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THREE ONE-DIMENSIONAL STRUCTURAL
HEATING PROGRAMS

STt oo ) L. D:Wing ™~ -
Sounding Rocket Division

ABSTRACT

This document descnibes two digital-computer programs for cal-
culating the temperature histories of each element in a 10-element struc-
ture consisting of up to ten materials A third program, tailored to the
specific calculation of a mean payload box temperature for an item placed
1n an orbiting vehicle cargo bay, uses the same.basic analytical technique
but 1s more approximate in nature The thermal energy balance 1s based
upon one~dimensional heat transfer. The programs use as input, the con-
ductivity coefficients and specific heats of the materials either as single-
valued or as linearly varying-with-temperature variables. In the first two
programs: cold wall, hot wall or net heat mto the outer surface can be en-
tered and correction capability from cold to hot wall values 1s provided The
first program, NQLDW112, postulates a non-ablating surface matenal, while
I;TQLDWI 17 allows for surface recession by usmg as mnput data either the reces-
ston rate (ft/sec) or the “effective heat of ablation” (Btu/lbm) as functions of
the rate of heat transfer to the wall The third program, NQLDWO040, uses an
idealized structure payload box located within an orbifing velr;cle cargo bay
by posttion angles to infer a mean temperature value including the effects of
energy produced withm the box, solar radiation, Earth albedo, Earth radiation
and avefaged radiation from other items of payload within the orbiting vehicle

cargo bay.
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PREFACE

This report contains detailed descriptions and utidization information for two similar
one-dimensional structural heating programs and a specialized payload box mean tempera—
ture hustory program for orbiting vehicle cargo bay items. The programs are presented n
three sections

SECTION 1 — NQLDW112, the non-ablating surface, one-dimensional

structural heating program

SECTION 2 — NQLDW117, the ablating surface, one~-dimensional

structural heating program

SECTION 3 — NQLDWO040, the orbiting vehicle cargo bay box mean

temperature history program.

The similarity of the programs of Secfions 1 and 2 and the fact that the program of
Section 3 1s based upon a similar theoretical approach has resulted in the decision to com-
bine the three separate program write-ups into this single report. Functionally, of course,

Fl

the three programs are totally independent of each other

NQLDW112 and NQLDWI117 are updated versions of two one-dimensional structural

heating programs reported in Reference A, NQLDWO040 has not been previously reported.

vii



SYMBOLS

A= crosssectional area of element (normal to path of heat flow) (ft2) _
C = refers to conductive heat transfer
Cp = materal specific heat (Btu/lbm°R)
H = heat transfer coefficient defined by H =—(—i—--—-- (Ibm/ftz’ sec)
- hrec - hw
h = enthalpy (Btu/lbm)
k = material coefficient of thermal conductivity (Btu/ft sec’R)
q = quantity of heat (Btu)
qd = heat transfer rate (Btu/ft2 sec)
daero = boundary layer-to~wall heat transfer rate (aerodynamic heating) (Btu/ft? sec)
qG; = heat conducted from element 1 to element j m fime DELTIM (Biu)
Gin = “total heat which passes into the external element (1) from any source m time
DELTIM (Btu)
as, = change 1n heat stored in element 1 dunng time DELTIM (Btu)

RAD = refersto raEliant heat

S = refers to stored heat

T = temperature (°R unless otherwise noted)

by = time (sec)

\% = element volume (ft3)

X = linear distance (ft)

€ = surface emisstvity

o = Stephan-Boltzmann constant (= 0 4805 x 10-12 Btu/ft2 sec®R4)
p = matenal density (Ibm/ft3)

viii



SUBSCRIPTS

a = actual element (true element dimensions)

ew = cold-wall condition (Ty, 4y = 80°F) :
¢ = cubic element dimensions assumed

hw = hot-wall condition (at acutal wall temperature)
Rec = atk recovery. enthalpy and local pressure

w = refers to wall condition or properties

@ If no radiation inward from element 10 is desired, use only EP2 = EP3 = 0 in the

nput.

¢ Reduced or actual geometry values are mnput to the element geometry cards (fypes
14 through 19). when ITK = 1 (NQLDW112), or at all times for NQLDW117. Use reduced
areas 1t mput whenever they exist; otherwise, mput the actual element areas. Whenever
reduced areas are used, the corresponding element AREFi must be mput as the applicable
ratio of [A actual/A reduced]. Ifno recfuced areas are used for any elements, then the
AREFi values for those elements are entered as “1.” The following definitions are helpful

in sefting up a varymg-element-size problem-

Aa (i-1)+ Aa (i)
2

A redhiced (i) =

=A@
ARef (i) = A reduced (1)

ix



GENERAL SYMBOLS FOR NQLDW112

AAl, AA2, . AA10 = thereduced area (if used) or the actual area (if no reduced area
is used for that element) of eIement; i, 2, . 10 ((ft?)
AE, BE = coefficients in the element one surface emissivity versus temperature equation
T D, qv
AREFI, AREF2, . . AREFIQ = the ratios of real to reduced element area for each
element (must be entered as “1 * when no reduced area 1s used for t}lat element)
CPA, CPB, . . CPJ = Specific heat of materials of elements 1, 2, . 10 used m the
equations.
CP1 =CPA+(V1)T
CP2 = CPB +(V2) T etc. (Btu/lbm°R)
CPIN = specific heat of plate to which eleme}lt 10 radiates (Btu/lbm°R)
DELTIM = the size of the calculation time step when constant for entire problem (sec)
DELTM (i) = the size of the calculation time step when variable within one problem
(sec)
DELX = the cubic elemnent thickness (if IJK = 0) or the smallest element dumension
in the heat flow drection (if IJK = 1)
EMfO = glement one sur‘face emissivity (see Eq. 17)

EP2

emissivity of mner (emitting) surface of element ten

EP3 emissivity and absorptivity of surface to which element 10 1s radiating
HREC (1) = average boundary-layer recovery enthalpy at time 1 (Btu/lbm)
IHW = a counter,= 0 for cold wall heat rate input (T, = 80°F), = 1 for hot wall heat

mput (surface emussivity of element 1 is input as zero)



UK = a .counter, = (0 for problem consisting of ten geometrically identical elements
(though matenals may vary from element to element), = 1 for problem in which varying-
element geometries are to be mput (NQLDW]112 ONLY)

J = the number of calculation steps

KJK = a counter;= 0 for final element temperatures printed out in °F,= 1 for pnintout in
°R

KK6 = number of calculations per printout (temperature data 1s printed out every “KK6 x
DELTIM” seconds)

QAHW = average (over DELTIM) hot-wall heat rate into element one (Btu/ft2 sec)

QDOTT (1) = the cold wall convective heat rate at time 1 (Btu/ft2 sec)

QRADINTERNAL = radiative heat rate from element ten to the intemal structure of the
vehicle (Btu/ft2 sec)

QRADD (1) = radiative heat rate to element one (Btu/ft? sec)

QROUT = radiative heat rate to space from outer‘s.urface of element one (Btu/ft2 sec)

RHOIN = density of the plate to which element ten radiates (Ibm/ft3)

RHOI, RHO2, . . .RHOIO = densities of the materials of elements one through ten, re-
spectwvely (Ibm/ft3)

TAUIN = thickr:e-ss of the plate fo which element ten radiates (ft)

Tl1, T2, T10; = imtial temperatures of elements 1,2, . 10(°R)

T1F, T2F, . TIOF = final temperatures of elements 1, 2, 10 (°F or °R)

TIMO = problem start time (sec)

TINNER1 miﬁal temperature of surface to which element ten radiates (°R)

TINNERSf

I

end of tume step temperature of plate to which element ten radiates (°R)



U1, U2, U10 = constants in the thermal conductivity equations (see 1item "‘XKA”)
V1,V2, . V10 = constants in the specific heat equations (see item “CPA”)
XATXA2, . . . XA10”="1he actual element depths (in direction of heat flow ) (ft)
XKA, XK]%., . XKJ = thermal conductivity of materials of elements 1,2, . . . 10,

used 1n the equations

XK1 = XKA +(UDT

XK2 = XKB + (U2)T etc. (Btu/ft sec®R)

xii



PARTICULAR SYMBOLS FOR NQLDW117

‘The following symbols either do not occur in NQLDW k12 or are defined differently
in the two programs. Thus list supplies the corsect definitions for NQLDW117. Symbols

not 1 this list appear in the preceding (NQLDW112) symbol list

ABLTM = the input temperature at which element one material begmns to ablate or sub-
hme (°R)
DX (i) = surface recession rate (a function of QDOTT (1)) (ft/sec)

IIX = a counter; = 0 if recession rate (DX (1); ftfsec) is input as a function of QDOTT (i);

1 if effective heat of ablation {QSTAR, Btu/lbm) s inpuf as a function of QDOTT
(1). NOTE: In NQLDW117, the IJK as defined :n NQLDW112 is always = 1
NPTS = number of pawrs of DX (i) or QSTAR (1) versus QDOTT (i) points input

QDOTT (1) = hot wall heat rate (Btu/ft2 sec)

QSTAR (i) = effective heat of ablation (a function of QDOTT (1)) (Btu/lbm)

PARTICULAR SYMBOLS FOR NQLDW040

AAA, AAB, . . AAF = (respectively) the surface areas of payload boxsides A, B, . . . F
(f2)

ALPHA = the absorptivity of surface “E” in the solar energy band

T A = Payload box total external surface area (ft2)

FIN = integrated view factor for payload box emission of radiant energy into the Shuttle
bay

FOUT = integrated view factor for payload box emission of radiant energy out of the

Shuttle bay

xiii



P (1) = imternally produced power (Btu/fsec)
QDOTT(1) = nternally produced heat rate that enters element one (see equation 38) (Btu/
fZsec) ‘

THyj = the payload box position angles (Figure 3-1) (degrees)

TIN = the Shuttle bay mean temperature (°R)

TOUT = the temperature to which the bay 1s radiating (°R) (e.g. space = 0°R, Earth =
510°R, Sun = 0°R (sees deep space))

TSRCE = the temperature of non-Shuttle-borne heat source that radiates to the payload
box top (area AAE) (°R)

T = the average temperature to which the payload box radiates usmg parallel plate radi-

ation (calculated by the program) (°R)

V = volume of payload box (ft3)

W

weight of payvload box and contents (Ibm)

WTIMEQ), DELTM(@() = time and calculation interval paiwrs (sec, sec)

XMEAN = the mean effective conductive distance within the payload box (see Figure ‘3~2)
(ft)

a = surface absorptivity

€2 = the effective mean emussivity of all six faces of the payload box = %g—g—
€3 = eBay = the mean emissivity of the bay liner and other payload items within the bay

(input value)
py = effective density of fictitious box materzal “M™ (see equation 36) (Ibm/ft3)
Y or PSI = the angle between the normal to face E and the incoming solar ray (degrees)

Important When sun does not “see” bay, enter ¥ =0. (Not 90°)

X1v



THREE ONE-DIMENSIONAL STRUCTURAL HEATING PROGRAMS
SECTION 1
NQLDW112, THE NON-ABLATING PROGRAM

1.1 INTRODUCTION

This digrtal computer program calculates the temperature histones of each element
a ten-element structural configuration The thermal energy transfer must be one-dimen-~
sional. Whike as many as.ten materials of construction may be considered, the surface element
cannot decompose or recede 1n any manner Cutput includes c]'hot—wall and the final (end-

of-time~-step) element temperatures as functions of time

NQLDW112 1s designed to yield (in closed form) the time~temperature histories of
any heat-sustaining (no ablation or subhmation of the surface) structure which 15 amen-
able to the assumption of one-dimensional heat flow and whach 1s subjected to a known
aerodynamic andfor radiative heating environment on one {external) surface Figures 1-1
and 1-2 show some typical structural arrangements, though other possibilities exist The
program can hal;dle as many as ten materials, each element representing a different mater—
1al. The specific heats and thermal conductivities of the ~<.=:lermezn’c materials can be input as
constants at arbitrary temperature or as hnear variables with temperature, in whach case the
base values are given at some fixed temperature (e g T =540°R) The structure inner-sur~
face emussivities EP2 and EP3 are single-valued but the external surface emissivity of element
one can be input as a constant, a first—order or a second-order v::mable with temperature.
This Iimitation on EP2 and EP3 1s not unduly restrictive because the effect of temperature

{at the magnitudes dictated by matenal capability well inside the structure’s exposed sur~

face) 15 negligible compared to the vanation eaused by surface conditions such as roughness,



degree of oxidation, etc. The program accounts for both radiation away from the exposed

surface of element one (to space) and that into the structure from the exposed (inner) sur-

face of element ten. The nner structure to which the element ten exposed surface radiates
can be given an analogous flat plate density, specific heat and thickness such that the appro-
priate temperature of the inner structure can be calculated. An 1sothermal inner structure

can be sinulated by inputting very large values of these parameters

1.2 THEORY
The theory programmed into NQLDW112 1s extremely simple though somewhat
tedious. Figure 1-1 shows the basic arrangement of the elements. Figure 1-1 also indicates

on the sketch the heat transfer and heat storage terms considered. The heat balance equa-

t1ons are

gIN = gCI12 +gS1 +qRAD (1A)
qC12 = gC23 +¢S2 (1B)
qC23 = qC34 +gS3 (1C)
qC34 = qC45 +q84 (1D)
qC45 = qC56 +g85 (1E)
qC56 = qC67 +gS6 (1F)
qC67 = qC78 +qS7 (1G)
qC78 = qC89 +gS8 (1H)
qC89 = qC910 + gS9 (1D
qC910 = gs10 +q2ROUT an

These equations use the following definitions-



Energy radiated from the external surface 1s
qROUT = eo (TX)* AX2 At (Btu) (2)
where
TX=TIli
for the first iteration, then
TX=T1i+TIE)/2

for successive iterations until

TX - (Tl11+TI1F)

TX

<0001 (3)

The value of TX is then accepted a{nd all TF values for the first item step are calculated The
heat passing into the structure from the boundary layer s
qIN= dgero  (AX)2 (A)  (Btw) @)
where § ,,,, = the cold wall convective heat rate
(Tw = 80°F = 540°R)
The heat stored is defined by:
a8 = (Cp) (p) (AX)3 (TIF-TL) (Btu) (5)

where

2

The conducted heat 1s defined by:
c=k(J)X(J) +k(T+1DXJ+1) (AX) (AT) Thi+TIF  T2+T2F
XH+XT+1D

(Btu) (6)

Note that subscript 1 refers to fime and J to element number. Heat radiated mward from the

inner surface of element 10 is.



gRADINTERNAL = EP23 (0.4805 x 10-12)

[(T1004 - (TINNER)*] (AX)? (AT) (Btu) (7)

where
1

1
EP23 = [E)E+TE?§‘1]-1 8

Because the materials of any element may differ from those of the next successive
element, the thermal conductivities, densities and specific heats are all evaluated as the
numerically averaged values for time 1 and 1 + 1, weighted by approprate element thick-
nesses A slight degree of conservatism results from treating T1 ds though 1t were a sur—
face temperature in effect 1gnoring the outer half of element one with respect to thermal
resistance. Thas treatment produces temper;ture profiles very slightly lngher than would
actualty exist. The assumption that no heat exits through the element sides (unidimensional-
flow assumption) may result in an additional degree of conservatism. The overall conser—
vatism cannot be defined sumply since 1t will vary appreciably with the magnitude of din,
the element size, the general level of Cp, k and p and the size of the time step Since con-
servation temperature resulfs tend to DECREASE the hot-wall convective I;eat‘ input, some

of the described conservatisin 15 lost and the indicated temperature values will not vary

greatly from the correct theoretical values ~

The cold-wall convective heat mput, ¢ cw, is corrected to a hot-wall value by the

following relation
s hyec = hy
Ghw = dew [h_ _E_w'] )
TEC CW
NOTE that this correction equation i§ only approximate and should (more correctly) read:

th) [ hrec _hhw l (10)

dhw = Gew (
v ch hrec - hcw



Equation {10) 1s not used because of the complexity (a lengthy iterative process) of defining
the ratio of the heat transfer coefficients (Hyy, /H.y) Since inclusion of this ratio (use of
Equation (10) rather than Equation (9)) would result in a slightly decreased heat mput to the
structure, the program results are again slightly conservative but, as before, the conservatism
1s decreased by the interplay between the assumed surface temperature and the forcing
function for the convective heat transfer Moreover, the net effect of the conservative
assumnption 1s small

%

In order to accomodate the smallest possible values of the time step DELTIM, the pro-
gram 15 written m double preciston mode, thus, the time step may n the interest of greatest
accuracy be quite small The smatlest DELTIM (or DELTM(1)) that can conveniently be

used resulis i the greatest accuracy.

In NQLDW112, a single value of DELTIM can be entered (NPTS4 = 0) or up to ien
DELTM (1) values can be input such that the calculation step mnterval can change at nime
different times in any one problem. For example, 1if NPTS84 = 10, then DELTM(®) can be
given the value of one second for the first 100 seconds of the problem Then, at 100 seconds,
the calculatron time changes to 2 seconds At 200 seconds, 1t 18 changed to I second agam

This sequence can continue until a total of ten time step values have been used The times

and time steps for multiple cases are input as WTIME(), DELTM()

The program 1s set up to consider ten geometncally identical cubic elements that might
logically define conditions for an mfimte flat slab made up of ten laminated layers of various
materials and subjected to a uniform heat pulse over the exposed surface Such an arrange-

ment 15 not always amenable to realistic structural configurations To enable the program to



handle elements of arbitrary cross-sectional area (normal to heat flow) and element depths
(in the direction of heat flow), it 1s necessary to calculate an effective density and coeffici-
) _f":_n-thoﬂf *Ehermal conductivity and an effective he;tvi_n‘glt (;a;diaav; énd convective) that will
yield a proper solution to the heat balance equafions using the c&bic elements (all the same
s1ze) asset up m the base program. This calculation is made possible by using the following
methods
@ To correct the conducted heat through each element, let sub a = the actual
element property and sub e = the property of the cubic element 1n the pro-

gram To assure that the heat conducted through the program’s cubic

element will equal that of the actual element, gC, = gC,, or

kg Ay AT At _ k, As AT At (11)
X, Xe
from which
—1 rAaXe
ke =ka [0 (12)
@ To correct the stored heat i each element qS, =qS, or
Cpy Vg pg AT =Cp, V, pe AT (13)
from which
V [
Cpe = Cp, [=2] [ 14
e=Cra 52 7 (14)

Then, letting the speciﬁé heat reman the true material value because Cp may vary linearly

with temperature in the program, one obtamns

Po _V, _ Vs
L8 =_2a or p, =0, [o] 15
pa Ve € a Ve ( )

e Correction for the real element convective and radiative heat into and

radiative heat out of the surface element 1s made in the program by



multiplying the QAHW (hot wall heat rate into element one) by AA1/XAi
A similar correction is made for radiation inward from the inner surface of
element ten.

Equations 9 and 10 have been programmed mto NQLDW112.

An additional capabality has bee'n added 1n the form of an option that permits the pro-
gram to bypass the cold-to-hot-wall correction for the heat mmputs Normally, the program
uses cold wall heat rates as input because the wall temperature history is unknown 1n advance
of running NQLDW112. The program then corrects (approximately) these cold-wall values
to hot-wall values that depend upon the actual (iterated) wall temperature. However, if
hot-wall heat rates (as derived from expeniment in a radiant-heat facility) are available, 1t
1s clear that the attempt of the program to convert these hot-wall heat rates by the enthalpy
ratio would be meammgless. Thus, 1f the counter IHW 1s set to vruty, NQLDW112 bypasses

the hot-wall heat rate correction and uses the input values as the hot-wall values.

Note, however, that the heat input (when IHW = 1) MUST be entered as QRADD(1)
(NOT as QDOTT(1)) if net radiant heat input 1s considered, because this heat as measured by
a temperature. history and then calculated to a  history is the NET heat exchange to the
wall Moreover, when the counter THW is set equal to 1, the surface emissivity of element
one is set equal to zero, so no radiation outward from the heated suiface occurs. The heat-
1n 1s the effective net heat exchanged, as would result from converting a radiant-heat facil-

1ty temperature history to a heat rate history.

1.3 INPUT .

Figure 1-3 illustrates the method of mputting data to NQLDW112 and defines the

L]



mput terms All input except for the title, J (on card 2), IIK, THW and KJK (on card 12)

and NPTS1, NPTS2, NPTS3, NPTS4 and KK6 (on card 13) is in floating-point (the decimal

pomnt must be given). Each problem co;lﬁsm;s o—f- 13 (-If—H K=0)orl19 (ifKIK=1) éards pius
the QDOTT(), QRADD(1), HRECC(1) and DELTM{() cards. Problems may be stacked in
any number, but all cards are requured for every problem Whenever the conductivity and
specific heats of the element matenals are to be mput as constants (with temperature), all
U(1) and V(1) terms are entered as zero Note that, when linearly varying values of specfic
heat and thermal conductivity are to be entered, CPA through CPJ and XKA through XXJ
must be given some base value (e.g Twall = 540°R). However, 1f single values of these pro-
perties are entered, they are mput at any arbitrary temperature that appears to be a smtable

average value over the anticipated structural temperature range.

TIMOQ 1s the arbitrary initial time which may be given any value but which must not be
earlier than the inrtial time in the trajectory at which the first thermal data input {(QDOTT(),
HRECC(), QRADD()) are applicable. When NPTS4 1s entered as zero in card 13, card type
18 (contaimming WIIME(z), DELTM(1) values) 1s omitted and the program will run with the
single calculation time step input as DELTIM 1n card type 8 1If, on the other hand, varying
time steps are desired the number of such steps 1s entered as NPTS4 and the appropriate .
number of type 18 cards (each giving 3 WTIME(1), DELTM(i) pairs) included in the mnput.
When NPT 34 1s greater than O, the DELTIM entry on card type 8 is given the value of unity
and is ignored by the program. The mitial time (WTIME(1)) must be given a value equal to
or lower than TIMO. DELTM(1) will then be used by the program until TIME = WTIME(2)
when the calculation time step will automatically change to DELTM(2). When TIME =

WTIME(3), DELTM(3) becomes the calculation time mcrement This process confinues



until completion of the problem. It 18 mandatory, however, that the last mput value of

WTIME(1) be greater than the final problem TIME.

The element dimension DELX (for IJK = 0, all elements are cubes of the same size),
also a constant, can be given only one value per problem Thus, for ITK = 0 this-dimension
represents the length, width and thuckness of all ten elements. For IJK = 1, DELX 1s the

smallest element dimension 1n the direction of heat flow.

Each structural configuration (problem} can have only one outside element (element
one) which recetves and reradiates heat. Internal elements transfer heat only by conduction
to or from adjacent elements, except for element 10 which 1s allowed to radiate (by paraliel
plate radiation) to an “inner plate”, the heat storage capacity of which 1s defined by the
input data: RHOIN, CPIN and TAUIN (card type 14) QRADD(z) entered m card type
17 is the heat radsated into element one (Btu/ft2 sec) and the imnput value must mclude
the absorptivity of the exposed surface of element one. It 1s thus possible (by entering
both heat input items of card types 15 and 17 equal to zero) fo allow a body to cool by
radiating to space It 1s also possible (by entering QDOTT(1) and HRECC(1) m card types
15 and 16 equal to zero, but entering QRADD() 7 0) to examine the effects of heat

radiating to the surface 1n the absence of any convective heating

Finally, the heat radiated into the structure interior from the inner surface of element
ten depends upon the mputlvalues of EP2 (surface emissivity of element ten), EP3 (surface
emussivity, sic absorptivity, of structure to which element ten 1s radiating), the mitial imnput
TINNER (temperature of structure to which element ten 1s radiating) and the heat storage

capacity of the ““inner plate” (also input). Calculations of this inward rachation alone assume



that element ten has a temperature (T101) which 18 constant through each time step at the

matial value for that time step. This approximation avoids the complexity of a fourth-

order equatlon-ln\}olviﬁg the unkn,ciwn T10F That 1s, Equation (7) should correctly be:

qRADINTERNAL = (EP23) (0.4805 x 10-12) (16)

% = ( . 9

[( T10: + T10f,4  TINNER: + TINNERf
The error introduced by eliminating the averaging process is small.

Page 1 of Figure 1-3 shows the required mnput data format Pages 2 and 3 of thus figure
define the input variables. It should be possible to input a standard problem using only
Figure 1-3 as a guide The following list defines the input data summarized i Figure 1-3

Note that all input 1s 1n floating point except where otherwise specified.

® Card-type 1 One card per problem. Column 1 contains the digit “1™ to
assure that each problem starts a new prnntout page. Columns 2 through
80 contam any alpha-numeric title which will appear at the head of the

printout.

® Card-type 2 One cz{rd per problem. The counter, J, is the number of
calculations to be made and 1s a fixed—point number, right justified in
columns 1 through 3. Columns 6 through 15 receive EP2, the emissivity
of the inner exposed surface of element ten. Columns 16 through 25
contain EP3, the emussivity of the surface to which eleinent ten 1s radiatmg
Colu*:mns 26 through 35 take the imtial value of the temperature to whach

element ten is radiating Columns 36 through 45 and 46 through 55
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receive the coefficients AE and BE, respectively, in the variable element
one surface emissivity equ;ﬂ:ion.

EMIS = AE(T2) + BE(T) + EMIO (17

Card-type 3. One card per problem, TIMO, the mmtial problem time
(sec}, appears in colurns 1 through 10. This 1s followed (in fields of 10)
by EMIO (element one’s outer surface emissivity if constant with temper-
ature, the constant in Equation 17 if emisstvity varies with temperature),
XKA, XKB, XKC, XKD, and XKE (the thermal conductivity of elements

1,2, 3,4 and 5, respectively, in Btu/ft sec °R),

Card-type 4. One card per problem. This card contains, i seven con-
secutive fields of 10 columns each, the thermal conductivities of elements

6 through 10 and the densities of elements 1 and 2 (lbm/ft3).

[

Card-type 5. One card per problem. This card takes, in consecutive fields

of 10, the densities (1bm/ft3) of elements 3 through 9.

Card-type 6. One card per problem, contamng, 1n consecutive fields of 10
the density of element ten (Ibm/ft3) and the specific heats of elements 1

through 6 (Btu/lbm °R).

Card-type 7. One card per problem containing, in consecutive fields of
10, the specific heats of elements 7 through 10 (Btu/lbm°R) and the mitial

temperatures of elements 1 through 3 (°R).

Card-type 8. One card per problem contaming, m consecutive fields of 10,

11



initial temperatures of elements 4 through 10 (°R).

' Card-type 9. One card per problem. Columns 1 through 10 take the cubic
element dimension (or smallest conductive distance) (ft)., Columns 11
through 20 contain the problem initial t1me (TIMO) 1n seconds. Columns 21
through 70 (1n consecutive fields of 10) take the coefficients Ul through U35
for the element conductivity equations:

XK1 =XKA +(U1)T, XK2 = XKB + (U2)T, etc,

Card-type 10. One card per problem, contaming, in consecutive fields of
10, the remaming element conductivity coefficients (U6 through U10) and
the first two element specific heat 'coefficients for the hnear specific heat
equations

CP1=CPA+(VI)T, CP2 =CPB +(V2)T; etc.

Card-type 11, One card pet problem containing, in consecutive fields of

10, the specific heat coefficients V3 through V9.

Card-type 12. One care per problem. The last specific heat coefficient, V10, goes
in columns 1 through 10. Column 11 contains 1JK, the counter which initiates the
use of analogous, non-cubic elements. IJK = 0 18 used when all elements are cubes
Iof the same size. When ITK = (, the last 6 c;i,rsl EYI?CS (19-24) are onntted, If
1JK =1, alf card-types 19-24 must be submitted and DELX is entered as the small-
est element dimension 1n the direction of heat flow. IHW is entered in column 12.
If 1t is desired to mput cold wall heat rates to the program, IHW 1s entered as

zero; if hot wall values are to be input, IHW 15 entered as one.
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The counter KIK 15 entered in column 13, If = 0, KJK instructs the program
to print all element final temperatures in °F, if = 1, these temperatures are

printed out m °R.

Card-type 13 One card per problem In five consecutive fields of 3 NPTSI,
NPTS2, NPTS3, NPTS4 and KK6 are mput in fixed point, right justified
NPTS1 = number of paurs of time (1) — QDOTT() to be mput, NPTS2 =
number of paurs of time (1) — HRECC(1) to be mput, NPTS3 = number of
pairs of time (1) — QRADD() to be mput; NPTS4 = number of pairs of
WTIMEG) — DELTM() to be mput; and, finally KK6 = number of cal-

culations per printout.

Card-type 14 One card per problem. This card takes the input density
(lbm/ft3), specific heat (Btu/lbm°R), and thickness (ft) of the “mner plate”

to which element ten radiates

Card-type 15. NPTS1/3 cards per problem. In six consecutive fields of

12, XTIME(i) — QDOTT() values are entered. (sec, Btu/ft2sec)

Card-type 16. NPTS2/3 cards per problem. In six consecutive fields of

12, YTIME(Q) — HRECC(1) values are entered. (sec, Btu/lbm)

Card-type 17. NPTS3/3 cards per problem In six consecutive fields

of 12, values of ZTIME(1) — QRADD(;) are entered. (sec, Btu/ft2 sec)

Card-type 18. NPTS4/3 cards per problem. In si1x consecutive fields
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of 12, WTIME() — DELTM()) values are entered. (sec, sec)

fields of 14, XA1, AA1, XA2, AA2, . . . XAl0, AA10. These are the
-elernent dimension 1n the direction of heat flow and the element area

normal to the heat flow direction for the ten elements. (ft, £t2)

© Card-types 23 and 24. One each per problem. In five consecutive fields
of 14, the AREF1, AREF2, . . AREFI0 values are given, where
AREF1 = AA1 actual/AAi reduced. Note that if no reduced areas are used,
the ten rtems of card types 23 and 24 are entered as “1.”. Thus completes the
basic input definitions. The concept of reduced areas is amphfied below and

n Figure (4.

To use the capability of choosing arbitrary element sizes and net heating, the user

need make only two additional inputs to the program:

® Enter the digit 1 (for IJK) mn column 11 of card-type 12 (to call for the

varying element size option).

® Enter the digit 1 in column 12 of card-type 12 if net heat into element
one 1s to be input as QRADD(1) If IIX = 1 1s used, enter the actual
element depths (1n direction of heat flow) and the reduced (where used)
or real (where no reduced areas are used) areas (normal éo the direction of
. e

heat flow) in card-types 19, 20, 21 and 22. NOTE that the number of

elements can NEVER vary from ten.
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The reduced element area used for varying adjacent sectional areas in the conductivity
equation is described in the DISCUSSION Section (1.4) and shown diagramatically in
Figure 1-4, Whenever ITK 1s entered as 1, the ratio of actual area to reduced area must be
provided by means of card-types 23 and 24 (even when these ratios are unity). To use the
program with ten identical cubic elements, enter zero i column 11 card-type 12 and omit

~ -

card-types 19 through 24,

The surface emissivity of element one can be input as a constant, a linear or a quadratic
function of the temperature. If a constant value is desired, set AE = BE‘= 0 and input the
desired constant value as EMIO. If a linear variation is desired, set AE = 0, BE = the slope
of the linear emussivity~temperature curve and EMIO = the constant (base tempqrature)
value, If a quadratic variation is desired, input the apphcable coefficients, AE and BE, and

the constant, EMIQ, for the emissivity equation:
EMIS = (AE)TZ + (BE)T + EMIO

The input of XTIME() — QDOTT(), YTIME(), HRECC(), and ZTIME()) —QRADD(3)
is set up to accept series of points from plots of these parameters. The program will inter—
polate linearly between the input points, Consideration of this procedure enables the
operator to so select his mput points that linear interpolation wiil not result in mterpolated
values which are unreasonably removed from reality. The number of points entered 15

arbitrary (up to a maximum of 100) but for each set of data the number of data mput

pairs must be specified. Thus is accomplished as follows-
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Input Item Input Quantity Indicator

XTIME(;), QDOTT() NPTS1
- YTIME(G), HRECC(1)  NPTS2
ZTIME(), QRADD() NPTS3
WTIME(), DELTM() NPTS4

CAUTION All floating point entries for input data are actually in D — format such that
they can be entered in either F or D — mode. If entry 1s made in D — mode, the entry must
be right justified in the field, For example, if AE 1s entered on card-type 2, columns 36
through 45, in D — mode as 0.137 D-6, the 6 must be placed in colun‘m 45 and no blanks
left to the right of the decimal. If F — mode 1s used, the desired (including negative sign
and decimal pomnt, if required) 1s ssmply entered as “0.000000137> wrthin the designated

field.

1.4 DISCUSSION

A few words are 1n order with respect to the advantages and disadvantages of the
HX option. The basic program considers one-dimensional heat flow through ten consecutive
elements which may consist of up to-ten-different materials all of which must be cubic
elements having identical dimensions. The IJK option retains all of the features of the cubic
element form but allows the elements to have arbitrary dimenstons. The analysis in some
cases will be approximate. The solid lines of Figurel-4 show an arbitrary series of elements.
If these varying sectional areas were input as shown, the calculation of conducte;d heat using
. the ITK = 1 option would be ext;emely guestionabie because of the discontinuities at

several of the contact surfaces: see “actual heat path” (the solid diagonal hines in element

one) as opposed to the “simulated heat flow path” (the dashed vertical lines 1n element one).
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Note that using the reduced area represented by the dashed lines will also reduce the heat

capacity of ¢lement 1 uniess the density of the material 15 increased by the factor:

actual area/reduced area
over and above the correction made by Equation 15, Thus, 1f some mean value of an element
area 1s to be considered, Equation 15 must be altered for each element 1n which such a

“mean area” 15 used (there 1s an area discontmuity) to read

where AafAr 1s (by defimtion) AREFi (1 = the applicable 3161'1.16111: number), In this way, a
first-order correction to the element heat—conduction flow 1s made without mntroducing
error to the heat-stored terms. Of course, the greatest accuracy results from avoiding the
use of varying element areas! Varying element thicknesses (in the direction of the heat

flow) does not cause any error i the heat stored terms nor m the conduction terms,

As an example of approximating the simulated area, note that the distance AB = 1/2AC
(Figure 1-4, element one) is the method suggested at this time. Additional experience with
experiment data may demonstrate the applical:;ility of some factor other than one-half. All
elements adjusted m this manner are calculated in NéLDWl 12 by Equation 18 instead of
Equation 15, Note that all element sectional areas (normal to heat flow direction) entered
in the program as AA1, AA2, . . . AAIQare the “reduced” areas (Ar), NOT the actual
areas (Aa), unless a reduced area for that element does not exist, Corrections are made

within the program by using the (input) ratios AREF1, AREF2, . . . AREF10to com-

pensate for the element volume change. If no“reduced™ element areas are used (but IIK = 1
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to permst varymg element thicknesses to be mput), the values of AREF1 through AREF10
must be input as “1.”, Moreover, whenever ITK is entered as 1, all six card-types (19

“throngh 24) fast b present.

1.5 MATER%AL JOINTS

When it 15 desired to use experiment to investigate the tI;ermal lag arising from a con-
tact surface joint, a dummy element 1s mserted m place of the “gap.”” In order to give
meaning to the dummy element as representing the thermal resistance of two abutting
materials m a contact joint, some systematized analytical process 1s required. If sucha
system can be found which 1s applicable to joints in general, then e‘xpenmental data can be
used to establish empirical values of the variable selected. For this purpose, the following
assumptions are made-

The dummy element 15 assumed to be of the same material as the

materzal of the preceding (in the heat—flow path) element.

The area of the dummy element is assumed to be that of the pre-

ceding element,

The variable 1n the dummy element 1s taken to be the thickness

{(dimension 1n the direction of heat flow).

These assumptions will introduce an error into the heat-stored term because the pro-
gram would ordinarily consider the heat mass of the dummy element, Howevér, the infro-
duction of a fictitious and arbitrarily small value of the element material density eliminates
unwanted stored-heat in the dummy element. Thus, the heat~stored term is made arbi-

trarily small. A value of 1 x 10> for the dummy element density is adequate in most cases.
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Application of the method {0 a real situation requires ;axpe;imental data, Using the
method a sufficient number of times may produce a rule-of-thumb relationship between
the dummy element thickness and the thickness of the elements adjacent to the dummy
element. Untid such a relationship is established for each particular type of joint considered,
each case will have to be run over a range of dummy elf;ment thicknesses such that the thick—
ness which will yield the correct imner material temperature history will be bracketed. The

“yoint element” thickness may then be inferred.

1.6 OUTPUT

As output, NQLDWI1 12 prints in blocks at the end of each time = (DELTM()) (KK6)
the time, final temperature of each of the ten elements, average hot wall heat input for the
last covered time-step, heat radiated from element one, heat radiated from element ten and
the temperature of the plate to which element ten radiates, The time 1s in seconds, All final
temperatures are in °F (if KIK = 0) or °R (if KIK = 1), QAHW, QROUT and QRAD INTERNAL
are in Btu/ft2 sec, T1F refers to the mean temperature of element one at the mdicated time
whach 1s, of course, the temperature at the end of that time step which concludes with the
mdicated tume. T2F 1s the same for element two, etc. Thus, each printout block gives the
temperature distribution at the indicated time. Note that the temperature “TINNER

STRUCTURE? is always given in °R, regardless of the mput value of KJK,

All mput data are also printed out at the start of each problem, including the counters
17K and IHW, The counter KTK (0 1f fial element temperatures are i °F; 1 1f in °R) 1s not
printed out but each biock of output temperatures 1s preceded by the statement “Tempera-

tures of elements are in degrees F” (or °R, as apphcable).
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Particular attention is called to the fact that the counter IJK in NQLDW112 does not

have the same definition as the counter [TK in NQLDW117 (Section 2).

A typical example of printout for NQLDW112 may be seen in the sample problem of

Appendix A,
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SECTION 2
NQLDW117, THE ABLATING SURFACE PROGRAM

2.1 INTRODUCTION
Thas section describes a program for calculating ten-element, one~dimensional structural
heatmg with surface ablation, The program is simular 1n theory to NQLDW112 (Section 1)

but pernmuts a receding outer element surface governed by either of two options-

® Input an effective heat of ablation as a function of heat transferred to

the surface.

@ Input a surface recession rate as a function of heat transferred to the

surface.

For ablative or subliming surface materials which p\roduce neither significant meiting
and liquid flow nor a strong char layer, the program provides a thermal gradient history
through the structure as well as a history of the ablating surface element thickness. It serves
as a sumple and relatively fast means of estimating the effectiveness of an ablative or sublimmeg
thermal-protection coating and is not intended to supplant any of the more sophisticated

programs,

In order to expand the capability of NQLDW112 (Section 1) to include the effects of
an ablative surface, NQLDW117 has been generated. This program uses the same basic
theory as NQLDW112 but the additional calculations required by the ablation of the
exposed sur_face of element one will sigmficantly alter the program mput. For this reason,

a new program number has been assigned to the ablation heating program, Note that only
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element one 1s permitted to ablate so that element one thickness (XA1) input must be

shghtly greater than the total amount of material that 1s expected to ablate. If and when

all the ablation matenal of element one has eroded, the program prints out a warmng to

this effect and continues the analysis as m the non-ablating program (NQLDWI112)

2.2 THEORY

The theory underlying NQLDW117 is essentially that described i 1 2 of this report
Companson of radiant heat facility test data with the present analytical methods offers
some credibility for this theoretical approach in so far as the “conductive’ and “heat—
stored’” heat balance 1s concerned. The program does not account for the mechamsms of
the ablative process (char formation, spalling, heat blockage due to out gassing, mass addition
to the boundary layer, melt and flox.:v, etc.) per se The gross effects of these processes are
inherent m the input “effective heat of ablation™ or “surface recession rate.” The validity
of this assumption must depend in each case upon the manner m which the input data were
obtained In general, the program 1s best able to handle those ablation matenals which sub-
lime or form only a weak char layer which 1s quickly removed by boundary layer wall shear
stresses The program cannot ordinarily produce meanmgi;ul results on matenals which

form strong char layers or substantial amounts of liquid flow of the surface material For

such materials, the Langley Charring Ablator program of Reference A 1s recommended.

It might be possible, however, to examine strong char-layer-formmg ablative materials
on an approximate bass if one has mformation on the thermal properties of both the
char and the virgin material and some data which will permut a reasonable estimate of the

char formation rate for the thermal environment anticipated The problem would have to

22



be run n several steps, however The first step would assume an 1nitial char layer thickness
and form an element (thermal) model based upon this thickness After running for a time
which 1s estimated to yield the chosen char layer thickness as an average value, the program
1s termunated. The resultmg final temperature distnibution from the fust run 1s then entered
as the initial distribution for the second run whach utilizes an identical thermal model ex-
cept that the char layer thickness is increased to a value which represents the estimated
mean char thickness for a second period of time. If the char is known to slowly erode,

this can be accounted for i the step changes from one run to another This 1s obviously

an approximate method and should be used with caution until experimental corroboration

15 available

The effective heat of ablation (or surface-recession rate) of the element one material
1s mput as a function of heat transfer rate to the wall (see discussion, 2 5). These data are
mput as a series of two-dimensional (Cartesian coordinate) pomnts The program then cal-
culates the correct hot-wall ];eat rate to element one and, using this value, interpolates
linearly (Figure 2-1) between the two applicable points of the mnput data to obtain the
correct effective heat of ablation or sur'face recession rate for that time step. From these
data, the actual surface recession rate for each tin;e step 1s calculated and the element one

thickness 1s decreased by this amount. The process contmnues until the thickness of ele-

ment one becomes zero or negative.

Only element one 1s permitted to ablate because the program solves the ten heat
balance equations stmultaneously. When the thickness of element one becomes zero or
negative, 1t 1s automatically reset to 5 percent of its original thickness and the program con-

\

A
tinues to solve the problem as though there were no further ablation. Thus, one selects as
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the element one thickness only such value as he anficipates will shghtly more than account
for the materal loss by ablation. Elementstwo, three, ete, can also be of the ablative material
and w111—bqe._cnz_r.)1;;:t13,rw ;ak':l;lateci as far awls;hé he;at conducted and stored is concerned, but

no material loss is allowed on any but element one, Note that, when the element one thick-

ness has gone t0 zero or negative and has been returned to 5 percent of its original value, the

program printout will contain the comment. ‘“‘Ablation layer has been completely eroded.”

The hot-wall heat rate, QDOTT, 1s normally used to mput the surface recession rate,
DX(), or effective heat of ablation,QSTAR(i), because most expernimentally derived data
appear to be based upon the actual net heat transferred to the wall Provision is made (see
2.5) for other definitions of the heat rate, QDOTT, upon which the surface degradation
data may be based It 15 assumed, of course, that the materal does not form a heavy liquid

flow or strong char layer

The program automatically restricts the surface (element one) temperature to the
maternial ablation temperature (ABLTM) and assumes that ablation occurs only when the
heat input is great enough to maintamn the swiface at this temperature Once the maximum
allowable amount of element one material has been ablated, the program removes thus re-
striction on element one temperature and, 1 general, behaves as though the problem nvolved

no ablation

2.3 INPUT
Figure 2-2 15 a summary of the program input. There are twenty card-types. Card-
types 1 through 12 and 16 through 21 are input one card per problem. Card-types 13, 14,

1

and 15 are mput (respectively} NPT 1/3, NPT2/3, and NPT 3/3 cards per problem and card-
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tybe 20 1s input NPTS cards per problem All input 1s floating pomnt within the fields shown
m Figure 2-2 except J, IJK, NPTS, IHW, KJK, NPT 1, NPT2, NPT3 and KK6 which all are

fixed point entries and must be night justified within their allotted fields Multiple-problem
entries are made by sunply stacking the problems, but each problem is an entify n itself and

must include all the cards shown (card-types 1 through 22).

TIMO, the problem start time in seconds, can be intput as zero or any positive number
but, unhke program NQLDW112, DELTIM (the calculation time step in seconds) can have
only one value per problem, if the program starts with DELTIM = 1 second, thss value 1s
retained for the entire run. The failure to provide the varymg DELTIM capability in this pro~
gram came about as 2 logical machine storage and running time saver, Program storage re-
quirements for the go-step are mcreased by adding the variable DELTIM capability. This
represents a mmeor negative because the increase 1s not great, However, the very nature of
the ablating or decomposing surface automatically limits the length of tume that the structure
can survive. (The ablation material 1s completely dissipated within a relatively short run).

If, in rare circumstances, it is necessary to consider.long periods of time following an initial
short period of ablation, the program results of the short period ablation calculation can be
input to NQLDW112 and the calculation completed with up to ten different calculation times

(BELTM())

The following comments consider the card-types m order. All input 1s floating point
within the given field except as noted (CAUTION IJK in NQLDW117 1s NOT the same

as IJK in NQLDW112).
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® Card-type 1. One card per problem. Put a

“1”” 1 column 1 to assure that
the program run will start on a new page The title may be any alphanu-
meric entry, in columns 2 through 80 and is used solely as a user’s 1denti-
fication-of the-problem: - - e s = -

Card-type 2 One card per problem. J, which defines the number of cal-
culations t0 be made, 1s input in fixed point right justified in columns 1, 2,
and 3 Columns 4 and 5 are blank EP2, the surface emissivity of the mnner
surface of element 10 1s input 1n columns 6 through 15 EP3, columns 16
through 25, 1s the emussivity of the surface to which the mnner surface of
element 10 1s radiating TINNER (columns 26 through 35) 1s the temperature
of the surface to which element 10 radiates in °R. (Note that TINNER 1n
this program 1s constant at the input value, it does not vary with the heat
from element 10 as it does in NQLDW112, AE and BE (c¢olumns 36 through
45 and 46 through 55, respectively) are the coefficients in the element

one material surface emissivity equation:

EMIS = AE(T2) + BE(T) + EMIO
(T is temperature, °R)

Card-type 3. One card per problem TIMO, columns 1 through 10, 1s the
arbitrarily set starting fime 1n seconds (may be zero or any positive number)
EMIO, columns 11 through 20, is the constant term in the element one ex-
posed-surface emissivity equation immediately above NOTE that EMIO can
yield any desired constant value of EMIS by setting AE=BE =0, 1t can/yleld '
a linear vanation in EMIS by setting AE = 0 and BE & 0; or a quadratic expres—
sion for EMIS by setting AE and BE # 0. XKA, XKB, XKC, XKD and XKE,
the coefficients of thermal conductivity for elements one through five (Btu/

ft sec °R), are mput mto, respectively, the fields (columns) 21-30, 31-40,
41-50, 51-60, and 61-70.

Card-type 4. One card per problem. Columns 1 through 10, 11-20, 21-30,
31-40 and 4]-50 contain, respecfively, the thermal conductivity coeffi-
cents of elements 6, 7, 8,9 and 10 (Btu/ft sec °R) Columns 51-60 and
61-70 contain the material densities for elements 1 and 2 (Ibm/ft3)

Card-type 5 One card per problem. In successive fields of ten columns
each (1-10, 11-20, etc.) the densities (Ibm/ft3) of the materials of ele-
ments 3 through 9 are specified.

Card-type 6. One card per problem. The density of the element 10
material (Ibm/ft3) 1s input m columns 1 through 10 In fields of ten
(11-20,21-30,. . 61-70) the specific heats of the materials of ele-
ments 1 through 6 are defined (Btu/Ibm °R).
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® Card-type 7 One card per problem. The first four fields of ten are the
materal specific heats for elements 7 through 10 (Btu/lbm °R). The
last three fields of 10 (41-50, 51-60, 61-70) give the initial femperatures
of elements 1,2 and 3, respectively (°R)

® Card-type8 One card per problem. In fields of ten, the mitial tem~-
peratures of the remamning seven elements are imnput (°R).

& Card-type 9. One card per problem. Columns 1 through 10 contain the
cubic element dimension, DELX, in feet Some number must always be
placed here, If all ten elements have the same thickness, this thickness
15 entered. If the elements are of varymg thicknesses, enter the smallest
element thickness. The time step (seconds ) goes into columns 11
through 20. Unlike NQLDW112, this time step is constant throughout
the problem The remaining five fields of ten on this card (21-30, 31-
40, 41-50, 51-60 and 61-70) contain, respectively, U1, U2, U3, U4
and U5, These are the coefficients in the equations of inear thermal
conductivity versus temperature-

XK1=XKA +(U1)T; XK2 = XKB + (U2)T; etc.

Note that U1,U2, . U10 must always be given values. To input
constant coefficients of thermal conductivity, the values of XK1,
XK2, . XK 10 are entered and all U values are set at zero

® Card-type 10 One card per problem, Columns 1-10, 11-20,21-30,
31-40, and 41-50 contain U6, U7, U, U9 and U10 (dimensionless)
(see last item of card-type 9) Columns 51-60 and 61-70 contain V1
and V2, The V’s handled 1n the same way as the U’s just described,
represent the coefficaents i the equations of linear specific heat as
functions of temperature-

CP1 = CPA +(VI)T, CP2 = CPB + (V2)T, etc

e Card-type 11. One card per problem. The coefficients V3 through
V9 are entered on this card 1n consecutive fields of ten. To obtain
constant values of specific heat (with temperature) enter all V’s as
zero and the constants as CP1 through CP10.

® Card-type 12 One card per problem The last coefficient (V10) goes
m columns 1 through 10 Column 11 contains the counter IJK (=0 if
surface recession rate versus heat transfer rate is mput, = 1 1f effective
heat of ablation versus heat transfer rate 1s input. NOTE that thas
definition 1s NOT the same as IJK in NQLDW112" Column 12 con-
tains THW (= 0 1f cold wall heat-input rates, QDOTT(1), are entered,
= 1 if hot wall heat rates, QRAD3(1), are entered). NPTS is the number

27



of pairs of mmput data for DX(1) orfQSTAR(1) versus QDOTT Thus
NPTS is also the number of DX(i) or QSTAR(1) versus QDOTT cards
(one value of each, DX(1) or QSTAR(i) and QDOTT per card) This
number 1s entered, fixed point, right justified in columns 13-15
Columis 16-30 contain ABLTM (°R), the temperature at Which the
material of element one begms to decompose; this figure must always
be given.

Card-type 13 NPT cards per problem. In six consecutive fieids of
twelve are entered, respectively, TIME 1(1), QDOT1 (1), TIME 1 (2),
QDOT1 (2), . . . TIME> (NPT1), QDOTT (NPT1). QDOT1 (3) s the
cold wall convective heat rate into the oufer surface of element one
(Btu/ft2 sec).

Card-type 14. (NPT2)/3 cards per problem. Also in six consecutive
fields oftwelve, the TIME 2(i) — HRECC2(1),1=1, NPTS2, data is
input (sec, Btu/Ibm).

Card-type 15 (NPT3)/3 cards per problem Simular to card-types 13
and 14 but mputs TIME 3(1) — QRAD3(1), 1= 1, NPTS3. (sec, Btu/ft? sec).

Card-types 16 through 19. One each card-type per problem. These
cards contain the element thicknesses (i direction of heat flow) and
section areas (in plane normal to heat flow) (or the reduced areas, if
used). Each of the cards of types 16 through 19 contams five consecu~

tive fields of 14 Element thicknesses (ft) are XAl, XA2, . . . XAl0,
areas are AA1, AA2, . AA10 Data are input on these four cards in
the order: XA1, AA1, XA2, AA2, . XA10,AA10.

Card-types 20 and 21. One each card-type per problem These card-
types are used to input area ratios such that a structure consisting of
elements having different section (element) areas normal to the heat
flow path can be approximated. The method of setting up the reduced
areas to account for an approximation of the true heat-flow path is
shown 1n Figure 2-3. A reduced area (if elected by the user) 1s entered
as AA(1) m preference to the actual AA(Q) area. If no reduced area
exists, then the actual area of element (i) appears in AA(i). Also, when-
ever a reduced area is enfered as AA(1), the corresponding (ith element)
AREF{() must be‘ entered as

AAQ) actual
AAQ) reduced

AREF() = (19

For the standard problem (all element areas the same), enter all AA(1)

terms as AA(1) actual and all AREF(J) terms as ““1.”
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@ Card-type 22. NPTS cards per problem. This card-type contains two
fields of fifteen (columns 1-15 and 16~30) and provides for input of
DX(1) or QSTAR(y) versus QDOTT(1) DX(3) 1s the surface recession
rate (ft/sec), (ITK = 0) and QSTAR() 1s the effective heat of ablation
(Btu/lbm) (ITK = 1). Note that DX(i) and QSTAR(1) cannot be input
1 the same problem. ‘1’ 18 an index mdicating that DX or QSTAR
and QDOTT correspond. QDOTT(1) 1s the heat transfer rate to the wall
at which DX(1) or QSTAR(1) applies FEach card represents a point on
the DX or QSTAR versus QDOTT curve and the program interpolates
linearly between any two mput poﬁlts The user, therefore, must select
a sufficiently large number of points to make the lmear interpolation valid,

2.4 OUTPUT :

The problem printout consists of two sections. a histing of the input data and the pro-
blem solution or output data The histed input data appearin the salne termanology used in
the mput portion of this section (also, see Figure 2-2) The pro\blem solution data arc
1denfified on the printout The first block consists of the actual element volumes (VAIL,
VAZ, . VA10) (ft2), the mput cubic element dimension (XE) (ft), the cubic element
area (AX = XE2) (ft2), the cubic element volume (VE = XE3) (ft3), and the term XX = XB/
AX = 1/XE (ft-1) These data, used primarily for program checking, are not normally of

utterest to the program user.

The remainder of the printout for each problem contains the pertinent output data
A block of printout 1s given for each printout mterval (= (J) (KX6) seconds), (I)/(KK6)
blocks total. The first item 1s the time (sec) This 1s followed by the ten mdividual element
end-of-time step temperatures: TI1F,T2F, . . . TI10F (°R) QAHW 1s the average hot-
wall heat rate over the last calculated (prior to “time””) time step (Btu/ft2 sec) QROUT 1s
the rate of radiative heat transferred from the external surface of element one to space
(Btu/ft2 sec). QRADINTERNAL 1s the radiative heat rate from the mnner surface of element
ten fo tl;.e applicable structure withm the vehicle (Btu/ft2 sec) Fmnally, the current thickness
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of the ablation layer (element one) appears (ft)

2.5 DISCUSSION

The method of entering the heat transfer rate history depends upon the physical circum-

stances. Three common methods are available:

(1) Normally, the cold wall (Tw = 540°R) heat rate would be entered
as a funetion of time on card-type 13 using QDOT1 (1). This entry
must mclude the valid local recovery enthalpy, HRECC2 (1), history
as well (card-type 14). QRAD3 (1) (card-type 15) may be given the
.value of heat rate transferred to the wall from the shock layer, sun,
or other radiating source (0r, 1if no such source exists, may be given
the value zero). As long as the heat input 1s entered through QDOT1(1)
on card-type 13, the program will correct this heat rate to a hot-
wall heat rate and the heat-balance equations and surface ablation
will be associated with the hot-wall heat rate (IHW = 0)

(2) Occaswonally it 1s desirable to input the net heat rate transferred to the
wall (e.g. rate derrved from radiant-heat lamp tests) In this case, the
heat histery 1s mput by letting QDOT 1 (1) = 0, HRECC2(i) = 1 , and
QRAD3 (1) = the net heat rate transferred to the surface. Also, the
counter IHW must be set equal to one and the surface emssivity of
elemnent one must be sef {0 zero (EMI0 = AE=BE = 0).

(3) To mmput a hot wall heat rate (not the net rate, as above) proceed
as for (2) above but give EMIO, AE and BE their proper values to
define the surface emissivity of element one No cold-to-hot-
wall correction will be made but the surface radiation (out) will
be accounted for. The counter IHW is, again, set to 1 for this case.

When mmputting the surface recession rate, DX(i), or effective heat of ablation, QSTARC(I),
as a function of heat transfer rate, QDOTT(3), in order to define the ablation characteristics
of the element one material, it 15 necessary to understand exactly which parameter, DX(1)
or QSTAR(i),was used to obtain the ablation property (from experiment). If, for example,
the effective heat of ablation is available in terms of QSTAR() versus QDOTT (1) (where
QDOTT(3) is the COLD-WALL heat rate), one uses method (1) above to mput the heat

rate (cold wall, as derived from the applicable trajectory and any of the boundary layer heat
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transfer analytical sources). If, on the other hand, the ablation characteristic :s known only
mn terms of the net heat transfer rate, method (2) should be used to input the heat pulse
Finally, if only hot-wall heat rate versus ablatton rate (or effective heat of ablation) 1s known,

trgjectory-derived heating 1s input as in method (3).

Figure 2-3 shows a typical structural arrangement to illustrate the setting up of
reduced-area elements AA(z), and associated area ratios AREF(1) Figure 2-4 presents two

typical problems showmg the values of the input data.

As mentioned previously, only element one is allowed to ablate and it 1s therefore
necessary to estimate the thickness of element one such that it will contam sufficient
material to protect the mn-er (structural) elements. This estimate can be made rather
crudely by considermng the total heat mput and some average recession rate and then solving

several problems using mcremental increases n the value of the element one thickness:

If the heat load resulis in the ablation material thickness for element one having to
be very large compareci to the inner-element thicknesses, the program can be run as a step
function Output of the first run (assuming an element one thickness near or equal to the
other ablation material element thicknesses) is examined to find the time at which the
ablation material of element one has been totally expended (the note ““ablation layer has
been completely eroded will appear in the printout). Going back two,time steps, the
expermmenter can use the final conditions at ttus time as the 1mitial conditions for a second”
run-through Inthe second run, the element thicknesses are reassigned to make ten approxi-
mately equal (where possible) ele'ments Imitial element temperatures can be quite closely

estimated from the final distribution taken from the furst run. Of course, thus procedure

can be repeated any number of times
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Inasmuch as the element one surface temperature cannot exceed the ablation temper—

ature (ABLTM), the method 15 quute valid. Moreover, the mnternal heat driving function 1s

correct. The procedure is' liustrated 1n Figure 2—5. The nit1al temperafuré distribution at
time = 0 (first run) is constant at 540°R  In 20 seconds, element one has totally eroded (to
the smallest permussible thickness) The upper temperature curve of the first run figure
shows the distribution at t = 20 seconds, this distribution 18 then mnput to the program as
“mitial conditions” for the second run. Also, the element dimensions are input to the
second run as shown m the lower sketch. Any number of runs can be “parlayed™ in this
fashion, and the validity of the final distribution s chiefly a function of accurate book-

keeping — within the other restrictions of the theory, of course

A typical printout may be seen in the sample problem of Appendix B
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SECTION 3
NQLDWO040, THE ORBITING VEHICLE CARGO BAY BOX MEAN
TEMPERATURE PROGRAM

31 INTRODUCTION

The function of this program 1s to calculate a “mean temperature” of a ;)ayload box
the volume and weight of which are specified and the position in an orbiting vehicle cargo
bay of which 1s known. In order to keep the program general in nature, the details of the
payload box are specified only to the extent just described. Heat transfer within the box 1s
accounted for by assumung the box to be composed of some fictitious materal, “M,” having
a density of W/V, where W 1s the total weight of the payload box with contents and V 15 1fs

total volume Various orbitimg vehicle cargo bay orbit conditions can be mput and the cal-

culation fime interval can be given up to 10 different values.

The heat transfer analysis is reduced to the one-dmmensional case which is handled by
the same theoretical methods as are used in the programs of Sections 1 and 2. The ssmphfi-
cation from three to one dimensional heat transfer 1s accomplished by the infroduction of
several assumptions and technigques. The program has the ability to account for internally
produced heat within the box. The program is, of course, applicable to situations other
than an orbiter bay payload box provided only that the box of interest be situated in some
form of partly open container whose thermal exposure characteristics are known and whose
mner surface temperature history (which the box “sees’) can be approximated (at S\ome

average value) as a function of tume.

32 THEORY

The basic problem, an arbitrarily sized (though rectangular i shape) payload box
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located arbitrartly within the orbifing vehicle cargo bay, 15 sketched m Figure 3-1 In order

to define approximations of the “‘view factors’ for the various box sides and, ultimately,

the box as an analogous umt, the view angles, THETA (1,)) are used. Their chief function

1s to discriminate between that portion of each surface area which sees only the bay (at

some average bay temperature) and the complementary portion which can “see out” of the

bay to deep space, earth, sun, etc

The radiation intensity from each surface varies with

cosme of the angle between the normal to the surface and the direction of the radiation

Furst, the individual box face view factors are defmed as follows

faour

= sin 8A] - ’:1

(refer to Figure 3-1 fo 1dentify the angles, 61]’
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Combining the indwvidual f-factors mto a weighted mean value, F, get
E Eagyr? (Aad + (pgy,) (Ap) + fogyr) (AC) + (fp ) (AD) + (g ) (AE) + (fF oy, ) (AR) G1)
ouT = ‘
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Note that Fyr = 0 or surface F can see only the bay surface

Fiy =1-Four (32)
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Some average temperature, T', to which the payload box radiates (by parallel plate
radiation from element ten) 1s sought analogously. Note that the QDOTT() to element
one 1s only the internally piodiiced power. The T' value 1s used by NOLDWO040 as
“TINNER?” in the analytical methods of Sections I and 2. T, as calculated by the program,

18
AAE
T' = (Four)Tour) + FINXTm) + ( ZA )Tgrep) cos ¥ (ALPHA)  (33)

with the restriction

when Tgrcg > 3000, APLHA 1s as mput

when TsReE < 3000, ALPHA = EP2

Thus ALPHAE 1s used only when surface “E” sees the sun. Typical values for TIN, TOUT

and TSRCE are:
CONDITION TIN TOUT TSRCE
Bay looks at sun 617°R (+70°C) 0°R Variable (Appendix D)
Bay looks at earth 455°R (-20°C) 510°R Varnable (Appendix D)
Bay looksat deep 221°R (-150°C) 0°R 0°R
space

A correction 1s made to EP3 (the emssivity of the surface to which element ten radiates and,
analogously, the mean emissivity of the bay and other payload 1items) by the program as

follows

F + (F
Ep3 = LOUT (Fiy) (epay) 34)

{1+ eBAY)

The derivation of the “thickness™ of the box s evident from the sketch of Figure

3-2.

X1+ X + X3

XMEAN = 3 33)
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Notice that this defines only the “‘conduction distance” for the analogous box material
“M.” The box itself and 1ts external msulation (if any) are treated as separate elements:

see Figure 3-3.

The thermal model 1n this figure has a‘typical breakdown of the elements to fit a
gven case. The XMEAN distance can be divided into any number of elements but the
total number of elements used must be ten, of course. The box itself (shown as Tg) and
msulation (rmsul) are given the true values of conductivity, specific heat and den§1ty.
Matenial “M”, however, 1s a fictitzous material used to approximate the real (relatively
undefined) case. The density of material “M” 1s defined by

Volume of Box

Weight of Box and Contents

(36)

The specific heat is selected such that Cp o)y will approximate a weighted mean g Cp

product of the entire contents of the box.

(PCpImEaN = (205 Cp, W)/Z W, 37)
(i =1, no. of items in box)

The most sensitive judgement factor in the entire analysis is the selection of the
material “M” thermal conductivity, ky. This parameter must be selected to reflect the
ability or lack of same of the box contents to conduct heat into or out of the box., If
the contents represent a good conductive path, either naturally or by use of heat pipes
or bulky, high conduf:timty structure, then ky 1s given a hagh value such as that of

aluminum (0.02667 Btufft sec °R). If, on the other hand, the contents are thermally

relatively 1solated from the box skin, an appreciably lower value of ky would be selected.
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In point of fact, this parameter must be considered a judgement or experience factor or,
perhaps more correctly, an emprrical factor with which to relate test or flight data to
theory, It wll take comparison with such flight data or with much more sophisticated

analytical data to build confidence in the ability to select reasonable values for kyy. It

is the key to the successful use of the program.

Notice that the internally produced heat enters the analogous model of Figure 3-3
as QDOTT(@). This parameter, entered as a function of time, 1s obtamned from the inter-

nally produced power, P, and the relation*

DOTT( —@ (38)
Q = SA

where P(1) is in Btufsec, QDOTT() is in Btu/fft? sec and TA s in ft2,

3.3 INPUT
The input format and defimutions of tiarms are summarized in Figure 3-4, Considerable
similarity between the input data of NQLDW040 and that of the preceeding two programs
(NQLDWI112 and NQLDWI17) 1s evident., However, differences in defmnition do exist
.and each program should be treated as though the other two programs did not exist, All
mput 1s in floating point except where otherwise noted:
© Card-type 1. One card per problem. The digit “1” is entered in column 1

to cause the problem printout to start on a new page. The rest of card one
" 1s used to input the problem title in alphanumenic form,

e Card-type 2. One card per problem, J is the total number of calculations
to be made. This figure cannot exceed 2999 and is mput in fixed-point,
right justified 1in columns 14. Column 5 is blank. The enussivity of the
element ten exposed surface (box or insulation surface, whichever 18 exposed
to the ba'y and space), EP2, is input in columns 6 through 15. Similarly, the
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emissivity of the surface to which element ten 1s radiating (bay liner,
space, efc, ., .} is input m columns 16 through 285.

Card-type 3. One card per problem. Columins I-10 contamn the problem
start time in seconds, normally mnput as zero but can have any value,
NPTS1, fixed-point, nght justified in columns 11-13, defines the number
of XTIME(i) — QDOTT(@) paws that are to be mput., NPTSI must be 2
to 100; 1t cannot be zero or one. Also fixed-point, right justified in
columns 14-15, NPTS4 (<10) defines the number of WTIME() —DELTM()
pairs to be mput. KK6 is the number of calculations per printout and

is input (right justified, fixed-point) in columns 16-18. In columns 19-
20 (fixed-peint, right justified), NPTS5 1s the number of sets of TIN,
TOUT, TSRCE and PSI data to be input, one sef to a cards In columns
20 to 70 1 blocks of 10 are given the thermal conductivities (XKA
through XKE) of the materials of the first five elements (Btu/ft sec °R).
NOTE: NPTS5 <20.

Card-type 4, One card per problem, The first 5 blocks of 10 columns
each contam, sequenfially, the thermal conductivities of elements 6
through 10 (Btu/ft sec °R). Columns 51-60 and 61-70 contamn the
denstties of the matenals of elements 1 and 2 (Ibm/ft3),

Card-type 5. One card per problem. Seven fields of 10 columns each
receive the input densities for elements 3-9 (Ibm/ft3).

Card-type 6. One card per problem. Columns 1-10 take the density of
the matenial of element 10 (lbm/ft3). The next 6 blocks of 10 columns
each contain the materal specific heats of elements 1-6 (Btu/ibm °R).

Card—-type 7. One card per problem. The first 4 blocks of 10 columns
each take the speciftc heats of the materials of elements 7-10 (Btu/lbm °R).
The next 3 blocks of 10 columns each accept the 1mtial temperatures

(°R) (at start of problem) of elements 1, 2, and 3.

Card-type 8. One card per problem. The rest of the element initial
temperatures (elements 4-10) are given 1n 7 fields of 10 columns each
(°R).

Card-type 9. One card per problem. DELX (ft), the cubic (if all elemenis
are the same size and shape) or the smallest (if they are not) element
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thickness 1n the direction of heat flow 1s given i columns 1-10. The
next block of ten columns contains DELTIM (sec), the calculation
time step when only one tune step is used. If more than one time step
is to be used, enter “1.*” in this space. Note that when only one time
step is used, NPTS4 = 0 and card—type 14 is omitted. If more than
one time step is to be used, NPTS4 >>0 and card-type 14 must be
entered. The next 5 blocks of 10 columns each contain the coeffi-
cients in the laminar conductivity equations.

XK1 = XKA + (UDT; XK2 = XKB + (U2)T; etc.

Card-types 10 and 11. One (each) card per problem. In 7 blocks of

10 columns each, these two cards contamn (sequentially) the last 5 ele—
ment U-constants (U6 —~ U10) and the first 9 V-constants (V1 - V9),
where the V’s are the coefficients in the linear specific heat equations:

CP1 = CPA + (VI)T; CP2 = CPB + (V2)T, etc.

Card-type 12. One card per problem. The first 10 columns contan
V10, the last specific heat equation coefficient. 13K, the counter which
when = 0, calls out the fact that all 10 elements are 1dentical m size
and shape; or, when = 1, that the elements have varying thicknesses.
Note that if IJK = 1, then card types 21 through 26 must be input. If
HK =0, card types 21 through 26 are omitted.

Card-type 13. (NPTS1)/3 cards per problem. In 6 successive fields of
12, this.card contamns the TIME (i) - QDOTT(@G) (i= 1, NPTS1) pairs
(sec, Btu/ft? sec).

Card-type 14, (NPTS4)/3 cards per problem. In 6 successive fields of
12, this card contains the WTIME(1) — DELTM() (1 = I, NPTS4) pairs.
Both WTIMEQ) and DELTM() are in seconds. These data are mput
only when more than one calculation time step is desired. DELTM(i)
18 the program time step until the time reaches WIIME(: + 1) at whach
pomt the time step is changed to DELTM( + 1).

Card-type 15, 16, and 17, One (each) card per problem. These three
cards contain the payload box position angles (degrees). Cards 15 and
16 have 6 fields of 12 columns each and card 17 has 4 such fields. The
theta angles are defined m Figure 3-1. All of these data must always be
included.
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e Card-type 18, NPTS3 cards per problem. FEach card has the time (sec)
in columns 1-12 and the four mput item values which pertain to that
time 1n the next 4 blocks of 12 columns each, The items are (in order):
TIN (°R), the bay and other payload item mean temperature, TOUT (°R),
the temperature to which the bay is radiating; TSRCE (°R), the tempera-
ture of the non-orbiting-vehicle-borne source that radiates to the exposed
(top) surface, “E”, PSI (degrees), the angle between a normal to the box
top (surface “E”) and the impinging radiation ray (= 0° for solar ray normal
to box top surface, “E”).

® Card-type 19. One card per problem. In 6 successive fields of 12, the
six payload box face areas (AAA, AAB, AAC, AAD, AAE and AAF)
are given (ft2).

® Card-type 20 through 23. One (each) card per problem. These four cards
each contain 5 fields of 14 columns. The values input in these fields are
(respectively) XAl, AAL, XA2, AA2,. . . XAlD, AA10 where XAz
(1 = 1, 10) 15 the dimension of the ith element m the direction of heat
flow (ft) and AAi is the element section area normal to the heat flow of
the 1th element. Cards 21 through 24 are mcluded ONLY when IJK = 1.

® Card-types 24 and 25. One (each) card per problem. These {wo cards
also have 5 fields of 14 columns each and contain, sequentially, the
various values of AREF(1) (1 = 1, 10) (ft2). AREF() is the ratio of the
actual to the reduced area of the ith element. These two card types are
also omitted when IJK = 0,
3.4 OUTPUT
The output of NQLDWO040 is very stmilar fo that of the programs of Sections 1 and
2. A listing of the input data 15 followed by a series of block-results, each block repre-
senting conditions at the indicated time. The blocks are printed out every KK6 times
DELTM(1) seconds and consist of the applicable tume (seconds); the 10 element tempera-
tures (°F or °R, as elected by the user); Qm (interior power dissipation) (Btu/sec) which,

when divided by the external area of the box, yields QDOTT() (Btu/ft2sec); T', the

effective average temperature to which the payload box radiates (always °R).
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Note that the mean box temperature must be selected from one of the elements
representing material “M” (e.g. elements 1-5 in Figure 3-3) If the box—with—contents
conductivity 1s hugh (k = Kajymnum)> then the material “M” elements will have simﬁér
tempetratures ax}d 1t will not much matter which 1s selected to ndicate the box mean
temperature. However, 1f 1t 1s felt that the box and contents represent medium or poor
conductive paths, then ky; will be input as some value much smaller t‘han K plummum
(0.02667 Btu/ft sec “R) and a reasonable estimate of the mean box temperature will be
more difficult to estimate from the various material “M” elements. The use of the mid-
pomt element of material “M™ (i.e. element 3 1 Figure 3-3) 1s a possibility, or perhaps
1t will prove more reasonable to go to eleme;lts 1 or 2 1n cases where the ky; value is

chosen to be very low (= 0.00001 Btu/ft sec °R).
"~ A typical printout may be seen in the sample problem run of Appendix C.

3.5 DISCUSSION

There is not much that can be said of NQLDWO040 at the present time because the
value of the analytical method is so critically related to the experience factor. The pur-
pose of the program, i1 common with the purposes of NQLDW112 and NQLDW117, 1s
t9 provide a sumplified, approximate analytical tool with which to handle thermal con-
ditions which are exceedingly complex. Such problems, for maximum accuracy solutions,
requure complex thermal models which may take a month or moie of engineering time to
complete, In addition, thc;, required machine time to analyze these complex thermal models
15 correspondingly large — hence expenstve. Scunding Rocket Division approximate techni-

ques are used in the design of the present program. -
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It cannot be overemphasized, however, that the use of NQLDW040 must be limited
to comparative studies in which qualitative results are used pnimarily as mndicators of the
effects of altering various parameters unti the validity of the techniques used 1s demon-
strated, Practice with experimental or flight recorded temperature histories will, 1n time,
develop the user’s ability to predict the thermal effects on a payioad box to a reasonable
degree of accuracy. The program may be viewed much as a dimensional-analysis formula,
basically a good tool but needing certain experimental constants to be of use as a quan-

titative predictor.

Those parameters which lend themselves most readily to experimental correlation are
kpp, the position angles and the mput temperatures TIN, TOUT and TSRCE. The
material “M’’ conductivity is probably the most powerful variable with which to adjust
theory to flight or experimental data. The other parameters can be used to make finer

adjustments.
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ADDENDUM

Some. cautions common to all three programs.
General —

Attention 1s called to the fact that the heat balance equations are essentially the
same for all three programs. They are reduced to ten simultaneous difference equations
and are thus characteristically sensitive to the size of the time step (DELTMG) or
DELTIM) selected. The programs are all run in double precision 1n order to decrease

the chances of differences being rounded ouf to zero with consequent program blow-up

(e.g. division by zero).

It must be ﬂrernembered, however, that other parameters can effect a problem solution.
For exalr.lple, the size of the elements selected can be quite influential in the thermal
gradienis within any given matenial. Also, where possible, it 1s recommended that abutting
different material elements have as closely as possible the same dimensiont in the direction

of heat flow. This prevents an averaging (even though weighted) that can substantiaily

alter the indicated thermal gradient across the joint.

Simulating a Thermal Joint — .

In general, the thermal conductance of structural joints varies between 30 and 300

Btu/hr °R (0.008333 and 0.083333 Btu/sec’R) where the conductance, c, is

_kA
C="s (AD)

Using this definition and the typical joint conductance values, it is possible fo define a
fictitious element which will have the same effect on the conducted and stored heat as

the real structural jomt. The thickness of such an element is
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Xeff = % (A2)

where k = thermal conductivity of fictitious joint material. (Btu/ft sec °R)

A = contact area of the joint (normal to heat flow) (ft2)

¢ = jomt conductance (Btufsec °R)
Note that in this definition one can arhifrarily select air as th_e dummy element which
represents the jomnt. Then the thermal conductivity of air (0.0000072 Btu/ft sec °R)
will be given this element and the resulting element thickness, X¢p, will be correctly
defined by Equation A3. However, the heat capacity ((0Cplair = 0.039 x 0.24 = 0.00936
Btu/ft3 °R) of air is negligible compared to that of common structural materxils, ((° Cp)
alum = 170 x 0.23 = 39.1 Btu/ft3 °R). Thus, the conductivity of the dum{ny element
conforms to that of the joint defined conductance (30 to 300 Btu/hr “R) but the heat
stored term has very hittle effect upon the overall heat balance. Note that for the pur-
poses of use i the subject programs the area, A, 1s assumed equal to 1 square foot.

Equation A2 then becomes

k

Xeff = e (A3)

from which the variation of X,e¢r 18

k k
< X < Ad
0.08333 “f = 0.00833 (A4)
or, for air as the dummy element,

0.0000864 < X.¢r < 0.000864 (A

where Xqp¢ is in feet.

In this manner, the probable extremes of dummy element thicknesses that represent

a thermal joint are defined. Judgement must be used as to which extreme should be
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chosen for design. Generally, 1t makes sense to use whichever extreme yields the most
severe condition as the design case assuming, of course, that special knowledge of the

Joint conductance for the case mn point 18 not available. Note that when possible, the
Xegr should be divided 1n half and two dummy elementrs of thickness (Xgpr/2) used: This

decreases the effect of the property discontinuities at the matertal-change Iocations.
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CAUTION

The programs of sections | and 2 of this report represent explicit solutions of the
heat balance equations and, as such, are reliable and easy to use. It cannot be over-
emphasized, however, that NQLDW040 should be considered as nothing more than a
suggested approach until appropriate test or flight data become available to demonstrate
its vahdity. Any predictions derived from the program prior to such demonstration will
be of very questionable validity The strong rehance upon the judgment of th('a user to
obtamn meanmgful results from the program should be recognized as a continumng hazard

i 1ts use.
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Figure 1-1 Geometry and Components Used in Heat Balance Equations

48



g AERO qAEROD
q RABIN qRADIN
1 qRADQUT qRADQUT
X

4 } pd

AR RRY
afal wl rul._a-—

DELX (TYP}

f

DELX (TYP) VAL
aRADINTERNAL —]10]9]a]|7]e
AR AUANANAN

CASE 2

RN

L

\\\'\\\\\\\\\\\\\\
ATERRRRRRTVRRANANAN

qRADINTERNAL
CASE 1

4 AERO a AERO
qRADlN g RADIN
| gRADOUT

\ l aRADOUT

: ?

I ——
.
-I-—-—b
.
P
e

l———
-
le———
—

3

[ &)

MAT’L2

Il
Z
=
i

] N

DELX {TYP)

t

[=2]

DELX {TYP}

41

pr—
7
g

AANSNY BV AN VAN ARAAAN
[} a
AR 3RS RN RN N

MAT'L4

|

qRADINTERNAL qRADINTERMNAL
CASE3 CASE 4

AARN VANV e

AR AARRRRERLARRN
-r—'o‘lt.o ml-.l N u‘llnlw N o fe—

-

Figure 1-2. Typical 10-Element Structural Arrangements.

49



0¢

GODDARD $PACE FLIGHT GENTER
FORTRAN CODING RECORD

PROGRAM NDLDW112-—'ITHE NON-ABLATING, ONE-DIMENSIONAL STRUCTURAL & PUNCHING ' GRAPHIC pace_ 1 oF 3
PROGRAMMER ' DATE IRSTRUCTIONS | pyyen CARD ELECTRO HUMDER®
CARD TYPE
%lsﬁﬁﬁﬁ” H FORTRAN STATEMERT 1BENTIFICATION
;l‘ ii j| 5167 8. 9 10 111213 14 Lj I; 1:7 1\? |'y 2f 21 :ZF? ;2: ﬁ%ﬁzf'iji”;”ﬁ- 1I?r3|! ‘.i:l ];[ :_!‘? A 3% 4D 4j 42 43 lf- lst l‘;d: J?‘ ﬁgfl‘ Sj ﬂ‘j‘_‘-’“{v_j‘ o e 1 rm lji}f}fﬁ?ﬂf:?:l:__‘%g 3,24 .15 768 77 :HE..
GlE= 333 L] 71 [rh Nn[E[RER Il a3 0 5 A T ) I B i e 2
" mjo] fsHe EMp | e grh/ETiskcPR ] | [kl k.l Xk : ¥kle RE
xlkje| | x[kla X|x |1 x [kf1 K |4 hHob (LgM/Ers) R Hlof2 4
R[H|0[3 RH|oj4 R |H (o5 RHloj6 RHI0 7 RlBlb & R[Hiole 5
RH[O 1[0 CPh {BTULBM k) ciPlB clPic clplp clels clplF 6
i clrlg clPIH ‘ clelt cirl drpiriert |t 17 prlzlr i (3] r 117
aan e . ull . Ti7|t Tish !, “1irish ritjoh p d
HIET, DELTIR {BEL) T “T-|ufz ui3 3 J | [uls 1. 9
e u|7 u|8 u|o ui1o V]1 V|2 1[0
v (3 v[a V|5 vie v |7 vig Vo 11
vi1o S EE e
NATSTINATEZINE THa N TS4 | K[K]6 . 1K ‘ [ 13
tRUOIN]ILBR/F TR ¢Pn|iaTU Bk SR) TAUMN{ETI V] i 2 . " . 114
XTIME () apoTy (1) XTI (3) orTia) | |xFie tgpirsiy abdr.eysh | 1 16
NTPE (1) HREEG 1) YTINE {2 HRECA (2) YTIME (NPTS2) HREGG (NPYSE) 18
BLER) arAp (1} ziipe i) QRADD (2) ZTImME (NPTS3) QRADD (NFTSS 17
WTIME (1) DELIM {1) wWrilg (2) DELTM (2} WITIME (NPT Sh) DELTM (NPTS%) 118
" xlah Al BE X |alzl T | [ajaR | T K[A|31. | 110
ARG RED 7 AR X[A[5 “T 1 JAlAls -~ 20
x|als AlAls X [Al7 AlA[7 AR 201
AlAs X[ale Alale xjali o Alaltio 22
alrlg[F|1 AIR|E F [2 REIF 3 RIE|Fia ARIEIFIS 213
A[RE [F |6 NIEEE a [r[E[F |8 alrleFlo AlrlElF]1o 24
12 2T FTETT 8 % j0 9 v 14 15 4417 16 1930 21 72 30 94 95 24 27 7827 90 3] 9299 94 35 35 37 Jo o, ) AV 43 43 44 45 46 47 48 A7 50 5T 3¥ 33 G047 57 L9 5P L0 4T 4T &3 44 A5 44 &7 46 dv 1071 T2 5 14 7% 7% 97 J0 7% gAl

ssrcerier NOTE  XTIME (i}, YTIME (), AND ZTIME (1)) EACH MUST START A NEW CARD!
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COR QUAL:TIYS -

—~————— gCONVECTIVE

f T | ~———— GRADIATED OUT
~<———— GRADIATED IN
SRERARNAEY q
1)
: Agct —
[ — } —_—]
: RED ™~ “ACTUAL"” HEAT FLOW PATH
! ELEM 1 !
. > . ™S “smuLATED" HEAT FLOW PATH
C I |
4
NOTE
! ! ELEMENT SECTION AREAS ARE MEASURED
; ' IN A PLANE NORMAL TGO PAPER AA4 IS
: 5 i MEASURED BETWEEN THE TWO VERTICAL
; ; SOLID LINES, AA5 BETWEEN THE TWO
DASHED LINES THE “REDUCED®” AREAS
6 ARE ALWAYS ENTERED AS AA1, AAZ, AA3,
ETC IIF THEY DIFFER FROM REAL AREAS
7 AREF1, AREF2, ETC ARE THE RATIOS OF
REAL AREA/REDUCED AREA
8
: :
: 9 i
; ;
10

gRADINTERNAL -

SOLID LINES = REAL PHYSICAL BOUNDARIES
DASHED LINES = AREAS USED FOR CONDUCTIVITY
CALCULATIONS (AN APPROXIMATION)

Figure 1-4. Element Geometry for Problems Using Reduced Areas.
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Y(8), X(6}
(5}, X{5)

SAMPLE DESIRED POINT

— — —— — —— — —— ——

Y(4), X{4)
Y{a), X{a)
¥(3), x(3)!

Yi2), X(2)

Y (1), X(1}

X =NET HEAT RATE TO SURFACE

{A)IF IJK=0 (RECESSION RATE IS INPUT AS FUNCTION OF NET
HEAT RATE TOWALL)

Y = RECESSION RATE (FT/SEC)
X = NET HEAT RATE TO WALL (BTU/FT2 SEC}

1}

(B) IF [UK=1 (EFFECTIVE HEAT OF ABLATION IS INPUT AS A
FUNCTION OF NET HEAT RATE TOWALL)

Y = EFFECTIVE HEAT OF ABLATION (BTU/lbm)

INTERPOLATION SCHEME {LINEAR)

_Yh+1b-Y4) ,
Y = X nox (] [QAHW - X )] +Y()
FOR SANMPLE: Yia} - Y(3) .
Y = Y@ =X | [QAHW - X(3)] +Y(3)

NOTE THAT QAHW [§ THE ACTUAL HEAT RATE (NET)} TO THE WALL FOR THE
GIVEN PROBLEM

Figure 2-1. Interpolation Scheme.
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Figure 2-2, Input Format For NQLDW117
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Figure 2-2. Input Format For NQLDW117. (Continued)
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GODDARD SPACE FLIGHT CENTER
FORTRAH CODING RECORD

GSFC 6=1(12/09)

Figure 2-2. Input Format For NQLDW117 (Continued)

PROGRAM _NOLPW117 — 2 PUNCHIKG | GRAFHIC PAGE 3 OF 3
PROGRAMMER 1 DATE INSTRUCTIONS PUNMECH CARD ELECTRD NUMBER® -
3P (§ FORTRAN STATEMENT IENTIFICATION
1 231567B9lo11[?]314l516|?|319?02|?!_a§' ”j_u ~j.1 ‘.32 4]424]44-:54644;!}1‘ Sl!lSJ{l_{ﬂEﬂ,’ }960 &2.63 64 B8 697071237115 hﬂ'?_ﬂ‘
HlriEse cmot b PR L L P L e e P e e L L e S e e e T s R T
AntAREchd 4 Lodal FELGVERY EnyaAuivive Tiey YaLUES, [riERewink SE E P Tl o Lol U LR L Dk D g sl L el 11
TSI L Nei2 RAIRS PH THESE AriME247 EHREC2 VAL VES (SECOTUAGMI YHRRE 1+ |1 Lot b b BT P L B ol s ol [ el
WL BE NPTI2/B OF| THESE CAHDS |
g8 | drAag) § HOF WAL GONVEGT|VE QRIRATIATIVE HEAT RATES INTO ELER. |
S IE FHERE[WIL[ BE[NBT3 HAIRY OF HESEFTIMES(] 4 ARADB{)"|VRLUES
T TeE, BulFT2EeEi | TheRE WidL B NPV OF ThHESH SRR 121 | 14 Lr kb el TE T DL "5’1[ ERERYERESE R RNAN DR EERE
) AT 4ab xhal A2, 1. i Jadap o o BeayeNd ey THE ELIVENT TIQRIERSE. | T 1o 1] T - BT, HIAREERENER A ARG
X TR THE PIRECTIqN|OF HERY Fl.qW|a [THE[EEMENF IREDPCED & CSELTRREASE | 1T U1 | [ bl § L] Jei. HEERES TP ier Lo
NoRelAL To BEAT FLOW DIRESTICN] FPH EAGH{ELEMENT (FY. FTF)
ad.) | AREFs, ARER2] [, | AREFN0]= ELEMENT AREA/RATIGS FOR [EACH DFTHE 1
ELEMENTS:
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\ EFip s THAERARETIAAELRARR N i N Al NEDRED “pd | i
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THIS AREA REDUCTION RESULTS IN A LOSS OF ACCURACY OF THE SOLUTION AND S§HOULD
ONLY BE CONSIDERED AS AN APPROXIMATION o

THE SECTION AREAS ARE REPRE—
SENTED BY LATERAL DIMENSIONS
IN THIS SKETCH 1e. THEDIMENSION
NORMAL TO THE PLANE OF THE

PAPER IS ASSUMED TO BE UNITY E'-EN""(‘JENT
Y ]
- : AA1(ACTUAL)
x?1 * :—-4- ————— — AA1 {REDULED) — — — — — — >-: 1
S BT T p— | 2
xaz  } ! F—asziacruan—=] 3
I xna I A— Y vy 1 pe—— 4
XAS 1 ~+——AAS (ACTUAL) —~| 5
| e — — — —AAG {REDUCED) — —— -]
X?E — ARG (ACTUAL} -—4-—:-—.’1 6
-:—-—— AA7 {ACTUAL) -—-—:-;—
Xxa7 1 | 7
J :—-p——-—AA? IREOUCED} ———»{
{ -‘-ll—— AAZ [ACTUAL) —-—:»
xis IR--AAa {REDUCED) > 8
L
4
xeg - AAD {ACTUAL) =] &
XAT0 €A A0 (ACTUAL )] 10
INPUT FOR ABOVE ARRANGEMENT
INPUT PARAMETER VALUE TO INPUT AREF (1) VALUE
AAT AA1REDUCED AA1{ACTUAL)/AA1 {REDUCED)
AA2 AAZ REBUGCED AA2 {ACTUAL)/AA2 (REDUCED)
AA3 AA3 ACTUAL 1.
AA4 AA4 REDUCED AA4 {ACTUAL)AA4 (REDUCED)
AAS AAb ACTUAL 1.
AAG AAG REDUCED  AAB (ACTUAL)/AAG (REDUCED)
AAT7 AA7 REDUCED AA7 (ACTUAL)/AA7 (REDUCED)
AA8 AA8 REDUCED AAB (ACTUAL)/AAS8 (REDUCED)
AAD AAS ACTUAL 1.
AA10 AATO ACTUAL 1

NOTE THAT IF AA(O)} REDUCED EXISTS, IT 1S ALWAYS INPUT INTO CARDS 16
THROUGH 19. IF AAli) REDUCED DOES NOT EXI8T, ENTER AAlL) ACTUAL
WHEN AA(:) REDUCED IS ENTERED FOR AN ELEMENT, AREF(] 1S ALWAYS
ENTERED AS AAl1) ACTUAL/AA() REDUCED IF AA{I) ACTUAL IS ENTERED
AS INPUT, THEN AREF(1) IS ENTERED AS 1

Figure 2-3. Method of Handling Varying-Area Elements
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] [}

q RAD
g RAD

2 2 _) STEEL
(5 ) o=
J 4 } STEEL
Ll 5 ) STEEL
% 5] § STEEL
[ 7 J STEEL
Z 8 2 STEEL
q 9 Z STEEL
{ 10 i STEEL

GRADIN

!

PROBLEM 1 [IJK =0)

Y = DX () (FT/SEC)

X = QDOTT {1) {Btu/FT2 SEC}

ELEMENT 1 SURFACE EMISSIVITY =02

DELX = CUBIC ELEMENT SIZE=0001 FT
DELTIM = TIME STEP =1 SEC

EPZ = EP3 =0, TINNER =540°R

ABLTM = 1200°R (TEMP AT WHICH MATERIAL ABLATES)
XA1 = 0020833 FT,AA1=1 FT?

XAZ =0001FT, AA2 =1
XA3 =00C1FT, AA3 =1
XA4 =0001FT, Aad =1
XAB =0001 FT, AABE =1
XAB6 =0001FT, AA6 =1
XA7 =0001FT, AA7 =1
XAS =0001FT, AA8 =1
XAQ =0001FT, AA% =1
XA10=0001 FT,  AA10=1

PROBLEM 2 (WK = 1)

FT2
FT2
FT2
FT2
F12
FT2
FT2
FT2
FT2

¥ = ASTAR (i} (Btu/thbm] X = ODOTT {1} (Btu/FTZ SEC)

000001
0 00002
000004
000006
0 00008
000010

HEAT PULSE

TIME ~0DOTI{) HREC
Q 1) 130
1 10 144
4 84 3590
6 277 680

10 160 860
12 84 805
15 42 770
20 32 745
25 20 700
29 12 830

Figure 2-4 Two Problems Using Ablative-Surface Input Data

0
10
20
30
40
50

50
240
335
350
485
650

NOTE NPT1=10

59

NOTE NPTS=6



e

0 SEC
SURFACE

ABLTM = 800°R

_‘—T— 800 — \
g_lom' 10 t =20 SEC
ETE —}—- SURFACE ‘\
<|Zo 01 t =20 SEC
?i_ 600 -
oo’ x
\i
= ¢ \
Y B m
001 40 o t=0 SEC
> 400 [—
| ! -
popr| s Yy g
g &
e | |
-4 —
< : - 200
5 001 70
=4
Q
s 1,
z 001 80
= 0 | l 1 | |
obv “ 002 0 04 006 008 010
X = DiISTANCE FROM t = 0 SEC SURFACE~ FT
o001 100
4 15' RUN
/t = 20 SEC SURFACE 4
2 T 800 — — Lt A0sEC
© {00067 E = 40 SEC
el = t=
a 00067’ SURFACE
2= 00067’ 3
< | 600 L— t =20 SEC
001 4
o
: o
5 W 400 |-
s ' S
27 -
o = 200 =
-
w)
0 [ ] | ] J
001 002 004 006 008 010
4 X = DISTANCE FROM t = 0 SEC SURFACE ~ FT

2nd RUN

o

Figure 2-5. Method of Handlimg Large Ablation-Material Losses
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N I
gA1
N omal e oci)oe2 ==
#D2 i | B2 L
#D3 —
N\ -
| -~
\ ¢ ] P ORBITER BAY
—~
PAYLOAD AN g LINER FACE
BOX N b b X
“-\_ucu
Iy g
I‘JAII
END VIEW
L.
/H
¥ GE3 | | OE4 =
N | =
AN gaz) —= < A3 =~
Ny 881 | | gcz -~ -~
~ 6C3 I | &D1 -
| ] e
\ =1 -
~ [ # E | -
~ P
N “p L~
l'fBJ‘ h .1 llDll
TJIFI‘I

SIDE VIEW
NOTE BAY LINER%»&-’-_ 0 4* {a= ABSORPTIVITY, € = EMISSIVITY)

*[FROM PG 2-1], REFERENCE c7]

Figure 3-1. Location of Payload Box Within the Orbifing Vehicle Cargo Bay.
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SURFACE™D"™

{END)
SURFACE “C”
{SIDE)
< 21 » px2
A P " "
I‘P
~ <
gAY
SURFACE “B“ X1 ~” GEOMETRIC %\)Q‘?\S\og
(END} - CENTER
- OF BOX
Z2 -
Ve
-~
~
- - SURFACE “F"
- (BOTTOM)
-~
Y d

THE ANALOGOUS ONE-DIMENSIONAL “CONDUCTION DISTANCE” (X MEAN) IS

X MEAN = 21+ X2+ X3 ”;2”(3 (FT)

SURFACE AREA = A = 2{Z1HZz2) + 2{z2}{z3) + 2(Z1)({23)

V ={Z1){(22)(Z3} (FT3)

Figure 3-2. The Payload Box (Derivation of XMean, the Average “Box Center” to “Box
External Surface’ Distance
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15
QRIGINAL PAGE
OF POOR QUALITY

INSULATION * TinguL

PAYLOAD BOX T8

PHYSICAL
MODEL

MATERIAL “M"

HEAT SOURCE = QDOTT{}
(INTERNAL POWER} (EQ 25)

AM
[EQ

23}

EAN

1 XMEAN/S .

2 X MEAN/E THERMAL
MODEL

3 X MEAN/S

4 X MEAN/S

5 X MIjANIE

TB/2
B2

TINSUL/3
TINSUL/3"
TINSUL/A

[i=] [+ RNG L=3]

Y
=

qRADIATED TQ BAY & SPACE

Figure 3-3 Physical & Thermal Models of Payload Box
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GORPARD SPACE FLIGHT CENTER
FORTRAN CODING RECORD

¥9

PROGRAM NOLDWOA0 INPUT SUMMARY, PUNCHING ' GRAPHIC - PAGE 1 oF 3
PROGRAMMER l DATE MHSTRUCTIONS PUHCH CARD ELECTRO HUMBER*

- ¥
gpsﬁwﬁu g FORTRAM STATEMENT i wEsNE‘gslscNAcgw
; i{:uv :' .fi 617 _u ? 1‘0 1-1:151_4 :5 1‘2_1;'1'%1 ﬂai‘- :22374::5]2111,2!39 31031 ?sf?yafajq%:. 4), 4:‘::1; ?‘%41 %%%??fjn%gﬁn??; _"“f;zfsff”ﬁ ﬁ*:‘ ”:%,:1 f” I8 77 :" 79=
HEE gbzi |4 L4 [ &) sf"'"f LfH\~l<»-"4,.‘?" nf“r%w:‘”“.u:h:“?.::}‘,t‘::"”':\:?:-‘ui"ﬁif.:%”‘,':H”j:;s
1 | HivolisEq) N ;”%: s bxgéadarlyEristerab b [ o] ek o] B Iol {Whibal T ek S A T ekt Ll e by S [l s

XKH 4] om K XK BHO1 uinw T3) RHOA
RHO. BHO4 BHDS RHpS RH7 RHOS RHOY
Do | | | | TeraleyUribner) cHB LA CHD CPE ciF
EMEEE BoL b ol ] s st L R LR L Rk UV Rk 8 PR e B0 i iR
FLT LN ENER R R RN e A A RN G AR NN BAE L IR ENER I R AR G E NEE BN
DELY {£T] peLpim Sect 4 |1 1 [ jul | Blel bl cie b P st Lo el e e e s Lo e b f bl L b et )
s u uB up u10 W1 vz ‘
Ve i Vg vE v vis vp 1
viol | | | |x[3 |
|} rmeisier |1 | anatriaigrdverg §e6id 110 Palela)l™ 1T BV TE doomrta™ = = okrmderdn] T F L] |- eoptrmvsal ] F U G
‘wuMeaisee) | 1414 | bdesndep aeil | (21T 5 Ldadsde b B B E T dedrb BT T WemE dvdvsat 0L (et inbaba)- | 51 AT T 2
A oy | L] Ll [ ez g ) T e T el C LD D B e e B T e s el L
THE THE 2 HHE 2 THE 1 THD 3 HD 3
THE THE[2 1R THE 4 [k | = T |
Tingel (1)liSEQ) TIN (1)[°R} rquy (iR TSHCE MICR) PS! (1) (DEG) - | 1
Sppmen pnkrss. PG I Pl drdslo U PR T4 ol dedfrsgil” PEE T s digided [ 1 Ts0 ot b e i e U b ettt &t Lol bl oot ||
IR GOEARUARN A R IR BN BN ARG YRR SR AT Y A R0 RN AN RS Y AN MR EE Y RS E R R N
bl LTI T g bl 1 | Aaptef il H A i o] | b T 1) L R a2 [ TP b el [ LT E L L
BE KAl Ag KAS ARB
X AAB 7 AT XAB
Aﬁ XAD ia_ XARD Aal0
1177 }-M1W-'.!.1'L9.L:H.4, 31 23 33 7% 35 26 7, ¥ 30 31 32 33 34 35 oﬁﬁ'ﬂ‘i‘ﬁ'ﬂ'?ﬁ‘l‘ﬁﬂ‘nat A7 10 A7 35 31 22 53 34 58 35 57 3% 50 40 81 Y]

GEFC £1{12/83}

Figure 3-4 Input Format For NQLDWO040.
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GODDARD SPACE FLICHT CENTER
FORTRAN CODING RECORD

PROGRAM NQ]_nﬂ__ﬂ401-2 PUNCHING ' orAPHICT PAGE 2 OF 3
PROGRAMMER [oave WSTRUCTIONS [ 5oy CARD ELECTRO HUHBER®
e % PORTRAN STATEMENT IDENTIFICATION
AR R R R R B mﬁﬁ‘%@‘%?‘“ HETL T AND SHE DU “)ﬁg SN REASERR
R Y T BN R AR s S S A AR RN R D A N R RN S R HEHEENRA
W R s i SRR S A sl LA DS R B el ST b M 2 e | [l b S 0 =t sl el sl
1| | piir|{~ Inleotls]chdp . eubss THE brinrdut oF|ehcH ProsLEM TP oF WHICH ELlEmENTS h-)0

START GN (A NEW PAGE ‘% I 2 |RHO1.|RHA2, FlH31D-
21 Y =1'0[|'FLN(L H CALCULIAY ICNS'IO'BTT'MAJE (RO OF [TIMH EPSY. [MUST NOT 13, cm[g#g} + [CRJ =qPECI
% | ERCER T R e e T T e P R e e e e e A e 7
3] | epzl= Eabissilihy] oF ELEENT] 1bINNER ertrdsich SuRnAtE wHITH & Frer (51 Tad ok | EER BiNENSIGN 5
.z;,l‘lsgﬁi' TIGN[OR GOX EXPPSEDSUREACE EMsev iV ia | [V HS Lo D Sk B2l e BlidedT]od & A
a} |epal= EMissiryoF dupradzire wilch ELemegThoiSrhdiATInG AsPARALLEL | (14 |DELTIM | fiME Erﬂgﬁ

PLATH HADITION, WHCH IS THE BAY BURFACE MEAN EMIBSIMITY [ALSD THAT WILY BE USED 1F e

AbsogekinTy of paly LINER) | THEJAPPRAPRIATE DELTM
5 [akenA-d Absobekrilrry of SuhgabelvE M ThE shuab enEdan gaNpi 2 ¢ 1111 [aNtlTHE APARGPRIATE 3
g Jrimb b b Tinve b phdeilEd Isdelels [ o8 dob el LA [ Rl o] [ ok 2l | L1505t denges j
3. [ibrisd=ing. bl bhilislof solfivsin ielosotmi vsirbiz dyeuaVeligido a1 1 ol el sl 11 | xhg K
8] |nPsT4=NO JFPM%Q%F I4E{) |- DEL Mk Mak Dt 10, ks Wiisefi b 18 |vi, V2 /10 1 qOEF

TIME: TH llin PG

NDTE K < A/cOUNTER N dL
o' [kkduif Uil b kel ol Al i

ER ELEW, [SIFES. | WHEANTC

{ih” b £ An2] " ], ‘KA 1d, AAnolA
1, | NpTse =N, b e Vsl ofid, Tl dsmek. bsn InbuTd, 15ET o b TJ\P'EF bATiA MbsT BEENTERED.

CARD FﬁE HPY'SH 20, 20 _IKJK|= 0 AOR ELEM. TE| k T A
1 XKA,;{IJB, }(K;.I=C EFEICIENTSIOF THERMAL CONBUGTIVITY OF MATILS TIIJHES Pil&E UT INFR jt_:ﬁi__
13 3 ¢ si6¥7 B % 1 14 1 1§ 10 20 21 22 23 74 25 26 27 28 7% 3031 32 33 34 35 18 37 B30 41 45 43 44 45 28 47 44 4 55 54 57 58 50 &0 &) &2 &3 &4 43 b rLy 707V FaPFA T4 73 76 77 7379 80|

GEFC 8-1{12/43)

Figure 3-4. Input Format For NQLDW040 (Continued)
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GODDARD SPACE FLIGHT CENTER
FORTRAMN CODING RECORD

99

FROGRAM NOLDW04D PUNCHING ' GRAPHIC PAGE_ 3 oF 3
PROGRAMMER |DATE IHSTRUCTIONS PUNCH CARD ELECTRO MUMBER®
;1 Saureueny ; FORTRAM STATEMEHT ID??JEES?N
2 3 4 5ial7 P 0 111253 14 15 16 1
A).[ AL, GoDITH F INPU P FRTRE I AL L RSO AT L L L L L L L o e A e 0 8L A I LG L 3oy Lyt
' TEjvE TIME bRy | JITOHY FOR BAY LOOKING AT EARTH — SEE APPENDIX D, FIG D-51 | {-].
. TERRALLY Phdobdeb dehs @itk | | lstol || [ | FOR BAY LOOKING AT DeEpspace = 0°R 1T | T 1 ], 1] IF
T EXT] SukF| AREA[OF BOX [Fi2 IEEER psjii] | | | hoa[e{BETweEN hdrmdL ird Hox tob (hfE MbINGING
141k fejrsn RADIATION RiaY (F d Fbr ot Ak kAv NoRMALlTS Bok FaP
2z, {WTIvedl, BELTMI = THE PAJRE OF TIME VS TIME $TEPVALUES] ViTiME [ BURKACE, AAE, 1 § FOR pAY LdokiNG AT EARTH) {pEG
shdutenpt e [ATER T friked (AL =Friwdy] sl oEdmi fisl ] T | T i Py ey : P B 3
HE INITIAL CALEULATION LIE: AFTERTI EREAGHES WT|ME(2) Tl Bus Foees {SPRFACE Teb | | 1 11 L I9E] 19 ol | THA)
CALCULATIGN[TME STEP LHANGES TOPELTMIZ, £TE § NOTH THAT NAT$H el aAAlAAS, AAE, AAF ITHEROXIEYTE | AR ENE:
CANNDT EXGEED| 19 SD THERE|CANNDT BE MORE THAN 10 ANPTTWrmE(T— b6, eA1)Xhd, 1) = ELEm | D)MERstok I biRecTign|of HEkT FlLdw|FoR
DELTH} RAIRS |1 nNoNtegd ELeMENTS (£ e, [elemeEnTsARE IDENTICAL cUBES, b NoT
2. [ THAT THAB, iTHE), THEd, Thia| tHa 1,/ Thdz, rlcs, T}, THog, Thpd, NPUT [rHESEDATR |
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Figure 3-4. Input Format For NQLDW040. (Continued)
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Figure 3-5A. Method of Defimng a Rectangular Thermal Model to Thermally Simulate a
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g =7 (rad)

AND ' = Rpy

FULL HEMISPHERE
DOME

A {DOME AB'C)

AREA OF SPH CAP (ABC} = 27rRD2 g SIN%= 2nRgh

22 = 2nRp2 BSIN% 22 =27Rph

25 =Rp Y218 S!N-g- OR % = J2ZTRph

2p = THE SIDE OF THE SQUARE THAT HAS THE SAME SURFACE AREA AS
THE SPHERICAL DOME SEGMENT

Figure 3-5B
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Figure 3-5C

69




EP23 -

EP23

0.5

0.4

02

01

0.5

0.4

0.3

0.2

0t

\h-‘ﬁ EPZ2 = 0.9
—~=~~Ep2=07
w—Ep2 =03
= ——EP2=01
] | i | |
0 02 04 0.6 08 1.0
FIN »FIN=0.1
»~ ,FIN=0.3
_ ,:, FIN = 0.5
Zr o FIN=07
# ~FIN=09
-
M
- 8
9
10_|
— 7 O T10
EP2
FOUT + (FIN}E3) EP3 E3=08 TINNER
— EP3 = — \ / L
+ i - r
{ FICTITIOUS PARALLEL PLATE %
{CORRECTED E3) ;
."- 1
— 4 EP23 =
/ 1 ]
/ = = —— -
/ NOTE. E3 = E BAY LINER = 0.8 cp2 | EP3
| ] 1 ] i
0 02 0.4 0.6 08 10

EP2 = ELEM. 10 SURFACE {IR) EMISSIVITY

Figure D-1. EP23 Plotted as Functions of FIN for Several EP2 Values

and EP2 for Several FIN Values.
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Figure D-2. Equilibrium Plate Temperature vs. Surface IR Emussivity (EP2)

for Various Solar Band Absorptivity Values ().
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FIGURE CAPTIONS

Figure 1-1. Geometry and Components Used in Heaf Balance Equations
Figure 1-2, Typical 10-Element Structural Arrangements,

Figure 1-3. Inpuf Format for NWLDW112.

Figure 1-4. Element Geometry for Problems Umng Reduced Areas

Figure 2-1. Interpolation Scheme. ‘

Figure 2-2. Input Format for NQLDW117.

Figure 2-3. Method of Handling Varying-Area Elements.

Figure 2-4. Two Problems Using Ablative Surface Input Data.

Figure 2-5, Method of Handling Large Ablation-Material Losses.

Figure 3-1. Location of Payload Box Within the Orxbiting Vehicle Cargo Bay.

Figure 3-2 The Payload Box (Derivation of X Mean, the Average “Box Center” to “Box
External Surface™ Distance).

Figure 3-3. Physical & Thermal Models of Payload Box.
Figure 3-4. Input Format for NQLDW040.

Figure 3-5A. Msthod of Defining a Rectangular Thermal Model to Thermally Simulaie a
Pressurized Cylindrical Container.

Figure 3-5B.
Figure 3-5C.

Figure D-1. EP23 Plotted as Functions of FIN for Several 15112_ Values and EP2 for
Several FIN Values.

Figure D-2. Equilibrmum Plate Temperature vs. Surface IR Emissivity (EP2) for Various
Solar Band Absorptivity Values (ag).
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FIGURE CAPTIONS (Continued)

Figure D-3. TEQUIL. Flat Plate Versus Input TSRCE for EP2 = .1 and Various o Values

- —Figure D=4.. TSRCE.vs.. ¢ for. Severalepy ValuesBay “Sees” Sun.

Figure D-5 TSRCE vs. o (= EP2) Bay “Sees” Earth.
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APPENDIX A

This appendix presents a program listing of NQLDW112] the non-ablating structural
heating program. In addition, two sample problem printouts are attached. The first
illustrates the IJK = 0 case mn which all elements are identical cubes. The second problem
has essentially the same input except the element-one surface emissivity is‘0.8 instead

of 0.1 and non-identical elements are introduced.

The input printout of the problems 1s sufficient for a potential program user to
input the same problem and compare his output with that given here. Unfortunately,
not all electives in the program are illustrated. To do so would involve addmng pages to
an already bulky report. It is felt that the cases given are sufficient to demonstrate the
basic program and that the unillustrated electives can be mastered by carefully following

the procedure as indicated in Figure 1-3.
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THE NON-ABLATING PROGRAM (CONTINUED)
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APPENDIX B

This appendix presents a program listing Ot: NQLDW117, the 10-element, one-
dimenstonal structural heating with surface ablation program. As in the Appendix A
case, the mput hsting i the pnintout should be sufficient for the user to test his basic
deck as well as mmput techmque. Having thus obtamned a working deck, the various
options of the program should be easily mastered by following the mstructions of

Figure 2-2.

Bi
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APPENDIX C

This append:x supplies a program listing of NQLDWO040, the Orbiting Vehicle Cargo
Bay Box Mean Temperature Program. As with the other two programs (Appendices A
and B), a sample problem prntout is also given. The mput hstings at the beginming of
the sample problem, 1 conjunction with the summarized mstructions of Figure 34
should serve, first, to check out the user’s deck and then to permit the mastering of all

-

possible input electives.
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APPENDIX D

This appendix suggests means of approximating certain physical and geometric factors

for use in NQLDW(40.

() If the upper surface of the payload box {(area AE) has an absorptivity
(e g., for solar radiation or Earth’s albedo) which differs from the input
emissivity (EP2), then this value 1s entered as ““ALPHA™ Note that when
surface “E” does not see the sun, ALPHA 15 automatically treated as
equal to the emissivity of face “E”.

op = EP2 (D-1)

(I1) It will sometimes be necessary to extend the applicability of NQLDWO040
to include temperature estimates of a cylindrical box with spherical
sector ends, a useful pressurized capsule configuration. For such a case,
1t 1s necessary to approximate the effective areas of the four sides and
two ends of the mput (rectangular) thermal model such that they are
equal fo the actual ‘surface areas of the cylinder and the two domes

The method 1s depicted m Figures 3-5 (A, B & C)

Note that the cylinder 1s replaced by four rectangular sides having dimensions £ and
x, where ¢ 1s the width and x 1s the same as the true cylinder length In terms of the cylinder
radius, Rc}r 1:

£=1.5708 Ry (D-2)

D1



Each spherical sector dome is replaced by a square plate having length (and width) equal

to £p, where

S EE tp =Ry [2n0sin 1% e (D=3)

This means, 1n the terms defined 1 Figure 3-5, that the areas of surfaces, A, B, C, D, E

and F as required for input mto NQLDWO040 are obtained as follows
AA = AC = AE = AF = & . D-4)

AB = AD = (gp)? D-5)

(II1) For the case of an msulated container top plate, the EP2 value 1s the weighted

mean value for the contamer top, sides and bottom.

EToPATOP T €STDESA + epoTA
EP) = TOPATO SID ; AS[DES BOTABOT (D-6)

(ZA = Appop t+ Agpgs *+ Apot)

For the contamer top plate uninsulated (externally)
EP2 = EMISSIVITY OF TOP PLATE EXPOSED SURFACE (D-7)

Similarly, when the top plate is mnsulated externally

INTERNAL HEAT \
QDOTT = A (Btu/ft2sec) (D-8)

but when the top piate 1s NOT externally msulated

INTERNAL HEAT
QDOTT = (Btu/ft2sec) (D-9)
Arop




dv) An App‘rommahon to Input TSRCE Values
At the present time, TSRCE 1s the mput paramete‘r that provides the function
of an empirical constant for NQLDW040. Unfil experimental data are available
to establish a be-tter set of values, TSRCE 1s derived theoretically in the follow-

Ing manner.

A parametric study of the me.;ln temperature of the payload
box reduced to a flat plate by setting all side areas t;:qual fo
zero 1s run  Only the top and bottom areas are non-zero
The QIN 1s set to zero and the exposed surface (mean)
emissivity (IR) and absorptivity (solar band) are assumed.
The TSRCE (nput value 1s then given a succession of values
and the program 1s run until the equilibrium is reached for
each TSRCE value. When a simple calculation of flat plate
equiibrium temperature representing the equivalent E)rbiter
bay conditions (bay and plate “See’ Sun or Earth) i1s made,
the resulting value can be compared with the above runs to
match the equilibriumn temperatures of the plate, thus
establishing the approximate TSRCE value for a given
orbiter condition as a function of the surface emissivity

and absorptvity.

These values of TSRCE represent the theoretical approximations and may well be
altered by experimental evidence when the necessary data become available Moreover,

TSRCE will probably be the most convement parameter to use as an empirical control

variable.



Figure D-1 1s included solely to demonstrate that the parallel plate emissivity, EP23,
18 relatively independent of the FIN value. If FIN for the parametric study to obtain

TSRCE wvalues 1s assumed at 0.5, the largest variation i EP23 would be abaut+10%.

Figure D-2 shows the varmiation of equilibrium flat plate temperature (upper surface
“sees” deep space and Sun or Earth and under surface “sees” the orbiter bay liner and
other payload items) with surface infrared emussivity for several solar band absorptivity
values. Notice that when the orbiter “sees” 0n1;f Earth, the infrared emissivity of the
plate surface is-assumed equal to the infrared absorptivity. For the Sun-viewing case,

the plate equilibrium {emperature 18 calculated by the equation:

#

1A

0.256504a, + 0 144924EP2
x 103 (°R) (D-10)

EP2(EP2 + 2)

TpPLATE, equil

This equation 1s based upon a solar constant (for near-earth obrit) of 0 12325Btu/ftZsec
and a bay liner ' mean temperature of 617°R. For the Earth-viewing case, the plate equi-

fibrium temperature 1s calculated by the equation-

TPLATE equi. = (0.06077EP2 + 0 116026)* x 103 (°R) (D-11)

which 1s based upon q Earth rz;diatlon = 0.0214Btu/ftgsec and the q Earth albedo = :
0.0370Btu/ft2sec. It 1s arbitrarily assumed that the absorptivity and emissivity of the
plate surface are equal, although the albedo source temperature 1s about 6000°C so 1t
would be more proper to assume the solar band absorptivity for the Earth’s albedo and
the infrared absorptivity for Earth radiated.energy. The Earth’s surface emissivity 1s es-
timated at 0.5 and that of the bay liner 1s 0.8. The parallel plate effective emissvity

(EP23) is



EP23 = (D-12)
1. 1.
+ - L
EP2 FOUT + (FIN)(EP3)

which, with FIN = FOUT = 0.5 (assumed) reduces to

EP2

. T OEP2 + 1
— + 1
EP? -

EP23 =

(-13)

Tagure D-3 results fror‘n running the program (NQLDWO040) with arbitrary variation
of the TSRCE for solar band absorptivity values of 0.1, 0.3, 0 5, 0.7 and 0.9. The same
variation is made 1n the surface emussivity value, EP2, though only the EP2 = .1 (Figure
D-3) results are reporduced here. The program runs the flat plate case by merely setting
the four side wall areas equal to zero such that all heat transfer is from the top and bottom
surfaces. Entering the Figure D-3 type plots with the appropriate equilibrium temperature
from Figure D-2, results in the determination of what TSRCE (input to the prorgram) will
yield the correct or calculated flat plate equilibrrum temperature. All NQLDW040 runs,

of course, are continued until the plate temperature becomes constant.

Finally, these data are presented in the deswed form, the NQLDWO040 mput value of
TSRCE which corresponds to the correct calculated plate temperature as a function of
solar band absorptivity for several infrared emuissivity values of the plat-e (EP2) This
figure (D-4) provides the user with the TSRCE value to mput for the particular ooy, EP2
condition of interest when the bay “sees” the sun. Figure D-5 presents the same data as
Figure D-4 except the bay 1s looking at the Earth imstead of the Sun The method for

derwving Figure D-5 1s the same as that used to develop Figure D-4. Note that when the

D-35



bay “‘sees” only deep space, TSRCE will always be 0°R. Of course, when experimental
or other data become available, these TSRCE input values will probably be modified to

allow the program theory to accommodate the actual measured data

D-6



