previous 

iteration temperatures. 
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As it now exists, the CINDA program con be used to calculate vehicle temperature dis

tributions for any of the types of heat protection systems discussed in the next section with 

the exception of char-forming ablators. To examine char-forming ablating shields, a 

one-dimensional oblation program (STAB II) has been obtained. 

It should be noted that analyses need not be limited to heat shields only. With the tools 

currently available it is possible to perform on analysis of the entire reentry vehicle 

including poyload and structure with appropriate data input. 

B. The STAB II Program^^^^ 

STAB II has been written to analyze the transient thermal performance of a charring ablator 

heat protection system. The program considers one ablating material and up to twelve 

different backup materials with or without air gaps. Pure conduction or radiation anchor 

convection between backup materials is allowed. The ablation material may be divided 

into 0 maximum of 50 nodes, and each backup material may be subdivided into a maximum 

of 10 nodes. The thermal properties of the materials ore in tabular form and ore temperature 

dependent. Ablation material propisrties ore also dependent upon the material's state, that 

is, whether the ablator is fully charred, partially charred, etc. 

The following surface boundary condition options ore provided: 

1) Cold-wall convective and radiative heat flux tables as a function of time. 

These components ore specified separately, since moss transfer at the surface 

blocks part of the convective heating but, in general, has no effect on the 

radiant heating. 

2) Surface temperature as a function of time. 

3) Surface recession as o function of temperature or time. Surface recession 

as 0 function of temperature and pressure is also available. 

IV-6 



© Astronuclear 
Laboratory 

Heat loss to the interior environment for <-he last node of the backup structure can be 

specified by two methods: 

1) Conduction into the node and radiation and/or convection 

loss to the interior environment. 

2) Conduction into the node and adiabatic wa l l . 

The tabular output presents the computed results in block type form f c each computation 

step as control led by the print count control number. Both the computational time step 

and print control can be varied throughout the running of a problem. Therefore, excessive 

printed output is avoided, and there is a considerable savings in actual machine computation 

t ime. The program prints a l ist ing of the data input parameters for ident i f icat ion of the 

problem and ease in ident i fy ing any input mistakes. For stacked problems, the program prints 

only that input information that is changed from the previous problem. The fol lowing ca lcu 

lated problem output is printed: 

1) Time, sec. 
2 

2) Cold wal l convective heating rate without b lowing, Btu/f t -sec. 
2 

3) Radiative heating rate, Btu/f t -sec. 

4) Ve loc i ty , f t /sec. 
2 

5) Gas ablat ion rate, Ibm/f t -hr . 
2 

6) Char oblation rote, Ibm/ft -hr . 
2 

7) Total ablat ion rate, Ibm/ft -h r . 
8) Surface recession depth from or iginal surface, i n . 

2 

9) Hot wal l convective heating rote without blowing, Btu/f t -sec. 

10) Temperature distribution in ablation mater ial , R. 

11) Temperature distribution in backup structure, R. 

The temperatures printed for the ablat ion material are for f ixed distances from the original 

surface. These distances are calculated from the in i t ia l ablation material thickness and 

number of nodes in oblation material . 
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V. SUMMARY OF HEAT SHIELD MATERIALS 

The design of the reentry vehicle (R/V) is predicated on the basis of preventing excessive 

thermal and mechanical loads to the poyload during flight through a planetary atmosphere. 

The R/V design is, of course, also strongly influenced by overall system constraints on 

weight, dimensions, and the desired R/V flight characteristics. However, the single most 

important factor in R/V design is the mission profile which will determine the heating 

rotes and aerodynamic loadings on the reentering body. 

Since the heat shield is on integral port of the R/V, it becomes clear that in the final 

analysis o detailed heat shield design cannot altogether be treated separately from the 

remainder of the R/V. However, the fundamental behavior of various heat shield materials 

will govern their selection on the basis of being best suited for o given R/V design and 

reference mission. In this section a brief compendium of heat shield material characteristics 

is presented. This information actually forms the cornerstone for preliminary heat shield 

evaluations in support of R/V design studies. Since there ore four major types of shield 

materials, v iz . , the heat sink, subliming ablator, charring ablator, and sublimer-filled 

ceramic, the following text is divided into a discussion section for each material. 

1. Heat Sink or Hot-Structure 

A thermal protection system which uses the high heat capacity and low thermal conductivity 

of a heat shield material to distribute incident heat within itself and retard heat flow to the 

poyload is considered a heat sink type. In addition, rather high surface temperatures are 

used to reradiote a substantial port of the incident heat away from the body. This type of 

heat shield is best used where reentry time is considerable as would be for a manned, lifting 

vehicle. Ceramics are typically used in this application. A cross-seetional view of a ceramic 

heat shield configuration is shown in Figure 5 - 1 . 
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Basically, the potential advantage of a ceramic heat shield system are as follows: 

a) The ability to maintain smooth and stable vehicle contours during 

reentry in order to facilitate vehicle control and maneuverability. 

b) Use of materials physically and chemically stable in the flight environment. 

c) Relatively lightweight in certain applications since heat protection is based 

on radiation rejection of a very large proportion of the incident heat. 

Disadvantages which hove been associated with this type of system are: 

o) Inability to analyze and accurately predict mechanical and thermal 

stress performance. 

b) Lock of well-established reliability of brittle materials. 

c) Difficulty in assuring uniform quality during manufacture. 

2. Subliming Ablator 

This type of heat protection system takes advantage of the heat of sublimation of the 

ablating material. In addition, heat transfer to the surface of a vehicle during reentry 

may be significantly reduced by injection of the sublimed material (gas) into the boundary 

layer. Typical materials used in this application ore Teflon, Fluorogreen, Graphite, and 

Boron Nitride. 

The useful areas of application for the plastics ore rather limited. They are useful only in 

low temperature applications because of their low subliming temperoture. They cannot be 

used with bodies experiencing radiative heat input from the shock loyer because they are 

transparent to the radiation and, as a result, direct heating of the heat shield bockface 

occurs. 

Although graphite sublimates at a much higher temperature, its usefulness is limited by a 

comparatively high thermal conductivity. It is also subject to parasitic mois loss by oxidation. 
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Boron nitride has a sublimation temperature ( "• 3000 K) which is nearly as high as that of 

graphite but its oxidation rote is much lower. Other desirable properties include good 

strength at high temperatures and excellent mochinobility. Outgossing of residual water 

prior to use is necessary to reduce spoiling, however. Composites of boron nitride with 

phenolics ore used to lower its thermal conductivity, but the effective heat of oblation 

(heat transfer rote/moss loss rate) is lowered because boron nttride particles ore expelled 
(2) 

OS the phenolic decomposes . 

Total moss loss rote for several of these materials has been correlated well with heating 

(3) 
rote and stagnation pressure^ so that these predictions are easily mode. 

3. Charring Ablator 

This type of thermal protection system mokes use of the rerodioting advantage of the heat 

sink type as well as the sublimation and gas injection features of subliming ablators. The 

materials used ore usually binary composits. One component is a sublimer and the other a 

material which decomposes with heat to form a char or cinder. Typical materials ore 

phenolic-nylon, silicone-silico, silicon-phenolic, filled silicone in honeycomb, and carbon 

fiber reinforced phenolic. The thermophysical properties of these materials hove been 

(4) studied extensively but analysis of the F 

complex and difficult as indicated below. 

(4) studied extensively but analysis of the heat and moss transfer mechanisms ore extremely 

Figure 5-2 shows a schematic model of a charring ablator. Heat is transferred to the char 

surface by convection and radiation from the shock boundary layer and by oxidation of the 

char and pyrolysis products at the char surface. Heat is lost by (1) sublimation, (2) conduction 

to the bockface, and (3) rerodiotion from the char su.foce. A small amount of heat is lost in 

the thermal cracking of the pyrolysis gases and the subsequent deposition of carbon in the 

char layer. 
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Self absorption of radiant energy in gas reaction products significantly reduces the radiation 

input to the char. Rerodiotion tends to decrease and self-absorption increases the convective 

heating input to the virgin material. The combined effect significantly reduces radiant 

heating but has little effect on convection heating, as shown in Figure 5-3 . 

Studies have shown that for steady state oblation and diffusion rote controlled char oxidation 

the linear rote of pyrolysis is equal to the char removal rote. The mechanism involved is that 

of oxygen diffusion through o lominol boundary layer and the resultant competing oxidations of 

both the char surface and pyrolysis products gas. The reaction rate is determined by the rote 

at which oxygen con be supplied by diffusion through the boundary layer plus pyrolysis of the 

plastic. Because of this, the char oxidation rate, the steody-stote ablation rote, the boundary 

layer composition at the char surface and the heat released by chemical reactions ore found to 

be dependent on the composition of the virgin plastic and the pyrolysis gases. In general, the 

rate of ablation moss loss decreases with either on increasing carbon content in the virgin 

material or a decreasing oxygen and nitrogen content in the oirstreom. 

Oxidation of the char and pyrolysis gases with turbulent boundary layers is reaction rote 

limited since the turbulence will carry oxygen in excess of that needed to the char surface. 

As 0 result, if there is o transition from laminar to turbulent flow at the char surface, non

uniform surface regression occurs with the higher mass loss rotes occurring in the turbulent 

flow areas. This necessitates the careful analysis of boundary layer flow regimes. 

A typical assembly for o lifting energy vehicle is shown in Figure 5-4 . Honeycomb support 

structures ore used for ease of manufacture (injection of ablator material into cells) as well 

OS for structural support. 

4. Sublimer Filled Ceramic 

It is possible to achieve the some advantages of the char-forming ablators without the dis

advantage of their high and fairly unpredictable weight losses by use of a porous ceramic 
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Figure 5-3. Comparison of Uncorrected Heat Input with Actual Heat Input. (5) 
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material which has been f i l l ed wi th a subliming ablator. Some composites which have been 

studied ore foamed zirconia and foamed sil icon carbide f i l l ed wi th phenyl-si lone, epoxy 

resin or phenolic resin. Other types may use on inorganic salt sublimer. Although these 

materials hove the disadvantage of higher thermal conductivit ies than the char-forming 

ablators, some of them con be applied by spraying. This method of appl icat ion is quite 

useful in applying thin layers and is cheap. 

A general survey of heat shield material effect ive thermal capacity (total cold wal l heat 

load/material unit weight — Ib/sq.ft.) is given in Tables5- i through 5-3 . 

In addi t ion, an extensive bibliography on heat shield materials has been prepared and is 

I isted in the Appendix of this report. 
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SUMMARY OF TEST RESULTS FOR CHARRING COMPOSITE MATERIALS^^^ 
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Ibtnollc 
S U l c . 

FIWD.UC (»P-J5k9) 
• r l o . pmtor (tgrt.!) 
R>n.Ue IUeni)i.U<aa. 

IlMtiolic (aiF-SJkJ) 
nunoue ncn i lauoora 

RiMwUe 

llMiioile 

KUMUC 

KenoUc meTob.UMU 
« i u t s 

nmouc (av-Mkv) 
taMntw flklArtd. 

lk . ia . l l . n e m t a l u o a . 
• l l l u 1 

lk.Mll. (a»-Mk9) 1 
• r U . K»«.r (lirt.1) 
Q U M ritor 

IkMoU. NlerateUMa. 
8111c. 

« . l « i t 

65. * 
i 5 . e 
5.0 

!5 .0 
<.7.0 
C O 
5.0 

• 5 . 0 
30.0 
S5.0 

75 
85 

«5 
30 
«5 

J«.3 
30.0 
lT-3 

S m l t r , 
p* 

i » / r t ' 

56 

36 

36 

57 

»3 

36 

k9 

ao 

61 

7» 

36 

a6 

" 

66 

* 

65 

Oilt 
•™Hlil, 

•f 
lb/ft« 

5.03 

3.00 

a.99 

5.06 

5.10 

3.00 

5.00 

5.0« 

5.00 

5.00 

5.00 

3.00 

3.07 

a.* 
5.06 

3.00 

5.6a 

5.00 

5.0* 1 

>.» 1 
3.10 1 

' IM. . 

96.7 X u r * 

93.6 

9 k . 3 . ur' 

9».8 X 10 - ' 

19.« X 10-a 

«e.k X 10- ' 

5 * 0 

95.1 X 10-a 

69.6 X lor-a 

100.0 

80.0 X lo-a 

79.0 

93.» X l0-» 

9e.» X i»-» 

9 5 5 

9 5 7 X 10-" 

67 . ) X ur' 

96.8 

u&o xio-a 

81.0 X ur' 

90.9 X w ' 

9 a . 5 x i o - > 

l H k - m r f M . - t « v . n t . i . hl . toiT 

t l m 

t , . M 
tor 

ar.30»r 

1*9 

110 

125 

135 

170 

185 

88 

101. 

IW 

131 

118 

9» 

95 

m 

1S7 

115 

IJO 

l i s 

1»7 

138 

U 6 

Uk 1 

ut 1 

for 

26a 

258 

265 

j 291 

ak9 

215 

238 

256 

8a7 

no 
19» 

195 

238 

209 

195 

238 

206 

198 

195 

1S5 

187 1 

1 n n l M t l w 
of 

n f o m r . 

t f . 

257 

a65 

262 

267 

296 

25a 

220 

235 

238 

230 

215 

198 

196 

859 

2 U 

199 

239 

208 

2*7 

195 

198 

II8 

19a 

i«f. 

550 

5J8 

k30 

575 

330 

515 

,290 

5>0 

333 

576 

515 

30T 

318 

516 

398 

516 

3a» 

331 

365 

5M 

'^ 

338 

(«)f 

u.o 
16.0 

26.k 

33.8 

lk .9 

Ik.O 

3.8 

8.7 

26.0 

13.6 

2 9 8 

3 5 

2 6 

Ik 5 

10.6 

kS.O 

16.0 

5.7 

» .3 

»r.o 

lk .8 

16.k 1 

9.5 1 

t w p . r . t i u . 
1 r l H 

1 320 

325 

320 

303 

339 

310 

300 

327 

308 

290 

270 

aes 

300 

275 

85k 

850 

887 

8k6 

503 

— 

850 

221 

>kO 

660 

598 

675 

7k7 

609 

676 

kT5 

k2k 

705 

TOO 

750 

538 

578 

513 

k8o 

328 

315 

kao 

528 

"" 

620 

338 

593 1 

• M t l m 
(mt. 

«. 
tt^tt'-in 

116.6 

U 0 . 8 

108.8 

105.8 

9».e 

U 8 . 0 

Uk.O 

106.5 

96.k 

103.0 

110.0 

119.0 

108.6 

100.0 

108.0 

108.1 

96.5 

108.0 

106.5 

uo.o 

107.0 

U 0 . 5 

m.8 

fet.1 llMt iMd 
( m i l «U1) , 

Bt. /rt8 

1 30,000 

a9,koo 

88,300 

28,100 

89,800 

27,200 

83,100 

85,000 

8k,900 

85, TOO 

83,kOO 

85,600 

81,300 

23,900 

28,800 

81,300 

85,100 

82,100 

26,300 

21,5I» 

81,200 j 

20,800 

81,300 1 

• r r M t i n 
k u t 

«.>«:lt , 

• t u / U 

9,900 

9,800 

1 9.k70 

9,180 1 

9.kao 

9,070 

6,370 1 

6.880 

8,500 

7,900 

7,800 j 

7,870 1 

7,U0 1 

7,190 

7,630 1 

7,880 

7,550 1 

7,300 1 

7,870 j 

7,150 1 

6,910 

6,930 j 

6,960 1 

— J 
*llKWrtftl« r«brlMt«« at tt» Ua§3.97 B M M T ^ CMtvr. D»«t«wtlOM UMA fer «eB*tBl«M« la U n t l f j l B B aatoriaJM. 
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TABLE 5-1 (Continued) 

Hater K1 

• 
Haraco U5O5 

P!l 1* 

01 Phenolic 
nyXon glasa 

01 nienollc 
nylon 

Nuwco lî Ol 

at 92U-A 

01 525 c 

OK 12^A 

OE i2k~A 

PA* 

Avcoat X5026 

ItarBco »tOl6 

Musco ti90l> 

laraco U506 

Hanco I«902 

(S ftienollc 
rafraall 

01 w c 

P M ' 

Mrmco fc012 

ftienollc' 
ftlaaa 

Narvco l(01l» 

•amro 525-Tt-VA 

CoBpoaitlon 

Coaponmt 
•Bterlala 

Ibenollc (BIIP-55'*9) 
Nylon powder (Zytal) 

Phmollc 
Bylon 
Olaaa 

Rn-nolJc 
Hyln 

•poxy 
Pbanollc Mleroballoona 

tpoxy 
Phenolic HlcroDalloona 

«po»y 

tpoxy 

Rtenollc (BRP-??''9) 
AiMonliM chloride 

Kpoxy 
Ffaenellc Mlcrobslloona 
S i l i ca 

ftienollc 
S i l ica ritxr 

Epoxy 
Olaaa 

Phenolic (BRP-?5't9) 
>mtor^^^m chloride 
Olaaa fiber 

Phenolic 
S i l ica 

Itaenollc (BRN9;»t»9) 
Olaaa fiber 

Percent 
weight 

50 0 
50 0 

50 
50 

52 5 
5 0 0 
IT 5 

70 

Density. 

Ib/ft5 

80 

75 

62 

75 

. • " 

U2 

50 

76 

75 

85 

76 

75 

85 

95 

95 

100 

96 

96 

105 

90 

106 

111 

Unit 
"•Uht, 

• , 
Ib/ft^ 

5 00 

5 02 

8 9 6 

2 99 

JOk 

5 02 

5 00 

5 0 6 

5 0 0 

5 Ok 

2 9 6 

5 00 

5 0 6 

5 Ik 

5 00 

5 00 

J M 

5 0 0 

J 00 

5 02 

2 96 

5 00 

5 0 » 

5 M 

5 00 

Height 
l o u 

92 9 X 10r2 

9 2 6 

86 5 « 10^2 

87 9 

65 6 X 10-2 

92 5 X 10-2 

90 8 X 10-2 

96 0 X 10-2 

9 6 5 X 10-2 

96 9 X 10"2 

96 6 X 10-2 

91 5 X 10-2 

57 6 X 10r2 

5 6 9 

91 2 X 10"^ 

96 k X 10-2 

6k 0 X 10-2 

65 6 X 10-2 

20 2 X 10-2 

85 5 X 10-2 

90 6 X 10-2 

16 5 X 10*2 

59 7 X 10-2 

12 9 X 10-2 

13 2 X 10-2 

Back'iurfnce-teBpenture bletoty 

kpoeure 
t l M 

t , eec 
for 

at -VP T 

107 

106 

U6 

U l 

110 

130 

8e 

166 

155 

136 

lk2 

85 

97 

99 

U5 

90 

60 

69 

57 

61 

59 

k2 

<6 

39 

50 

t , aec 
fop 

AT - 3000 r 

IS2 

178 

172 

1*7 

166 

183 

170 

lek 

176 

17k 

175 

IM 

153 

136 

m 
Ikl 

IkT 

lk5 

lk2 

136 

129 

107 

100 

89 

72 

Tonlnotlon 
of 

expooure 

•ec 

180 

182 

17k 

172 

192 

166 

176 

166 

178 

176 

178 

165 

162 

160 

155 

lk5 

lk6 

lk7 

lk9 

IkO 

151 

109 

101 

91 

7k 

«,. 

2ek 

572 

5k2 

kTe 

33k 

556 

5*6 

k56 

kkk 

kio 

1,120 

329 

590 

355 

359 

5k< 

310 

309 

35k 

550 

520 

300 

515 

306 

516 

(tfV 
Of/. . , 

6 0 

17 3 

21 2 

59 k 

9 6 

25 5 

6 k 

171 0 

8 9 0 

61 9 

3 6 2 

7 2 

12 1 

Ik 5 

25 9 

10 5 

6 8 

k 6 

5 5 

15 0 

1 0 6 

5 5 

17 7 

5 5 

8 2 

IfaxlWB 
t«9«ratur« 

rlee 

•ec 

225 

2k0 

250 

250 

251 

210 

215 

— 
... 

... 

... 
200 

230 

210 

165 

156 

166 

20k 

2kO 

i to 

156 

205 

... 
Ilk 

150 

"̂ -
k55 

615 

72k 

752 

5 U 

k6k 

k6l 

... 

... 

... 

... 
k56 

752 

620 

56} 

kOT 

k56 

k55 

6J0 

(02 

kl2 

536 

... 
615 

663 

1 

•MtllU 
rate 

(overage 
eoU v e i l ) , 

t, 
•tu/ft2-eee 

U 3 0 

1079 

Uk 0 

116 6 

105 0 

107 

U l 0 

106 0 

106 5 

109 5 

106 0 

l U 0 

m k 

110 7 

U l 0 

U7 0 

U l 0 

110 5 

lOT 0 

1065 

1095 

US 0 

ue 

1090 

Uk 5 

A t o l hoot load 
(cold m i l ) , 

Btu/rt2 

80,300 

19,700 

19.600 

20,100 

20,200 

19,900 

19,500 

'",700 

19,300 

19,300 

18,900 

18,300 

16,000 

17.700 

17,200 

17,000 

l6,koo 

l i .200 

15.900 

15.200 

Ik, 300 

12,500 

i*,9oa 

9.990 

S.kTO 

Bffectlye 
lieot 

copoelty, 
to/: 

Mu/U 

6,770 

6,520 

6,690 

6,720 

6,630 

6,590 

6,500 

6,kko 

6,k30 

6,550 

6,5kO 

6,100 

5,6ko 

5,6ko 

5.730 

5,670 

5,k70 

5,kOO 

5,300 

5,030 

k,600 

k,170 

5,5«0 

5,510 

2,820 

*Hat'riala fabricated at the « l e y Reaearch Center Ocalcnatlona uaad for convenience In Idantlfylng aaterlal 
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TABLE 5-2 

SUMMARY OF TEST RESULTS FOR CERAMIC MATERIALS' 

Notortal 

IKrtla S.13 

Htftio &-lk 

Nortiii C I 

' fu^XB &-U 

HuttB A.6 

Hortio K-U 

Nu^ln 1.6 

A»co MS 56 I 

HKrtlB Z.7 

IteTtlB £.10 

Ano mD56 « 
(oitoolal) 

Hortin Z.9 

Ite^la A-5 
(raolD 
bV'k) 

Ikrtlg t-5 

Ibrtln A-15 

N»rtln £.15 

l«Mlo ».6 
(raou 

W r t U ik-15 

NirtlH Jk-l 

M v t u M 

mrt to A.5 
(raelu 
frabt) 

Nortto ik.12 

Ibrtlo ik-8 
( M l . 
rravt) 

l lu^la >.2 

Ntftia ik-k 

Mvtla JUIO 

AraoM I 

CMVOOltlaa 

Cowonnt 
•otorlola 

IrOj 
•poxr 

aog 
tmr 

IrOg 
ftaeaJrl-eilMio 

trtB 
•pour 

nc 
flMiirl-ollaM 
bOt ooMtw a> n o 

at, 
•poxr 

Ikenollc 

81 
thouollo 

nuool ie 

I r t ! 
ftaenolle 

Bl 
Ikowllc 
Voldo on book ourfoeo 

RionoUe 

Ikooollo (i n u o d ) 
£r02 oootUs on UC 

tiO, 
rbomllo 

A l ^ 
Ikoorl-olUno 

b O , 
Ikooollo 

81C 
noor i -o i i foo ( 1 f i i i M ) 
Cr02 eootUg OB UO 

AljO, 
I k i V l - o l U M 

no 
nc 
Aoairl-BlloDO 
ttct ooui iw o> n e 

Ikooollo (i niut) 

AljO, 

fkonyl-ollMo ( 4 riUoA) 
Bice o o o t i v oA n e 

nc 
«i«2 o o » t U | 

nc 
Ikooollo 
b c g o o o t i ^ oo n e 

n c 

«H05 

n 
DMolUo o t u t m o 

ooooitr, 

ib/ftJ 

n 

95 

72 

»T 

T3 

98 

98 

60 

»> 
59 

5T 

60 

t o 

91 

65 

105 

>T 

at 

IT 

5k 

( 1 

» 
57 

99 

9a 

•k 

J» 

lk< 

ODlt 
«ot«>t 

• , 
lb / f t2 

5.30 

5.32 

5.1k 

5.20 

3.1k 

5.32 

5.5 

5.02 

5.29 

5 9 

2.96 

5.51 

5.08 

5.89 

5.27 

9-96 

2-96 

5-29 

2.79 

9. ST 

9 . « 

8.79 

9.89 

50k 

9 .K 

8.60 

9. IT 

9 . « 

Hoiikt 
looo, 

79-7 X 10-2 

79.9 X 10-8 

99.1 X u r 2 

7«.0 X 10-8 

38.0 « 10-8 

»0.1 x u r 8 

H . 5 « ur* 

6.1 K 10- ' 

kk.9 X 10-8 

k9.2 x lO-8 

8.T X 10-8 

kT.3 X jO-8 

8>.o » u r « 

9k.> X u>a 

96.9 x i r » 

9J.2 X ! » • • 

21. k X U>-' 

39.8 X 10-8 

97. k X 10-8 

9 ( . 8 x U - < 

l * . I X 1 0 - « 

T9.8 X l»-» 

a i .9 > iff^ 

88.8 X M-t 

99.8 K ur' 

J.9 > W 8 

K . O a 1 » 4 

0.T « » < 

ftifooora 
t lae 

t , 000 

M - 30^ F 

99 

98 

66 

98 

k» 

ae 

7« 

96 

91 

88 

86 

78 

k9 

68 

9T 

( 8 

90 

99 

96 

8k 

91 

99 

89 

at 

19 

90 

89 

19 

t , 000 
for 

« • 30(P r 

1*5 

1T5 

175 

lk8 

Iko 

Ikk 

U 6 

188 

ika 

U l 

106 

U 9 

99 

U 8 

108 

100 

68 

98 

t o 

69 

TT 

6k 

n 

«1 

66 

Of 

98 

98 

ftiMflOkioa 
of 

*f' 
ooo 

167 

176 

136 

191 

lk9 

lk9 

198 

18T 

Ikt 

U l 

106 

Ilk 

lOk 

U 9 

U 8 

108 

»7 

69 

61 

99 

M 

» 
TT 

69 

m 

90 

9» 

96 

"4-
91k 

380 

505 

9k8 

J86 

999 

9*0 

989 

918 

900 

919 

999 

998 

9kO 

900 

9H 

986 

898 

309 

986 

» 

980 

9*9 

J» 

9H 

r» 

9 « 

9*0 

( » ) f -
°»/ioe 

6.k 

9.8 

9-7 

9.0 

9.k 

6.8 

9.8 

k.6 

6.9 

9.9 

9 .0 

9.6 

9.1 

T.6 

6.T 

10.8 

k.8 

9 6 

8.8 

k.6 

t.k 

10.9 

6.9 

T.« 

T.» 

T.» 

• 9 

M.6 

mxlmm 

rloo 

ooo 

8kO 

299 

890 

•" 
8k9 

889 

808 

880 

819 

887 

190 

295 

818 

818 

800 

lk9 

K9 

169 

199 

I K 

19« 

191 

» 8 

lit 

1W> 

199 

116 

kO 

'^ 
9kO 

9ko 

620 

6ka 

<M 

609 

990 

980 

970 

9k9 

9k» 

691 

<ko 

<T« 

186 

999 

(88 

«kT 

980 

699 

(66 

TlO 

Hit 

<19 

T»0 

9M 

919 

•— 

OOUMU), 
t 

•kll/ft8.ooo 

119.9 

iao.< 

U 5 . 9 

109.6 

109.0 

lOk.9 

U 9 . 0 

106.7 

U k . o 

U « . 9 

109.0 

169.9 

10T.9 

10k.« 

U 6 . 0 

109.9 

UX.O 

l U . S 

1O9.0 

»9.0 

U 9 . 8 

1 U . 0 

i a ( . « 

u k . o 

Uk.9 

119.9 

U J . 0 

lOk.e 

IMal IMt i M l 
(oeld W U ) , 

•bo / f t ' 

19,k00 

IT, TOO 

19,700 

la.TOO 

l k , 9 n 

19,900 

19,800 

19.600 

19.000 

19,000 

u , 8 e o 

19.100 

U,8C0 

18,000 

U.600 

10,600 

9.880 

9.660 

6.9kO 

9.kl0 

«.k«0 

T ."» . 

6,160 

T,l»» 

T.UO 

9.1*0 

<,a« 
9,1«0 

• r r o c t m 
koot 

oofooitr. 

V* 
• u / l b 

9,660 

9,110 

9.000 

t . 9 M 

k.-m 

k.6T0 

k,(10 

k,970 

k.9<0 

».990 

5,9*0 

9.9(0 

9,710 

9.690 

9,6U> 

9,810 

9.110 

9.0*0 

» .*9 .^ 

8.660 

»,1«« 

«.«?o 
8,910 

8.9(0 

8 . « 0 

8,0(0 

!.»•» 
U*» 
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TABLE 5-3 

SUMMARY OF TEST RESULTS FOR LOW TEMPERATURE MATERIAL^^^ 

Mote r ia l 

R)lyethylene 

nylon 

Avcobt 5019 

TefloB 

ftrion 
( l o . 
density) 

Denelty, 
P> 

lb/ f t9 

61 

72 

66 

159 

87 

Unit 
veltfit, 

o, 
lb / f t2 

3 03 

2 9 6 

3 06 

5 00 

3 00 

Velibt 
loee, 

• . / • 

100 0 X 10-2 

100 0 X 10-2 

99 5 X 10-2 

100 0 X lC-2 

100 0 X 10-2 

luik.Burfoec.to^oraturo hletory 

Bxpoeura 
t l M 

t , eke 

ar . 50° r 

66 

50 

55 

23 

kk 

t , oec 
for 

72 

57 

5k 

k5 

k< 

Ikralootlon 
of 

expooura 

ooc 

7k 0 

6 0 0 

5 8 0 

k9 0 

k9 0 

« f . 
or 

1,120 

1,000 

1,860 

l,5k5 

or/ .ec 

5n 

2k8 

997 

... 
k76 

Noxlaa 
teoperatura 

rlee 

V 4 1 . , 
»F 

Bootln« 
rate 

(overago 
cold woll), 

«. 
•tu/ft2-eee 

111 0 

108 5 

110 0 

112 5 

uo 5 

Itotol hoot lood 
(cold omU), 

»>. 
»tu/rt2 

8,200 

6,500 

6,980 

5,500 

5,kOO 

BTfectlve 
beet 

copoclty 
<b/-. 

Btu/lb 

2.700 

2,200 

2.090 

1,630 

1.800 
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