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ABSTRACT

In order to design the cooling systems of re-entry vehicles, judgment must be exer-
eigsed in selecting the appropriate method for determining the transient heat trans-
fer through complex structure into manned and egquipment compartments. The accuracy
must be consistent with the available calendar time, manpower and dollar cost in
making this judgment. The heat flow can be determined analytically by several com-~
puting methods and experimentally by several laboratory testing methods.

This report presents the results of a study to examine the relationships between
accuracy and cost in manhours, calendar time and dollars, in determining this trans-
ient heat flow for two hypothetical re-entry vehicles.

Accuracy and cost information were cbtained for analytical methods: hand calcula-
tions, digital computers, differential analyzers, and passive element analogues; and
for experimental methods: wvarious size panels, half and full size vehicles, and ve-
hicle compartments. Results are presented as curves of accuracy as a function of
cost.,

For the problems of this study, a general heat transfer digital computer program
provides the most accuracy for the least cost. The other computing techniques rank
in the following order: differential analyzer, passive element analogue, and hand
calculations. The differential analyzer is the best method for parameter studies
where a large number of runs is expected.

Experimental methods cannot compete with analytical methods in dollar cost, calendar

time, cor manhours. However, by obtaining material thermal properties experimentally,
confidence can be increased in analytical solutions.
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I. INTRODUCTICN

Large changes 1n the heat transfer rate occur at the surfaces of vehicles re-enter-
ing the earth's atmosphere. The task of delermining the resultant transient heat
flow through complex structure into the manned and eguipment compartments is a com-
plex problem and one that must be solved to design the vehicle cooling system.

There are two ways, analytically and experimentally, a designer may determine the
size of the vehicle heat load. There are several computing methods he may choose
to implement his analytical approach and several different ways in which he may
conduct labeoratory tests. The choice of method should be compatible with the de-
sired sclution accuracy and the cslendar time, manpower asnd fecilities aveilable.
The purpose of this study is to examine the relatlonships between accuracy and cost
in manhours, calendar time and dollars.

Parameters were chosen that are typical of vehicles that will experience the maxi-
mum and minimum rates of change of conditions. Trajectories and a thermal environ-
ment were estsblished for two vehieles, one a drag-retarded vehicle consisting of a
sphere and a stability skirt, the other a 1ift sustained vehicle. Basie structural
details were established. Approximate optimum insulation thicknesses were chosen
for each vehicle.

The study was divided into two parts at this point. One was Lo compute the heat
flow intc the vehicles ulilizing various computing technigues and to defermine the
cost in menhours, calendar time and dollars versus accuracy. The heat transfer into
the manned compartmenls of these two vehicles was computed using the following four
caleulation methods:

L. Desk Caloulations

2. Digital Computer

3. Differentizl Analyzer Computer

b, Passive Element Analogue Computer

The clher part was to analylically examine experimental methods of obtaining the
heat flow, determine the ccost of fabricating and testing various size and type spec-
imens, determine what accuracy might be expected, determine the cost and accuracy
of obtaining variocus material properties, and assess the role that accuracy of ma-

terial properties vlays In the calculaticon of the overall heat flow.

Manuscript releaged for publication as a WADD Technical Report on 31 May 1961,

WADD TR 60-768 1






A

ITI. VEEICLE DESIGH

General

The type of vehicle being studied will have an effect upon the assumptions
that can te validly made. These assumptions in turn will affect the relative
merits of the wvarious methods used to obtain the heat flow. Two vehicles were
chosen that typify vehicles that will experience the maximum and minimum rate
of change of conditions affecting the heat transfer. The two vehicles chosen
for study are: (a) a drag retarded manned re-entry vehicle consisting of a

6.5 foot diameter sphere with a 15 degree tangent cone, and (b) a 1lift sus-
tained menned re-entry vehicle of 30 feet overall lengih.

Trajectories were established for each of these vehicles. Vehicle velocity
and altitude irn turn determine the heat transfer coefficients and the adia-
batic wall temperatures for each point in the vehicle trajectory. This tem-
perature enviromment, along with air loads, accelerations, ete., was used to
design the basic structure typical for vehicles of this class. The tempera-
ture environment was also used to determine approximate optimum insulation
thickness for bhoth wvehicles.

The configurations thus established are not "finished" products in that the
structures, trajectories, aerodynamic shapes, etc., are not optimized or de-
signed in detail. However, both configurations are very close to what detail
designs would produce and contain all of the elements essential to a typical
heat transfer problem for vehicles c¢f their type.

Trajectories

1. Glide Vehicle

The glide vehicle is a 1ift sustained manned re-entry vehicle with a
wing leoading of 30 1lbs. per square foot, a 1ift coefficient of 0.07, and
a 1ift drag ratioc of 3.0. The initial speed and altitude are consistent
with a 25,000 mile range, rotaticon of the earth neglected.

The initial speed of the glide vehlcle for a range of 25,000 miles was
determined by solving for the initial speed in the range eguation.

Vo
YE

R=£ Y Loge
D 2 v, 2
7

For R = 25,000 nautical miles and L/D = 3, the initial velocity is

ok, 960 ft/sec. The glide trajectory was computed for a straight equi-
librium glide at a constant 1ift coefficient. The 1ift coefficient and
the wing loading give a glide parameter of W/SCL = 428 1bs. per ft°.
With this constant value, the altitude was determined as a function of
time from the expression



=S%L (1- %)/%— Py V2

The ARDC 1956 Model Atmogphers was used for the properties of the atmos-
phere. These equations and assumptions will give trajectories within KA
10% of a more detailed and sophisticated approach.

The glide vehicle trajectory used in this study is shown on Figure 1.

The sample glide trajectory presented here used a constant 1ift coef-
ficient for the entire flight path. More refined trajectories require
modulation of the 1ift coefficlent in order to achieve the best perform-
ance within the heating and acceleration limits of a manned vehicle. In
an actual glide re-entry, the vehlcle must operate within a re-entry
corridor. The upper boundary of this corridor is formed by the altitude-
speed combinations that permit recovery pullouts to be made without ex-
cessive g-loads and above altitudes at which heating beccmes excessive.
The lower boundary is formed by the temperature limit for various speed-
altitude combinations. These boundaries are also functions of the shape,
material, and 1ift coefficient. To fully exploit the vehicle perform-
ance capabilities for broadening the re-entry corridor, a re-entry would
be initiated at the maximum available 1ift coefficient. When the tem-
perature limit for this high 1ift coefficient is reached during the des-
cent, the vehicle angle of attack and 1ift coefficient are reduced with
altitude and the descent 1s continued along the temperature limit.

The constant 1ift coeflficient glide re-entry would result in less de-
celeration initially with subsequent higher heating rates during the
glide. The rates of change of conditions in the constant lift coeffi-
cient trajectory are sufficiently close to those of the variable 1lift
coefficient trajectory, however, to represent a typical slow-change re-
entry trajectory.

Drag Vehicle

The drag-retarded manned re-entry vehicle consists of a 6.5 foot diame-

ter basic sphere with a 15 degree tangent cone with a base diameter of
C

10.3 feet. This results in a drag mass parameter —%ﬁ = 0.01%92, and a

gross welght of 2500 1bs. An altitude of 290,000 feet, speed of 25,900

ft/sec and & flight path angle of 5° belcw the horizontal were chosen

for initial ccnditions.

The equations of moticn were solved by a 704 IBM computer. The follow-
ing two dimensional equaticns of motion, simplified by the omissicn of
1ift and thrust terms were used:
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The ARDC 1956 Model Atmosphere was used for the properties of the atmos-
phere. The resulting trajectory for the drag wvehicle is shown on Figure
2. This trajectory is judged to be a fair representation of an actual
trajectory for the given parameters and initial conditions.

Thermal Environment

Before the struectural details of the vehicle can be established, some appreci-
ation of the thermal environment must be cbtained. The altitude, veloecity,
vehicle attitude and geometry determine the heat transfer coefficients, stag-
nation temperatures and adiabatic wall tempersatures. These values, along with
the emissivity of the vehicle surface, were used to obtain the vehicle equi-
librium skin temperatures from the basic eguation

- 4
h [Taw'“TS] = €0Tg



In computing the heat transfer coefficients and the adiabatic wall temperature,
turbulent flow was assumed for all parts of the vehicle except for the nose
end stegnation line of the wing. Laminar flow was assumed for these points.

Curves of the eguilibrium skin temperatures versus time are shown on Figures 3
to 6., In computing the skin temperature for the stability skirt, radiant heat
flow was considered cut of both surfaces. The curve for the drag vehicle equi-
librium temperature shows temperatures beyond the thermal limits for known
structural materials. Clearily thus, either an ablative or heat shield siruc-
ture is reguired. A beryllium heat shield of sufficient thickness that the
thermal lag holds the temperature to safe values was chosen. (This decision
is discussed in more detail below.) The resulting temperature for the inner
and ocuter surfaces of the heat shield is shown on Figure 7. The heat shield
thickness varies from 0.8 inches thieck at the stagnation point to 0.25 inches
thick at the sides. The thickness 1s varied so that the maximum temperature
attained is the same at each point. Using the heat sink material at close to
the maximum allowable tempersture results in the lowest weight heat shield and
a uniform surface temperature.

The heat transfer coefficients used in establishing the skin temperature of
the spherical stagnation regions were obtained by the methods cutlined in Ap-
pendix I. The remainder of the heat transfer coefficients were obtained from
Reference 1.

Structural Design

1. General

When faced with the problem of designing the structure for re-entry ve-
hicles, the designer can choose between one of four general types of
structures: {z) insulated and cooled structure, (b) heat sink materials,
(¢) ablation materials, and (&) hot structure. The choice of structural
configuration is influenced by several factors among which are weight,
expansion problems, reliability, cosi, ease of fabricsaticn, heat flux,
maximum temperature, time exposed to high heat flux, etc. Figure 8 is a
plot of weight required for thermal protection versus the heat flux and
shows the general regions of applicability of the wvarious types of struc-
ture. The heat fluxes associated with the drag re-entry vehicle are
noted on the curve and show that the structure should be of the heat
sink or ablative type.

2. Glide Vehicle

The structural design of the glider 2llows thermal deformations to take
pilace with as little restraint as possible. The skin panels are not
rigidly attached to the internal structure and transmit air lecads to the
primary lcoad carrying members by simple beam action. The internal struc-
ture is essentially statically determinate trusswork.

The skin, which experiences the higher temperatures and temperature



differences, is not rigidly attached to the primary structure. It is
required only to carry the air lcad to the primary structural members.
The flexible edge supports which hold the skin in its place do not have
sufficient rigidity to allow the skin to develop net end loads of any
significant magnitude.

The truss members, with exception of & few of the highly loaded elements,
have sufficiently reduced moments of inertia at the joints to alicw them
to act as pin ended members. The thermal gradients across the structure
do not impose major thermal stresses because of the determinate nature
of the truss.

The skin panels and space truss are constructed of J-1500 (vacuum melted
M-252), The nose cone and leading edges which are subjected to much
higher temperstures are constructed of graphite and refractory materials.
The structure is sketched on Figures 9 apd 10.

Drag Vehicle

The structural design of the drag vehicle allows thermal deformation of
the heat shield to take place with as little restraint as possible. The
heat shield is connected to the structural shell with flexible zttach=-
ments which are intended primarily for tension. Compression between the
heat shield and structural shell would be carried by the insulation due
to the deflection of the flexible attachments.

The structural shell is constructed as two hemispheres of .06 in. 202L-T3
spun aluminum joined at a circular ring which also supports the flared
skirt,

Preliminary calculations show that the two types of thermal protection,
heat shield and ablative, have comparable welghts with a slight edge in
favor of the ablative material. Nevertheless, a beryllium heat shield
will be used for this study because this is a manned vehicle. The gtate
of the art of ablating structure does not offer the margin of safety
necessary for a manned vehicle. One reason for this is the heat trans-
fer mechanism to ablating structure is not as well defined as is heat
transfer tc more conventionsal structure. If the guality contrel is not
good, an ablative structure can spall off rather than ablete. I this
happens, the results are disastrous to the vehicle,

The heat shield is beryllium ghell which varies from .50 in. thick at
the stagnation point to .25 in. thick at the sideg. The thickness isg
varied sc¢ that the maximum temperature attained is the same at each
point. This is done to keep the shield weight to a minimum &nd results
in a uniform temperature over the heat shield surface. The flared skirt
is composed of J-1500 (vacuum melted M-252) corrugated sheet over cir-
cular stiffeners. The structure is sketched on Figures 11 and 12.



Optimum Insulation Thickness

The next step toward setting up typical problems to solve is to obtain reason-
able values of the insulation thickness. The basic theory and approach for
our optimum insulation studies are outlined in Appendix IT. The results of
the brief studies showed that a water wall configuration (see Figure 13) re-
sulted in approximately the same weight system as an insulated cabin with no
water wall for the glide vehicle and a weight advantage in favor of insulated
gtructure for the drag vehicle. There are many arguments that may be pre-
sented in favor of either a water wall or insulated structure. A discussion
of the pros and cons of the various itypes of configurations is beyond the
scope of this study. One potent factor in favor of a water wall is the ther-
mal protection afforded a compartment in the event of failure of the cabin
pressurization system. In this event, nc air is available to act as a trans-
port fluld to remove heat from the walls and to transport heat tc the heat ab-
sorbing equipment. With this in mind, the decision was made to use a water
wall for the glide vehicle with its long re-entry time and an insulated struc-
ture for the drag vehicle. A secondary reason for these cholces is to cover
both classes of structure so that problems unique to each type are covered.



ITI. LBQUATIONS AND CATCUTATION METHODS

General

This section outlines the derivation of the equations describing the heat
transfer intc the occupled compartments of btoth study vehicles. 1In additicn,
the four calculation methods that are tc be compared, digital computer, dif-
ferential analyzer, direct analogue, and hand calculations, are briefly des-
cribed. The equations that are derived and solved are finite difference ap-
proximations to the basic equaticn.

( 3 T ( aT aT)
aK_(TJr)BX) aK(T,r)aY) a(K(T,r)BZ 3T
3 X + 3y + Y =P (X, T) cp(x,'r) s

Appendix TIT cutlines the theory of finite differences, discusses the inher-
ent errors and describes the direct analogue method of solving the above equa-
tion. References are given that will provide a more detailed treatment.

Glide Vehicle Equations

One of the major considerations 1n mathematically deseribing & heat transfer
situation is to determine if a twe and three dimensioconal descriptlon of ftem-
perature distribution must be written or if a one dimensicnal description will

surfice. The sketch below represents a section through the structure of the
glide vehiele,

OUTER SKIN

INSULATION

WATER WALL

STAINLESS STEEL
HONEYCOMB
(PRESSURE SHELL)

ACOUSTICAL INSULATION



The heat entering the vehicle is transferred from the outer skin to the insu-
lation almost solely by radiation. Most of the vehicle trajectory is suffi-

ciently outside of the earth's atmosphere so that convection may be neglected
except for the brief period at the end of the flight.

Figures 3 and 4 show that the temperature of the skin varies with length slong
the vehiele and around the vehicle. The first step will be tc determine if
this variation of ftemperature necessitates a two or three dimensional approach.
This will be done by comparing the relative magnitude of the resistance to
heat transfer along the vehicle and arcund the vehicle to the resistance to-
ward the water wall.

The sketch below shows a section of skin, insulation, and water wall removed
from a length along the vehicle lower surface.

WATER-WALL

SKIN

INSULATION

PRESSURE SHELL

The temperatures are at the points A and B, one and five feet back from the
leading edge along the vehicle. These two points are chosen because they have
the maximum temperature gradient. The insulation has been sur-divided into
six equal slabs by planes parellel to the skin and divided into two sections
by a plane midway between the peints A and B and a plnne 7.5 ft. back. The
thermal resistance values between any two nodes is given by X . Resistance

values through the insulation are identified with subscript 1 and along the
vehicle with subscript 2.



Resistance toward the water wall 1.75 ] [ ] 0. 0081
per layer of insulation = [(6)(12) (3)(1 K1
1
NN 164
Resistance along the wvehicle = (4) (KE)(l-TS) = Ky,
(12)(6)
164
Resistance along the vehicle Ko 20,300 Ky
© 0.0081 X
Resistance toward water wall T 2
1

The thermal conductivity of the insulation is a function of the mean tempera-
ture; the mean temperature through the vehicle (direction 1) is lower than
along it (direction 2), making Ky slightly lower than K. Nevertheless, the
ratio of the resistance values shows the resistance to heat flow aleng and
around the vehicle is very much greater than the resistance through the insu-
lation. The remaining factor to be examined is the influence of the potential
for heat flow. The maximum temperature gradient along the body exists at

e« = 12% 2nd between one and five feet back from the leading edge where the
potential is approximately 42O® F. TFor estimating purposes, the thermal con-

o

ductivity can be assumed constant giving a potentialof-g—qz—q——é-—29 = L438°F in
steady state. From this, it can be concluded that the potential through the
vehicle (direction 1) is the same order of magnitude as the potential along
the vehicle (direction 2). Therefore, the heat transfer along the vehicle may
be iegnored by comparison with the heat transfer through the vehicle. A simi-
lar analysis was made to show that the heat transfer around the vehicle may be
ignored by comparison with the heat transfer through the vehicle.

Having established that a one-dimensional description is sufficiently accurate,
the sketch below illustrates how the physiecal problem was subdivided in one

particular case.
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The following set of equations were written for this particular case,

Heat flow from skin tc insulation:

aremal(g)h - (18] ¢ ByAflen™ 1] = J- (M7 - 2 B

Subsequent investigation showed the influence of the convection term

h(r) A{Ta(r)-TI]to be negligible.

Eeat flow through the insulation:

_faa [TI'TE:I _ R T _T] , _PAaxop —T:_T]
AX AX e 2 a7 R
S [n-n] - g [mon] e 2 [Bn]
e [n-nd - B [uen] s R [
125; :Ts 7 e.j - ﬂ%_ :Ts - 'I‘w: + pA;XCp ;T(,' - Te:
3.%?_. :Té - Tw: + c_éq_ [Th-Tw] = wiLgm) o+ E’—ﬁp— :Tv?- ij

w(ly( r)) is the product of the flow rate of the water evaporated and the
latent heat of the water as a function of time.

wwo -IwAr = W Mass Balance

Heat balance on honeycomb

2
2K, A * CA

e IO R S ESE RS vl A
1
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The term CA is the conductance velue of the honeycomb. The finite difference
thecory assumes that the temperature of the honeycomb is represented by a single
temperature at the midpoint. Therefore, the thermal resistance between the

midpoint and the edge of the honeycomb is é% +  The thermal resistance from
A X,
the edge of the honeycomb temperature Til is KA The total thermal re-
i

gistance of reslistances in series is their sum; thence the coefficient of the

1
[Ti - Th} term 1s | 8%y P _E
1 2K,A - CA

Heat balance on acoustical insulation

KiA _A__x PIAAXChy (.
Ty,- T ] [ L, 2 [T T ] PN kit Sl -2 [ ] ]
AX| [ 17 "1y 2K1A :I ;7 *h Ar Til Ti;

1
o+ AEL] [Too Ty | - g [T‘z A R e L

In writing this set of equations, certain assumptions were made. The most
important of these are:

1. The skin temperature is the equilibrium skin temperature. This assump-
tion is justified by comparing the magnitude of the heat transferred
into the skin from the boundary layer, the radiation from the skin, the
heat flow into the cabin, and the amount of heat the skin is capable of
absorbing.

z2. The shape factor between the skin and the insulation is that for radia-
tion between parallel plates.

3. The thermal conductivity of the insulation is given by Figure 14 as a
function of mean temperature and altitude. The specific heat was as-
sumed constant.

Iy, The pressure in the water wall was assumed to be held at the pressure
corresponding to LOYF while the vehicle was at altitudes where this was
possible. Figure 15 shows the saturation temperature vs time. Prelimi-
nary calculations show that the heat rejection from the cabin is suf-
ficient to hold the water at 40°F during the early portions of the tra-
jectery. Thig assumption reguires the calculation technique to be cap-
able of allewing the heat flow into the water wall to do two things:

(a) evaporate water during the mejor portion of the re-entry, and
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(b) increase the sensible heat of the water and associated structure to
keep pace with the change in saturation pressure and allow the remaining
heat flow, if any, to evaporate water.

5. The honeycomb is represented by a single conductance value. Fortunately,
the temperature of the honeycomb does not undergo large temperature
changes, making this assumption adeguate.

6. The thermal conductivity of the acoustical insulation does not change
with time because (a) the change in insulation means temperature is
small, and {(b) being inside the pressure shell, the cabin pressure pre-
vents change due to pressure.

T. Heat is transferred to and from the acoustical insulation by a constant
heat transfer coefficient. This assumption is Jjustified on the basis of:
constant cabin pressure, small temperature change of the insulation, and
constant air wvelocity in the cabin.

8. The cabin temperature is assumed constant. This assumption rests on
another assumption: the cabin conditioning system responds essentially
instantly to changes in the vehicle heat load regardless of source, in-
ternal or aerodynamic.

g. The resistance to heat transfer through the mechanical joint between
materizls is assumed zero. Ordinary values of contact conductance are
at least two orders of magnitude larger than the conductance values of
interest in this problem.

Different assumptions could have been made. However, the ones made are rea-
sonable estimates of the actual situatlon and should typify vehicles of this
class. The only assumption that has a major effect on the economics of the
solution is the one concerning the variation of thermal conductivity with tem-
perature and pressure. In a later section, the influence of this assumption
on the various computing techniques will be shown.

The sbove equations were derived for the insulation divided into six slabs.
Equations were also written for the insulation divided into 2, 4, 8, and 10
slabs. The constants for these equations were computed and the equations sup-
plied to speeialists for machine solutions and engineering aides for solution
by hand calculation methods.

Drag Vehicle Eguations

The sketch below represents a section through the heat shield of the drag ve-
hicle.

14



ALUMINUM PRESSURE SHELL

SPRING CLIP

LOOSE FILL INSULATION

The first step will be to evaluate the effect of the spring on the total heat
flow. The springs are located on 6" centers in all directions as shown on the
sketeh below. Daghed lines on the sketch represent lines across which there
is no heat transferred since each point on these lines is equidistant from
springs or points of equal potentisal.
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The sketch below is a spring surrouanded by an adiabatic boundary described
above. The spring is labelled Point 1 and the nodes representing the insula-
tion 2, 3, U4, and 5. The purpose is to evaluate the thermal conductance along
the paths 1-2, 1-3, 1-L, 1-5, 2-3, 3-i4, 4-5, and 5-2.

Reference 2 ocutlines a manner in which the problem may be attacked. To illus=-
trate the technique, the following example will be used. The points on the
sketch below represent nodes for & general case. The area and length of the
heat transfer paths, a-b, a-c, b-c, between the nodes is desired. The dotted
lines are the perpendicular bisectors of the various flow paths.

Reference 2 shows that the area associated with the heat flow from a to b is
the thickness of the material multiplied by the length m in the sketch where
m is the length of the line connecting the intersections of the perpendicular
bisectors of the flow path. The length associated with the conductance value
is a-b.

Erecting the perpendicular bisectors for the case of interest here as shown
below, it can be seen that the intersection of the perpendicular bisectors
fall on the paths 2-3, 3-4, k-5, and 5-2. Therefore, the distance for the
heat flow area is zero which means that no heat 1s transferred along paths
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2-3, 3-4, 4-5, and 5-2. This same conclusion could be obtained by reascning
that since points 2, 3, L, and 5 are equidistant from each other and equidis-
tant from Point 1, they will be al the same potential. The sketch also shows
that the area for heat flow along 1L-2 is the Lhickness of the material times

the length 2' - 5" and the length associated with the conductance is the length
i-2.

The above discussion shows that an adiabatic boundary can be drawn as illus-
trated in the sketch below.

le
[
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The sketch below is a cross section through the vehicie. The insulation and
springs have been divided intc six slabs by planes parallel to the skin and
divided into two stacks of slabs by the plane a-b which is the perpendicular
bisector of the line 1-4.

Y sprine Ts INSULATION

¢ Ts, 971,

oTaz ¢T12

.T,3 ‘Ti§ .« ADIABATIC BOUNDARY
‘T”h TTih

0T85 lTiS

¢ Ta6 oTié

b ; 4T7 PRESSURE SHELL

T @ CABIN

SECTION THROUGH FORWARD SIDE

The relative magnitude of the thermal resistances through the spring toward
the cabin, through the insulation toward the cabin, and between the insulation
and the spring are compared in the discussion below. The thermal resistance

is given byAK—i . Values through the spring are ldentified with the subscript

s, through the insulation with the subseript i, and between the spring and in-
suletion with the subscript si. Detail dimensions of the spring and insula-
tion are shown on Figure 12.

Resistance through the insulation

AX]- - (6) 5 .05509
KjAq (%1) (32 - Ll_ei)_ ) K3




Resistance through the spring

A (222)(2) -

= (0.066)(2) =
Kghs (Ks) Ty (aun) Ks
Using Ky = 9.05 —-?_--Bt‘i{t' fthr _ o
AX, 8L.2 8. o7

= e = '9?
Kohe 5.05

Resistance between spring and insulation

2.12

X_: e 191.
%% - 12 | a2
s H s 0. si
sLisl Ky (2.12) i—g—ﬁl
14k
Ratios of resistance values:
Resistance through insulation 0.09509 K 0.000495
= - 7 8l .

Resistance between spring and insulation 192 Ky

(Assuming Kq; and Kj are evaluated at the same mean temperature)

Res%stance through sgr%ng i : - 8.97 Kaj
Resistance between spring and insulation 192

Using the conservative approach of evaluating Kgy at sea level conditions and
at a maximum mean temperature resulis in a value of 0.00933 for the above
ratio.

On the basis of resistance values, the problem can be regarded as cne-dimen-
siocnal flow in parallel until the pressure shell is reached where the problem
beccmes two-dimensional. The questicn of potential has not been answered. The
situation here is not as clear cut as in the case of the glide vehiclie due to
differences in capacitance values. Therefore, a study was initisted that used
very Tine physical subdivisions. The results of this study verified the con-
clusions reached on the basis of resistance values alone.

The following set of equations illustrate how the finite difference equations
were written for the particular set of physical subdivisions illustrated on
the sketch, page 18. Values associated with the insulaticn are identified
with the subscript i, those associated with the spring use the subscript s,
and the subscript ps with pressure shell.
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Heat through the insulation:

Heat through the spring:

Tg - Tsl
Tsl - Tsa
Tsa - Ts5
Tsy ~Ta,

[ n
Tsh - Tas
Ts, ~Ts,

Kis Ay i
= e Ty —
AXy [11 le|
Ki, Ay B
.., B T ;s —
T TAX [Tl? £l
Ki), Ai ]
= + Ty —T
X 15 ih_
Ki5 Ai [ 7]
= — T, —T
Ax, T s
Kie Ay [, ]
= —— Ty . —-T
AXy 15 Mg
[ =
1
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Heat balance on pressure shell:

1 1
AXps AX ] T..-T,| = | AX 1 KpsA7_§g
+ i 7 b5 L 2 ||T.-T ] + _P87I=8 fp _m
[ZKpsAi 2Ki7Ai [ ] KosA; ' hay [ 7T ¢ AX; g [ 7 8]

PA; AX,.C

. Aprs pps7 [T7’ - T7]
AXg - A Xps [T 6_T8] = AXps 1+ 1 [TS'—T] - _ﬁ)ﬁ_s [T -T]
7K _,As " K As | | ® TR As  hAg ¢l AXyg T8
PAg AXpsC

pps7 [T’—T

ATt Side of Drag Vehicle

The following sketch shows a sectlon through the aft porticn of the drag ve-
hicle. Preliminary calculations for optimum insulation thickness revealed
that the heat transfer is by radiation and the minimum vehicle penalty occurs
with no insulation. Symmetry indicates that one-half or any other fraction of
the vehicle may be analyzed. Radiation between the skirt and the sphere will
depend upon the shape factor which will vary from point to point on the sphere.

The following equations for one-half the sphere divided into four nodes will
illustrate the method.

Lo

SECTION THROUGH AFT SIDE
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4 4] ’
- = - - A -
A, 0 FeFa [TS T K 120a1-2 [Tl T2]+ hA, [Tl Tc]+ pAMC [Tl T1]

1
AX, , Ar

A F}:«‘[T4 T4]+ -
g0 rer2 [1g 2

A -T K _A - -
Kpsl psl-2 [Tl 2] ps2 psZ-3 [Tz T3]+ hAZ[TZ Tc]

AX, AX_
A /
. Pps 2'Cpps2 [T2 - TZ]
Ar
K A
_ “ps3”pss-
A o0 FeFa [T4 - T4] + KESAQSZ-?: T -T = 83 ps3-4 [T - T + hA T -T
3 S 3 2 3 AX 3 4 3 3 c
AX 3-4
2~-3
At
+ Poss C s3 [T, -T ]
Y v 37 '3

K A
4 4] ps ps3-4 _ P A tC -
A, 0 FeFa [TS T, |+ AX, ., [Ts T4]— ha, [T4 TC] + Qs;r pps4 [T4 T4]

In writing the equations for the drag vehicle, certain assumptions were made.
The most important of these are:

1. The radius of the vehicle is sufficiently large so that curvature effcets
may be ignored.

2. The thermal zonductivity of the insulation is given Ly Figure 14 as a
function of insulation mean temperature and altitude.

3. The heat transfer path into and ocut of the spring is the end area where
the spring is attached to the heat shield and the pressure shell. The
flat faces of the spring will not come in contact with either the pres-
sure shell or the heat shield because the heat shield expands and the
spring is extended.

L. Heat is transferred into the cabin by a constant heat transfer coel-
ficieni as was the case for the glide vehicle and for the same reasons

advanced in that case.

5. The cabin temperature is assumed constant for the same reasons advanced
for the glide vehicle.

6. The variation in metal thermal conductivity and specific heat with tem-
perature were zgsumed to be linear. The specific heat of the insulaticn

was assumed constant.

T. The emissivity of the skirt and sphere were assumed constant.
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10.

The assumptions regarding contact resistances for this wvehicle are the
same ag for the glide vehicle for the same reason as in the preceding
section.

The temperature variation along the skirt is small and was neglected.
The skirt temperature used in the calculation was tasken from Figure 7.

The assumptions listed above are not the only ones possible, but were
chosen as reasonable for vehicles of this class. As mentioned in the
discussion for the drag vehicle, the variation of thermal conductivity
with both mean temperature and altitude is the assumption that has the
major effect on the economics of obtaining & solutlion. This will be
discussed later.

Equations were written for the heat transfer paths divided into 2, 4, 6, and
10 nodes. The constants for the equations were computed and the equations
supplied to specialists for programming for machine solution and to engineer-
ing aides for solution by hand calculetion methods.

Calculation Methods

1.

General

After deriving equations, obtaining material properties and computing
constants, the engineer is faced with deciding what calculation proced-
ure to empleoy. There are in general four choices cpen to him: a) high
speed digital computers, b) direct analogue methods, c¢) differential
analyzers, and d) hand calculation technigues. The equations derived
for hoth vehicles were given to specialists in each of these fields for
solution and the costs of obtaining answers recorded. The following
discussion briefly outlines the machine capability as applicable to this
type of problem and explains how the problems were programmed and scaled.

Digital Computers

The digital computer availsble for solving the equations derived for the
two vehicles was an IBM T7O04. In general, there are two types of pro-
grams that may be used to formulate problems for a digital computer:

1) a program written specifically for the task at hand, 2) a program
written in sufficiently general terms so that it is capable of solving

s wide variety of problems by the inclusion or omission of terms. The
latter course was chosen for this study. The program used was the Lock-
heed Thermal Analyzer Program which is available to the industry through
Share. The ILockheed Program used is not entirely in its original form,
some modifications having been made; however, the program is a typical
general heat transfer program. y

The program input is based on the analogy between heat transfer and the
flow of current in a resistance-capacitance network. The program is
written in electriczal terms but, unlike direct analogues, no scaling is



necessary. This requires the physical heat transfer problem to be ex-
pressed as an equivalent resistance capacitance netwerk.

Any elements in the network that vary with either time or temperature
are jdentified. Examples are variation of thermal conductivity with
altitude and mean temperature, radiation, and variation of specific heat
with temperature. Every element in the network is glven an identifying
number and the input data compiled.

The input data is divided into 7 separate blocks:

1. The first block contains the identifying number and the in-
itial value of the temperature for each node in the network.

2. The second block contains the value of each resistor in the
network and identification of what ncodes sre connected by the
resistor.

3. The third block contains the capacitor numbers and values.

L. The fourth block is the variables block. This bloeck, along
with the curves in block five, gives the programmer the abil-
ity to make the voltage, the resistor, or capacitor of any
node any desired function of time or of the voltage at any
cther node or combinations of two nodes. Nodes with radiant
heat transfer are included in this block of data.

5. Block five contains tables of the relationships between de-
rendent and independent wvarisables.

6. Block six lists printing instructions.

T. Block seven specifies at what time intervsl the variables
listed in block six will be printed out.

The alternate method of writing a specific program for the two vehicles
has some advantages and at least one disadvantage. The main advantage
is, in general, tailor-made programs consume less machine time than do
general programs. However, this advantage is usually lost in the time
required to write the program. The time required to write a program
specifically for the two vehicles was estimated and shown on the curves.
This estimate is probably valid as an average time required for a com-
petent programmer to write & program but any given program may require
more time than the average. If a general program is availadble, it does
not pay to write a specific program to gain the advantage of less mach-
ine time, unless a large number of conditions are to be evaluated.

Differential Analyzer

The differential analyzer aveilsble was a PACE (Precision Analogue Com~
puting Fquipment) manufactured by Electronic Associates, Inc. The PACE
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is a modern, general-purpose differential analyzer with central console
control and metering and removable patch boards. The facility used con-
sists of four consoles, each of which contains L8 operational amplifiers
which may be used for summing, and twenty of which may be used as inte-
grators, four servo resolver units, five dual channel electronic malti-
plier units, six dicde function generators, and eighty ten-turn helical
potentiometers. The four consoles are interconnected by control and
signal trunk lines so that they may be used i1ndividually or in any com-
bination required by the particular problem. When more than one console
is used, the problem is centered at one console and the others slaved to
it.

The engineer preparing his problem for solution on a differential ana-
lyzer thinks a little differemtly than when preparing the problem for
solution by digital or hand methcds. The finite difference equation de-
rived for digital and hand calculation methcds will resemble the follow-
ing equation:

Ti-Ty K

1
Ty -Ty| - —2—, |Ty-T
Ar  PCpAX2 [ -1 1] pcpAx2 |17 i+l

/
where the term E%Sl;zl approximates g T or, in view of the assump-
r T

tion made in deriving the equations that all the heat absorbing capabil-

Tl - o
ity is concentrated at the midpoint of the length, 1A1' L more pro-
perly approximates ng . The approximation is, of course, necessary

when using digital or hand methods, neither of which is capable of inte-
gration. OSince the differential analyzer can integrate, the above equa-
tion when written for solution by a differential analyzer becomes:

K K
Ty = K Iry-1y ) - —E T -T dr
f[PCpAXZ [ -1 i] pCpAX2 [ L “1] ]

The conductivity of the insulation for both vehicles is = function of
both altitude and insulation mean temperature. The conductivity func-
tion was indirectly simulated by assuming that the conductivity at a
given altitude could be expressed by the sum of a product of a function
of time and a function of temperature plus a function of temperature
plus & constant. By manipulating the family of conductivity curves
given con Tigure 14 and the variation of altitude with time as given by
Figures 1 and 2, a form was obtained expressing the conductivity for a
given altitude as:

K=f (7)) g{(T)+ y (T} + Constant
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This relationship was obtained for the conductivity at 250,000 feet and
sabove. In order tc obtain the conductivity at any other altitude, it
was assumed that a percentage of the 250,000 feet and above curve could
be added to above relationship regardiess of temperature. The validity
of this assumption can be checked by reference to Figure 16 which plots
both the thermal conductivity glven and the conductivity calculated us-
ing the relationship and assumptions listed above.

Heat is transferred by radiation into the manned compartment on both the
glide vehicle and the aft side of the drag vehicle. Temperatures raised
to the fourth power were obtained using servo-multipliers. When solving
the larger number of ncde cases, it was found that the temperature of
the cuter surface of the insulation differed from the skin temperature
by less than ten degrees. In those cases, the skin temperature was ap-
plied directly on the outer surface of the insulatiocon.

Direct Analogue

A facility designed for soluticn of problems by the direct anslogue
method is manufactured by Computer Engineers Associates. Unfortunately,
the facility lacks the ability to simulate the variation of thermal con-
ductivity with mean temperature and altitude. Therefore, the passive
elements (decaded capacitors) of the passive element analogue were used
with the active elements of the differential. analyzer. Radiation and
the variation of thermal conductivity with temperature and time were
similated in the same manner as described above,

The joining of the passive element analogue and the differential analyzer
did not cause any difficulty when solving the glide vehicle problems but
the partners were found to be somewhat incompatible when solving the drag
vehicle problems. The problem arose in the following manner. In Appen-
dix IIT it is shown that in scaling a problem for solution by analogue
technique, one has some freedom in chocsing the scale factors between

the analogous guantities to match the equipment at hand. Servo potenti-
cmeters were used as part of the egquipment simulating the thermal con-
ductivity. The maximum electrical resistance available was 30,000 ohms.
As Appendix ITITI points out, the scale factors for resistance, capaci-
tance &nd time are inter-related and the size of capacitors regquired is
reduced either by increasing the resistance or reducing the time. In
this case, the resistance cannot be increased because it is an integral
part of the servo potentiometer and the time can be reduced only to the
point where the readout instruments will follew without serious error.
This gave capacitors in the order of 100-90C @ f . In order to obtain
capacitors of this size, it was necessary to use electrolytic type which
have accuracies rated at + 20%. The effect of this will be shown in a
later section.

Heat transferred into the aft side of the drag vehicle was not obtained

with the passive element analogue because the problem is largely one of
radiant heat transfer. The majority of the equipment used are non-linesar
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elements and the set up essentially duplicates the corresponding setup
for the differentisl analyzer.

Hand Calculations

The facilities used for the hand calculations have little bearing on the
time required for solution, at least by compariscn to the human element.
A discussion of what various individuals accomplished follows in a later
section.

Caleculsation Procedure

Appendix IV contains a brief summary of how the equations were trans-
lated into machine setups.
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IV. ANALYTICALT METHODS CCST COMPARISON

General

This chapter presents the cost versus accuracy comparison for the varicus
methods of computing the heat flow into the compartments of both study ve-
hicles. Before making the comparison, some index of accuracy is necessary.

A digcussion is included that defines a "true" answer and how it was obtainad.
Alsc included 1s a discussion of the ground rules and assumptions that were
made in gathering and presenting the cost data.

True Answer

The exact determination of the heat flow intc the two study vehicles is im-
possible. Appendix III discusses why mathematical answers of this study will
always contain an element of the unknown, due solely to the errors =ssociated
with the computation technique. In addition, there will be errors from other
sources such as the accuracy to which the physical properties are known, the
degree to which they can be simulated, failure of the analytical technique %o
account for all of the heat flow paths, and other factors that are either com=
pletely unknown or inadvertently overlooked. FExamples of the latter might be
the change in emissivity of a surface due to corrosion or handling between the
time it 1s assembled and the actual flight of the wvehicle.

The fellowing are types of "true" answers that might be defined:

1. The actual heat flow into the vehicle that will result when the
vehicle follows its design trajectory. This number can never he
completely known, although it can be very closely approximated
with adequate flight test data.

2. The answer that would be cbtained if it were possible to express
precisely the physical situation in mathematical terms and to
solve exactly the resulting partial differential equaticns with
associated initial and boundary conditions.

3. The third type of "true" enswer is that answer that is the best
reasonably obtainable, making the assumption that the input data
is absolutely correct. That is, skin temperatures, materiszl pro-
perties, dimensions, ete., are all known with absolute precision.
This is the "true" answer that #ill be used in this study to com-
pare sclution cost versus accuracy.

The "true" answers were obtained by plotting the resulting heat flow versus
the number of physical subdivisions as in Figures 17 to 19. Figure 17 shows
the total heat into the glide vehicle plotted against the number of physical
gubdivisions. The figure shows that as the number of nodes approaches 6, the
heat load changes only very slightly with increasing the number of nodes. Ap-
pendix TTT states that the error in a finite difference approximation for =
one-dimensional case with constant physical properties is given by:
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For the following discussion, the assumption will be made that the above equa-
+ion derived for one-dimensional heat flow with constant physical properties
is at least approximately correct for the problems under consideration. The
temperature gradients on the skin of the glide vehicle are small encugh so
that the flow can be considered cne-dimensional. The heat flow of the forward
side of the drag vehicle is in parallel, the insulation and the spring serving
as essentlally two parallel paths with no flow between them. The resigtance
to heat flow between the spring and the insulation is substantially greater
than the path through the insulation directly into the vehicle., On the other
hand, the physical properties are not constant and this effect on the error
eguation is not known. However, conclusions based on this eguation should be
st least quantitative,

A x is equal to the insulation thickness in feet divided by the number of
nodes. TFor example on the glide vehicle, the insulation thickness is 1.7%

inches; A:(==%i%%fzj where n 1s the number of nodes. It can be seen from

the foregoing that as n increases, (A)Qh'decreases rapidly; hence this por-
tion of the error decreases rapidly with increasing number of nodes.

The equation for E also states that the remainder of the truncation error is
proportional to Ar. Once establishing that the heat flow changes only very
slightly with increasing number of nodes above €, it remains to show that the
error due to A7 is small. As is shown in Appendix ITI, Ar and Ax cannot
be chosen indegendently; rather, the maximum allowable Ar is inversely pro-
portional to n®. Hence, as the number of nodes increases, Ar must decrease
as the square of n. To demonstrate that the influence of Ar is negligible,
the 10-node case was repeated with Ar that were 1/2 and l/h cf the maximum
allowable. The differences in the heat flows, as calculated with various Ar,
were esgsentially zero.

Refore accepting the 10-node case as calculated by the digital machine &g
being the best practical answer, the discrepancy between the answers as ob-
tained by the different calculation methods must be explained. These discrep-
ancies arise in the following way: Both the passive element analogue and the
differential analyzer use non-linear elements to obtain the insulation thermal
conductivity as a function of mean temperature and altitude, and the simula-
ticn is not perfect. TFor example, Figure 16 shows the assumed variation of
thermal conductivity with mean temperature and altitude. The variation used
by the differential analyzer is also shown. The similation is good, but not
perfect. In general, the thermal conductivity simulated is lower than the
sotual. This will result in a slightly lower heat flow as shown on Figure 17.
The case for the passive element analogue is similar.
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The digital machine time consumed in obtaining these answers may be found in
Table I. The time for the 10-node cage is 3.2 hours. The machine time for a
12-node case is estimated to be L.9 hours. It is difficult to state what the
practical maximum mechine time is for a given problem; it depends upon the
value of the answer but, from the rate of change of the heat flow per square
foot with nmumber of nodes, very little change could be expected for the addi-
tional 1.7 hours of machine time.

The foregoing removes the last objection to using the 10-node case as the best
practical answer. This answer will be used as the "true" answer and errors
will be computed on this basis. To compare cost versus accuracy for one cal-
culation method, the actual value of the "true" answer is not important since
it forms the basis for comparison. However, to compare methods, the "true"
answer should be as exact as possible since the accuracies are to be compared
as well as the costs.

Ground Rules for Cost and Accuracy Comparisons

Before diszcussging the cost versus accuracy results, the ground rules under
which the data were gathered will be discussed.

1. Analyvtical Methods Data Presentation

Puring the course of this study, it became apparent that basic grcocund
rules must be established for gathering snd presenting ceost data as a
function of solution accuracy. The ceost data that are gathered as the
result of our experience may not be exactly representative of whal some-
one else may expect or even what we might expect if the problem were to
be repeated. The time to sclve any given problem is dependent upon many
factors, a number of which are extraneocus to the merits of the particu-
lar solution methed. FExamples of these extraneous factors are; the
priority for men and machine time, the errors that people make, and the
ability of the people assigned to the problem. The following discussion
will point out why the raw date has been adjusted and how this will make
the results more meaningful.

The first basic assumption is that the problems were solved by high cal-
iber, experienced people who made nc major errcrs and experienced no
machine failures. The costs have been adjusted where necessary to re-
fleet this point of view.

a. Proplem Pricority

The zgsumption of a high priority problem was made because the
problem flow time between the engineer and the various other peo-
ple involved in the solution is a function of a glven company's
internal organization and varies considerably. This flow time
varies not only from company to company, but within a given com-
pany depending upon the work load.
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Since there is no assurance that the actual flow time required for
these problems is representative of either our own organization
flow time or some other organization's flow time, the actual time
was adjusted to represent how long 1t would take if all equipment
and persomnel were availeble when needed.

An example will illustrate why this adjustment is necessary. Fig-
ure 28 is a plot of solution % error versus calendar time required
for the various calculation methods for the forward side of the
drag vehicle. The hand calculations were performed by experienced
aides assigned to this problem. As scon as the engineer wrote the
finite difference equations, there was an engineering aide avail-
able to start working on the hand calculations. However, this was
not the situation in the case of the digital solutlon. A program-
mer was not immediately available. When the programmer finished
programming the eguations, there was a time lag while cards were
punched and an additional waiting period for machine time. During
this pericd of time, another group had a high priority task which
preempted the card punching and computing facilities. If the ac-
tual time were reported without adjustment, the difference between
hand and digital methods would be smaller than that shown and would
not be representative.

Human Error

Unfortunately, people do not make mistakes in a predictable manner.
The errors made by any given individual are randomly distributed
and in general may be divided intc two classes, major and minor.
For the purpose of this discussion, a major error will be defined
as any error causing the waste of one day or more and a minor error
as any error causing the waste of less than a day. A competent
and experienced person is by definition one who knows and under-
stands his subject thoroughly and makes few major errors. The
people working on all phases of these problems made mistakes both
major and minor. On some phases of this program, people made no
mistakes; other phases contained several errors. BSince it 1s im-
possible to state with any assurance that the number of mistakes
made on any particular phase is representative, the time wasted
due to major mistakes will not be shown.

The following example will iliustrate how these errors may occur
and why adjustment is necessary. One phase of this problem was
under the direction of an experienced electrical engineer with
substantially more than average ability. During the course of his
investigation, the engineer read degrees Fahrenheit for degrees
Rankine on a curve of thermal conductivity versus mean temperature
and set up his analogue computer accordingly. The setup and solu-
tion time took approximately three days, which of course was wasted.
The engineer redid the problem correctly in about the same length
of time thet it took to do it incorrectly. If the total time to
do the problem is reporied as the sum of the time it took to do it
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correctly, plus the time it took to do it incorrectly, a falla-
cious impression is created. It is improbable that ancther engin-
eer with the same experience and ability would make a similar mis-
take causing the same time waste. That particular mistake should
be averaged over a large number of problems and the number of prob-
lems this engineer did on this study does not give a statistically
valid sample.

Machine Failures

Exactly the same reasoning applied to human errors can be applied
to machine failures. Machine failure will follow a random distri-
bution and the number of problems that were done in connection
with this study is not large encugh to be statistically wvalid.

For example, during this investigation a change was made in the
digital readout instructions. During the following three days,
the digital machine failed to correctly print out the results of
this study's problems. This has been the only incident of this
type with the digital machine. It is obviously wrong te charge
the digital method for that particular problem with the time lost
due to that machine failure. The adjustments in the rew data dis-
cussed above are necessary to prevent misleading conclusions, but
the adjusted results can lead to misunderstandings unless the read-
er keeps in mind that the curves represent a situation that is ap-
proximately normal. Any given similar problem may take much more
time due to major human error, machine failure, or machines and
personnel not being available when required.

Experlience Tevel

Considerable difference exists between the time required for ex-
perienced and inexperienced engineering aides to perform the hand
calculations. Most of this is in setting up the data sheets. The
hand calculations, except for the simplest case, require very large
amcunts of time because the step by step nature of a hand calcula-
tion procedure precludes more than one individual working on a
given problem at one time.

The finite difference eguations were given to two engineering aides
with varying experience and ability. The experienced aide was an
engineering ajde with more than average sbility. The other data
sheet was prepared by an engineering aide whose experience has not
included heat transfer calculations of this {ype, hence can be con-
sidered inexperienced. The difference in solution time was almost
entirely in the time to set up the data sheets. Ancther difference
arises from the manner in whieh the sheets sre set up. Many short
cuts are learned through experience. For this resson, an inexperi-
enced perscon will never quite egual the output of an experienced
perscn at the peak level.
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In the initial stages of the problem, a wide gap exists between
the two outputs. However, these calculations are routine and re-
petiticus and boredom soon reduces the experienced alde's output.
At the same time, after two or three days of this type of calcula-
tion, there are no inexperienced operators. Were it not for the
initial setup, they would equal out - both succumbing to boredom
with resulting loss of production., The curve below was obtained
by actual test cases.

A previously set up data sheet was given to iwo people to calcu-
iate, an experienced engineering aide and a typist who has had
little, if any experience using desk calculators. The curve shows
that the number of operations the experienced aide performed per
unit time decreased with time while the typist first improved,
then her performance deteriorated as she became bored with the
routine operations.

EXPERIENCED

Learning—+j+«—Boredom

INEXPERIENCE

Learning ' Boredom

NUMBER OF OPERATIONS
PER UNIT TIME

TIME

Number of Sections Analyzed

The number of sections analyzed for each vehicle to obtain the
total heat transferred into the vehicle requires discussion. This
item has no bearing on comparisons of manhours, dollar cost or
calendar time when comparing one calculation method to another
since the same number of sections were used for each. However, to
compare the costs of analytical methods to experimental methods
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the number of sections analyzed has a direct bearing on the costs;
the costs in general, being linearly proportional to the number of
sections analyzed.

Seven different areas were analyzed to obtain the total heat into
the cabin of the glide vehicle. These areas were, upper surface,
two lower surfaces, forward bulkhead, aft bulkhead upper side and
lower side. Only one temperature was taken at each of these areas,
except on the bottom. The gradient in the fore and aft direction
is shallow in the cabin area.

The thicknesgss of the heat shield on the drag vehicle was varied
from 0.80 inch thick at the stagnation peint to 0.25 ineh thick at
the sides. The thickness was varied so that the maximum tempera-
ture attained was the same at each point. Therefore, it was nec-
essary to analyze only one section of the forward side of this ve-
hicle to have a heat transfer situation that was representative of
the whole. The entire aft section of this vehicle was analyzed.
Since the aft position of this wvehicle was not insulated, the sec-
tion was broken up into nodes to account for the shape factor vari-
ation arcund the wvehicle and the metal induction around the ve-
hicle.

Cest Comparisons

This section presents the results of tabulating the costs of various methods
of calculation versus the accuracy of the method. Figure 20 to 24 are curves
for the glide vehicle and Figures 25 to 30 are for the drag vehicle.

For this study, percent error in the total heat transferred into the compart-
ment was defined as one-hundred times the difference between the heat flow as
calculated and the "true" answer, divided by the "true" answer.

A side point of interest is the sign of the error. The sign of the error is
negative for both glide and drag vehicle which means that there is more heat
transferred in the "true" answer than in the less accurate cases. This is
contrary to what one might think. Consider the case of a plane wall of a homo-
geneous material, constant physical properties, and exposed to a step change

in temperature on one face. The sketeh below shows how, a5 the number of nodes
increases, the temperature of a peint as calculsted by the finite difference
approximation approaches the exact answer.

T, = Constant ONE NODE

T = f(1) T
© INCREASING NUMBER
OF NODES

EXACT SOLUTION




The area under this curve is propertional tc the heat transferred and is high-
est for the one node sporoximation and becomes progressively smaller as the
number of nodes increases and approaches the exact answer as a limit.

The cases studied behave differently, that is, as the number of nodes increases
the heat transferred increases. The explaraticn for this behavior lies in the
variation of the thermal conductivity with mean temperature. Considering a
small number of nodes case, there is a large temperature difference between
nodes and as the number cf nodes increases the temperature difference between
adjacent nodes decreases. The thermal conductivity for the conductance value
between any two adjacent nodes is determined by the mean temperature. In the
small number of nodes case the mean temperature is low giving a low thermal
conductivity. As the number of nodes increases, the mean temperature between
adjacent nodes increases giving higher thermal conductivities. Iancidentally,
using higher thermal conductivities between adjacent nodes increases thelr
temperature and in turn increases the thermal conductivity between them and
"snowballs" the effect.

1.

Comparison of Sclution Accuracy for Glide Vehicle

Figure 20 plets the solution error versus the manhour cost of obtaining
the scluticen for the glide vehicle.

The desired solution accuracy does not greatly influence the marhours
required for the digital computer, the passive element analogue, or the
differential analyzer whereas the time required for a solutien by hand
methods 1s very dependent upen-desired solution accuracy. The manhours
to obtain a digital solution is only slightly influenced by accuracy be-
cause the more accurate cases differ from the less accurate cases only
in the time required to compute the inpul, keypunch the cards, and write
the machine instructions. These times are small by comparison to the
other times required, such as learning. The same reasoning is applicable
to the differential analyzer and passive element analogue. The differ-
ence between the more accurate and less accurate cases is the time re-
quired to compute input and wire the cireuits. There is, however, an
element missing in these data and that is the influence of the number of
opportunities for error. The possibility of an errcor increases with the
number of physical subdivisions. In the case of the digital computer,
this means listing more input on the key-vuncher's instruction sheet,
computing more constants, and punching more cards. In the case of the
analogue and differential analyzer, more nodes mean more wiring prcblems
and more ccnstants to compute. For the hand calculaticns, smaller phy-
sical subdivisions again mean more constants to compute, larger data
sheets to be set up to accommodate the large number of equations and
more times the equaticons must be solved, giving more opportunity for hu-
man error.

The simple cases involving the smallest number of nodes were scolved first
and the same individuals epeated the problems for the larger number of
node cases. This procedure gave them a certain advantage in solving the
problems in that the simple cases made the people familiar with the
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problems. As a consequence, it is highly probable the pecple made fewer
mistakes in the larger number of node cases by this procedure than they
would have had the larger number of nodes case been the only one they
solved.

However, the hand calculations present a different picture. The accura-
cy obtained is dependent upon the number of physical subdivisions and,
as was discussed in the preceding work on errors, the maximum allowable
time step is inversely proportional to the square of the number of phy-
sical subdivisions. This means that the total time to solve a problem
by hand, wusing finite differences, is proportional to the cube of the
number of physical subdivisions. Therefore, the time required for hand
solutions increases sharply with increasing accurscy, soon becoming pro-
hibitive for this particular problem at least. The times shown in Tsable
I are estimated, using experienced gained from the simpler cases.

The accuracy obtainasble by the various machine methods is roughly compar-
able and the best accuracy is obtainable with the IBM. As was noted in
the preceding discussion, the accuracy of the analogues depends, in part,
upon the simulation of the thermal cconductivity with mean tempersture and
time, In this particular case, the simulation was fairly good. In gen-
eral, the IBM is more flexible in the types of variation than cen be sim-
ulated.

Digital computers show the least manhours for a given accuracy. The
machine program used was the Lockheed Thermal Analyzer and the man as-
signed was familiar with the use of this program. If it had been neces-
sery tc write a specific program, or the engineer assigned had to famil-
ilarize himself with the Lockheed Program, more time would have been re-
quired. Again note that the time required is only slightly influenced by
accuracy. The above statement is only partislly true in that the curve
shown was estimated for the case where the programmer mede & few errors.
As was pointed out earlier, the more accurate the solution, the more op=
portunities for error; thus, on the average, the more accurate solutions
will require more time.

The dollar cost for the solutions is shown on Figure 21. The cost fig-
ures that were used as & basis for obtaining dollar cost are representa-
tive of an aircraft industry average. $3.90 per hour is representative
of the average direct labor charge for the lesser experienced people and
$4.50 per hour for the more experienced people. The overhead charge is
$4.50 per hour. $350 and $150 per hour was used as the cost of the TEM
facility, $42.50 per console hour for the analogue computer. Two curves
of & digital computer are shown, $350 representing the approximate cost
of "outside" machine time and $150 as a lower limit of "in house" machine
time. The IBM machine has the least dollar cost when using the Share
Program. Note the dollar cost for the IBM calculation increases rather
sharply as the asccuracy improves. This iz due to the increasse in machine
time required when calculating for the large number of node cases, be-
cause, as discussed earlier, the number of repeat calculations increases
as the cube of the number of physical subdivisions. This is not the case



however for either the differential analyzer or the passive element ana-~
logue since they both integrate the time and the actual problem solution
time is a relatively small percent of the total time spent on the mach-
ine. The majority of the machine time is consumed in setting up the
problem and checking out the circuits. As might be expected from the
manhour curve, there is little difference in cost between a differential
analyzer and a passive element analogue.

Figure 22 shows the calendar time required versus sdution accuracy.

Note that manhours cannot be directly translated into calendar time be-
cause there are delays of various types. Some examples would include:
keypunching for IBM machines, manpower scheduling problems, machine
scheduling, ete. Again, the IBM sclution utilizing the Share Program
requires the least time, with the differential analyzer and the analogue
following in that order. The hand calculations, except for the simplest
case, require very large amounts of time.

Figure 23 shows how the cost in dollars increases with the number of
times a problem is repeated. The curve for hand calculaticns shows that
two solutions cost essentially twice as much as cne sclution. There is
no reason for the cost for hand calculation to diminish except for the
experience level of the people doing the work and it has heen stated
that experience gained as the problem progresses means nothing for prac-
tical purpeses. Another point to be noted is the small slope of the
curves for the passive element analcogue and the differential analyzer.
This comes sbout because the cost of obtaining an additional solution is
a very small amount of time to change potentiometer's setting and the
time required to run the prcblem again. On the other hand, the slope of
the cost curves for the digital solution is steeper than the curve for
either the passive element analogue or the differential analyzer because
of the difference in cost for digital machine time. The curves show
that if a number of parameter runs are desired it is cheaper in dollar
cost to use the differential analyzer or a passive analogue scliution.

It should be noted that the errors in these solutions are not equal.

The curveg were plotted for the same physical subdivisions. The error
for the digital sclution is close to zero, the error in the differential
analyzer is spproximately 2% and the error in the passive element solu-
tion is approximately 9%.

Figure 24 plots the manhour cost versus the number of parameter runs
made. The manhours for a hand solution, like the dollar cost, inecrease
directly as the number of parameter runs made while the manhours for
passive element analogue, differential analyzer and digltal scluticns
increase slowly with number of parameter runs. For a digital solution,
the increased time is the time to compute inputs, punch cards and reduce
the data. TFor passive element analogue and differential analyzer, the
additional manhours represent the time to compute inputs, make changes
on the machine, run the machine and reduce the data. These times are
relatively small by comparison to the total. These curves state that if
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manhours 1s the criterion, the digital solution is the most attractive.

Assuming that machine time is availsble, the curve for calendar time re-
quired for additional parameter runs 1is identical in appearance to Fig-

ure 24, meaning that if calendar time is the criterion, the digital com-
puter is again the most desirable,

Comparison of Sclution Accuracy for Drag Vehicle

Figures 25 to 30 are curves showing the relationships between cost and
solution error for calculating the heat flow into the drag vehicle.

Many of the comments and conclusions applicable to the curves for this
venicle are identical to those made on the curves for the glide vehicle.
This section will discuss the points where the curves differ and why they
differ,.

The first major point of difference is that it was impractical to obtain
accurate heat flows into the wvehicle by using a passive element analogue
due to problems with capacitor size and problems simulating the radia-
tion on the aft side. It was stated in the secticn on calculation meth-
ods that due to the size of the capacitors involved, it was necessary to
use electrolic capacitors on the analogue of the forward side. Elec-
trolic capacitors have a stated accuracy of # 20%. Figure 28 compares
the results cbtained for the forward side with results for the other
methods and shows the large errors that resulted.

Figure 25 plots sclution error versus manhours required. The curves are
similar to the corresponding curves for the glide wehicle with the ex-
ception of the curve for a hand sclution. The curve shows that if one

iz willing to accept larger crrors, a hand solution requires less man-
hours. This situation comes about because of two factors. First, in

the lesser accuracy cases, the stability criteria allow the use of rea-
sonably large Ar and second, the total flight time of this vehicle is

in the order of 200 seconds., Hand calculation manhours are directly pro-
portional to vehicle flight time. If the flight time had %een half again
as large, the manhours would exceed that for solution by digital means.

Figure 26 plotssolution error versus calendar time. Again, the curves
are similar to the corresponding curves for the glide vehicle with the
exception of the curve for hand calculation. The same remarks made for
manhours apply here; calendar time is less due to the favcorable stabil-
ity criteria and the chart flight time.

The total dollar cost as a function of solution error may be found on
Figure 27. Here again the cost of hand calculation is less than for the
other methods for the reasons previously stated. There is an additional
point of difference between this figure and the corresponding curve for
the glide vehicle and that is the cost for the digital solution. {On
this vehicle, the dollar cost is only slightly influenced by error and
the curve for the two different costs of machine time are superimposed.)
Total machine time used for these calculations is small by comparison to
machine time used for the glide vehicle due to the shert flight time.
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The dollar cost for repeating the problem a number of times may be found
on Figure 29. This curve, like the corresponding curve for the glide
vehicle, is based on the B node solution. For the glide wvehicle, if the
problem were to be repeated more than four times and digital machire time
cost $350.00 per hour (or seven times if digital machine time costs $150
per hour), it is cheaper to solve the problem on & differential analyzer.
The corresponding number of solutions for the drag vehicle are 23 and L47.
Again, this is due tc the vehicle's short flight time, making the mach-
ine costs a smaller percentage of the total.

Manhour costs versus the number of repeat solutions mzy be found on Fig-
ure 30. As was the case for the glide wvehicle, the slopes of the curves
are small, illustrating that the majority of the time is spent in pre-
paring for ore soluticn rather than in the actual sclution.

Sunmary

There are advantages and disadvantages to all of the calculation methods
used. No one method is a panacea for heat transfer calculations.

It has been shown that the study problems can be considered one-dimen-
sional and the conclusions reached are based on a one-dimensiconal study.
If it had been necessary to use a two or three-dimensional approach, in
general, the problem size would preclude the uge of differential ana-
lyzers, passive element analogues or hand calculations.

One advantage of using either a differentisl analyzer c¢r passive element
analogue that is difficult to numerically evaluate, is the "feel" for
his problem that an engineer gets while using these machines. For ex-
ample, if a parameter study is being conducted on either a differential
analyzer or passive element analogue, changes to the problem are made by
changing potentiometer gettings, changing capacitors, removing or adding
gdditional circuits, etc. Each change hasg some physical significance
and the person conducting the problem mentally equates what he is doing
electrically to what he is doing to the heat transfer problem. Most
people will develop more understanding of their problems by this method
than they will by making changes in instructions to keypunch operators
for a digital machine.

Analogues and differential analyzers have another advantage in that the
results of parameter variations are immediately available on the record-
ing instrument. This can enable the engineer running the prcblem to
monitor the critical element in his setup, temperature, heat transfer,
gte. He therefore can eliminate some runs or add additional runs with-
cut delay.

Solutions were obtained for both vehicles using a passive element ana-
logue thet did not employ non-linesr elements to simulate the variation
in the thermal properties with time and temperature. This reduces ths
machine setup time a great deal. If an insulation mean thermal conduc-
tivity is obtained by the following successive approximation technique,
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angwers within about 20% of the true answer can be cheaply obtained.
For example, a solution to the forward side of the drag vehicle costs
less than $300.

Mean values for the conductivity were obtained from Figure 14, A mean
altitude was assumed, and a guess of the mean temperature of each node
was made. Using these values, the problem was sclved. Using the time-
temperature history obtained and the vehicle trajectory, & new mean ther-
mal conductivity was obtained. This process was repeated until there

was ne change in the time-temperature history. This technique proved to
te valusble in that not only did it give the engineer the "feel"” for his
problem as discussed above, but provided answers that are at least ap-
proximate, thus serving as a valuable check on the other problems during
their initial phases. TFor example, when the first answers were obtained
for the drag vehicle forward side using the passive element analogue,
they were found to differ widely from the answers obtained by the simple
golution. A little investligation uncovered a large scaling error. With-
out the simple sclution available as a check, the problem runs might have
been completed before the error was discovered.

Digital computers have an advantage over other computation methoeds in
the types of variation of thermal properties with either temperature or
time that they are capable of simulating. The non-linear elements of a
differential analyzer can be used for these simulations; however, the
range of simalation is limited not only by the funciion bui by the amount
of equipment available for the task. This ability, along with other fac-
tors, makes the digital machine the most accurate of all methods studied.

Digital computers also have an advantage in the size of problem they are
capable of simulating. For example, the two dimensional problem on the
forward side of the drag vehicle used essentially all of the elements of
two consoles of differential anslyzer eguipment. This 1s one half of
the totel differential analyrzer equipment available, wheregs this prob-
iem required wvery lititle of the iteotal digital capacity available.

There is no one best caleculation method for making parameter runs. The
possible combinations of manhours, calendar time, vehicle flight time,
solution error, number of runs, etc., are endless. However, some gen-
eral conclusions can be drawn. Hand calculaticns are not suited to pa-
rameter studies. Digital machines have a limited place in parameter
studies. They are more adaptable to short flight problems like the drag
vehicle of this study, to situations where the best possible accuracy is
required and where calendar time is the most important criterion or only
a few runs are desired. Using a digital machine for parameter runs on
long flight time vehicles will very likely moncpclize the available dig-
ital machine capacity.

Passive element analogues and differential analyzers are best suited to
situations calling for large numbers of parameter runs and where manhours
and calendar time are not the primary ccnsideration. HNetwork analyzers
can provide the engineer with & feel for the problem at very nominal cost.

4]






V. EXPERIMENTAL METHODS CCST CCMPARISON

General

The previous chapters have described several analytical methods which can be
used to calculate the quantity of heat entering a re-entry vehicle. The next
two chapters will examine experimental methods to determine if a test method
or methods can compete in accuracy, dollar cost, manhours, or calendar time
with the mathematical calculation of heat transfer.

Ordinarily, testing is done after the vehicle and environmental control systems
have been designed and built. These tests are actually "proof tests" to show
if the gystem has satisfied the design requirements. The type of testing con-
sidered here, however, is to obtain informetion needed to design the systen,
and therefore is conducted in the design stage of the program. Since the test
objectives and timing are different for "design testing" than for "proof
testing”, this distinction must be kept in mind when considering the experi-
mental apprcoach. The conclusions of this study are not necessarily valid for
"proof testing".

Two basic testing concepts are considered:

1. Experimental determination of the heat transfer by simulating
the vehicle skin temperature versus time on a specimen.

2. Experimental determination of the thermel properties of the
materials of the vehicles.

Occasionally materisl properties are not available in the literature and must
be experimentally determined before the analyticael methods can be used to cal-
culate the heat flow.

The first testing concept is presented in this chapter, and material thermal
property testing is discussed in Chapter VI.

The tungsten filament-quartz tube radiant hester has been selected as the best
available method for simulation of the required surface temperatures. Because
of the importance of the transient heat flow for the design, the testing
method must be capable of simulating not only the maximum required temperature
but alsc the variation of surface temperature with time. Appendix V shows
which facilities could be used to test the vehicles of this report. From this
survey, the radiant heater was selected as the test method to use for the
methods study. Cost and accuracy will be presented for testing of panels, re-
duced and full size specimens, Dboth with and without simulation of the alti-
tude profile.
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B. Ground Rules for the Cost and Accurzcy Comparisons

1. Testing Cost

8.

Test Facilities Cost

The cost of the facility required to test these various specimens
will not be included as a cost (similarly the cost of the calcu-
lating machine is not included in the analytical solutions). How-
ever, the cost of the required facilities has been estimated to
provide an indication of the capital value of the required test
equipment, and are shown on Figure 31. These costs include the
equipment and installation cost, assuming that the installation
site and utilities are provided. The cost shown does not include
the building to house the facilities. The cost estimate is for a
"minimum" facility with only the capability to test the specimen
identified. An actual facility very likely would include addition-
al capabilities (such as provisions for structural, human engineer-
ing, or equipment testing) which would increase the total cost.
Approximate lead time which would be required to design, procure,
and install the facility is shown on Figure 32.

Existing radiant heat facilities can be leaged from several or-
ganizations. Reference 3 includes organizations who have indi-
cated an interest in performing subcontract heat testing. An Air
Force facility located in Inglewood, California, with operational
responsibility assigned to the West Coast Laboratory of Thompson
Ramo Wooldridge Incorporated, is available for testing on & con-
tract basis. Details of this facility are shown in Appendix V.

Testing Cost for Radiant Heat Testing

The cost of testing, as estimated for the comparisons of this
report, include the following items:

(1) Specimen fabrication - This includes engineering time to
prepare drawings of the specimen and the actual fabrication
cost of labor and materials. The specimen drawings have
been assumed to be simplified drawings for experimental
manpufacturing.

(2) Testing cost - This includes the engineering cost to design
the heater array, and shop labor to construct the test set-
up and to install the thermocouples on the specimen. The
cost of the heaters and reflectors is considered as a fa-
cility cost. Data reduction is based on manual reduction
of test date and subsequent calculation of the experimental
heat transfer. A cost is included for post test disassem-
bly.
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c.

The manhour cost of $8.35 per hour for shop labor, $9.35 per hour
for engineering time, and $8.75 per hour for drafting and engi-
neering aides was used for the dollar cost estimate., These rates
include overhead in each case,

The calendar time estimates are based on two eight-hour shifts,
five ddys a week.

Testing Inaccuracies

Error, as used in this report, has been previcusly defined as the devi-
ation from the true value. For the experimental section, it is wore
specifically the difference between the measured value and the true
value. The true value wmay be either a condition to be simulated for the
test or the true value corresponding to a measured value. If the true
value corresponds to a measured value, and is unknown, the error cannot
be expressed. For exsmple, if & surface temperature of 2000°F is to be
simulated and the temperature determined from the test is 1900°F, the
error is 100°F. However, if from the same test, the heat transfer was
wneasured as 900 BTU, the error cannot be defimed since the true value
for the heat transfer is unknown.

Inaccuracy is different from error and will be used to denote the
difference which can occur in a measured value. Using the above ex-
ample, if the measured value of 1900°F surface teuperature was esti-
mated to be within 1950°F to 1850°F, then the inaccuracy would be +50°F
to -50°F. Similarly, if the heat transfer was estimated to be between
1000 BTU to 800 BTU, the inaccuracy would be +100 BTU to -100 BTU.

Because the study did not include any actual raediant heat testing,
experimental inaccuracies were estimated for each test condition. These
individual inaccuracies were analytically combined on the differential
enalyzer to determine the total effect on the heat transfer. Since the
actual amount of heat transfer is unknown, these differences are inac-
curacies, not errors. To interpret the differences as errors would be
assuning the heat transfer calculated by the differential analyzer is
the true heat transfer. The analytical methods defined a "true" mathe-
matical answer and compared errors for the various methods on this
basis. Bince neither the analytical errors nor experimentsl inaccuracies
are based on the actual heat itransfer, they camnct be directly compared.

The range of inaccuracy which i1s shown for each experimental method is,
therefore, the total inaccuracy in the heat transfer resulting from
various individual testing inaccuracies.

Testing Cost for Glide and Drag Vehicles

The detailed manhour, dollar cost, and calendar time estimates are shown on
Tables III through X.
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2.

Specimen Fabricstion Cogts

The estimates of manhours, dollar cost, and calendar time for fabrica-
ting each of the specimens are shown on Table IIT. The cost and time

for these specimens are very dependent on the structure of each vehicle,
the priority of the project, and the capabilities of the mamufacturer.
Since the specimens are fabricated during the design phase of the ve-
hicle, and some of the structure advances the state-of-the-art, useful
by-products {structural and manufacturing research) will be obtained.
Therefore, some of the cost shown in this table possibly could be charged
to manufacturing and structural research.

Table III also includes estimates for building & second specimen. The
cost of the second item is much less because the tocling cost has been
absorbed by the first specimen. If another test program required a
gpecimen similar to the heat test specimen, the average cost of both
specimens would be less. For example (from Table ITI), the cost of the
second full size specimen of the glide vehicle is less than that of the
first half size. BSeveral other methods should be considered to reduce
specimen cost. In some cases a specimen built for other test programs
may be modified and used if timing permits. These factors may all be
important considerations in selecting the test method to be used.

The estimates for the full and reduced size glide vehicle do noit include
the nose cone or leading edges., These items were not included because
of their high cost. The calculated temperatures on the attaching struc-
ture would be simulated to obtain the heat flow path of these components.
The drag vehicle specimens likewise do not include the beryllium heat
shield. A thin skin would replace the beryllium for the test. This
thin skin is used both because of the high cost of the beryllium and the
health hazard of fabricating and heating beryllium. Special control pro-
cedures would be required during the testing to prevent exposure of per-
sonnel to beryllium vapor. The calculated temperature on the inner face
of the shileld is then simulated on the thin skin for the test.

The welght which was used in estimating the fabrication cost of each
gpecimen is also shown on Table TIT.

Cost for Testing in the Radiant Heat Facility

The itemized testing cost for the actual testing in the radiant heat
facility is shown on Tables IV through IX for both sea level and alti-
tude simulated testing. The cost for retesting is also shown for each
specimen. The retest estimates include a cost for removing and rein-
stalling a different thickness insulation on the specimen prior to the
next test.

The number of thermocouples and heat zones assumed for each specimen are
also shown on these tables.
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a. Manhour Cost

Teble IV shows the manhour cost for sea level testing and Table V
is for the altitude simulated test. These charts show the detailed
engineering, shop, drafting, and engineering side manhours for each
specific operation related to performing the test. The retest does
not require any "test plan" charges, and the "test setup" is less
since the heater array is the same as was used for the Tirst test.
"Data reduction" hours are the same for both tests.

bh. Dollar Cost

Table VI shows the dollar cost for sea level testing and Table VII
is for the altitude simulated test. These charts are similar to
the manhour charts except "material cost" is included for the
"test setup.” Thermocouples, anticipated lamp replacement, and
the materials for the lamp array are included in this ecost.

c. Calendar Time

The calendar time is shown on Table VIII for sea level testing and
on Table IX for altitude testing. Calendar time is shown for the
"test plan"; however, this would easily be absorbed by the speci-
men fabrication calendar time shown on Table ITI. The calendar
time to change the 1lnsulation thickness is included in the "test
setup” time for the second test.

3. Total Cost for Experimental Test Methods

Table X shows the total testing cost which includes both specimen fabri-
cation and the testing cost for the radiant heat facility. The totals
shown on this table assume three tests will be made on each specimen to
allow selection of the optimum insulation thickness. These totals re-
present the summary of the itemized costs shown on Tables III through IX.

As shown on this table, the testing cost varies from $18,000 for testing
a small panel at sea level, to nearly $3,000,000 for testing a full size
glide vehicle specimen with altitude simulation.

Comparing this cost with the analytical cost shown on Figures 20 through
22 for the glide vehicle and Figures 25 through 27 for the drag vehicle,
shows that even the least expensive test method 1s several times as ex-
pensive as the analytical methods (except hand calculations). The ex-
perimental methods also require more menhours and calendar time than the
analytical soluticns.

D. Testing Inaccuracies for Glide and Drag Vehicles

The inaccuracies and other experimental assumptions are discussed for each of
the specimens in Appendix VI.



Cost and Accuracy Comparison

1. Glide Vehicle

The comparison of accuracy and cost is shown on Figures 33, 34 and 35

for each test method considered. The positive range of inaccuracy in-
dicates more heat transfer into the vehicle than without the inaccuracies,
and the negative range indicates less.

a. Manhour Cost

The total manhour cost versus range of ipmaccuracy is shown on
Figure 33. From this figure it can be seen that testing of panels
is the least expensive test, followed by crew compartment test,
half size wvehicle test, and full size vehicle test.

Comparing the range of inaccuracy for sea level testing and al-
titude testing shows that for a moderate increase in manhours,
an altitude simulated test gives greatly increased accuracies,
Comparing different specimens shows, for instance, that the ac-
curacy for an altitude test on a panel is greater than the much
more expensive sea level test on a half or full size vehicle.
Since a large percentage of the total cost is for bullding the
specimen, the difference in manhours of the sea level and alti-
tude test is not as great as one might think.

The inaccuracy range shown for testing a single panel assumes the
test heat transfer occurs on the entire surface area of the vehicle.
Since the temperature profile selected for the single test would
necessarily be hotter than that of some areas of the vehicle, the
resulting total heat transfer is relatively inaccurate. If two
temperature profiles are tested, the resulting accuracy is much
greater. The cost of testing the second panel is still more ex-
pensive than the analytical solution and for panel testing the
analytical and experimental methods should supplement each other.
Thus, the parameter runs for each of the temperature profiles
could be done analytically.

The crew compartment testing deserves specilal consideration. The
accuracy range for this test specimen ie very similar to the
half and full size complete vehicles; however, the testing cost

is much less. This specimen would also be invaluable for such
items as developing the water wall, cabin leakage, and internal
film coefficients in addition to the heat test. Some of the speci-
men fabrication costs could undoubtedly be charged to these items.
The main increases in accuracy of half or full size vehicle resuli
from simulation of the radiation shape factors between the vehicle
gkin and the crew compartment, and the simulation of the forward
and aft bulkhead temperatures.
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Dollar Cost

The dollar cost is shown on Figure 34. The difference between the
manhour cost and the dollar cost is in the cost of the materials
used. This cost does not change the results for accuracy versus
dollar cost from what has been discussed for the manhour cost
VErsus accuracy.

Calendar Time

The calendar time for each test is shown on Figure 35. Since
this is a design test, the information from the test is required
to size the environmental control system. This timing will, in
some cases, preclude the use of some test methods.

One significant item concerning calendar time is that for many of
the specimens the lead time to obtain the testing facility is less
than the calendar time to fabricate the specimen. Thus, for many
testing methods, even if a test facility is not available, the
calendar time to obtain the test facility is not an importent con-
sideration.

Drag Vehicle

The comparison of accuracy and cost is shown on Figures 36, 37, and 38
for each test method. The positive range of inaccuracy indicates more
heat transfer into the vehicle than without the inaccuracies, and the
negative range indicates less. Because of the different structure and
temperature of' the forward and aft sections of the drag vehicle, the
estimates for panel testing have assumed that two panels would be re-
guired, one for the forward and one for the aft section.

a.

Manhour Cost

Manhour cost versus range of inaccuracy is shown on Figure 36.
Comparing the accuracies of panel testing for sea level and al-
titude would lead one to believe that altitude testing is not
required for the drag vehicle. Actually, the sea level test seems
accurate compared to the altitude test because of the inside con-
vection coefficient influence. This coefficient, as calculated
for the sea level test conditions, compensated for the higher sea
level conductivity of the insulation. The resulting heat flow
coincided by chance.

If the inside convection coefficient had been more closely simu-
lated, the resulting ipaccuracies would have been greater than
shown for the sea level test of the half size vehicle. The pro-
blem of simulating the heat transfer off the interior wall is
discussed in more detail in Appendix VI.



Sunmary

1.

Becauge of the size of the drag vehicle, the larger (six-foot by
ten~foot) panels actually cost more to test than the half size
venicle. These larger panels are not recommended because the
half size vehicle provides better simulation and undoubtedly
could be used for other testing after the heat test had been ac-
complished. A possible exception is discussed under 'Calendar
Time" below. As was previously discussed for the glide vehicle,
the additional cost of the altitude simulated test is moderate
compared to the increased accuracy.

Dollar Cost

The dollar cost is shown on Figure 37. The results of the dellar
cost versus accuracy are the same as for the manhours.

Calendar Time

The calendar time estimates are shown on Figure 38. Testing of
larger panels, although more costly than the half gize wehicle,
does have the advantage of less required calendar time. The
comments concerning calendar time for the glide vehicle apply for
the drag vehicle.

Cost and accuracy of experimental and analytical methods cannot be com-
pared for two reasons:

&

b.

Comparison of the two methods requires that the sctual amount of
heat entering the vehicle be known; the "true'" analytical solu-
tion is not the actual amount of heat entering and to use this
mathematical "true" answer would greatly handicap the experi-
mental methods.

Analytical and experimental approaches are supplemental methods
rather than different solutions.

Testing provides insight into the factors which, at present, cannot be
analytically resolved. However, experimental methods cannot be effici-
ently or accurately applied unless supplemented by a mathematical pro-

gram.

For example:
Parsmeter studies should be done by an analytical program.

Developuwent of the optimum wall configuration, rather than only a
wall which will work, is aided by a parallel analytical program.

Eveluation of test inaccurscies and development of the test pro-
cedures require an analytical program.

50



d. The art of caleculating heat transfer may be improved when a test
program is conducted in parallel with an analytical program. Often
refinements to analytical approaches result from findings of a test.

Testing inaccuracies can nullify any possible increase in accuray gained
by testing. If testing is to provide the answers which eannot be analy-
tically derived, the testing techniques and appsaratus must be developed
to increase test accuracy. For example, panel testing, which is the
most attractive from cost considerations, should be developed to the
point where the measurement of transient heat transfer through a panel
approaches the accuracy with which thermal conductivity is measured.

The basic heater is available for providing the temperature requirements,
but the test apparatus and procedures must be developed to reduce tem-
perature measurement inaccuracy, pressure simulation inaccurscy, edge
effects, buckling of the panels, and inaceuraey in measuring the heat
transfer through the panel.

Each vehicle and wall configuration must be individually examined to
determine what specimen should be tested. Vehicle walls containing
pressure dependent thermal properties must be tested with the wvehicle
altitude trajectory simulated unless the inaccuracy of a sea level test
can be tolerated.

Panel tests will provide the basic heat flow into the typical wall and
will sllow such factors as contact resistance and heat shorts te be re-
solved. Reduced and full size tests provide simwlation of radiation
shape factors, bulkhead temperatures, and possibly inside film coeffi-
cients. For some wvehicles, such as the glide vehicle of this study, the
testing of the crew compartment rather than the complete vehicle should
be considered because of the much reduced cost.

The cosgt of & specimen could also be greatly influenced by calculating
the temperature conditions to some component within the wall, thus elimi-
nating the cost of the super alloys or other high cost items on the
outer section of the wall. For some wall configurations, the ocuter sec-
tion of the wall does not significantly affect the heat transfer but ac-
counts for a large part of the specimen fabrication cost.

Tests conducted with temperature and sltitude versus time simulation are
still unable to exactly reproduce the thermal environment of the actual
vehicle re-entering the atmosphere. Some of the items not simulated are:

a. Deflections of the structure during the re-entry and the effect on
heat flow paths, insulation, and other geometry changes.

b. The actual pressure in the insulation (A3 fferent from the vehicle
altitude pressure because of air currents, leakage, and other
factors).

C. The temperature on the vehicle {calculated temperatures may be in
error).



d. The convection effects such as between the skirt and aft section
of the drag vehicle.
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VI. MATERTAL THERMAI, PROPERTY TESTING

General

Chapter V presented the cost and accuracy of experimentally determining the
heat transfer into a re-entry vehicle by simulating the wvehicle skin temper-
ature on a test specimen. This chapter examines the second experimental
method, material thermal property testing.

The analytical solutions for the heat transfer into the vehicle assume that
the material thermal properties are known and are exactly correct. The cost
and accuracy of thermal properties and the influence the accuracy ¢f the pro-
perties has on the overall heat transfer is considered in this chapter.

Radiation shape factors, although not material properties, are required for the
calculation of the heat transfer and heve been included in this discussion.

Cost Ground Rules and Accuracy Discussion

1. Cost Ground Rules

a. Test Apparatus Cost

Consistent with the analytical. approaches and the surface tewper-
ature simulation test methods, the test apparatus cost is shown
independent of the testing costs. The cost and lead time estimates
for each apparatus are shown on Figure 39. These estimates are
based on building equipment from present designs and do not include
any development cost. The value shown for the low conductivity
tester is for a guarded hot plate which has a maximum hot plate
temperature of 1200°F. The apparatus for a hot plate temperature
of 2500°F required for the study vehiclee is now being developed
and the egquipment costs are unknown.

b. Testing Cost

The cost of determining material thermal properties depends on the
number of specimens tested, the temperature range, and, for some
properties, the order of magnitude of the propsrty and the number
of test pressures.

Estimetes have been made for the required thermal properties of
each material for both vehicles, although many of the thermal
properties are well documented in the literature and would not
require testing.

The cost shown is based on testing several insulation thicknesses
because the thickness effect on the radiant heai transfer through
fibrous insulation subject to large temperature differences is not
predictable.
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The estimates for the insulation testing are based on apparatus
similar to the guarded hot plate. Since this apparatus does not
have the capabilities for the required temperatures, these es-
timates might change, depending on the apparatus developed for
the higher temperatures.

The manhour cost consists of the same hourly rates as previously
presented in Chapter V.

The calendar time estimates are based on two eight-hour shifts,
five days per week. Calendar time for data reduction is not
shown since this could be done concurrently with the testing.
Each thermal property is evaluated on a separate apparatus so the
total calendar time is determined by the property requiring the
most time.

Property Accuracy Discussion

Appendix V outlines the test apparatus used for material thermal pro-
perties and shows the accuracy for each property which is representative
of literature values. Additional differences are very likely to exist
between the construction material of the actual vehicle and the specimen
tested for material properties. Differences also exist between the
enviromment of the actusl vehicle and the enviromment in which the pro-
perties were tested, The following examples will illustrate:

8. Thermal Conductivity

(1) The method generally used for presenting test data (as a
function of mean temperature) can introduce errors. The
more accurate method would show the test data as a func-
tion of cold plate temperatures for each test hot plate
temperature.

(2) The moisture content of some types of insulation will pro-~
duce errors because the installed insulation may have a
moisture content different from the test conditions.

(3) Changes in thickness and density of compressible materials
will change the thermsl conductance from the wvalues used
for the heat transfer calculations.

b. Emigsivity

Many factors can change the emissivity of a sample from the wvalue
determined experimentally. Changes in surface conditions caused
by handling, corrosion, heating, dirt and roughness are some ex-
amples. Since the emissivity is usually determined in an atwos-
phere free of carbon dioxide and water vapor (because of the
absorption of certain wave lengths of radiation), the presence of
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these substances can change the total normal emissivity. Often
the literature values are not given for the temperature and sur-
face condltions desired, and approximate values must be used.

c. Radlation Shape Factors
If geometry simplifications were required to determine the shape
factors, the actual vehicle shape factors might be different from
the values which were derived.
c. Material Property Cost and Influence on Heat Transfer Accuracy

l.

(lide Vehicle

8.

Test Cost

The detailed testing cost for the materials of the glide vehicle
are shown in Table XI. The cost of determining the thermal con-
ductivity of the outer insulation is the major cost of the ther-
mal property testing of the glide wvehicle, Most other properties
can he determined relatively inexpensively. Table XIII summarizes
the cost of testing all the thermal properties of the glide ve-
hicle.

Effect of Material Properties on Analytical Scolutlon Accuracy

Figures 40, 41 and 42 show the effect of errors in the outer in-
sulation, acocustical insulation and honeycomb diffusivity on the
heat entering the water wall. These factors are shown on these
figures for the « = OO,Af =5 feet, and « = 129, f =5 feet
temperature profiles. The errors in the outer insulation dif-
fusivity cause large errors in the total heat entering the water
wall. The acoustical insulation errors result in only minor er-
rors for the = = 12° condition, but somewhat larger for the «

= 0° condition. This situation arises because of the « = 0o°
case, the heat entering the water wall through the ecoustical
insulation is a significant portion of the total heat. The re-
sulting error based on the overall vehicle would be between the

« =0" and « = 12° conditions. From Figure 42, it can be

gseen that relatively large errors in the diffusivity of the honey-
corb result in only minor heat transfer errors. Since the acous-
tical insulation snd honeycomb are in a series heat flow path, the
total error was solved on the differentlal anslyzer for several
combinetions of errors. The results are shown in Table XIV. This
table alsc shows the outer ilnsulation to be the most important of
the three factors in determining the heat transfer.
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D.

2.

Drag Vehicle
a. Test Cost

The detailed testing cost for the materials of the drag vehicle
are shown in Table XIT. For this vehicle, the ccst of testing
the load carrying insulation and the loose insulaticn represents
a very large percentage of the total cost. The remaining pro-
perties can be tested at small cost. Table XIII summarizes the
cost if all the thermal properties of the drag vehicle were
tested.

b. Effect of Material Properties on Analytical Sclution Accuracy

Figures 43 and L4 show the effect on the total heat entering the
vehicle 1f errors occur in the thermal diffusivity of the lcad
carrying insulation on the forward esection of the sphere or in
the radiation factor for the aft section.

These figures show that boeth of these errors significantly
change the overall heat transfer into the wvehicle.

Combinations of the heat transfer error can be obtained by adding
the resulting heat transfer error for each material property
error. For example, a + 10% error in the insulation diffusivity
results in a + 5% error in the heat transfer (Figure 43) and =

+ 10% error in the radiation factor results in a + 7% error in
the heat transfer {Figure Li4). The total heat transfer error will
then be in the range of + 12% to -12%.

Summaxry

1.

The total cost of an analytical sclution must include both the sclution
cost and the necessary material property testing cost. If congiderable
testing 18 required, the material property testing dollar and menhour
cost can be as important as the solution cost. Calendar time for
material property testing could result in extension of the analytical
calendar time; however, the analytical part could be concurrent with the
thermal property testing.

Preliminary results of the analytical programs can usually reduce the
testing required. For example, preliminary analytical results for the
glide wvehicle would show that the testing emphasis should be on the
outer insulaticn and with thicknesses over one inch. Tais would
materially reduce the total testing time.

Usually, a vehicle wall will contain a key thermal property which
directly influences the precision of the anzlytical approach. This
property for the glide vehicle is the outer insulation diffusivity. The
drag vehicle has a key property for each section: the lozd carrying

36



insulation for the forwerd section and the radiation factor for the aft
section.

a. (3lide Vehicle

A T 10% error in the outer insulation of the glide vehicle will
result in a + 10% to -9% range of error for the heat transfer to
the water wall.

b. Drag Vehicle

A £ 10% error in the load carrying insulation of the forward sec-
tion and a ¥ 10% error in the radiation factor for the aft section
result in a total error of + 12% to -12% for the drag vehicle ana-
tytical solution.
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VII. CONCLUSIONS

The following conclusions have been reached as a result of thie study.

1.

10.

Hand calculations have a limited place in heat transfer calculations for re-
entry vehicles: for low accuracy problems on short flight time vehicles and
in those limited number of problems where only one solution is desired.

Assigning experienced engineering aides to a hand celculation problem is
advantageous only in setting up the problem. After the problem has bsen set
up, the calculations are so boring and routine that an experienced operator's
output is not essentially different from the output of a less experienced
person.

Experience level has a large impact on the manhours, calendar time, and dellar
cost for all other solution methods,

Solving heat transfer problems with a general program for a digital computer
requires the least manhours, calendar time, and dollar cost for problems simi-
lar to those of the glide vehicle. Writing = special digital progrsm makes
the digital solution more expensive in dollars, calendar iime and wanhours
than the other machine calculastion methods.

The cost of solutions obtained by differential analyzers and passive element
analogues are larger than the cost of digital methods; the differential ana-
lyzer is a little cheaper than the passive element analogue in all respects.
The passive element analogue is best suited to linear problems rather than

- the non-linear problems studied.

Passive element analogues that do not use non-linear elements can be used in
an iterative manner to cheaply obtain approximate answers fo probvlems similar
to those of this study. The spproximste answers thus obtained can be valuable
in large problems by establishing boundaries on the possible answers before
more sophisticated methods are used.

Passive element analogues and the differentiasl analyzers give an sngineer a
"feel" for his problem because he mentally equates what he is doing electri-
cally to the thermal equivalent.

Appreciable reductions in the total dollar cost can be realized in a digitsl
solution by accepting sbout 2 or 3% less than the best obtainable accuracy for
problems similar to those of the glide wehicle.

A general digital heat transfer program has the least cost in dollars, manhours
and calendar time for problems similar to those of the drag vehicle. The next
best methed is the differential analyzer, followed by a specific digital
program.

In general, digital computers are not as limlted in problem size or scope as
are either differential anslyzers or passive element analogues. Digital
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11.

12.

13.

1h.

15.

16.
1T,

18.

19.

20.

2l.

computers are normally used to solve two or three dimensional problems that
involve temperature or time dependent thermal properties.

If several parameter runs are desired, the selection of calculation method
depends upon the accuracy desired, the mumber of runs, and which criterion
(dollar cost, calendar time or manhours) is the most important. In general,
the differential analyzer is the best suited to parameter studies.

Experimental and analytical methods should be regarded as supplemental ap-
proaches. Testing can provide simulation of the physical problem that cannot
be obtained analytically.

Testing cost can be reduced and accuracy improved if the test program is sup-
plemented by a parallel analytical study.

Experimental methods are very much more costily than analytical programs.

The cost of experimental methods, particularly in calendar time, precludes the
use of reduced and full size vehicle experimentsal metheds for design testing.

Experimental approaches are not suited to parameter studies.

Accurate test results are obtalined from testing the wall configurations stud-
ied o¢nly if the slititude as well as the temperature history is simulated.

The best accuracy is obtained by testing a full size specimen for vehieles
similar to the drag vehicle; however, significant reductions in cost can be
realized for small reduction in accuracy by testing a half-size specimen.

Where the type of vehicle permits testing of & crew or equipment compartment
only, large cost reductions can be obtained with little sacrifice of accuracy.

Ground testing, even with the tempersture and altitude history simulated,
8till does not account for all of the fectors influencing the heat transfer.
Examples of factors not simulated include air leskage from the cabin and
structural distortion from temperature effects.

In scme problems, a key material property, such as thermal diffusivity, is the
most important single factor in determining the heat transfer through a com-
posite structure. If the value of the key property is known with high con-
fidence from test data, high confidence can be generated in ar anelytical
solution.
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APPENDIX I

SPHERTCAL STAGNATION HEAT TRANSFER COEFFICIENTS

Heat transfer coefficients for sphericel stagnation regions were calculated using
the methods of Fay and Riddle, Reference k. The coefficients are given in Figures
45 and 46 which show the average heat transfer coefficient for e one-foot diameter
sphere as a parameter on a plot of altitude and velocity. The coefficient for any
other diazmeter is obtained by dividing by the square root of the diameter in feet.
The coefficient at the stagnation point can be obtained from the relatghnship:

h stagnation point ., 5 3
h average nose

The ccefficlent at the stagnation line is obtained from:

h stagnation line, A = ¢ = 1
h stagnation point vz

Correction factors to find the heat transfer coefficient as a function of distance
back from the leading edge are obtained from Figure 47. This correction can also
be used for sweep angle corrections by using the following relationships:

cos ® = (cos 03) (cos ¢ 4) + (cos 85} (cos $5) + (cos @3) (cos c,‘63)

The geometric interpretation of these angles is given on Figure 48,

Drag Vehicle Sample Problem

To illustrate the use of these curves and correction factore, two sample problems
will be solved. The first sample problem will be to find a stagnation heat iransfer
coefficient at some point in the drag wvehicle trajectory. At one point, the velo-
city is 24,960 ft/sec and the altitude is 290,000 £t. With this altitude and velo-
city, Figure 46 gives an average h over the stagnation region for a one-foot dia-
meter sphere of 2.0 Btu/hr-ft2—°F. To obtain the average h over the stagnation
region of the sample vehicle, divide by the square root of the vehicle diameter, in
this case 6.5 feet.

_ 0.784 Btu/hr-fto-°F
V6.5

To obtain h stagnation point

h stagnation point = (2.1} (0.784) = 1.65 Btu/hr-fte-°F
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GLIDE VEHICLE SAMPLE PRCBLEM

The next problem will be to find the heat transfer coefficient at a point in the
glide vehicle trajectory for a point 30° from the leading edge of a wing with a
sweep angle of T0° and an angle of attack of 12° end a leading edge radius of 1.5
inches. At one point in the trajectory the altitude is 320,000 feet and the veloci-
ty is 24,960 ft./sec.

The first step will be to find the heat transfer coefficient for the stagnation line
and then correct for the sweep angle and position around the leading edge.

From Figure 46, the average h over the nose for _a one-foot diameter sphere at the
problem altitude and velocity is 0.85 BTU/hr-ft=-°F.

The correction for the leading edge diameter is made by dividing by the square root
of the diameter in feet.

_0.85 = 1,700 BIU/hr-ft°-°F
(1.5(2)
12
To obtain h stagnation point:
h stegnetion point = (2.1) (1.70) = 3.57 BIU/hr-£te-°F
To obtain h stagnation line:
20 . o 53 BTU/hr-ft°-°F = h stagnation line A = 0
Vo . - - = stagnation line =

The next step is to calculate the angle ® so Figure 47 may be used to correct for
sweep angle and distance from the leading edge.

With a sweep angle A of 70°, an angle of attack o of 12° and the location of the
point in question 30° from the stagnation line €9 = 20°27' and 92 = 23°12'.

With the above information, cos @ can readily be calculated from
cos® = (cos 07) (cos d’l) + (cos 92) {cos ‘f’g) + (cos 93) (cos 963)
® = T9°18"

T 0.15 From Figure 47

h = (0.16) (2.53) = 0.L05 BTU/hr-ft°-°F.
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APPENDIX IT

Thig appendix outlines a study that was conducted to obtain insulation thicknesses
that represented the minimum total penalty tc the study vehicles. The sketch below
represents a manned or a pressurized equipment compartment of a re-eniry vehicle.
The compartment is experiencing aerodynamic heating and has internal heat sources
such as electronic equipment. Both the aercdynamic heat and the heat from internal
sources are removed by an air transport fluid and absorbed in a heat exchanger by
an expendable coolant.

AERODYNAMIC HEAT
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T; - Temperature of heat transport medium leaving the blower
To - Temperature of heat transport medium leaving the electronic equipment.
T3 - Maximum allowable temperature of heat transport medium entering the

heat exchanger.

The weight of the cooling system and other items that can be charged to the cooling
system can be described as follows:

W=pAL+I:f.%& + Liﬁ] [1+9]+|:%+ B-}\Il

: 8 AT ;
: 2=3 , 2 | Am, [A+mTel

+ LAT,_; © AT AT, AT, Ly
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where the terms have the following significance:

is the insulation weight.
is the weight of expendable coolant required to absord the

PAL
+ B
Ly serodynamic and internally generated heat.
@ is a factor to account for the expendable coolant heat sink tankage.

_Q

LLyg
is the maximum heat transfer rate that must be absorbed by the

is

heat exchanger.
is the heat exchanger weight as of function of the maximum heat

éé .
L8
W
transfer rate.
: AT ]
TAY T - ATB AT +A’f ATy (M +07 + 35
The term 1-8 1-3 8l12 1-2 W LH
the penaliy due to the blower and drive, fuel, fuel tankage, and the expendable
coolant required to cool the blower power.
_B
A‘FI—Z is egual to the product of the transport

BAT
2-3 +
medium flow rate and spécific heat necessary to pick up the heat transferred into

Q  _

and generated in ithe compartment.
is a factor that related the amount of heat absorbing capacity left in
the transport medium after absorbing the heat generated by the electrical eguipment

ATl_z
ATl_S
to the maximum possible heat absorbing capability of the transport medium.

BAT
2-3 <0
, these terms are omitted because the aero-

Q
when [ LAT; 3 ATy 5 AT,
dynemic heat can be absorbed by the flow the electrical equipment requires without
exceeding T3.
o i B AT2_3 oo
When LAT{ AT1_3 AT, o , a weight flow rate of transport fluid
over and above that required for absorbing the internal heat generated must be pro-
vided to take care of the aesrodynamic heat.
Afrbw is the temperature rise acrcss the blower. The product
. BAT :
[ Q - 2-3 - B ] AT, is the power in BTU/nr
w
LAT1_3 AT1_3 AT1_2 ATI—Z

reguired to drive the blower.
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A is the weight of the blower power including fuel and fuel tankage as a fun-
ction of the total energy required to drive the blower.

N is the blower and drive weight as a funection of blower power.

iii is the welight of expendable coolant required to absorb the blower energy
The minimum system welight cceurs when %% = 0. In simple systems or systems with
long flight times where transients are & small percentage of the overall time,
may be cbtained analytically. The systems employed in this study are too com-
plex for simple analytical description of the aerodynamic heat entering the compart-
ment. Therefore, the minimum system weight was determined by graphing systems
welght versus insulation thickness.

——

The following discussion illustrates the use of the above equations as applied to
the drag vehicle. The study for the glide vehicle is snalogous.

Drag Vehicle Optimum Insulation Study

A study was made tc determine the total cocling system weight as a function of the
insulation thickness on the forward and aft sections of the occupled compartments.
The results of this study for the forward wall are shown on Figure 13, where the
weight chargeable to the cooling system is plotied against insulation thickness for
the water wall and the insulated wall cases. The graph shows that the minimum sys-
tem penalty is obtained by using an insulated wall. Since the cabin temperature
was held constant, hoth the heat flow and the cabin wall temperature are varisables.
Figure 50 is a plot of maximum cabin wall femperature versus insulation thickness.
The design well temperature selected was 3OQ°F. This selection was based on the
work described in Reference 5 which demonstrates that test subjectis can endure
ambisnts of the type shown on Figure 49. It was felt that at the end of the
trajectory shown, some excape mechanism would be employed to remove the occupant
from the compartment. If the man were to be returned to earth inside this vehicle,
additional insulation would be reguired to keep the cabin walls below 300°F.

The aft portion of the wvehicle presents a different picture. Here the heat flow 1s
by radiation from the stability skirt to the aft portion of the sphere and the mini-
mun weight sysitem oceurs with no insulation. The maximum teuperature is below the
design criteria of 300°F. Therefore, the design was based on no insulation.

As was discussed in the bedy of this report, subsequent investigations showed that
the choice for both the fore and aft sections of the wvehicle were rather poor from
a design standpoint, in that the total heat flow 1s very dependent upon the value
of emissivity and the inside heat transfer ccefficient, parameters whose value are
not subject to exact predictions. This point was recognized at the time the con-
figurations were set, but the decisions were made because the configurations afford
excellent examples of a different class of problems from those of the glide vehicle.
Also, because payload weight is so costly, the design may well be as shown and the
predicted heat transfer coefficients substantiated hy test.

The following sample calculation will illustrate how the preceding equaticns were
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applied to this specific vshicle.

Six different insulation thicknesses, 0.25, 0.30, 0.35, 0.40, 0.45, and 0.50 inches,
were examined. For the insulated wall case the cabin air temperature was assumed
constant at 80°F and the heat exchanger, blower, blower power penalty and expand-
able coolant weight necessary to obtain that goal were calculated. 1In the water
well case, the cabin wall temperature is a function of the water boiling temperature
which, in turn, is a function of altitude (Figure 51).

The total system weight for the insulated wall configuration is made up of the
welghts of water heat sink, water tank, heat exchanger, insulation, and the weight
of the power supply plus fuel and blower that is chargeable to the asrodynamic heat.
The following table illustrates the use of the optimizing equations.

Insulation Weight Heat Weight Weight Heat | Welight Power Total
Thickness Insulation Water Exchanger Supply + Fuel
+ Tank + Blower
-2
Q/L Llg
In. Lbs. BTU Lbs. Lbs. ILbs. Lbs.
0.25 25,95 957.6 0.958 1.10 15.32 43,5
0.30 31.1h 633.3 0.6333 0.8%6 10.1% ho.g
0.35 36.33 406.0 0.406 0.753 6.4 4h 0
0.40 .5 251.0 0.251 0.657 k.02 45,5
0.45 W57 151.0 0.151 0.595 2.h2 4g.g
0.50 51.9 83.7 L0837 0.552 1.34 53.9

Figure 13 plots total system weight and Figure 50 plots maximum wall temperature
versus insulation thickness. The minimum system penalty occurs with arn insulation
thickress of 0.30 inches and a wall temperature of 440°F. To bring the wall temp-
erature down to the maximum of 300°F that was set as the maximum allowable, it was
necessary to increase the wall insuvlation thickness to 0.375".

An identical calculation was performed for a water wall system. In this case, the
weights of the heat exchanger, blower and power supply system are omitted and a
water distribution system added. The water distribution system consists of a
fibrous insulation material used for wick and a thin aluminum shell. Admittedly,
this assumption ignores some very real design problems such as filling, venting,
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etc., that are beyond the scope of this study. Cabin wall tewperature will very
closely follow the boiling temperature of the water which is a functicn of the al-
titude. This curve is also plotted on Figure 51. The curve for the water wall
shows that this system weighs more than an insulated well designed for z maximum
of 300°F. Therefore, an insulated wall case was chosen for study.
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APPENDIX T71

THEORY OF FINITE DIFFERENCES

Many probvliems on heat transfer to the occupied compartments of high speed aircraft
do not lead themselves to exact mathematical solution. Usually the heat flow paths
are not composed of a single materiasl, and are arranged in combinetions of series
and parallel flow. Some of the material properties may be temperature dependent,
the boundary conditions may be temperature and time dependent and the initial wvalue
of the temperature distribution may be complex. All in all, the prospects of ob-
taining an exact solution to a given heat transfer problem are dlm, but sclutions
that are at least approximately true must be obtained for design purposes. There
are two techniques widely used, finite differences and analogies.

The usual engineering approach to this problem is to employ finite differences.
This section will ocutline briefly the theory of forward finite differences and dis-
cuss the inherent errors. References 6 to 13 contain more detailed treatment of
the theory and applications. There are two types of finite differences, forward
and backward. The sketch below and following discussion will illustrate the types.

Space Coordinates

FTime coordinate

The temperature at points, 0, 1, 2 are at the present time and are known. The
unknown temperatures at the points O', 1', 2' are at a future time: Ar later than
the present. The forward difference method uses the known present temperatures of
the points O, 1 and 2 to calculate the temperature of the point O' after Ar time
has elapsed. The backward difference method uses the unknown temperatures 1' and

2' along with the known temperature C to calculate the temperaturs at O'. B8ince

the expression for the temperature at the point O' contains the unknown temperatures
1' and 2', the expression must be solved simultaneously with similar expressions for
1" and 2'. The forward difference method is the most commonly nused technique and is
the one used for this report.

Two different roads may be followed to arrive at the finite difference equations
and to determine the limitations upon them. The first road is mathematical in
nature and involves expansion in a Taylor's Series about a point and will be
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euployed in a later discussion on errors.

The other path involves physical reasoning and is the method ocutlined here. The

simple, one-dimensional case sketched below will be used to illustrate the method.
Assume that the left side of the slab undergoes an arbitrary change of temperature
with time, the initial temperatures are some arbitrary function of length, and the

right side is perfectly insulated. The first step is to divide the length into
increments Ax long.

| x -
IDEAL
Tg = F( 1) % INSULATION
L Ax | Ax | Ax Ax/g_l
[ il il hall il -

The following assumptions are made:

1. The totel mass within the volume associated with A x is concentrated at
its midpoint.

2. Heat is conducted between nodes by fictitious massless conducting rods
between midpoints.

Writing a heat balance on the ith slab:

g in from i-1 slab during the time Ar
g—‘; [Ti-l - Ti] Ar
g out to i+l slab during the time Ar
% [Ti - Ti+l] Ar
@ change in the internal energy during the time Ar
PAC, A X [T{—f%]

qa In= g out + g change in the internal energy

KA _ KA PACHAX
AX [Ti—1 - Ti:l T AX |:Ti - Ti+ 1] * AT [Ti - Ti]

2KAT KAT
T! = T, 1 -
i i ( P Cp AX2 )+ pCpAXz [(Ti—l) M (Ti + 1)]

An equation such as the above is written for each slab.

The time-temperature history
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is determined by solving each equation again and again until the summation of Ar
covers the desired time span. Unfortunately A r cannot be chosen large arbitrarily
to reduce the number of times each equation must be solved. Aside from considerations

aT
ar

of approximating , there are limitations on the choice of Ar .

The above equation states that the temperature of the i th slab after time has pro-
gressed A r units depends upon the present temperature of the i th node, the pre-
sent temperature of its surroundings, the thermal properties of the material, and
the physicael dimensions. This equation also implies some limitations. If, in the
equation for the i th node, the coefficient of the present temperature is negative,
the equation would state: the hotter an object is at the moment, the colder it will
be in the future. Such a statement is not only physical nonsense; it violates the
Second Law of Thermodynamics. From this, it must be concluded that the coefficient
of the present temperature has to be positive. An identical conclusion can be
reached by mathematical reasoning. If the coefficient of the present temperature

2
must be positive, then for this equation the stability criterion is Ar < —l%%i——
It will be shown in a later section that the error in a finite difference approxi-
mation is proportional in part to Ax. This point is also apparent from the physi-
cal point of view in that the assumption was made that the heat absorbing capacity
is assumed to be concentrated at the midpoint of the finite length A x. The
smaller the A x, the more closely this assumption approximates a continuum. There-
fore, from the standpoint of accuracy, A x should be as small as possible. The
other side of the coin is that A r will decrease as the square of A x and the
number of temperatures to be calculated increases inversely as A x. Therefore, to
cover the same time span, the total number of calculations increases inversely as the
cube of A x.

An egquation similar to the above is written for each node. For example, the equa-
tions for a L-nede problem would be:

Tl = T 1 —_ ..gﬁé—nr——- + .___..EAI..—-— TS + ’I‘2
1 L. pCpAX2 _ pCprz i -
- . B .
T o T , . =2KAr 1, _KAr T, 4T,
2 _ p CpAXZ ] pCpAX2 i }
Tt - T 1 - ZKATZ . KAr T + T
3 | pCAXE pCAX2 | 2 4]
T! = T 1 — llg_A—.—r.—.—.—
4 | pCpAX2 i

If any of the physical properties are temperature or time dependent, they are evalu-
ated at the present temperature T and at the present time 7 . If the geometry is not
as simple as that used for illustration purposes, overall conductance values are used.

75



The solution procedure for the set of equations is as follows: The stability
criterion discussed above is employed to find the minimum Ar in the system. The
coefficient of each term in the equations is then calculated. Using the initial
temperatures of the nodes, the temperature at the end of the time interval Ar is
calculated for each node. These temperatures now become the initial wvalues with
which to calculate the temperature at the end of the next time interval. This
process is repeated again and again until the summation of Ar covers the desired
time period.

ERRORS IN THE FINITE DIFFERENCE APPROXTMATION
TO THE HEAT FLOW EQUATION

A truly exact solution to any physical heat flow problem is impossible. The cause
of inaccurate solutions may come under several classifications.

1. Inadequate Mathematical Representation of Physical Conditions

The mathematical model (a set of differential equations with initial and
boundary conditions) will not represent the physical conditions exactly.
This discussion is not concerned with difficulties of this kind. Rather,
the differential equations, initial and boundary conditions, and all physi-
cal properties will be assumed to represent the physical situation accur-
ately. In some simple cases, exact analytical solutions can be obtained.
Thig discussion, however, is concerned with the errors in the approximation
techniques that are necessary in the more complex cases.

2. Truncation Error

Differential equations with initial and boundary conditions which are diffi-
cult to solve are often replaced by difference equations. If the boundary
conditions involve derivatives, they are replaced by the corresponding con-
ditions involving differences. The truncation error is & measure of the
difference between the differential equation and the difference eguation
which replaces it.

For example, if T(x, r } is the solution of the simplest heat equation:

a’r T
ax° ar

oC O (1)

where oC is the thermal diffusivity

and if T = (1 AX,nAr) , vhere i and n are integers, i is the i th
mesh point and n is the n th time increment. Equation (1) may be replaced
with the difference equation.
n+l n
o n n n Ty - Ty
—_ T -7 + T - = O
i i -
sz [ +1 i-1 ] Ar (2)
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The truncation error at mesh peint (i, n) is defined to be the difference

a’r " T ! oc n n n Timl- Ty"

n

E - O — e - — Ti 7 - 2Ti + Ti"‘l ].}——.—_—.——

! 2 xz]i ar Jy AX? [ ' Ar (3)

If it is assumed that T{x, f ) possesses continucus fourth partial derivatives
with respect to x and second partial derivatives with respect to r , the fol-
lowing Taylor expansions with remainder apply:

nn 1n N -0
n g0, 27| ay. 27| AX?, 207 Ax? |, _alr Axt
Ty = Ty + 54 Msewr-J Iy 3| 3 L A
ax Jy ax’ly 2+ ax- 1, 2! ax" g, b
1
-1 Y4 —~n -
7o B oanh, AT Ay . 2°T] Ax?, 21| Ax>, bt Ax"
1-1 "t 2| 2l 3L 3 L L!
X |y Xy < X’ 4y IX"di,, “
-n n+d
2 3
Tin+1_Tin*3T Ars 8'12‘ g‘r
31‘_1 af—i .

Here 91, 62, and 03 are numbers between O and 1. In a Taylor expansion with

a remainder, the last term is evaluated at a different point in space and time
than the preceeding terms. Just where the last terms are evaluated cannot be

defined but they must lie between i and 1 +1 and i and i -1 in space and n and
n +1 in time. Substituting these expressions in equation (3), the expression

for the truncaticon error is:

7}
n_ 2T msAr_o( 3 7 " +al"r " Ax"
By z 21 L L I ! (4)
ar i ¢ oX 1*61 2 X 1_62 .

This truncation error expression expresses roughly how rapidly the error de-

creases when working with mesh point (i, n) and adjacent points, as the mesh

size is decreased because A x is inversely proportional to the mesh size and
Ar is related to A x through the stability criterion.

Round-0ff Error

If numerical methcds are used to sclve the difference equation, there will be
round-off errors in many of the steps. Individual round-off errors are usually
relatively small. For example, an IBM 704 Digital Computer has a word length
of about 8 decimal places. Given a set of equations of the form:

1
Tir‘+ 'rin (I_Z.EAL) . m(r"{” . Ti_f)
= Ax? Ax?
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and if for some reason it is necessary to use a small mesh size, it is possible
that more than 8 significant figures will be required for T.ln"'l to be different
from T;B.

Instability of Difference Equations

The last item to be investigated is the possibility of error due to the in-
stability of the difference equations. The difference system is said to be
unstable if in the step-by-step solution of the difference equation any er-
rors made at a particular step such as round-off errors, truncation errors or
mistakes grow with time.

In the solution of complicated heat problems on a digital computer, care must
be taken that none of the last three itypes of errors affect the answer greatly.
The finite difference equation gives information about the temperature at cer-
tain mesh points, depending on one or more space variables and a time variable.
If the solution of the difference equation converges to that of the differen-
tial equation, the truncation error may be made smaller by cutting down the in-
crement sizes. However, this causes the amount of calculation needed to in-
crease and, as discussed previcusly, the total round-off error may be pro-
hivitive. The stability critericon determines how small the time increment

has to be in relation to the increments in the space variables. In practice,
round-off and truncation errors may be grouped as one worry and stability as
another worry.

In complicated problems the truncation and round-off worries may be handled by
doing the problem twice, once with the mesh size twice as large as at the
other time but still using stable formulas. If the answers are practically
the same at all common mesh peints, it is a good indication that truncation
and round-off are not causing troutle. The sketch below illustrates the in-
terrelationship between truncation and round-off errors.

Limit of error
reduction with given

Error computing technigue

decreasing increasing
truncation round-off error
error predominates
predominates
o B ry r
AXZ > decreasing mesh size

Books on heat transfer, References © and 13, and books discussing parabolic
partial differential equations, References G and 10, derive intuitively or
rigorously the stability requirement for eguation (2). It is

“(Af <1
—xT - <% (5)
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This criterion tells how small Ar must be in comparison with A x. Richt-
myer, in Reference 12 derives many similar relationships. In non-linear pro-
blems, it is usually not possible to find a simple criterion such as this.
In a rigorous criterion, the tound on the ratio would be a function of the
unknown temperature. It is best to obtain an "effective" diffusion constant
« 50 that this may be substituted into inequality (5) or into & similar
formula for a linear difference equation different from eguation (2). When
the problem contains radiation terms as well as conduction terms, the usual
practice is to consider a conduction term which would have somewhat the same
effect on the solution for the particular temperatures involved. For ex-
ample, an equation of the following form arises in the glide vehicle case:

n+l nn I L
Ty - Ty 20FaFa n n oc n n
- Ts_ ~-{T - T -
Ar PCp AX ( i3 ) ( i ) N'E i Tis1

See skeitch below:

skin
1 AX/p
AX
AX
AX

N 4

This equation can be written in the form

n+l -
Ty -1yt 2hr Tt - Tt - = [Tin"Thln]
Ar PCpAX AX’
b L
[(re® ) =(14%)" ] orere
Where hr = - n
Tig - Ty
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Solve for either Afr max each time step and use current values of

n n :
T;.p & Ty oruse the maximum possible value of T; ;and T; with the assurance
that hr will never exceed the value thus obtained. The stability criterion
for this problem can be written as:

pCp AX . sz

<
Ar < 2 hr o<

A mathematical discussion of stability for various difference equations as-
sociated with certain parabolic partial differential eguations is given by
many authors, References 8, 9, 10, 11, 12, 13. The digital methods used in
these investigations were all explicit methods. That is, the difference
equation used gives each value of the temperature at time (n + 1) Ar ex-
plicitly if the values at previous times are given.

BELECTRICAL ANALOGY

Another technique used to solve complex heat transfer problems is an extension of
finite differences. It involves the use of the analogy that exists between heat
transfer and the flow of current in a resistance capacitance network. The differ-
ential equation governing the voltage distribution in a body with uniformly distri-
buted resistance and capacitance is:

1 %V _ AV
R 3 x2 arg

The differential equation governing the temperature distribution in a body with uni-
formly distributed conductance and thermal capacitence is:

Comparing the two equations term by term, the following table cof analogous gquantities
can be prepared:

Current is analogous to rate of heat transfer
Voltage is analogous to temperature

Registance is analogous to thermal resistance
Capecitance is analogous to thermal capacitance
Electrical time is analogous to the time

A table of the constants of proportionality can be prepared as follows:

a = Electrical time
Thermal time
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b = Electrical capacity
Thermal capacity

d = Voltage
Temperature

e = Electrical resistance
Thermal. resistance

f = IHlectricel current
Rate of heat transfer

The following algebraic relationshipe between the proportionality constants can
be derived:

a = be = bd
bl

b = ale = af
a

d = ef = af
b

e = afb= 4/f
£ a = M
e a

Three of the above proportionality constants may be arbitrary. A simple proced-
ure often used is to determine the maximum voltage, resistance and capacitance
available from the facility and then using the maximum expected wvalues of tem-
perature thermal resistance and thermal capacitance, choose b, d and e such that
as much as possible of the total facilities capability is used, then calculate

a and £ to insure that the tlme is within the measuring instrument's ability.
Ordinarily the time will be well within the capability of strip chart recorders,
in fact, 1t 1s usually possible to speed up the solutions by using smaller val-
ues of capacitance.
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APPENDIX IV

This appendix presents & brief discussion of how the finite difference equations
were translated into machine setups. A detailed discussion is beyond the scope of
this report but the general method will De outlined in block diagram form. The
method will be illustrated by indicating how a sample problem might be setup for
each of the four calculation metheds under consideration.

Two common problems are encountered with all of the calculation methods studied:
(1) the thermal conductivity must be expressed as a function of insulation mean
temperature and altitude, and (2) the proper equations must be selected to properly
represent the glide wehicle water wall conditions. The sample problem chesen will
contain the first of these problem areas. The water wall case will be discussed
separately.

Semple Problem:

The sketch below represents the heat transfer situation to be simulated:
/ #— Outer Skin

__J\“
0

The following assumptions will be made: Cabin Temperature

1. The skin temperature is a variable with time and transfers heat to the
insulation by radiation only.

The insulation thermal conductivity varies with altitude and temperature.
Heat is transferred to a constant cabin temperature by a constant heat
transfer coefficient.

The specific heat is constant.

The thermal resistance of the pressure shell is negligible by com-
parison to the resistance of the insulation.

O = U &Y

The sketch below shows how the insulation was divided into nodes in the manner
illustrated in Appendix TIIX.

Outer Skin
e T _J\r__éi:
A TZ
N

[ 2N |

B N
2 . Ty /———- Insulation
NI £ T N
* Tj (cabin)

Heat Balance:

Rate of heat transfer into a node = rate of heat transfer out of a node plus the
rate of change of the nodes internal energy.
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The finite difference equations are:

oAFeFa(Tll*—Teh):f(l_A(T - m) + POpR AX (! -7 )
Ax 2 3 AT 2°- 72
XA K A
1 o p c AAX
ax T T e ax G- ¥ 0 (1) -1 )
Ar
A ) p cpA AX
x (T3 =T} = nA(T, -T)+ __~  (pf-r
Ax (T3 v Ts s (BT

Digital Computers

The digital computer available
vehicles was the IBM 704. The
Thermal Analyzer Program which
gram is a general purpose heat
heat transfer and current flow

for solving the equations derived for the two study

machine program used for this study was the Lockheed
is available to the industry through Share. The pro-
transfer program and is based on the analogy between

in a resistance capacitance network. The way the

digital computer was used in this study will be illustrated by solving the sample

problem shown above.

The first step in solving eguations with this program is to
draw an analogous electrical network.

The equivalent electrical circuit for the

sample thermal problem is shown below.

i

Where the following symbols are used:

Radiation resistor
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A wariable resistor

A fixed resistor

A capacitor —

A voltage source ——ﬁ“f_‘

in the analogy between heat transfer and current flow the electirical resistance is
proportional to the thermal resistance. No electrical analogy for heat transfer by
radiation exisis; therefore, the value of the radiation resistor is calculaied from
Ry = 1 where

BA

The wvoltage scurces supply voltages proportional to T, and T5. The capaciltance
values are the heat absorbing capability of each node. Cy = C3 = 02/2 = PACP

2

Ry is equal to 1L . R2 and R3 are equal to A X and AX regpectively. Since
h A KA K A

the thermel conductivity of the exterior insulation is a function of bvoth mean tem-

perature and altitude, the resistance must vary with these two parameters. There-~

fore, some provisions must be made in the equivalent thermal circuit to obtain the

mean temperature.

The mean temperatures are obtained by using cathcde fellowers as illusirated below.

[
L

Cathode
Follower
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The voltage input to a cathode follower is impressed om the output with no current
drain from the input side. In heat transfer terms, the temperature T, equals Tm

and no heat is transferred from Ty to Ty. Applying Kirchoff's law to the point R,
current in = current out.

- TR - Tm+l

If Ry is made equal to R

TR = Tm * Tm+l

or the average temperature of 'l‘n and Tn+l
2

The diagram becomes:

{i
1

R5
- Cq
l:__‘ Tg
T10
- R6
C
2 T,
| I R7
= c Tq
3 Ty1
[ R8
= To
—{. ;“I
T + T T
Tyg 8nd T, are 2 5 3 and 3 ; Ty, respectively.
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Using the altitude as & function of time from a trajectory curve such as Figure 1,
and the plot of insulation thermal conductivity versus mean temperature and alti-
tude such as Figure 14, a table of thermal conductivity as a function of time and
mean temperature can be constructed. An example of such a table is shown below:

TIME -~ MEAN TEMPERATURE ~ °F
hr | 100|200 ]|300] 400| 500|600 | T00 |800|900] 1000|1100 | 1200 {1300 | 1400 | 1500 | 1600
0
0.01
THERMAL CONDUCTIVITY
0.02
0.03
0.0k4

The mean temperatures Ty, snd T,. and the problem time are used to obtain the correct
thermal conductivity for the appropriate resistor at that particular time in the
trajectory. The program has the abllity to interpolate in the table.

A variable voliage supply is connected to Ty and a constant voltage supply to Te.
Since voltage is analogous to temperature, the voltage supplied to the outer skin
represents the variation in the skin temperature with time. The voltage supplied
to Ts represents the cabin temperature.

The next step is to calculate and assemble the various pieces of inmput data such as:
pPc AAX
___il_fi___

o FeFa A, A/ AX, Pegh AX,
2

, hA, and the variation of T; with time,
the initial temperatures, etc.

Each circuit element is given an identifying number. The problem is now ready for
machine coding (writing keypunching instructions).

Keypunching instructions, in essence, build the resistance capacitance network and
sssociated equipment by instructing the machine which resistors are comnnected to-
gether, which capacitor goes with which resistor, what elemenits are variable, how
they vary, etc.

The first block of data contains the initial value of the temperature for each node.
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The second block contains the value of each resistor and identifies which resistors
are connected together. In the sample problem, this block of information would con-
tain the constant portions of the variable resistors Ry, Rg, and R3, the constant

values of Rj, R5, R6, RT’ and R8' It would also contain the information that Ty is
connected to T via Ry, T, is connected to Ty via a cathode follower, Ty is also
connected to T3 via Rp, etc.,until the entire circuit ls described.

The third block of data contains the capacitor values that are attached to each node.
For exsmple, €1 has the value of PCPA-tﬁ X and goes with Is.

2

Block four states which circuit elements are variable, how they vary and which re-
sistors are radiation resistors. In the example, Rj, Ro, R3, and T, are identified

as variables, R, as a radiation resistor, Ro and Ry as variable resistors varying
with time and Ty and Ty; respectively (their mean temperatures), and T] is a vari-
able with time.

Block five contains the specific information of how each of the variables in the
preceeding block of information vary. Por exsmple, the variation of T, with time

is given and the table of thermal conductivity as a function of mean temperature and
time are contained in this block.

Block six lists which items are tc be printed out. Not all of the information avall-
able ig desired. In the example the temperatures T 0 and Tll are of little interest.
The most 1ikely item of interest is T, so that the %eat rate into the cabin may be
calculated by the relationship Th - T5 — heat transfer rate. The total heat may

R
L
be obtained by graphical integration. (It is possible to combine circuit elements
to obtain both the rate of heat transfer and the total heat transferred.)

Block seven specifies at what time intervael the variables listed in block six are
printed out. As stated earller the time interval for calculation is not arbitrary
and in general is smell. Therefore, all of the possible information describing
how the temperatures vary is not normally desired. The printouts are specified at
some convenient time interval consistant with the problem requirements.

DIFFERENTTAL ANALYZER

The equations on pages 12, 20 and 21 are written as finite difference equations in
time. Since the differential analyzer is capable of integration, there is no need
of approximating the derivative with respect to time. A typical equation written
for solution by the differential analyzer would be written as:



7 r %KnA [ ] Kpeg & [
P o= (qin-qout) ar - Ax | Th-1 " Tn - Ax | Tn ™ Tan
n PAc
o o

Paec AX
|y

The major problem areas are the same for the differential analyzer as for the digi-
tal solution methods, viz., simulation of the variation of thermal conductivity
with mean temperature and time, and selection and execution of the water wall cal-
culation procedures. Discussion of the water wall calculation procedure will be
deferred. As stated in the body of the report the thermal conductivity was obtained
from the relationship K=1f{( r )g(T)+y(T)+Constant. To illustrate the application of
the differential analyzer to a thermal problem of this type, the sample problem used
to illustrate the digital application will be repeated and use the same assumption
regarding thermal conductivity. The finite difference equations are:

pe_ AAX

L 4 P
o FeFa(T; - Tp )= (‘I‘ 3) AT (Té -T,)
K.A K A Pc AAX
E&i (TE-T3) AX (T3“Th) + *'—fi—*—— (T 3 3)
Kol
pc A AX !
AX (T3—T1+) = hA (Tllv-TS) + :g__g_g___ (Th- -T,_'_)

The corresponding integral equations are:

pc A AX.‘I‘2 KA
aFe Fa A(’I.‘l -T, ) " AX (TE-T3):I dr

KA
pch AX'I'3 (T 3) Ax (T3-Th)] ar
pc A AXT),

KA
__P_,E_____.=[[ (T5-T),) - ha (Th-Ts)] ar
0

The first step in the solution process is to scale the problem; that is to find the
constants of proportionality between electrical gquantities and the analogous thermal
properties. This subject was discussed on pages 80 and 81 . The next problem is
to determine how the varlous variable elements can be generated. A discussion of
the various function generating equipment is beyond the scope of this study. Each

thermal problem will have certain requirements for variable elements. Sufficient
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equipment may or may not be availble to simulate all the variables in the problem.
In genersl, compromises must be made. In fact, one must examine the effects of the
variables, the cost of accurately simulating the variables and the desired solution
accuracy. There is no substitute for experience in this area. In the sample pro-
blem, it will be assumed that sufficient equipment is available to simuilate the
radiation terms and the variation of thermzl conductivity with time and mean temp-
erature can be simulated by the expression:

Kaf(r)g(T) + y(T) +y(T)+ Constant. A block diagram for the sample
problem would be as shown on Figure 52. Each block is numbered and the functions
performed by the block are listed below:

Block 1 -~ generates T by integrating dr
Block 2 - function genmerator - gemerates T as a function of time
Block 3 - function generator - received T; from Block 2 and generates aFeFaATlJ+
Block 4 - generates Te by integrating the expression
r [a FeFaA (Tll‘_qral*) - KA (1, - T, )] ar
_ AX
Tz = pPC, A XA
b
o
Block 5 - 1receives T, from Block L and generates cheFaJﬂxTel+
Block 6 - receives To from Block I and T3 from Block 10 and generates
g (TE + T3} necessary for K1
2
Block 7 =~ receives Ty from Block 4 ana T3 from Block 10 and generates
v (T2 - T3) necessary for Kj
2

Block 8 - receives y (—3 ), 8 (T35 ), and £( 7} from Blocks 9, T and 6

respectively and generates Kj

Block 9

receives 7 from Block 1 and generates f( T ) necessary for ol
Block 10 - generates T3 by integrating the expression:

KoA

?Klf".
T3=[K(T2‘T3) - A (T3 -TLO] ar
' Pc, A
O

XA
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Block 11 - receives T3 from Block 10, Th from Block 14 and generates

T3+T)+
(*-75—-—~—) necessary for Ké

Bilock 12 - receives T3 from Block 10, Tu from Block 14 and generates

T, +7
Ng (_3..._) necessary for Ko
2

T =T T +T
Block 13 - receives g;( 3 4 \from Block 1, y’( 3 4) from Block 12 and £ ( 7)
2 2
from Block 9 and generates K2
Block 14 - generates Ty, by integrating the expression
Koh
Ty=f |~ {7, -T -ha | 7. =T dr
o pc A A X
P P

Block 15 ~ generates T5

DIRECT ANALOGUE

The direct analogue utilizes the same basic analogy between electrical and heat
transfer quantites as the digital and differential analyzer. The usual steps in
solving problems with the direct snalogue method is to draw an equivalent electri-
cal circuit, compute the values of the resistors and capacitors, scale the protlem
as discussed in Appendix ITI and wire the resistance capacitance network. However,
the direct analogue machine available did not have the capability of simulating the
variation of thermsl conductivity with temperature and time. Therefore, it was
necessary to use the active elements of the differential analyzer to obtain variable
thermal conductivity. In the body of the report it was stated that passive element
analogues that do not emplcy non-linear elements may be used in an iterative menner
to obtain approximate answers econcmlcally. The approximate answers obtained in this
menner are valuable in two ways: first, they establish boundaries on the possible
answer when more sophisticated technigues are used snd secondly, the analogue tech-
nigue gives the engineer solving the problem an excellent understanding of the im-
portant elements o¢f the problem. The reasons for this inereased understanding are
discussed on page 4C.

Since the block diagram for the direct analogue with non-linear eclements is similar
to the block diasgrem for the differential enalyzer, the sample problem will be re-
peated here to illustrate how the problem would be approached using linear elements.



—{ 1]t T
J_ L.
17 nra
== c1 Rl
|
T T2 Ry - AX
) Cy Ro Ky &
L__{ Ty L AX
- Rq 3 Ko A
Cg
T 1
E——i 4 _ 1
= R4 = ha
Ry
= Co PAc, AX
T p
T 5 €1=C3=73 = 2

Since hr, K, and K, are functions of temperature and time, a mean value must be
estimated to start the problem. The next step is to scale the problem using the
procedure outline in Appendix III. After scaling a resistance capacitance network
is assembled and temperature versus time obtained. Using the trajectory and the
temperatures thus obtained, a plot of thermal conductance versus time can be pre-
pared end an average found by graphical integration. The problemis repeated using
the new values of R}, R,, and R,. The temperature obtained in the second trial is
compared with the temperatures ébtained in the preceding case. This procedure is
repeated until the assumed temperatures equals the calculated temperatures. Oc-
casionally the problem time scaling will be sufficiently slow so that the resistances
may be varied with time by hand during the problem by setting potenticometers. The
problems of this study were solved by passive elements employing non-linear elements
as well as using the iterative procedure outlined above. The advantages and disad-
vantages are discussed on page 40 .

HAND CALCULATIONS

The hand calculation procedure is basically performing by hand the same calculations
as the digital machine performs. To facilitate the step by step procedure a data
sheet is usually employed. The sample problem finite difference equations are:

4 4 A '
O A FeFa [T _ ] - 5 (TQ-T) +Peph A X (T -'I‘)
1 2 AX 3 — s xT 2 2



I A Kph pep, AAX 1,
AX (TE'Ta) = “E}E(Ts"fu)+ Ar (T3 - T3)

KoA perh A X
AX (TLL-T5)= h A(TLL-T5)+ —IELAA,— (Tl: - TLL)

Solving each equation for Tgﬂ T3ﬁ and Tﬁ and substituting equivalent electrical
guantities for thermal quantitiés:

¢ o) C T c T
T, = Tp |1 - i ! O I Ars 1 0+ 1 Aris
R 1] S, Col o Ar T, | CoArTy
3 3 == —_— -

. L B2 Ry Ro Ry

e T, JL - f§+ﬁ_3]ﬁr] iiAr T3 EiAr Tg
+ R + R
3 It

It has been shown on page 75 that A7 cannot have any value desired, rather the
coefficients of Tp, T3, and T) must be positive. Therefore, part of the calculation
procedure must be to solve for Ar allowable. Since Ry, Rp, and R3 vary with time,

Ar allowable will very with time. Therefore, one may either solve for the allow-
able Ar each time step or he may calculate the minimum value A7 could ever be and
use that value throughout the calculation procedure. The latter course is the
method assumed for the sample problem. A sample data sheet prepared for this pro-
btlem appears in Figure 53.

To start the caloulation procedure, the initial values of all the tmperatures are
placed in the appropriate coluans. To find the temperatures TE’ T3 and TM Ar

time units later, the initial values of To, T3 and T), are used in the equation with
the values of Ty and T5 at the time 7 . The values of Tp, T3 and T) thus calcul-

ated become the past values for the next calculation. The computation procedes in
this step by step manner until the summation of Ar covers the time period of
interest.

WATER WALL

At altitudes below 106,000 ft., the water will boil at a temperature above LO°F and
the boiling temperature will vary with altitude. Therefore, the equations used to
represent the heat transfer in the flight regime below 106,000 £t. must account for
the change in the sensible heat of the water and the change in the heat stored in
the water wall materials, as the boiling point changes as well as calculating the
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heat absorbed by evaporating water and the amount of water remaining.
Two possible conditions exist:

(1) The heat input to the water wall is insufficient to heat both water and water
wall materials to the boiling temperature. In this case, nc water is evapor-
ated.

(2) The heat input to the water wall is more than sufficient to heat both water
and materials to the boiling temperature. In this case, some water is eva-
porated and the amount of heat carried overboard by the steam and the water
remaining must be calculated.

Means must be provided in the calculation procedure to determine when each of the
above conditions exist and to select the proper eguations. The technique accom-
plishing this is indicated schematically below:

SWITCH: Open when water wall
T Exterior temperature computed is less
Ingulation than water boiling temperature.
Closed when water wall tempera-
ture computed is greater than
water bolling temperature

Water ) -

Remaining In
Water Wall Output Data

| ] g From
Exterior

Water
Water Boiling Wall
] q From Temperature Temperature
Interior {Input Data) Cutput Data

Versus Time

T Honeycomb
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Block 1 receives the temperature of the exterior insulation adjacent to the water
wall and the water wall temperature, and calculates the heat transfer rate from
the exterior to the water wall.

Block 2 receives the temperature of the honeycomb and the water wall temperature and
calculates the heat trensfer to or from the vehicle interior.

Block 3 receives the heat transfer rates from Blocks 1 and 2 and the amount of water
remaining in the water wzll and the heat absorbing capacity of the equipment asscci-
ated with the water wall to calculate the weter wall temperature. The excess heat
transferred over and above that necessary to ilncrease the sensible heat of the water
wall is used to evaporate water.

Block 4 compares the calculated water wall temperature with the water boiling temp-
erature as a funcition of time. If the calculated value exceeds the input temper-
ature by a small amount a switch is cleosed to allow the heat balance in Block 3 to
include the water evaporation term. If the calculated temperature is below the in-
put temperature, the water evaporation term is not included in Block 3.

Block 5 calculates amount of heat absorbed by water evaporating when the switch is

closed. The water evasporation rate is also integrated in this block to determine
the amount of water remaining in the water wall.
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APPENDIX V

EXPERIMENTAL FACITITIES

The test facilities discussed in this appendix are (I) heating sources which can be
used to simulate a desired surface temperature on a specimen, and (II) test appa-
ratus required to experimentally determine materisl thermal properties.

I.

HEAT FACILITIES

Many heating methods have been developed which ccould be used to heat a test
specimen; however, only a few are capable of providing the temperatures and
heat fluxes for the test time of the two vehicles in this study. This section
is & general survey of the various hesting methods to determine which faciil-
ties have the capabiliiies to provide the necessary skin temperature and test
time simulation. Of the numerous heat sources which are discussed in this
chapter, the tungsten filament guartz tube radiant heater is the most capable
of providing the heat required to test specimens of the vehicles of this study.
The importance of the temperature-time simulation eliminates many heat sources
which are unable to provide the heat for the cperating times required. Some
of the heating methods are not capable of producing the maximum temperatures
required. The heat sources remaining which can sdequately supply the required
temperature and time simulation are either more costly or reguire further de-
velopment. Some of the heating methods of the last group are likely to become
more important in the future if the maximum temperature required exceeds the
capablility of the quartz-tube heater.

The heaters have been arranged into the following groups: (a) heating methods
which directly heat the specimen, {b) heating methods which use heated gas to
heat the specimen (convection heating), and (c) miscellaneous other heating
methods.

A, Heating Methods Which Directly Heat the Specimen

Conduction, induction, and radiant heating facilities fall into this
category. The developwent of these heating systems has been largely the
result of the need for structural data from vehicles subjected to tran-
sient heating. The requirements for a heating system for structural
testing and heat transfer testing are very similar; however, several dif-
ferences do exist. Since structural test specimens are externally loaded
during the test, the heaters must be located to allow the losding appa-
ratus to be installed on the specimen. A second difference is that the
required heat fluxes will generally be less for the heat transfer test
than for the structural fest for a given vehicle.

1. Conduction Heating

Strip heaters, blanket heaters, and conductive film heaters have
been successfully used in the 1000°F range. Since the temperatures
are lower than required for the study vehicles, conduction heating
is not satisfactory. This method does have several advantages in
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the lower temperature range which will be briefly discussed.

This heater provides a uniform heating source provided good con-
tact 1s maintained between the specimen and heater {for metallic
specimens an electrical insulator is required between the heater
and specimen). This heater is especlally attractive for testing
in an altitude chamber because of the reduced oxidization effects
on the heater and the reduction of corcna prcblems with the low
voltage which can bte used. One of the disadvantages of conduction
heating for structural testing is the attachment of the loading
mechanisms which are lcocated in the same physical location as the
heaters. Since these loading devices are not required for heat
transfer testing, conduction heaters do not pose this problem.
Buckling of the test specimen during test and providing good ther-
mal contact on curved specimens are two problems which must be re-
solved when considering resistance heating for heat transfer test-
ing. Additional development of conduction heating methods is being
done by the University of Colorado.

Radlant Heating

Radiant heat is the best method of heating the specimens of the
study vehicles.

Various types of heating elements have been tested as radiant
heaters, including nickel-chromium, carbon rod and tungsten. Both
the carbon rod and the nickel-chromium elements have the serious
disadvantage of relatively high thermsal inertia, requiring 15 tc
30 seconds to reach operating temperature. This thermzl lag, for
some temperature-time profiles, would not cause sericus errors but
for other profiles, such as the drag vehicle of this study, en
appreciable error in skin temperature would result. A remcvable
shield between the heater and specimen has been used for high in-
ertia heaters. After the heater attains the desired temperature,
the shield 1s removed, allowing the specimen to be heated. The
use of a shield for even small panels complicates the test facil-
ity and becomes impractiecsl for a large test involving a reduced
or full size vehicle. The high thermal inertia heater zlso makes
the simulation of the desired temperature-time profile more diffi-
cult during the decreasing temperature portion of the test.

The radiant heater in extensive use for structural testing is the
quartz tube-tungsten filament heater. It has very low thermal in-
ertia, requiring less than one seccond to reach operating tempera-
ture. The quartz tubes enclosing the tungsten filament are C.375
inches in diameter and can be purchased in varying lengths (5
inches to 50 inches lighted length). Probably the most commen
length is the 10-inch heater which is rated at 1 kilowatt at 220
volts. The heaters are often opersted at higher voltzge (40 volts
may be used) to increase the heat output. The increased voltage
results in reduced life but is usually satisfactory for testing



purposes. The maximum operating temperature is limited by the
gquartz tube which softens at approximately 3L00°F. Reference 1i
describes a commercially available quartz tube heater.

Heater support assemblies, reflectors, power contrcl equipment and
programming eguipment are commercially available for the tungsten
filement heater (see Reference 15). Reference 16 outlines the de-
velopment of this associated egquipment. The power controllers can
be programmed tc supply power to automatically impose either a skin
temperature or heat flux on a specimen. Thermocouples sttached to
the specimen provide the sensor for the desired skin temperature
or heat flux. Manual control can slso be used with visual readcut
equipment for the thermocouples. The power control equipment gen-
erally uses ignitron tubes although saturable reactors have been
used. Reflectors are usually used tec increase the efficiency of
the heaters. The reflectors have been fabricated from aluminum,
stainless steel, and stainless sieel base metal covered with ce-
ramic and coated with gold on the reflecting surface, depending

on the maximum temperature and time encountered.

The overall heating configuration is made by mounting the lamps in
an array around the specimen, the density of the lamps depending
on required temperatures and estimated heat flux for the specinmen.

Maximum specimen surface temperatures attainable with the quartz
tube heater are near 3000°F (depending somewhat on the specimen)
with power inputs near 100 kilowatts per sguare foot with a com-
mercially available unit operated at LLD volts.

If during the time versus temperature profile the desired specimen
temperature requires faster cooling than is attained with the
heaters off, cold air or carbon diocxide can be blown over the sur-
face, An excess cooling would be used and the heaters would sup-
»ly heat to control the surface to the desired temperature.

Since the heat transfer through a vehicle mzy be a function of the
ambient pressure, the simulation of the altitude-time variation of
the vehicle may be reguired to obtain the accurscy desired. 'This
altitude simulation could be accomplished either by enclosing the
specimen and heaters in an altitude chamber or possibly (at least
for a panel test) by fabricating the specimen so that the speci-
men could be evacuated to the desired pressure. If the heaters
are operated in an altitude chamber, certain problems occur which
are not experienced at sea level pressure. One problem results
from the corona effect. This requires that the lamps either be
operated at reduced vcltage or be used with specially designed
assemblies. These assermblies have isolation ccatings applied to
the surfaces, edges, cr peints where corona could cceur. A second
problem is the overheating of the lamp ends and reflectors because
of the reduced convective cooling in the altitude chamber. Numer-
cus approaches are now being considered te solve these problems,



guch as developing higher allowable temperatures on the reflectors
and water or forced air cooling of the components. Another prob-
lem in testing in an altitude chamber is providing cooling on the
specimen if the desired temperature decreases faster than the spec-
imen will cool with the heaters off. A special radiant heat sink
would be required to increase the specimen cooling rate.

The extensive use of the quartz tube tungsten filament heater was
demonstrated by & survey of heating methods conducted in 1958 by
The Aircraft Industries Association (Reference 3}. The results of
this survey showed that some thirty organizations had facilities
and used this heater for transient temperature testing.

Figure 54 shows radiant heaters and power equivment being used to
heat a specimen.

The costs of Lhe radiant heat facilities for testing the specimens

of this study are shown on Figure 31; however, Reference 3 includes
a list of organizations who have indicated an interest in perform-

ing heat testing on & subcontract basis.

The Air Force facility located in Inglewood, California, with op-
erational responsibility assigned to the West Coast Tavoratory of
Thompson Ramo Wooldridge Incorporated, is alsc available for test-
ing on a contract basis. This facility has an electrical substa-
tion rating of 15,000 KVA continuous service. Approximately 10,000
kilowatts of this power are available for heating equipment. A
steam ejector evacuation system is available on the site for alti-
tude simulation testing. Reference 17 describes the capabilities
of this facility. Figure 55 is an aerial photograph cf the facil-
ity.

Tnduction Heating

Induction heating can provide the required simulation but the costs
sre higher than the radiant heating costs.

Induction heating is caused by eddy currents in an electrically
conducting material. The eddy currents result from a changing
megnetic field. Since the heat is generated within the material
rsther than on the surface, good simulation is not attained unless
the heating ocecurs in the outer layer of the skin. The depth of
penetration for & given material and temperature depends on the
freguency of the slectrical energy. Polytechnic Institute of
Brooklyn and the University of Florida have done development work
on induction heating. Reference 18 ineludes some testing exper-
iepece with a 20 kilowatt heater. It has been demonstrated that
induction heating equipment can simulate the required temperatures
and heat flux required for the vehicles of this study; however;
this form of heating at the present is several times as expensive
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as the radiant heating facility previously discussed. Numerous
problems such as the design of the heating coils and development
of power control systems must still be solved before induction
heating can be extensively used.

Continued development of induction heaters is being done &t the
University of Florida for Wright Air Development Division Structur-
al Test Laboratory. The largest induction heating facility planned
at present is the 10,000 kilowatt facility (40 units of 250 kilo-
watts each) at Wright Air Development Division. Heat fluxes in

the crder of 250 kilowatts per square foot are considered practical
for induction heating although higher rates have been obtained.

The specimen can be heated to the melting temperature of the mate-
rial with induction heating. Because of the higher costs, com-
pared to the radlant heaters, induction heaters are likely to be
used only for higher temperatures or heat fluxes than are attain-
able with the radiant heaters.

Heating Methods Which Use Heated Air to Heat the Specimen

Various facilities which transfer heat to the specimen by convection are
briefly evaluated in this section., Included in this group are the "wind
tunnel facilities." Wind tunnels are primarily designed to simulate air-
stream conditions for investigations of heat transfer coefficients, flow
regime, structural and control problems. Since the comparisons of this
study originate from the vehicle outer surface temperature, the various
facilities will only be evaluated as a method of producing a required
skin temperature on a specimen.

The numerous facilities inecluded in this section can be separated into
either continuous or intermittent operating heat socurces.

1. Intermittent Heat Sources

These heat sources do not have the capability to simulate the test
time of the vehicles. A brief description is included to identify
the facilities in this group.

a, Shock Tubes and Hypersonic Shock Tubes

Operating time of these tunnels is in the order of 4O milli-
seconds. The heating is done by electrical arc discharge.
The facility consists of a driver section, driven section,
test section and the vacuum source. The driver gas is at a
high pressure and is separated from the driven gas by a dia-
phragm. The diaphragm between the driven and driver gas is
broken, the resulting mixture ruptures a second diaphragm
and enters the test section. By using a supersonic nozzle,
the Mach number can be increased to approximately 20 with
stagnation temperatures of 20,000°F. Tunnels included in
this area are the "Hotshots" of Arnold Engineering Department
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Center. Reference 19 further describes these tunnels.

b Gatling Gun Hypersonic Shock Tunnels

To extend the operating time of the hypersonic shock tubes,
numercus shock tubes can be operated similar to a Gatling
Gun. Cornell Aeronsutical laboratory has developed this
principle with the "Little Rollo"” tunnel. Although these
tunnels have longer operating time, the time is still too
short for the vehicles of this study.

. Aigh Intensity Electric Arc Jets (Plasma Jet§l

Heating is accomplished by using a high current arc enclosed
in & chamber. The arc is surrounded by injecting water or
gas to thermally confine the arc current. Temperatures in
the range of 10, 000°F to 20,000°F are possible. Test per-
iods of several minutes have been attained (Reference 20).
This high temperature energy source is extensively used. for
high temperature meterial studies. Reference 21 also in-
cludes a description of a plasma jet.

Continuous Heat Sources

Convection heating, using one of the heater sources discussed in
this section, has only been used on very limited scale as for the
study of ablation with very small specimens. Since the theoreti-
cal temperatures are higher than the present radiant heat capabil-
ities, it is believed that the future of these heat sources will
depend primarily on & future requirement for high temperatures.
Convection heating has several basic limitations and major devel-
opment problems, Cne limitation in testing a full or reduced size
specimen is that the temperature can be controlled con cne zone
only, the remainder of the vehicle would not be controlled unless
the actual flight conditions of the vehicle are reproduced. The
control system, even to acccmplish control on one zone, would pre-
sent some difficult development problems. Altitude simulation
would require febrication of the test specimen to allow evacuation
of the pressure dependent components. The design of the facility
to eontreol and transport the air at temperatures of 3000°F would
be difficult because of the high heating rates the facility would
experience.

a. Continuous Cperating Tunnels

Present continuous operating tunnels camnot simulate the air-
stream conditions for the vehicle re-entry trajectory. OSome
of the facilities have heaters which are capable of supplying
air at temperatures sufficiently high to heat a model to the
desired surface temperature. Various air heating methods are
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used including electric resistance heaters, mechanical com=-
pressors, and chemically fueled heaters. To reduce the
heater size, some designs inccrporate large heat reservoirs
in the form of sheet metal lattices, steel balls, or heated
refractory materials. The heat stored in the reservoir sup-
plies the required heat to the tunnel gas during the test.
This type of heater has supplied gas heated to cver 3000°F.
Reference 22 describes an existing facility.

Electric resistance heaters used tc directly heat the tunnel
gas have the advantage of the rapid response reguired for
similation of time dependent temperature profiles. Reference
23 indicates the upper temperature Ilimit for electric resis-
tance heaters as approximately 2500°F for air and possibly
LOOOF for nitrogen. Recent work on this heater for trans-
ient simulation of temperature is Reference 2k.

Reference 25 describes a continuous operating tunnel with a
unique heat source. The inlet air is preheated to 1200%F
followed by burning hydrogen upstream of the throat to ob-
tain temperatures of approximately 3500°F.

Reference 26 discusses the many considerations involved in
designing & heating scource.

. Combustion or Chemical Jets

Chemical jets such as Jet and rocket engine exhaust geses
are a source of high energy gases. These combustion jets
have been used by the Army Ballistic Missile Agency for the
development of ablation materials for nose cones. Reference
27 is an uwnclassified description of this heat source.

Miscellaneous Other Heating Methods

Several other test facilities are capable of providing some degree of
simulation but are not easily classified in the previous secticns. A
desceription and evalustion of the capabilities of each is incliuded below.
At the present, none of these methads are competitive with the radiant
heaters discussed previously.

1.

Aeroballistic Ranges and Magnetic Accelerators

Desired skin temperatures with these facilities are attained by
"firing" or accelerating the model to a high velocity. These
facilities have very short flight times, small model sizes, and
high acceleraticns on the model. Reference 28 describes planning
done by Arnold Engineering Development Center for an aercballistic
range. This fecility, because of the above limitations, is not
satisfactory for the simplation reguired for the vehicles of this
study.
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II.

2. Arc-Tmage, Solar Furnaces

The arc-image furnace focuses the high temperature carbon arc with
a parsbolic mirror to obtain temperatures in the lO,OOOOF range.
The test area is limited to less than one square inch. The solar
furnace which focuses the sun's rays also is limited to very small
test areas and is not satisfactory for testing considered in this
study.

3. Rocket-Propelled Model

The rockei propelled model is & very important test method for de-
termining heat transfer coefficients and flow regime. Since the
vehicle structure would reguire simulation to determine heat trans-
fer, & relatively large mcdel would be reguired. Instrumentaticn
of the model, recovery of the model, and reproducing the re-entry
trajectory are other problems of the rocket propelled model. Fur-
ther development of this test method may result in increased im-
portance in the future.

by, Flame Heating

The uge of flames (such as acetylene) has been considered as a
means of heating a specimen. Even temperature distributicn on the
surface would require developing contrcllable nozzles which could
be spaced at very small intervsls. This method may have possibil-
ities but would reguire considerable development. Specimen contam-
ination could occur for some materials using flame heating.

MATERTAT THERMAL PROPERTY TESTING

This section describes test methods used to determine the material thermal pro-
perties required for the analytical calculstion of heat flow. Many of the
thermal properties could be determined by any one of geveral methods which
have been developed. The various methods can be compared by considering ac-
curacy, speed of operation, dependence of results on independent properties,
reliability of results, range of temperature, geometry of the samples, and the
cost of the test apparatus. The error in the thermal property will be dis-
cussed in detail for only one method. The method selected for the error dis-
cussion is not necessarily the most accurate, but is one of the more common
methods which have bheen used and therefore is representative of the error which
exists in literature values of thermal properties.

Material thermal properties to be considered are: thermal conductivity, speci-
fic heat, density, diffusivity and emissivity. Radiation shape factors, al-
though not materisl thermal properties, are included in this section since they
are required Tor caleculation of radiant heat {ransfer.

Reference 29 contains literature values for the thermal properties of many
materials.



Thermal Conductivity

The type of apparatus used for thermal conductivity testing of solids

depends on the relative (high or low) conductivity and the temperature
range of the testing.

1. Low Conductivity Materials

The conductivity test accepted as a standard for testing materials
with conductivities less than 5.0 BTU/hr- £t -OF/in. is the American
Society of Testing Materials Procedure C177-45 (guarded hot plate).
This procedure assumes one dimensional hezt flow from the specimen
to the c¢old plates. Temperature differences between the specimen
and the guard heaters will cause deviations in this unidirectiocnal
heat flow. These conditions have been evaluated in References 30,
31 and 32.

Assuming the apparatus can hold the temperature difference between
the guard plate and test specimen to less than lDF, the resulting
error is less than 3% for specimens not exceeding the specified
thicknesses of the American Soclety of Testing Materials Procedure.
Other test differences for the guarded hot plate preocedure incliude
inaccuracies in temperature measurement, heat flow measurement
{watt meter) and errors from misalignment of heaters. These ac-
count for an estimated adéitional 3% inaccurscy for an overall er-
ror in the neighborhood of 5%.

This type of apparatus is usually limited to temperatures on the
hot plate of 1000 to 1200°F, allowing a maximum mean temperature
of T700-900°F depending on the apoaratus. Since knowledge of mate-
rial properiies at higher temperatures is becoming more important,
apparatus is currently being developed for hot side temperatures
of 2500°F.

The thermel conductivity of some materials (such as the fibrous
insulations) is both temperature and pressure dependent. Sinee
the vehicles operate at high altitude for a portion of the flight
profile, the conductivity of these materials is required for vari-
ous ambient pressures. Conductivity testing at reduced’ pressure
introduces additional problems in maintaining and measuring the
pressure in the specimen. This additlonal error introduced for
reduced pressure depends on the pressure range of the testing and
the sensitivity of the conductivity to pressure. Since the con-
ductivity {for a glven mean temperature) may be only one half or
one third ag great at 300,000 feei altitude as ai sea level, a
total error of 10% is estimated.

2. High Conductivity Materials

Several techniques heve been developed for determining the thermal
conductivity of metals. References 33, zlh, 35, 36 and 37 degeribe
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the various techniques which have been used,

One method which is used by Armour Research Foundation is desecribed
in Reference 33. This procedure determines the conductivity by
measuring the temperature at two radial lccations on & disk shaped
specimen heated from the center. Radial heat flow is assured by
using disks made of the same material as the specimen on each side
of the specimen., These disks are also heated until the axial tem-
perasture gradient is negligible. The accuracy of this apparatus
depends on alignment of the heaters, resistance of the heater coils,
location of the thermocouples, and thermocouple inaccuracy. The
estimated error of the conductivity is 5% (Reference 33). This
apparatus has been used for maximum temperatures of 3000°F,

Reference 37 also shows a thermal conductivity tester for metals.
This reference estimates the error to be within 5% to 8%, depend-
ing somewhat on the heater used for a given sample. This tester
can be used for temperatures as high as 6000°F.

Specific Heat

L literature survey (Reference 38) found three basic methods of determin-
ing the specific heat of material at high temperature: {1) liquid calo-
rimeters, (2) ice calorimeters, and (3) heat flow apparatus.

The liquid calorimeter has bveen used by Armour Research Foundation for
the temperature range of 1000°F tc BOOOOF {Reference 35). The sample is
heated to the desired temperature and immersed in a liquid calorimeter.
The resulting change in enthalpy of the specimen is used to compute the
specific heat.

The specimen in this procedure is dropped into & dry receiver to prevent
splashing of ligquid which cccurs if the sample is dropped directly into
the fluid. At high temperature the heat lcss of the sample during the
drop from the furnace to the calorimeter temperature can cause signifi-
cant error. This is minimized by incasing the specimen in a graphite
capsule. The test is then performed beoth with the specimen in the cap-
sule and with the empty capsule. The difference between the two tests
is used to determine the specific heat cof the specimen.

Reference 35 includes an analysis of the accuracy of the liguid calorim-
eter. The analysis shows that the largest inaccuracy is measuring the
sample temperature in the furnace. A test was conducted comparing tem-
verature in the sample with the temperature measured in special tubes
placed in the furnace. The thermoccuples in the samples agreed with the
arithmetic average of the protected thermocouples to within 4°F. The
unstead§ behavior of the furnace from line veoltage fluctuations resulted
in a 15°F deviation at temperatures above 24LCOCF. These conditions were
estimated to introduce an errcr of 1%. A 1% error was also estimated
because of inaccuracies in measuring the heat content of the sample in
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the calorimeter. The total error of the specific heat measurements was
estimated to be about 3% for the temperature range of the materials
tested.

Heat flow apparatus have also been developed for specific heat measure-
ments. Reference 37 describes an apparatus which has been used for tem-
peratures as high as 6000°F. The error estimated for this apparatus was

5%.
Density

Various methods for determining the density of solid materials can be
uged. Reference 38 includes a biblicgraphy of methods used for deter-
mining density. Density of materials at temperatures other thar that
used in the test can be calculated using the thermal expansion proper-
ties of the specimen to determine the volume at specified temperature.
An accuracy analysis done by Battelle Memoriasl Institute on density de-
termination estimated the error as 0.1% at the temperatures where the
density was directly measured, and 0.2% for other values involving the
uses of a dilatometer to determine linear coefficients of expansion (Re-
feregce 36). Test specimens included various metals at temperatures to
1800°F.

Thermal Diffusivity

The thermal diffusivity o« , can be calculated from the thermal conduc~
tivity, K; specific heat, CP; and density, P as follows:

K
PCP

o =

Apparatus have been developed however, which allow the thermal diffusiv-
ity to be experimentally determined. Reference 38 includes a bibtliogra-
phy of various metheds which can be used. One technique impeses a sinus-
oidal heat pulse on one end of the specimen. Time-temperature measure-
ments are made at a given location in the specimen. The heat pulse is
then changed and the meagurements are repeated. The diffusivity can then
be calculated. A slight modification of this procedure uses time-tem-
perature measurements &t two locationsz in the specimen and requires only
one heat pulse to calculate the diffusivity. Reference 39 discusses
another method which uses & second material with known thermal proper-
ties adjacent to the specimen. From the time-temperature measurements
and the thermal properties of the known substance, the diffusivity cof
the specimen is determined. The reported error of the diffusivity using
this equipment is 3% (Reference 39).

Fmissivity

Total normal emissivity is experimentally determined by comparing the
amount of radiation recelved from the sample with that received by a
black body for exactly the same conditions. The samples are heated to



the specified temperatare and the resulting radiation is then measured.
gince carbon dioxide and water vapor absorb certain wave lengths of
radiation, the tests are usually done at reduced pressure. One of the
largest inaccuracies is the measurement of the temperature of the speci-
men. To determine the inaccuracy in temperature measurement, Armour Re-
search Foundation (Reference 40) used an optical pyrometer to compare
the temperature of a platinum sample measured with a thermocouple at
1000°F. A difference of 20°F was found. This was estimated to produce
an error of 8% in the emissivity value.

The accuracy of the emissivity also depends on changes in sensitivity
of the detector system. Periodic checks with the black body response
curve by Armour Research Foundation showed that over a testing periocd
of two years, the detector experienced a 20% decrease in sensitivity.
This difference was assigned a 5% indeterminate value.

A 2% inaccuracy was estimated for electronic measurement of the detector
signal. The total error estimated by Armour Research Foundation was 10%.

Radiation Shape Factors

Radiation shape factors may be analytically derived for simple combina-
tions of surfaces. Reference 41 ineludes factors for many special cases.
Several experimental methods have been devised using mechanical or opti-
eal integrating devices, electrical analcgues or models. Reference L2
includes a discussion of various analytical and experimental methods used
to find shape factors.

A recently developed apparatus is discussed In Reference 43. This appa-
ratus provides a plane source of diffused light for experimentally de-
termining shape factors between surfaces. The apparatus uses a special
detector to minimize the cosine error. Sources of error include the
lack of perfectly diffuse emission on the plane and the inaccuracy in
simulating the model configuration and reading the detector. Comparison
of the. experimental results of certain simple configurations which were
analytically determined showed very close agreement.

Since the accuracy is greatly dependent on the complexity of the config-
uration and the skill of the operator, the overall error is difficult to
assess. Assuming a high skill level of the operator, the experimental
techniques should provide shape factors within 10% for most configura-
tions.
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APPENDIX VI

TESTING INACCURACIES FOR RADIANT HEAT TESTING

This appendix discusses in detail various testing inaccuracies. Panel, reduced and
full size vehicle specimens are considered both for sea level apd altitude simulated
testing. The first two sections discuss inaccuracies in general, followed by the
last section which discusses inaccuracies for the specific specimens of this study.

I. EXPERIMENTAL INACCURACIES FOR PANEL, REDUCED OR FULL SIZE SPECIMENS

A. Inaccuracies Common to Panel, Reduced or Full Size Specimens

One error which is common to radiant heat testing of panels, reduced or full
size specimens, is the inability to exactly reproduce the desired surface
temperatures on the test specimen. This error may have numerous sources, in-
cluding inaccuracy in measuring the surface temperature, inaccuracy in repro-
ducing exactly the time-temperature profile, and errors caused by non-uniform
temperature distribution on the specimen.

The measurement of transient surface temperatures of a specimen heated in the
range of 1000°F to 2500°F is subject to significant inaccuracies with pre-
sently used instrumentation. If thermocouples are used, inaccuracies occur
because of thermocouple attachment methods, radiation to (or from) the thermo-
couple bead (because of differences in the emissivity of the thermocouple and
the surface), inadequate response rates of the thermocouples and measuring
devices, induced currents in the thermocouple from stray electric Bources,

and conduction of heat from the thermocouple leads. Reference L& discusses
the magnitudes of some of these inaccuracies. Reference 45 ghows the effect
of attaching the thermocouple to the back surface of the skin to reduce the
radiation error. These factors generally will cause the indicated temperature
to be less than the actual surface temperature. Reference 46 is a comprehen-
sive list of thermocouples and corresponding operating tewperatures.

Other high temperature measurement instruments include (1) total radiation
devices, (2) brightness or optical pyrometers, and (3) two color pyrometers.
Reference 47 outlines the advantages and disadvantages of each method. These
temperature indicating devices are less reliable than properly attached and
shielded thermocouples, especially for measuring transient temperatures. Re-~
ference 48 is a current publication on metheds and application of temperature
measurement,

With the automatic temperature-time programmers commercially evailable, the
error caused from not following exactly the time-temperature profile during
heating is very small unless the required temperature or heat fluxes are near
the maximum capability of the heaters. When the required surface temperature
is decreasing, cooling might be required on the specimen. If the test is con-
ducted at sea level, air or carbon dioxide can be used for cooling, but for
tests conducted in en altitude chamber, cooling is more difficult. This pro-
blem is discussed in more detail in the next section.



The error from non-uniform temperature distribution on the surface of the
specimen will depend on the required heat transfer and the resulting complex-
ity of the array of lamps. For low heat rates, close lamp spacing is required
to obtein even distribution. For high heat rates, the lamps are spaced &as
closely as possible, and for some tests, double rows of lamps are required to
obtain the desired heat rates.

Another source of error is in the determination of the amount of heat which
is transferred through the specimen. Heat gages or heat sinks would be used,
depending on the specimen and testing conditions. The inaccuracy assoclated
with measuring the heat transfer will be discussed in more detail later for
the specific specimens.

Inaccuracies of Panel Testing

Edge effects allow heat to flow parallel to the panel which introduces one of
the major error sources for testing panels. These effects can be minimized by
insulating the edges, testing larger panels, or possibly by providing guard
heaters on the edges. A second error source results from the buckling which
often accompanies the heating of panels. The buckling causes extreme changes
in geometry of the components. Erroneous temperature weasurements on the un-
heated side of the panel will result from convection and radiation unless the
panel is properly shielded.

Scale Vehicles

Scaled vehicles, as considered in this report, are actually reduced surface
area specimens since the specimen is fabricated from the full thickness
materisls. If the materisl thickness is not full size, the problems of simi-
litude must be considered. Appendix VII discusses these probleums.

Testing reduced size specimens of the complete wvehicle will eliminate the edge
effects which occur from testing panels. If a temperature gradient exists on
the wvehicle, the testing with each zone simulated will be more accurate than
using the test results from one or two panels for the vehicle ag would be done
with panel testing. The actual size of the reduced size specimen to be tested
will depend on the cost of specimen fabrication and testing; however, the speci-
men must be of sufficient size to allow full size thickness to be used and to
allow satisfactory temperature distribution on the specimen.

Full Size Vehicles

The full size specimen will have errors very similar to the reduced size test,
Depending on the size of the vehicle, using the full size specimen should in-
crease the uniformity of the tewperature distributlon on the vehicle. The
full size specimen obviously requires more heating equipment than a reduced
size test, but individual heater failures are likely o be less important in
maintaining the desired temperature distribution.
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Crew Cowpartment Testing

The crew {(and equipment) compartments for some vehicles could be tested with-
out testing the complete vehicle. The surface temperature on the outer sur-
face of the compartment would be calculated and this temperature would be im-
posed on the specimen for the test. This crew compartment specimen could be
either full or reduced size. The errors for this type of testing are similar
to the reduced and full size wvehicles except for the additional error caused
by calculating the temperature on the outer surface of the crew compartment.
The importance of this additional error will depend on the specific vehicle
considered.

II., INACCURACIES FOR SEA LEVEL AND ALTITUDE SIMULATED TESTING

General,

To determine the test to be accomplished, it is necessary to consider not only
the test specimen, but also if the test should be conducted at sea level or
with altitude simulation. Since some of the thermal properties of the wvehicle
wall change with pressure, errors will exist unless the pressure variation of
the wvehicles during the flight profile is pressure-time eimulated. Altitude
testing at any constant altitude (other than sea level) is not recommended
because the additional cost would be very nominel to simulate the time-alti-
tude profile.

Sea Level Testing

If the test is conducted at sea level pressure, the test results must either
be accepted with the test inaccuracy or some method must be applied to aceount
for the varying altitude (pressure)} of the sctual vehicle. Assuming flrst
that an attempt will be made to correct the sea level test results, two ap-
proaches are possible. The first approach would be to use similitude during
the test. This entails changing a test parameter (such as time or temperature)
during the test to account for the changes in altitude which have not been
simulated. Appendix VII shows that for even a simple wall containing only

one materlal with pressure dependent thermal conductivity, this similitude is
not practical.

The second approach would be to analytically correct the sea level test re-
sults to reflect the changes in altitude which were not simulated. The masnner
to be used would be:

1. Analytically predict the results for test conditions (sea level pressure).
2. Compare these analytical predictions with the test results.

3. Adjust the amalytical procedure to obtain correlation with the test at
sea level.
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L, Anslytically determine the heat transfer for the altitude-time tra-
jectory using the adjusted analytical. procedures.

Careful analysis of this procedure, which at first seems entirely satis-
factory, shows that adjustment of test data by this method is likely to
introduce rather than correct errors.

There are two possible situations that can arise when comparing analytical
and experimental data. The first possibility is that there is a comparable
uncertainty in the test data and the analytical results. If this is the case,
it could not be determined what direction the analytical results should be
corrected.

The second possibility is that there is high confidence that the test data is
accurate. For this situation the direction of correction of the analytical
results is known and it remains to determine how to perform the adjustments.

The experimentally determined heat transfer through the specimen would not
give sufficient information to adjust the analytical program, since it would
not be known what factor in the analytical method should be corrected to
correlate the experimental data. The correlation procedure required would be
to compare both the heat transfer and temperature-time profiles for each com-
ponent of the wall. Knowing the experimental results are correct, the analy-
tical study could then be adjusted to correspond to the experimental heat
transfer and temperature profiles. This correlation would be very complex
and, because of thermocouple inaccuracy, large errors very likely would be
introduced into the analytical study. In addition to inmaccuracy in the
thermocouple and heat flow measurements, any location errors of the thermo-
couples would result in incorrect adjustments. Another provlen would be to
resolve the experimental heat transfer for each flow path, if the wall section
contained parallel paths. The heat transfer measured would be the total for
all paths. Even assuming the analytical and experimental methods could be
correlated at sea level, the analytically determined heat transfer for the
altitude condition does not include any experimental altitude effects.

Because of the difficulty in using an analytical adjustment procedure for sea
level testing, this report assumes the test date will be accepted without
attempting to decrease the error by subsequently using a mathematical method.
The error in accepting this data will, of course, depend on how important the
pressure dependent components are to the heat transfer. By examining the
pressure variable components of the wall, it can often be determined if the
experimental sea level heat transfer is greater or less than the actual alti-
tude-time heat transfer. For example, if the only pressure variable compon-
ent is an insulation which has decreased conductivity with increased altitude
(for a given mean temperature) the sea level test would show higher heat
transfer than the actusl heat transfer. This datae could be then accepted as
veing "conservative" compared to the altitude heat transfer.
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Altitude Simulated Testing

Altitude testing could be accomplished either by (1) testing the whole speci-
men in an altitude chamber or (2) fabricating the specimen so that the pres-
sure sensitive components could be evacuated individually. The second method
probably could be used for panel tests but it is very doubtful if it could be
applied to reduced or full size specimens. The cost comparison assumes the
testing is accomplished within an altitude chamber and the facility cost
shown on Figure 31 includes suitable chamber and evacuation equipment., Fabri-
cation of a specimen to allow evacuation of a component would be wmore expen-
sive, although the facility cost would be somewhat less. Note, however, on
Figure 31 that the evacuation chamber for many of the test specimens con-
sldered, is not a large part of the total facility cost.

When the heat transfer testing is conducted with altitude simulation, some
errors can occur which require evalustion. The most obvious error results
from pressure differences between the actual trajectory and the simulated
chamber pressure. This error includes inaccuracies in measuring the chamber
pressure and the inaccuracies in admitting air to simulate the decreasing alti-
tude of the re-entry.

Another error is caused by failure to simulate the convective coefficient on
the unheated side of the specimen. In the vehicle the unheated side is main-
tained at cabin pressure. The coefficient which exists For altitude testing
is probably very unlike the design conditions unless special simulation is
provided. This error is discussed in more detail for the drag vehicle testing
where the coefficient is very important.

A problem may also occur in providing cooling to the specimen during the de-

creasing temperature part of the simulation. If the specimen dees not cool
sufficiently fast with the heaters off, special radiant panels may be required.

ITI. EXPERIMENTAL ACCURACY FOR GLIDE AND DRAG VEHICLES

Glide Vehicle

1. General

The accuracy compariscon for the glide vehicle is based on the amount of
heat entering the water wall from the outer skin. To show the resulting
heat transfer errors caused from errors in simulating the specimen sur-
face temperature, Figures 56, 57, and 58 are included. These figures
are for the o« = 12°, f = 5 feet and « = 0°, f = 5 feet con-
ditions of the glide vehicle. (The temperature error chown on Figures
56, 57, and 58 (shown in °F) is the error which occurs at the maximum
temperature of the tewperature-time profile. The percentage error which
corresponds to this temperature error was then used to determine the
temperature error at all other times.

i3



This same procedure was used for the pamel, reduced size, full size,

and crew compariment speciments discussed later.) The curves on Figure
56 are for a sea level test and reflect, in addition to the temperature
error, the sea level conductivity of the insulation, the sesa lewvel water
boiling temperatures, and the convective effects between the outer skin
and outer insulation at sea level. The curves on Figures 57 and 58 are
for aliitude simulated testing. These curves include an error from not
exactly simulating the altitude-time trajectory. Figure 59 ghows the
altitude errors used for Figures 57 and 58, Figure 57 shows the re-
sulting heat transfer which would be obtained if the altitude chamber
were evacuated to a maximum of 250,000 feet (Curve A, Figure 59). The
heat transfer for the test with a maximum evacuation altitude of

150,000 feet (Curve B, Figure 56) 1is shown on Figure 58. The importence
of accurate altitude simulation for the glide wvehicle can be seen by
comparing the errors of Figures 57 and 58.

The upper surface temperatures of the glide vehicle (Figure 3) are be-
low room temperature for the first hour of re-entry. It has been assumed
that temperatures below room temperature would not be similated, and
this error is included for each test.

Figures 56, 57 and 58 do not include the inaccuracy of measuring the
test heat transfer through the specimen.

Panel Testing

Two sizes of panels were considered for the glide wehicle, a two-foot
by four-foot panel and a six-foot by ten-foot panel. For each of these
panels, two testing possibilities were assumed.

The first possibility assumes that only one temperature-time test will

be done and the results of this test will be applied to the total sur-

face area of the vehicle to obtain the total heat transfer. For this

condition, it was assumed that the temperature profile of e = 12°,
P = 5 feet would be used.

The second condition assumes that two time-temperature tests would be
done and the results of both tests would be applied to the vehicle.

The e« =z 0° § = 5 feet profile would be used in addition to the
« = 12°%, § = 5 feet for the two tewperature conditions.

Using estimated-film coefficients and air temperatures which cccur on
the unheated side of the panel during the test resulted in significant
errors in the heat entering the water wall. ©Since heat flowing from

the cabin to the water wall can be accurately calculated (knowing the
thermal conductance of the honeycomb and the accustical insulation),

the accuracy of the test would be increased by experimentally deter-
mining only the heat transfer from the skin. This would require heavily
insulating the cabin side of the water wall during the test.



The temperature simulation inaccuracies for each of the panel tests used were:

a. Two-Foot by Four-Foot Panel

A surface temperature error range from +200°F to -150°F was assumed for
the &« = 12°, f = 5 feet and +100°F to -75°F for o« =0°, f =5
feet. The smaller errors for the o« = 0°, f = 5 feet were assumed
because of the lower temperatures of this profile.

b. Six-Foot by Ten~-Foot Panel

The error range for the temperature simulation on the six-by-ten panel was
zssumed to be +150°F to -100°F for « = 12°, f = 5 feet, and +75°F to
-50°F for « = 0°, f = 5 feet. The six-by-ten panel was assumed to
have three temperature zones. Simulation of the three zones allows the
heat transfer to be determined more accurately from the center zone.

The altitude simulated testing assumed the error curve A of Figure 59.
The amount of heat which is transferred through the wall would be determined
from the increase in the heat content of the water well. It was assumed that

this -heat increase could be measured with an inaccuracy not exceeding 10%.

Reduced and Full B8ize Vehicle Testing

The half and full size specimens are complete structural models of the vehicles
with the exception of the nose cone and leading edges. These items have been
removed since these areag represent only a small area compared to the total
vehicle area. The calculated temperature on the attaching structure of the nose
cone and leading edges would be simulated to reproduce the heat transfer which
results from these paths. 8ix heat zones are imposed on the specimen (additional
zones could be used with essentially no increase in cost), corresponding to the
calculated temperatures and areas. The areas of the vehicle with temperature
profiles approximating the o« = 12°, f = 5 feet condition have been assumed
to have a temperature simulation error renge of +125°F to -T75°F for the half
size vehicle and +100°F to -50°F for the full size wvehicle. The lower tem-
perature areas approximating the o« = 0°, p = 5 feet condition have been
assumed to have a temperature simulation error range of +50°F to -25°F for

both the half and full size vehicles.

The amount of heat entering the vehicle would be obtained from measuring the
increase in heat in the water wall. It was assumed that this heat increase
could be measured with an inaccuracy not exceeding 10%.

The altitude simulated test assumed the error Curve A of Figure 59.
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Crew Compariment Testing

The crew compartment of some wvehicles (such as the glide vehicle of this
study} could be tested without testing the complete vehicie. For this
test the temperatures on the outer surface of the crew compartment would
be calculated. Five heat zones were assumed for this specimen (addition-
al zones could be uged with essentially no increase in cost). Half size
and full size specimens were both considered. The areas of the compart-
ment with temperature profiles approximating the « = 12°, ? =5
feet conditions have been assumed to have a temperature simulation error
range of +150°F to -100°F for the half size specimen and +125°F to ~-75°F
for the full-size specimen. The lower temperature areas approximating
the « = 0°, f =5 feet condition have been assumed to have a tem-
perature simulation error range of +50°F to -25°F for both specimens.

The amount of heat entering the specimen would, as for the previous

glide vehicle specimens, be determined from the increase in the heat con-
tent of the water wall. The inaccuracy of measuring the heat transfer
was assumed to be 10%.

The sltitude simulated test assumed the error curve A of Figure 59.

B. Drag Vehicle

1.

General

The accuracy comparison for the drag vehicle is based on comparing the
total heat entering the vehicle which includes the forward and afi sec-
tions of the sphere. To show the resulting error in heat transfer caused
by errors in similaticn of the specimen surface temperature, Figures 60,
61, 62, and 63 have been included. (The temperature error shown on
Figures 60, 61, and 62 (shown in °F) is the error which occurs at the
maximum temperature of the temperature-time profile. The percentage error
which corresponds to this temperature error was then used to determine the
temperature error at all other times. This same procedure was used for
the panel, reduced and full size specimens discussed later.) The curves
on Figure 60 are for a sea level test and therefore reflect the sea level
conductivity in addition to the surface temperature error. The curves on
Figure 61 are for the altitude simulated test. These curves include an
error caused by not exesctly simulating the altitude-time trajectory. The
error trajectory of Curve A, Figure 63 was used for these curves.

Figures 60 and 61 show the errors in heat transfer for both the forward
and aft sections of the sphere, and the total wvehicle.

Figure 62 compares the resulting total heat transfer which would result
from various errors in the altitude-time trajectory of the vehicle. The
curves on Figure 63 show the error profiles which were assumed.



Comparison of the total heat transfer errors occurring for these alti-
tude errors shows that the heat transfer for the drag vehicle, unlike
the glide vehicle, 1s less sensitive to altitude simulation errors.
Accurate simulation of the re-entry profile would be more difficult,
however, because of the short flight time of the drag vehicle.

Figures 60, 61, and 62 assume that the inside film coefficient (he) and
the vehicle compartment temperature (T.) have been perfectly simulated

to the design conditions. The convective heat transfer from the vehicle
drag skirt to the aft section of the vehicle which would occur during

the test was also included for the sea level and altitude test conditions.
The inaccuracy of measuring the heat transfer through the specimen has
not been included on these figures.

The inside film coefficlent and tempersture on the unheated side of the
specimen were estimated for the test conditions. The simulation of the
inside film coefficient for the altitude test would require the use of
radiant panels since the convective film is very small for these con-
ditions. The radiant panels would be located parallel to the unheated
side of the specimen. The selection of F, and the radiant sink temper-
ature to simulate the desired film coefficient requires that the tem-
perature on the unheated side of the speciman be known. Since this tem-
perature is not known until after the test, one of two methods could be
used to find the required F, and radiant panel temperature. The first,
and the one assumed for this study, is to analytically determine the tem-
perature. The second method would require testing at variocus combinations
of Fo and radiant panel temperature to obtain a range of inside film co-
efficients. This approach would invelve the expense of testing the panel
mumerous times. The heat transfer inte the aft secticn of this wvehicle
is extremely sensitive to this film coefficient and large errors will re-
sult unless this parameter ig accurately simulated.

Panel Testing

Two sizes of panels were considered for the drag vehicle, a two-foot by
four-foot panel and a six-foot by ten-foot panel. Because the structure
of the forward section of the drag vehicle is different from the structure
of the aft secion, two different panels must be fabricated and tested for
each size panel considered.

For the two-by-four panel, a surface temperature error range of +200°F
to =150°F was assumed. The temperature error range for the six-by-ten
specimen was assumed to be +150°F to -100°F.

The panel corresponding to the aft section of the vehicle would be fabri-
cated to include a portion of the drag skirt. The surface temperature
would be imposed on the skirt and the heat would be transferred to the
part of the panel representing the aft sphere by radiation and convection.
Shielding would be reguired tc simulate the radiastion from the aft sec-
tion of the sphere to space.
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Heat transfer through the panel for the sltitude testing would probably
be measured by the temperature rise in the radiant panel. If this
method were used, the radiant panel would be insulated to receive only
the heat from the test panel. A 10% inaccuracy is assumed for this
measurenent of heat transfer.

The sea level panel test would use some form of a heat meter: elther a
portion of the panel or an attached meter. One method would use a heat
meter attached between the insulation and the aluminum pressure shell.
By measuring the heat transferred through the meter and the transient
storage heat of the adjacent aluminum, the heat transferred from the
aluminum could be calculated. Another method would utilize the unheated
side surface temperature on the panel and the film coefficient to cal-
culate the heat transfer. This procedure would require calibration of
the panel, both for various panel temperatures and amblent temperatures
to provide values of film coefficients which occurred during the test.
A 20% inaccuracy has been assumed for measuring the heat transfer for
the sea level tests.

The altitude error curve A of Figure 63 was assumed for altitude simulated
testing.

Reduced and Full Size Vehicle Testing

The half and full size specimens are complete structural models of the
vehicle, except, as mentioned in Chapter IV, the beryliium heai shield
has been replaced with a thin skin.

The temperature simulation error range Tor the half size specimen was
assumed to be +125°F to -75°F, and +100°F to -50°F error range was
assumed for the full size specimen.

The sea level test would probably use & convective heat sink to main-
tain the design temperature inside the specimen during the test. This
heat sink would be used to measure the heat entering the vehicle. An
inaccuracy of 5% was assumed for measuring the heat entering the vehicle.

The altitude tests could be conducted either with or without inside
pressure simulation (8,000 feet compartment altitude). If the test was
performed with the compartment pressure simulated, the heat entering
the wvehicles would be measured similar to the sea level testing. If
the cabin altitude is not simulated, the radiant heat sink in the form
of panels inside the wvehicle would be reguired because of the extremely
small inside film coefficients. The method selected in this study as-
sumes the inside pressure is simulated and the inaccuracy of 5% was
used for measuring the heat entering the wvehicle.

The altitude error curve A of Figure 63 was alsc used for the altitude
simulated tests for the reduced and full size vehicle tests.



APPENDIX VII

SIMILITUDE IN HEAT TRANSFER TESTS

Introduction

The situation under consideration is three-dimensional heat conduction in a body.
The outer surface has a prescribed temperature that may vary with both time ( 7 )
and distances (X, Y, and Z). The air temperature on the inmer side is to be con-
stant regardless of the heat flux. The heat transfer coefficients are prescribed.
The body, in general, will consist of n distinct homogeneous layers of n different
materials. The heat capacity of each material is temperature dependent end the con-
ductivity is pressure and temperature dependent where the environmental pressure is
a prescribed function of time. The initial temperature ie uniform.

The problem is to determine if the solution for the temperature as a function of
time and distance can be related to the temperature in a scale model. The scale
model may be constructed geometrically similar to the full-size vehicle. The models
initisl temperature and the variation of the model outer surface temperature with
time and distance may be prescribed. The air temperature, pressure and the heat
transfer coefficients of the model on the inner side may be prescribed. Only a one-
dimensional case will be considered in this investigation because it has teen shown
that the heat transfer in the study vehicles may be considered one-dimensional. In
addition, the one-dimensional problem presents the minimum complexity.

One Dimensional Heat Conduction Equation With Temperature Dependent Properties

The first step in the investigation will be to consider the case where the material
properties are functions of temperature only; the pressure history is constant. The
one-dimensional conduction equation for the case of temperature-dependent thermal
properties is:

p(x)Cp(x,T)%T— = a_ax [K(x,T)%] (1)

The equaticn applies at any point where the material properties are smooth functions
of x, i.e,, at points where the properties change discontinuously, Equation (1)} does
not apply. Therefore, it can be assumed that the body congists of n such regions
and Equation (1) applies in any region of length L.

Mzking the changes of variables

T = T/V (2)
= x/L (3)

]|

where V is a fixed uniform temperature which can conveniently be taken as the initial
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temperature. Equation (1) can be written

p(x)cp(x,1) 3L - .Ll_2 L [K(g,ﬁ ,%z;;] ()

Note that the functions @, and K in Equation (1) and Equation (4) are not the
same but are related through Eauatlons (2) and (3). Equation (4) may be

Cp(X,u) BE] _ __K(x1) [
Cp(x,1) 1ar p(x)Cp(x, )12 [K(x,1) 2%

where, for example, Cj (%, 1) is the initial heat capacity {at @ =l or T = V). If
a characteristic time is defined as

. K& 1r
P ®Cp (X, 1)1.2 (6)
(5) becomes
Cp (£,T) |28 | _ 1 2 [K® ®
Cp (X, 1) |af K@E 1) 23X ’ (7)

In all cases of practical interest, the body consists of n distinct regions of uni-
form material properties. This simplifies the situation considerably. Eguation ( (7)
takes the form

Cp @ u 2 K(i) aa
Cp (1) @7 % K(1) 2% (8)

and (&) becomes

g0 that the characteristic time is now uniform within the region.
The special. case of one region, one material, is of interest. It is required that

the golutions be identical for the two Models A and B. Leaving aside for that
moment the question of boundary conditions, fquation (8) would require that
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Cp(u) _ cplu)

cp(D) " Sp(1) (10)
K@ _ k@ ]
K@ k) (11)

where the upper case refers to the full-size Model A and the lower case refers to
the smzll Mcdel B.

Note the Equation (10) end Equation (il) do not require the two models to he of the
same material, but only that corresponding thermal properties as a function of
temperature ratio be of the same functionsl shape. For example, suppose that the
heat capacity can be written.

Cp@ = A+ Bg(, cp@=a+bg @ (12)

where g(l) = O and g{@l) is the same function in both cases but where the initial
temperature V and v need not be the same. Then (10) requires that B/A = v/a. A
similar relationship would have to be satisfied by the conductivity at the same
initial temperatures V and v as for the heat capacity.

It is extremely doubtful, however, if any practical situation exists where two
different materials will yield the same solution. For example, considering the case
where the thermal properties are linear functions of temperature as in the sketch
below,
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then,

B —
Cp(’r)=Cp0+MT=Cpo+?T=Cpo+Bu ( )
13

li

b T
v

cp (T) = Cpo * mT =cpg + Cpo +b (@

where M, m are the slopes of the respective lines and B,b are the coefficients in
Equation (12). In order to put Equation (13) in the form of Equation (12) and have
g(l) = 0 let

A=Cpo+B,a= cpo"'b (ll{.)

then,

A+B [%11 (15)

cp(l) = a+b [%— 1]

Cp @)

The condition given by BEquation (10), B/A = b/a, then gives %Y = v,

a
The quantities M, V, and A are fixed by the given conditions of Model A. The quan-
tity m is fixed by the choice of the material for Model B. Then, from (14)

\'d v _ MY
a + mv  mA 1 (16}

where Cl is a constant depending upon the choice of the material for Model B,
Equation (16) can be solved uniquely for v giving

v =0 cpo/ (L - Clm) (17)

FBquation (17) gives the initial temperature in Model B that must be required; this
requirement results from the condition that must be satisfied by the temperature
dependence of the heat capacity. However, hquation (11) will result in a similar
equation, i.e.,

v = C,Ko/(l - C,m’ (18)
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In general, Equations (17) and (18) will Getermine two different values of v. We
conclude that as a practical matter both models must be constructed of the same
material.

Having determine that Equations (10) and (11) require that the thermal properties
of corresponding regions be identical, it remains to determine the remaining con-
ditions that must be satisfied. Consider a multi-regional problem. The models
must e geometrically similar, i.e., Ly/1; = Lp/l,... = Ln/ln, same ratio of
characteristic times. Note the initial conditions must be the same in both models.

The boundary conditions in Model B which correspond to those in Model A follow im-
mediately from Equation (8). For if 7 is real time when considering Model A,
real time in Model B will be (r 12/19).

One Dimensional Heat Conduction Equation With Temperature & Pressure Dependent
Properties

If the conductivity is pressure and temperature dependent and the heat capacity
temperature dependent, the differentisl equation is

PCp(T) 'g% = 3—1— [K(T,r) %] (19)

This cannot be put into the form of Equation (8) by a transformation of the type
%=x/L,8=T/V, F =2(r). Taat is, a transformation of this type will not
transform Equation (19) to the form of Kquation (8); instead, the coefficient in-
volving conductivity will always be time dependent. Hence, the pressure dependent
and non-pressure dependent situations cannot be related by a transformation of
this type.

It is possible that for special forms of K(T,r) Equations (19) and (8) may be trans-
formed tc a common form by s non-linear transformation; for example, X = X/L, =
T/v, 7 = £(T, 7). However, even if such a transformation could be found, it would
probably be impractical; the most likely reason being that the boundary conditions
could not be made identical in the two models. Linear equations can often be
transformed, but, as has been previously demonstrated by the temperature dependent
case, in a non-linsar equation a change in the function form of a coefficient con-
taining the dependent variable will generally result in an unrelated system. The
cpinion is, therefore, offered that the temperature-pressure dependent case repres-
ents an essentially different non-linear system from the temperature dependent case.
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CONCLUSIONS

Tor the case of material properties dependent upon temperature only, it can
be concluded thet as a practical matter both models, full size and scale must
be made of the same material and have the seme Initial temperature and temp-
erature history. In addition, real time will be related by the ratio of the
geometric scale factor squared.

For the case of material properties dependent upon both temperature and pre-
ssure, no simple relatlonship exists linking the heat flow in a model to that
in a full size specimen if their pressure history are not identical.

For many insulaiicns the variation in thermel conductivity with altitude is
toc large to be ignored in test planning. The foregeing investigation shows
that the prototype's pressure history, temperature history and material shculd
be duplicated in the fest situation.
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PERCENT ERROR IN TOTAL HEAT
TRANSFER TO WATER WALL
%
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BLOCK DIAGRAM OF DIFFERENTIAL ANALYZER SETUP
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~

FIG. 54 RADIANT HEATING EQUIPMENT

e

FIG. 55 AIR FORCE HFAT TEST FACILITY LOCATED AT INGLEWOOD,

CALIFORNIA
WOOLDRIDGE

(PHOTO COURTESY OF THOMPSON RAMO
INC.)
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RESULTING FROM ERRORS IN SURFACE TEMP. S{MULATION
WITH ALTITUDE ERROR CURVE "A'' OF FIGURE 59~GLIDE

VEHICLE.
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