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Summary

The solution of the momentum equation, including an inertial as
well as the viscous term, for frozen flow in the char zone of a charring
ablétor is presented. This study is supplemental in nature to NASA-RFL-2
report (July 1, 1966) and represents the completion of work with the frozen
flow model. The results are presented as pressure profile and/or pressure
drops across the char layer.

In general, the pressure drop varied from 0.41 (2.12 lb/ftz) to 3.51
(17.91 1b/ft2) inches of water over a range of conditions bounded by the

following:

2
a. mass flux, W, 0.01 to 0,09 1b/ft -sec
b. porosity, €: 0.5 to 0.8

c. surface temperature, T]_:, 2000 to 3000°F

The value of the heat flux at the char surface varied from 7.4 to 67.7
2
BTU/ft -sec over the same range of parameter values.

Also included are results indicating the effect of each of the parameters

- on the temperature profile.

Introduction

The objective of this study is to more precisely define the charac-
teristics in the char zone under frozen flow considerations. The solution
of the general energy equation in NASA-RFL-2 report (1) developed the heat
transfer characteristics within this zone. Results were presented for
three stages of development leading to the most general case and were shown
as te'mperature profiles within the char zone. Supplementary results indicat-
ing the effect of parameter changes on the temperature profile are presented
in this rep>ort. |
Furthermore, to more closely define the char, the solutidn of the
momentum equation written to include inertial as well as viscous effects is
also analyzed. Results are shown as the pressure profile within the char

zone and, in some cases, the pressure drop for comparative purposes.



In addition, the value of the heat flux at the char surface is also
presented. - |

The solution to the momentum equation which contains two integral
terms is achieved on the LSU-IBM 7040 digital computer using a modified
version of the Fortran program written for the solution to the general energy

equation (1). Simpson's Rule is applied to evaluate the integrals which con-

“tain values of the temperature and, in one case, the value of the gas viscosity

which is a function of temperature. Therefore, the pressure profile calcula-
tion is made only after a successful temperature profile has been obtained.
In this way the pressure profile and heat flux calculations are straight forward
and do not require use of an iterative scheme.

This report completes work on the frozen flow model and future efforts
will be directed to the adaptation of the general Fortran program for frozen
flow to the evaluation of the equilibrium flow model (2) and the non-equilibrium

flow model.




Nomenclature

A,B

a,b,c,d

a',b',c', d"

Coefficients in momentum equation
Component values in generalized heat capacity equation
Defined on page 9

Heat capacity of gas mixture at constant pressure
Molecular weight of gas component

Defined on page 9

Defined on page 9

Total number of gas components in system
Effective or overall thermal conductivity
Char thickness

Pressure

Pressure at char surface

Heat flux

Perfect gas constant

Temperature

Initial temperature

Final temperature

Gas velocity

Gas mass flux

Mole fraction of gas components in system
Char distance

Viscous coefficient in momentum equation, (_E__)

4

Inertial coefficient in momentum equation
Char permeability

Finite change operator

Char porosity

Viscosity of pure gas

Viscosity of gas mixture

Gas demnsity



~Collision diameter (gas viscosity calculation)

Weighting factor (gas viscosity calculation) defined on
page 7 :

Collision integral (gas viscosity calculation)




Discussion of the Momentum Equation

In order to more closely define the characteristics within the char
zone of a charring ablétor, the solution of the momentum equation, in addi-
tion to the energy equation (1), is desired. Because of the relatively high m
flux values (W = 0.05. lb/ftz—sec) inertial as well as viscous effects are
included in the momentum equation. The equation with these terms is given
below for one dimensional flow in a porous media,.

4P
dz

where (Au) represents the viscous term and (Bpu ) the inertial term (3).

ass

= Au+ Bpu® (1)

To obtain a result applicable across a finite char thickness, the follow-

ing maﬁipulations are performed. First, multiplication of equation (1) by the

gas density, 'p, followed By substitution of the mass flux, W = pu, results in

- the following:

ap o 2
4By - Aw + BW 2
G AW + B (2)

Use of the ideal gas law equation as the equation of state written as

_P(Fw)
P="RT
gives equation (3):

PdP = Bi“l (AW + BW2)dz (3)

w

Defining A = ﬁa and B = 8 with substitution into equation (3) results in the

following:

RT - 2. . o
PdP =-i,;(paw +BW )dz . (3at

followed by substitution into equation (2) for p and rearrangement

)

Separation of terms followed by integration results in the solution of equation

(32) for P, the pressure at any distance, z, in the char zone,

‘ z=1, z=1, 1/2
2 2R 2
P = {PL + (-FT—) [Wor.r pTdz + W 8 j\ sz]}
w Z=Z : Z=%

(4)




Evaluation of ¢ and 8 in Equation (4) from Experimental Data

In order to solve equation (4) for the pressure profile within a char
zone, ¢ and B, the viscous and inertial coefficients, must be specified.
Alpha (o) can be redefined as the ratio of the char porosity (¢) to the perme-
ability (¥), however, data on ¥ and B for char materials are very scarce.

One source of data recently obtained under a NASA contract by
Southern Research Institute was used for this study (4). The results pre-
sented for a char rﬁaterial at constant temperature (7OOF) was analyzed by
applying equation (3a) for the isothermal case (8). Rearranging (3a) and
taking the definite integral results in equation (5):

- 5
<Mi§ll> = a+ﬁ%v) (5)

2w RTL

F)N W
%) Vs ("—) on rectangular

coordinate paper results in a straight line curve with ¢ as the y-intercept

Closer 1nspect1on shows that a plot of(

and B, the slope.
Figure IX is a plot of equation (5) for the data shown in Table V of
Appendix A. The computer program for determining the x-y coordinates and

a least squares fit of the resulting data is shown in Appendix B.
™

Evaluation of the Viscosity of the Gas Mixture

In order to determine the pressure profile, the value of the gas viscosity

as a function of temperature must be known. The viscosity of a pure gas can be

calculated from the empirical equation:

b = 2.6693 x 10 [F T]ll2 ZQ (6)

Values of g for various pure gases are shown in Table III of Appendix A. The

method of Wilke and Johnson is used to calculate the viscosity of gas mixtures.

Although somewhat more complex than the method of Hirschfelder, et. al.,
the results are more accurate for a greater variety of gas systems. (5) The

equations of Wilke and Johnson are:



l-l = ugl +
T+ (ya/y)® + (ya/y1 )1 + oo +{ya [y )®1n +
Peo 4o+
Y+ (ya/y2)®y + (yalye)®es + oo + (yaly2)®, +
ugm

1 _+ (Y1/Ym)¢rn1 + (YE/Ym)d)IIlg + ... + (Yn/Ym)‘I’rnn (6a)
Where
. /2 . 1/472
S = [1 + ('ugm/ugn) (FWn/FWm) ]
no- 172
222 [1+(F_ [F )]
) Wm Wn

(6Db)

for n and m equalto 1, 2, 3, ..., K.

Effect of System Variables on the Pressure Profile

Although the overall pressure drop across the char zone for the
frozen flow model is very small, the importance of knowing the effect of
system variables on the pressure profile is essential in describing the char
zone characteristics by a model. There are three variables which influence
the pressure profile in the char zone. These are the mass flux (W), char
porosity (€), and surface temperature (TL). Qualitatively, the effects can be
analyzed by inspection of equation (32) or (4). However, the extent to which
each affects the pressure distribution in the char can be determined only by
varying the parameter values. As illustrated in Figures I through IV and

: 2
Table I, the pressure drop varied from 0.41 inches (2.12 1b/ft") of water to

3,51 inches (17.91 lb/ftz) of water. These results are based on changes in the

2
parameters over the following ranges: mass flux (0.01 - 0,09 1b/ft -sec), -

char porosity (0.5-0.8) and surface temperature (ZOOO-3OOOOF).

Determination of the Heat Flux at the Surface of the Char

One additional quantity which can be calculated and which defines the

~characteristics in the char zone more precisely is the heat flux at the char



surface. This quantity is a measure of the heat transfer by conduction into

the surface and is calculated as: q = ke(dT/dz)z_L.. (6) From the general
(1) )

energy equation for frozen flow, it is seen that

- dT d dT ‘
chedz T dz (ke dz ) (7)

Substitution for q into equation (7) results in equation (8):

| %‘Zl = W& 59% (8)
z=L P z=L
or, rearranging:
dq = wc’:psdT ‘ (8a)

Integration of equation (8a) between To and TL results in equation (9):

TL _ .
q = We [~ C aT (9)
T p
o
o = (7)
Substitution of the usual polynomial expression for Cp gives:
T
2 3
q-—-ngL(a+bT+cT + 4T )dT (10)
T
o

where a, b, ¢, and d are the pure gas coefficients.
For a system containing a gas mixture of K components equation (10)

can be written as:

TL 2 3 :
q = We [ (@ +b'T+c'T" +d'T")dT (10a)
T
(o]
where
. K for j=a, b, c, 4,
J = X J.Y =a', b', c¢', &

i7i and j



Integration of equation (10a) gives:

b! 2 2 c' ] 3 d' 4 4}
q-= W a' ('l - + | - T + I - + I =T

" As illustrated in Table I, the heat flux varied from 4.7 to 67.7 BTU/ftZ-sec for

ranges in parameters of : mass flux (0.01-0.09 1b/ft2—sec), char porosity (0.5-0. 8)
and surface temperature (2000—30000F).

Discussion of the Program for Determining the Pressure Profile and Heat Flux

The general Fortran program for the solution of the energy equation for
the frozen flow model was extended to include calculation of the pressure vprovﬁle
and heat flux. These latter calculations are made after definition of the tempera-
ture profile to avoid lengthening the iterative scheme used for solving the general
energy equation. The block diagram shown on page 10 illustrates the general
program before (solid lines) and after (dashed lines) the inclusion of statements
for determining the pressure profile and heat flux (see Diagram I). The specific
function of each added portion will be discussed separately in the following
paragraphs. —

Program PRESS: The PRESS program calculates the pressure profile

using a Simpson's Rule scheme for the two integrals shown in equation (4).
Temperature and viscosity data required in the calculation are called from

memory by an interpolation method, subprogram OMEGA. The data necessary

for calculating the viscosity is obtained from values read into the program as

input, whereas, the temperature data is stored from MAIN after the determina-
tion of the temperature profile.

Simpson's Rule: The standard Simpson's Rule equation is used to evaluate

the two integrals in equation (4). Written in general terms the equation is:

h , '
V=E) <xo Bl )20 o) een F 200, o)A L)+ xL>-

where V is the value of the integral and x is the term under the integral sign.
corresponding to Ty and T in equation (4). The interval size is designated by h.

Subprogram OMEGA: This is a subprogram used to interpolate between

data points stored in the memory of the computer. .In the original program for
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effective thermal
conductivity with

10

temperature

B S —

-

Subprogram CHAR

Subprogram OMEGA

Returns the specific—2

Fits a least

collision integral
value,()l, to PROPT

squares curve to
the Char thermal
conductivity data

and PRESS for the

calculatidﬁ of gas
properties by inter-

jpolation method

!

PRESS Program

|
|
|
|

1.

Calculates the preséure profile and

heat flux across the char zone

}:_'::’__J

l___-__ R _>+r§655?6§§éﬁmoMEGKj
,J | Interpolates T vs

OUTPUT

| z data for speci-
| fic values needed
| in PRESS program |

— m— . — e




11

‘the solution of the general energy equation, OMEGA was used to select the
proper collision integral, ), corresponding to a specific temperature and
gas component; hence, the name OMEGA. However,. in the revised program,
OMEGA is also used to call the proper temperature’ corresponding to a value
of the char distance, z, from tabulated data representing the temperature

profile calculated prior to pressure and heat flux calculations.

Results and Conclusions

L4 3 .

The solution of the momentum equation under frozen flow conditions
increases the knowledge about the char zone characteristics. The following

conclusions result from this study:

1. Increasing the mass flux results in an increase in the pressure drop
and heat flux across the char zone in a direct proportion to the |
percentage change affected.

2. Increasing thé char porosity increases the heat flux in the same
manner as described in (1); however, the values of the pressure
drop decrease. This decrease is caused from the cooling effect
noted in Figure V1, as a decrease in the localized temperature
which has a greater influence on the pressure profile than does
the char porosity.

3. Raising the surface temperature, likewise, results in an increase
to both heat flux and pressure drop values proportional to the per-
centage change made.

4. Varying the gas composition affects the pressure drop and heat
flux according to the overall change in the physical properties of
the mixture. Increasing values of the heat capacity and gas viscosity
would cause a corresponding increase in the values of the heat flux
and pressure profile (Reference: Figure I).

5. The general Fortran program is now written to include the calcula-
tion of the temperature and pressure profiles and the heat flux at the

char surface for a variety of input conditions. This essentially
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concludes the analytical study of the frozen flow case, except as
specific information is required for comparison with other models
under study (i.e. equilibrium flow model and the non-equilibrium

flow model).
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Effect of Changes in the sttemh Variables on the Frozen Flow Temperature Profile

» As supplemental information to the NASA-RFL-2 report, an investigation
into the effects of changes in system variables on the frozen flow temperature
profile was recently completed. The variables studied were, as in the pressure
profile study, the mass flux, char porosity,gas composition, and surface tempera-
ture with ranges of conditions identical to those for the solution of the momentum
equation. Figures V through VIII illustrate the effect of each variable and the

following section indicates the results obtained from the study.

Results and Conclusions

The following conclusions can be drawn from the results presented as

temperature profiles in Figures V through VIII:

1. Changing the gas composition results in a slight shift of the tempera-
ture profile. The direction is entirely dependent on the relative
value of the heat capacity for the mixture in question, C—p' If the
heat capacity increases a downward shift results representative
of a cooling effect. The opposite is apparent if the heat capacity
value decreases.

2. Increasing the mass flux and char porosity causes downward shifts
in the temperature profile curve. This is a result of (a) increasing
the coolant gas flow in the first case, and, (b) increasing the effect
surface area for cooling in the latter.

3. Raising the surface temperature increases the heat load requirement
on the system which results in increased localized temperatures

throughout the char.

Future Research

The immediate plan is to combine the general program for frozen flow
with a program that will generate mole fraction values of flowing gases as a
function of temperature. This will be the first step in the development of a

general program to study the equilibrium flow case.
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PRESSURE, 1lb/ft
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2175
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2173
2172
2171
2170
2169
2168
2167
2166
2165
2164
2163
2162
2161

2160

FIGURE I. EFFECT OF GAS COMPOSITION
ON THE PRESSURE PROFILE IN THE
CHAR ZONE OF A CHARRING ABLATOR

Mass Flux, W = 0.05 1b/£t®-sec
Porosity, € = 0.8

Surface Temperature = 2000°F
Composition (Mol %):

Composition Curve A Curve B

- co 23.8  19.4
C02 4.5 0.0
No 7.0 1.9
_ H, 0.0  51.8
' CH 57.4 0.5
CoH, 0.0 0.1
—— C-Hp 0.0 21.6
CoHe 6.7 0.0
HCN 0.0 4.7

' Curve B
i I I O N e
0 1 .2 .3 .4 .5 .6 .1 .8 .9

" DIMENSIONLESS CHAR DISTANCE, ft/ft

1.0
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Pressure, 1b/ft?
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FIGURE II EFFECT OF CHAR POROSITY
ON THE PRESSURE PROFILE IN THE
CHAR ZONE OF A CHARRING ABLATOR

%,
\Y

Composition: Figure I , Curve A
Mass Flux,W: 0,05 1b/ft°-sec.
Surface temperature: 2000°F
Porosity, ¢:
Curve C 0.
Curve D 0.
Curve E 0.

00 g um

Curve C

Curve D
Curve E

N O N SN B N I

.1 .2 .3 .4 .5 .6 1 .8

Dimensionless Char Distance, ft/ft

1.

0
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Pressure 1b/ft®

2178
2177
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2169
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2166

[aY]
o
w
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2161
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FIGURE III EFFECT OF MASS FLUX
ON THE PRESSURE PROFILE IN
THE CHAR ZONE OF A CHARRING
ABLATOR

Composition: Figure I ,Curve A
Porosity, ¢: 0.8
Surface temperature: 2000 °F
Mass Flux, W, 1b/ft°-sec:

Curve F 0.09
Curve G 0.05
Curve H 0,01

.1 .2 .3 .4 .5 .6 .7 .8 .9 1.
Dimensionless Char Distance. ft/ft
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Pressure, lb/ft®
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FIGURE IV EFFECT OF CHAR
SURFACE’PEMPERATURE,TL,ONfHﬂZ
PRESSURE PROFILE IN THE CHAR.
ZONE OF A CHARRING ABLATOR

Composition: Figure Curve A
Mass Flux,'W: 0.05 1b/ft®-sec.
Porosity, ¢: 0.8

Surface Temperature (TL) °F.
Curve I 3000 |
CurveJ 2500
Curve K - 2000
Curvel
Curve J
Curve K /
%
I D N O A N
.1 .2 - .3 4. .5 . .6 .7 .8 .9

Dimensionless Char Distance, ft/ft

1.0



TEMPERATURE, °F
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1200
1100
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500

400

FIGURE V. EFFECT OF GAS COMPOSITION
ON THE TEMPERATURE PROFILE IN THE

CHAR ZONE OF A CHARRING ABLATOR
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Mass Flux, W = 0.05 1b/ft° -sec
Porosity,‘% ="0.8

S Composition (Mol %):

Component Curve A  Curve B

- co 23,8 19.4
COg 4.5 0.0

" Np 7.0 1.9

. Hy 0.0 51.8

CH, 57.4 0.5

CoHg 0.0 0.1

- CoHa 0.0 21.6

o He 6.7 0.0

0.0 4,7

ST,

¥

I N T I I

0 0.1 0.2
DIMENSIONLESS CHAR DISTANCE, ft/ft

0.3 0.4 0,5 0.6 0.7 0.
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TEMPERATURE, °F
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FIGURE VI, EFFECT OF CHAR POROSITY
ON THE TEMPERATURE PROFILE IN THE
CHAR ZONE OF A CHARRING ABLATOR

>3
N

Composition: Figure V , Curve A
Mass Flux, W: 0.05 1b/ft’-sec
Porosity, €:

Curve C 0.
Curve D 0.
Curve E 0,

o0~ U

Curve C

Q}L{X@Q-..k

Curve E

> WY

o
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TEMPERATURE, °F
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FIGURE VII. EFFECT OF MASS FLUX
ON THE TEMPERATURE PROFILE IN THE
CHAR ZONE OF A CHARRING ABLATOR

Composition: Figure V | Cufve A
= Porosity, €: 0.8 o
Mass flux, W, 1lb/ft’-sec:

I— Curve F 0.01
Curve G 0.05
Curve H 0.09
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TEMPERATURE, °F
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FIGURE VIII. EFFECT OF SURFACE

TEMPERATURE (TL) ON THE TEMPERATURE

PROFILE IN THE CHAR ZONE OF A CHARRING ABLATOR

Composition: Figure V, Curve A
Mass flux, W: 0,05 Ib/ft®-sec
Porosity, €: 0.08

Surface temperature (TL), °F

Curve 1 3000
Curve J 2500
Curve K 2000
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APPENDIX A
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INTRODUCTION TO APPENDIX A

Appendix A contains the various physical property and other pertinent
data necessary in the determination of the pressure profile and heat flux across

the char zone. The following table summarizes the information presented:

Table II Heat Capacity Coeffieients for Various Pure Components

Table III Collision Integral and Lennard-Jones Potentials, etc. for
Various Pure Components

Table IV Degradation Gas Composition (Mass Fraction) vs. Temperature
Table IV-1] Degradation Gas Composition (Mole Fraction) vs. Temperature
Table V Experimental Data for the Determination of Char Permeabﬂity

at Constant Temperature.

Figure VI Plot of Experimental Data and Least Squares Curve - Evaluation
of o and B for use in Equation (4)
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Introduction to Appendix B

Appendix B contains the various program nomenclature, data and
diagrams for calculating the pfessure profiles and heat flux across the
char zone under frozen flow conditions Q‘Section (_.1_)). A complete program
sheet for the general solution to the froz,en flow problem including the
temperature and pressure profile and the heat flux calculations is also
" presented. ’

Section (2) contains the program information used to evaluate ¢
and B, the viscous and inertial coefficients in the momentum equation.
Program sheets for the correlation of experimental data on char permea-

bility and a least squares fit of the resulting values are likewise given.




Section (1)
General Program for the Calculation of the Temperature
and Pressure Profiles'in the Char Zone of a Charring

Ablator

34



35

GENERAL PROGRAM FOR THE DETERMINATION
OF THE TEMPERATURE AND PRESSURE PROFILES IN THE

CHAR ZONE OF A CHARRING ABLATOR

Nomenclature

INPUT DATA UNITS
A(I), B(I), C(I), D(I) Parameters in the heat capacity equation -
[ALPHA Coefficient in the momentum equation 1/ £t®
)BETA Coefficient in the momentum equation 1/t
DT(1) Initial slope °F/ft
EK(I) Potential parameter (E) divided by Boltzman  ---
Constant (K) for each component
EPS Porosity -——-
FW(I) Molecular weight of each gas component 1b
‘ lb-moles
“HI Initial interval size for temperature profile ft
HS Interval size for pressure profile ft
HSiMPI Interval size in Simpson's Rule evaluation ft
K No. of gas components _—
'MDATA Nov. of data points in the kc vs temperature -
table
NDATA No. of data points in the TK/E vs Omega -—-
! table
PL Pressure at the char surface b/ ft®
!R Gas constant (cal/ gmole-oK)
'SIG(I) Collision diameter of each gas component A°
T(1) Initial temperature OF
TL Final Temperature °F
w Mass flux 1b/ ft? -sec
XCOND(I) Temperature data (for char conductivity) °K
YCOND(I) Char conductivity data cal/cm-sec-°C
XTKE(I) Temperature times ratio of the Boltzman -
Constant to the potential parameter data
(for omega)
ZOMGA(I) Collision integral data for each gas component ---
Y(I) Mole fraction of each gas component moles of (I)
: total moles
ZL Char thickness ft
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GENERAL PROGRAM FOR THE DETERMINATION
OF THE TEMPERATURE AND PRESSURE PROFILES IN THE
"CIIAR ZONE OF .A CHARRING ABLATOR

Nomenclature

OUTPUT DATA

- - 1b

AVGFW 1 i i —_—
Average molecular weight of gas mlxtgre T mole o

CDCHAR Char Thermal Conductivity . Cal/car-sec C

CDMX Thermal conductivity of gas mixture Cal/sec-cm-°C

CDO Overall thermal conductivity BTU/ ft-sec- F

CHARK ' Char Thermal Conductivity BTU/ft-sec-"F

COND (1) Thermal conductivity of the pure gas Cal/ sec-cm-CF
component

CP (1) Heat capacity at constant pressure of Cal/ cmole-°K
the pure gas component

CPMX Heat capacity of gas mixture Cal/goide—oK

V(1) Heat capacity at constant volume of the Cal/ gmole—oK
pure gas component

2CDO Derivative of the overall thermal conduc- BTU/ft—sec-(oF)2
tivity with respect to temperature

DJELP Pressure drop across char b/ £t?

JELTT Temperature drop across char °F

T (L) Instantaneous slope (C_II at a distance oF/ft
corresponding to L dz

cPS Char porosity

JASCP Heat capacity of gas mixture BTU/1b-°F

JASK Thermal conductivity of gas mixture BTU/ft-sec F

. : ' WeC -~ dke ., dT N
S=PIOX T €y )/ k 1

ROUP ¢ K, (=51 )65 ) e /4t

" o Step counter corresponding to instan-
eous char distance -

>(LS) Instantaneous pressure at a distance 1b/ £t?
corresponding to LS

2 Heat flux at char surface BTU/ft®-sec

(L) Instantaneous temperature at a distance °F
corresponding to L

"P(LS) - Instantaneous temperature at a distance OF

corresponding to LS




!

|

W
;XAXJSUA

YAXIX(L)

Z
ZL
Z(LS)

Mass Flux

Dimensionless char distance term
(z/ZL)

Dimensionless temperature term

(r(L) - T(/(TL - T(1)
Instantaneous char distance
Char thickness

Instantaneous char distance at LS

- 1b/ft®-sec

ft/ ft

°r/°F
£t
ft
ft
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_Ce/LZ/1¢EE

S.SPP1
AFPRIL

NCCECK
MAIN

CARY C. APRIL NASA FRCJECT 135-3C-8621
] = CCy z = CC2y 2 = N2, 4 = CH4, 5 = CEFE

C

XT/E VS. CNEGA  REIC ANC SHERWCCC, TABLE 6-1, PAGE 187
CINVENSICN T(50C),LT(5CC),XTKE(100),Z0¥GA(1CC) 4EK(5C)

CINENSICN XN(5CC),FN(ECC),TT(ECC),TP{5CC)

CCIVMENSICN SIGI5C),Fn{50) ¢A(50),B(5C),C(50),D(5C),CP(50),CCAB(50)

CINMENSICN CVIS5C).Y(EC),VIS(50),XCOND{(50) YCOCND{Z0)

_ CIMENSICN XAXIS(SCO),YAXIS{5CC),QT(50C),Q0T(50C),2(5CC)

1C

CINENSICN FRCOC(ECC)+ZX(5CC)P(5CC),2Y(5C0)

" REAC1,T{1)40T(1)sTLyHE,ZL 4Ry W,EPS,CELT

REAC2,MNCATA,MCATALK
FEACZ, {XTKE(I)4ZOMCA{ 1), 1=1,NCATA) !

T REAC 4, (EX(I)SSIGII)sFW{L)Y(I),I=1,K)

REA“[_‘___?_! (A (I YeBUT), C‘I_)_J[Z( ,I 1:1=1,K)

REAC €&, (XCCNC(I),YCCND(I),I=1,MDATA)

 REACT,ALPFA.BETA,FSINPI,FS,PL

FCRMAT(CSFELC)

FCRMAT(216€)

FCRVAT(2F15.0)
FCRVMAT(4F15.0)

FCRNMAT (4E15.%)
FCRMAT (F15.04E15.5)

FCRMAT(ZE15.5,2F1C.C)

 CCMFCN KyEKyAyCyCyCyRyFlySIG, XTKE,2CMGA,Y, XCOND y YCOND, DELT,NDATA

CCVMNMCN NMCATA,EPS
PRINT 4CCC Wy EPSyTLaZLytHI1

4CC0
1

FCRMAT{1X 2FW=3F15.6434X94FEPS=3F15.6 4X 3ETL=4F15.694X,3HZL=,
F15-614X13""I=,F1 «€)

Z(1)=C.C

JCHAR=1

4C

NC=1
N=1

CXAXIS(1

b=

5¢C

)=C.0
YAXIS({1)=C.C
Z=0.C

55
s¢€

IF(N-1)56,56,1C1
TIN+1)=F#CT(N) + TIN)

CTIN+1)=CT(N)
CC 1C 13E

1C1

TC=T(N)
TEETA=TIN)

1C2

CIC=CT(N)
CTFETA=CTI(N)

MX=1
IF(CT(1))1109,11CS,1C2

G CT(1)Y=CT{1)/{(1.C+0.5=((TL=TCHECK)/TL))#2.0)
_CC _TC_4C

ARK = +#L7C
RANKIN=TC+L€0.C




_TVAR=RANKIN/1.8

1C4

CALL PRCPT (TVARLJCEAR,CPMX,CCO,DCDCyAVGER)

_JCFAR=2

CASCP={CPVMX%454.0)/(252.C%1.8%AVCFW)
CRELP=(W*EFS*GCASCP/CDC)-(CCLO=DTC/CDO)

1Ct

CA=pARK#CRCUP

EGC TC (11C,120,+13C,125),NX

1icC

Al=ARK

CAl=CA

TC=THETA+C.5%A1 .

 DTC=CTHEETA+40.5#DA1

MX=2
IF(7C)122,123,1C2

TC=THFETA+C.5%A2

QLTC=DT¥ETA+C.5*CA2

12¢

MX=
IF(TC)LQZ 123,1C2

A3=pRK
CA2=CA

TJC=THETA+AZ2

. DTC=CTHETA+CA?

MX=4
1F(7€C)122,123,1C2

122
2222

PRINT 2222,7C
FCRMAT(IFC2FTC=,1X4F15.€,8X, EHNEGATIVE)

CT(1)=CT(1)%C.5
CC IC _4cC

125

A4=pRK
Cra=CA

TIN#1)=T(N)+(1eC/A.C)(A142.0%A242.CxA3+A4)
CY(N+1)=CTIN)+{(1.0/€.C)2{CA1+2.C%0A2+2.,C*0A2+DA4)

___fccc
12¢
127

IF(T{N+1)-2503.C)E00C,5CLC,¢€0C0
IF(TIN+1))12€,13€,128

PRINT 127, T(N+1)
FCRMAT(1FC,THTIN+1)=41X,F15.6,8X48ENEGATIVE)

CT(1)=CT(1)%0.5
CGC _TC 4¢C

€CCO PRINT 8CCC,T(N+1)
. ECCC_FCRMAT(1IFC,7HT(N+1)=,1X,F15.6, 4X BHEXCEEDEC,1X,4H35CC, 1X, 2HMAX)

TRATIC={TL-T(N+1))/TL
CT11)=CT(1)#{1.C+C,5%TRATIC)

128

TCRECK=T(N+1)

_ TF{CTIN41))2CC,2CC,4C

ZIN+1)=Z(N)+H
XAXIS(N+1)=2(N+13/7L

YAXTISINAT)={T(N+1)-T(1I)I/{(TL=-T(1))
[F{ABS(ZL-2{N+1))-.0CCC1)15C,15C,145

145

©o1sc

N=N+1

. GC TC _1C1

CTINC)=T(N+1)

_CETINC)I=CT(1)}

CIFF=ABS(TL-T{N+1))

111C PRINTI111,7(1),CT7(1)
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1111 FCRMATULIFC,5HT{1)
I

‘X F15.€644X,6FCT{1)=,1X,F15.£)

STEP=(1C.C+(ZL/FI1+5,C)/1C.C

LSTEP=STEP

LCHFAR=LSTEF + 1
FRINT1E8C

18C FCRMAT(LFC,8X,4bT(L) s EX,SHET(L),9X, EHXAXISIL) »7X 8HYAXIS{LY),

1 4X 4, 1HL)

CC2CC L=1,LCHAR
PRINTISC,T(L),CT(L)XAXIS(L),YAXIS(L) L

1SC FCRMAT(1X,4F15.6415)
2CC CCNTINUE

IF(CIFF-1.C)155.155,151
151 I1F(CIFF-1CC.C)153,152,152

152 TRATIC=(TL-T(N+1)})/TL
DT{1)=CT{1)%(1.C+0.5#TRATIQ)

TCEECK=TI(N+1)
NC=NC+1

GC TC 4C
2 IF(NC-1)152,152,154

4 RATIC=(TL-CTINC))/ICTINCG=1)=-QT(AD))
RCASF=RATIC*(GLT(NC-1)=QCT(NO))

CT(1)=CT(1)+RCASH
_NC=NC+1

CC TC 4¢C

155 FRINT 2222
’)3‘—

3 FCRNAT(LFC, 11FTEMPERATURE, IXy 7TFPRCFILE, 1Xy THDEFINED)
T CALCULATICN OF PRESSURE PROFILE

SIVF1=C.C
SIVFZ2=0.C

LS=7L/FS
NS=(1C.C%7S45.C)/10.C

LS=NS+1
ZX{LS)=21L

TE(LS)=TL
PLS)=FL

EC 26C N=1,NS
NPAR=N-1

EN=NEAR
LC=LS-NEAR

ZX{LC)Y=ZX(LS)-FNEHS
LSINMP=FS/FSINMPI

MS={1C.C#ZSIMP+5.0)/1C.C
MF=FS+1

IY{VFI=2X(LC)
CC 240 F=1,NP

MEAR=V—1
FN=NEAR

MC=NF-FRAR
ZYIMC)=ZY (NP )=kM=ESINPI

IVAR=ZY(VNC)
ITEMP=LCHAR

TVIS=C.C
CCALL CNMEGA(ZVAR,Z.T,ITENP,SCM)

2C5 TVIQ SCw¥
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R
—~IN

I))=TK

L CrCe=CL.C

211

IVAX=NCATA
CALYL CMECGA{TKE, XTKE,ZCMCGA, INAX,SCM)

CvEA=SONM ,
VIS{I)=2,6653#10.,%#({—3, )#(FW({T)#TK)=2C,5/(SIG(I)%%x2,0)=CMCA

CCNTINUE

 VMIX=C.G

CC 227 J=1,K

_ TERFN=1.C

CC 23C L=1,K
IF(L-J)22€64225,226

cC TC 23C
JCPY=(1.C+(VISTJ)/VIS(L))#=*CoE#*(FW(L)/FW(J))20.25)%%2,C

2C

Ny

BCTV=Z2.CaSCRT{2.C)#{1e+FN{J)/FR(L))I*2C.5

_ PEIV=TOPV/ECTYV

TERM=TERNM4+FRIV=(Y(LI/Y(J))
CENTINUE

231

VMIX=VMIX+(VIS(J)/TERN)
CONTINUE

VISCCS=vlMIX%2.42/2€GCC.C

_TT{NMC=TVIS

24C

PRCC(MC)I=TVIS#VISCCS
(CNTINUE

IX{LC~-1)=2X{LC)-+S
TP(LC=1)=TT(1)

SuMl=C.C

_Sukez=C.C

Stvz2=C.C
SLv4=C.C

MEVEN=MP=-1
CCzEe KP=2,MEVEN,?Z

2t5

SLM1=SUM1+4.0=PRCC(KP)
SLNM3I=SUN244,02TT(KP)

CCANTINUE
MCEL=MP-2

CC2¢¢ KP=2,MCCC,2
SUN2=SUNZ4+Z,0%PROD(KP)

22€

SUNML=SUM4+2.CxTT(KP)
CONTINUE

SIMF1=(FSIMFI/ 2, O)*(PRCC(1)+PRFD(”P)+3LN1+SUM2)+\INP1
SIvP2=(FSIMPI/2.C)#(TT(1)+TT(MP)+SULM3+SUM4)+SIMP2

|

P{LC=1)=SCRT(PL=#2+4(2.C#R/AVCFWI*(T778.16/32.2)#(Ww=xALPHA=SINMPL+

_1_“_(W{%z)ﬂEFTA*SIMP2))

26C  CCNTINUE
261 PRINT262 '
2€2 FCRVAT(LFCy3H(I1)92Xp5FZX (1) yL0XySHTPIL) 411X ,4HP (1))
265  £C268 I=1,18 )
FRINT2€€E,1,ZX(1),TP(1),P(1)
. 2€€ _FCRNMAT(1F(C,15,2F15.€)
2¢8 CCNTINUE ’

C

FRINT 4444

4444 FCRNAT(1FCs2THTEVPERATURE-PRESSURE PRCFILES CEFINECD)

CALCULATICN OF THE FEAT FLUX AT THE CHAR SURFACE




_SLiMA=C.C

SUMR=0.C T o

o SLMC=C.C

SLMC=C.C
FC 27C I=14K

CMC=A(I)RY () N
_RG=ERLIYRY(D) ‘

CC=ClI)Y=Y(]) -

L LE=C{I)=Y (1)

SUNA=SUNA+LC , - o
SULNBE=SUVE+EC ‘

21C

SUNC=SUNMC+CC
SUNE=SUMC4EG

CCNTINUE -
TLK={TL+46C.0) /1.8 .

TIK=(T(1)+4€0.C)/1.8

CDELT1=(TLK-T1K) - -
CELT2={(TLK*%2)~(T1K%x2))

CELT2={ (TLK#%2)-{T1K2%3))

TELT4=((TLK#%4)—(T1K#%4))
CELTT=(TL-T(1))

C={W#EPS«((SUMA#CELTL1)+(C.5#SUMB*CELT2)+(C.33#SUMC*DELT3)

1  +(C.25%SUMC*CELTA))#454.,C)/ (AVGFW#252,.,C)

CELP=(P(1)=-PL)
PRINT 271

a1z
 ggge
2ce

FORMAT(LEC 23X BFCELTT,,€X,4HCELP,TX,1HQ)

PRINT 272,CELTT,DELP,Q

FCRMAT({1FCy2F10.4) ) -
PRINT BggR

FCRMAT(1FC,21FALL VARIABLES DEFINED)

S1CP

ENC

_SIBFTC PRCPT

C

SUBRCLTINE PRCPT  (FEAT CAPACITY AND CONDUCTIVITY VvS. TEMFERATURE)
SLBROLTINE PRCPT (TVAR,JCHAR,CPMX,CDO0,CCDC,HAVGERW)

CIVENSTICN EK(S0)},A{5C),B(50),C(5C),C{50) FW{5C),STG{50})XTKE{1CC)
CIVMENSICN ZOMCGA(1ICC)+XCOND{50),YCCNC(E0),Y(5C)

CIVENSICN CP(5C),CV(SC)4CCNDI(5CI,XN(5CC)yFN(5C0)
CCMMCN Ko EKy AyByCyDyRyFhySIGoXTKE,2Z0MGA, Y, XCOND,YCOND,CELT,NDATA

CCMNMCN MCATALEPS
RANKIN=1,8#TVAR

FAREN=RANKIN=4EC.C : B
T=TVAR

2606

TC=T+LELT
[C516 I=1,K -
TKE=(1.C/EK{T) ) =TC o
CMCA=CLC

IMAX=NCATA _ o
CALL CMECA (TKE4XTKELZCMCGA, INAX,SCM)

CvMCA=SCV
CPII)=ALIN+R (1) =TC+CII)»TCx*2.0+D(I)*TCx%3,0

CCVII)=(CF(I)=R)
TCP=2.€£93%]1C. C**(—,.O)*(1C/Fh(l))**0 5*(CV(I)+4 47)

BCT=(SIG(I)x%2.0%CNCA) S
COANC(1)=TQP/ROT




_tle

R 43

 _CCANTIAUE

CFNMX=C.C
_ Coix=C.C
AVGEFW=C.0
DES3T J=1,K
SUMCP=CPJ)=Y(J)
CFMX=CPMX+SUNMCP

SUMCC=CCNCIJ)*Y{J)
_ CLMX=CCMX+SLNCC

SUMFW=FW{J)=Y(J)

527

CONTINUE
CC TC (52842351 JCHAR

2
=
2

5
5

€
S

CALL CFAR (XCCNC,YCCND,MDATA,SLCPE,YINTCP)
SCHAR=SLCFE

YCEAR=YINTCP

___CLCHAR=(SCHAR®TC)+YCEAR

E4C
841

CHARK=(CCCHFAR®3C.48)/(252.C%1.8)
CASK=(COMX%20.48)/(252.C%1.8)

CCC=CFARK

 IF(ABSIT-TC)~.CCCC1)56C,56C,54C

TF(T-T1C)541,55C,550
_CLCP=CECC

TC=T-CELT
_JCEER=2

25C

fC 1C scC
_LLCA=CCC

DELTF=DELT=#1.8
CCEC=(CLCP-CDCA)/(CELTF*2.0)

TC=T
GC TC 5CC

5€C

C$IEFTC CMECA
__SUBRCUTINE CMEGA (LENNARD JONES NUMBERS FOR GASES VS. TEMPERATURE)

c

RETURN
ENC

SLBRCLTINE CMEGA (VAR,X,F, IMAX,SOM)
CIVENSICN X{500),F(5CC)yXN(50C)sFN{5CC)

NFTS=2
 XUF=1.E3C

DCELL I=1,IMAX
T=VAR-X(1)

IF(T)€08,€CS,€C5
I=-1.

_ IF=1

IF(T=XUF)E1C, 611,611

XUP=T

_ CONTINUE
IN=1
NFP=NFTS+]

T €12 1C=1p-1

XN TV=X(IF)

CCE18T=1,NPP
SRS DA L N—

CTECINY61Z,€612,€13

GC_AC €15
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€12 IC=1F+1
IF{IMAX=-TIC)€14,€15,€15
T El4 IF=1P=-1
' CC TC €1E
615 IF(IC)61€E4,€1EvE1T
T éle IP=1P+1
GC TC €1¢
€17  1P=1Q
‘ IN==1RN
€18 CONTINUE
' SCV=0.0
FACT=1.C
CCeZ2C J=1,NPTS
SCVM=SCM+FALT=FN(1)
CCeE19 I=J,NPTS
: . 1€=1-J+1
€19 FEN(IC)={FN(IQ+1])~- Fk(IC))/(XN(I+1) XN(IG))
€20 FACT=FACT®{VAR-XN{J}))

RETURN
END
$IBFTC CHAR

C SUBRCUTINE CHAR (CHAR CCNDULCTIVITY vs. TENPERATURE--~~SLOPE AND INTERCEPT)
SURRCUTINE CHAR {XCCNC,YCONC4+MDATA,SLOPE,YINTCF) :
CIVENSICN XCCND(S0),YCCNC{SC)
SUMX=C,0
SUMY=C.0
SUMXY=C.0
SUMX2=C.C
SLMYZ=C.0 : ~
TN=VLATA _ ' _
EC710 J=1,NCATA
SLMX=SUMX+XCGND(J)
SUMY=SUMY4+YCCNC(J)
SUMXY=SUNMXY+XCONC(J)=YCCNE (D)
SULMX2=SUNMX2+XCCND(J)=%2.0C
SUMY2=SUMY2+YCOND(J)x%2.0
710 CCATINUE ’
1720 SLCPE={SUNMXY-{SUNMX=SLMY/TN))/(SUMX2-(SUNX=%#2.0/TN))

72¢C C YINTCP=(SUMY-{SLOPExSLMX)) /TN
RETURN
. ENC e ' e .
kE T?\ . i -
v INPUT DATA
,.1) CT{1)- TL HI L R W EPS DELT -
T T5C0.0 24170.¢8  2000.0 .0@@20@‘“6“626?‘“‘1'957 0.05 c.8  5C.0
TNDATA MCATA K _ _ ~ . :
34 9 .5 - . ' -
XTKE(T) I0MGALT) . ‘ ‘
TTTTTOU3CT T T T 2UUES -
0.3% S 2.628 : )
G 40 2592 ) , : -
6.45 . C2.362 '
0.5¢C .2.257 - , T
G.55 2.188 '
0.6C - 2.0¢€5
0.65 1.6€2

CCLTCTTTTTTTTTTTOY.S 08 - - ) T

Fa T & T ey



0.8C 1.780C
o8 1.725 - o
0.6¢ 1.675
ToLys T 1,629 T e
1.08 1.587
T LaIe T L s 14 B - i o
. 1.2¢C 1.452
L 1.399
. 1.50 1.314
r.7C 1.248 o
1.9C 1.197
2.2 T TT1.138 T
2.¢ 1.0¢81
3.2 1.022
4,0 0.9730 ‘
U750 T 0.9269
7.0 0.8727
TTl0.0 T T T, 8242
2C.0 0.743
40,0 0.671 8‘
70.0 0.6194 :
TTicelo 0D.5482 -
2CC.C C.5220 '
T 4C0.0 - 0.4811
EXK{T) SIGLTY FW(r Y{1)
11¢.0 3,590 28.0 0.245
TISC.0 T TTTTTTTTR,994 44,0 0.0%45 T
91.5 3.681 28.0 0.073
C136.5 T TR, w22 16.0 0.57¢C
443.0 5.270 78.0 0.068
AL B(I) C(I D{I)
B TZECCEFO0TT T UC4COYER0Z T 17830505 TS52070E=09 T
5316C0E+00C 142850E-02 -82620E-05 178 4C0E-09
T 90300 EY0C T T =03 753E=02 T 1S3 0CESCsT T T =68610E-TCY
4T5CGLE+CC 1200008-C2 3030CE-CS ~263CC0E-09
= B65CCCEF 00T YIS TECCE=02T  SUS4CCOE=05 1854000 E=09
K CCADUTY T YCONDIT Y
658.0C 244000E~C3
o T SC9.0 2680 C0OE-03
1C01.0 35600CE-03
T TTTTTT013. ¢ 3560008073
1346.0 451000E~C3
T TTT1515.C0 T T447G0C0F=03 i
17C9.Q 575000E-03
) i T1848.¢C TT55900GE=03 ) S
o 1968.¢C 6160C0E-C3
BLEEA BETA FSIVPI HS PL
) ﬁvﬁ,psccvﬂe+cc C5CCCCE+0% 0.CCCC2C8 c.0c2cC8 216C.0 .
$ST
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H

SUPPLEMENTARY PLOY DIAGRAM FOR
ETERMINING THEY PRESSURE PROFILE
AND HEAT PLUX ACROSS THRA

CHAR ZONE OF A CHARRING ABI.ATOR

D

DIMENSION: TT, TP, %, PROD, ZX,
ZY, P

READ: ALPHA, BETA, HSIHPI, HS,
PL

- - = ]

F o o 1

| MAIN PROGRAM ,

| SEE NASA-RFL-2 REPORT |

b e o2
. [

\
FrOM: "PRINT: TEMPHRATURE
PROFILE DEZFINED

SIHP1=0,0
SIMP2=0,0
Y
ZS=2L/HS
NS=(10.0%25+5.0)/10.0
LS=NS+1
¥ 7
zX(Ls)=2L
TP(LS)=TL
P(LS)=PL
1
N=1
|
NBAR=N-1
HH=NB AR

LO=LS-NBAR

Z2X(L0)= zh(uu) HN*HS
ZS1lP= HO/HOIMPI

B

1)




MS=(10.0%Z811P+5.0)/10.0
HP=MS+1
ZY (MP)=2X(10)

MBAR=M=1

HM=MBAR

MO=MP-MBAR o
2Y(M0)=2Y (MP) ~HM*¥HSINPI

]
ZVATR=2Y(}O)
ITENP=LCHAR
TVIS=0.0

1

CALL "OMEGAY »

OMEGA,

SEE SUBPROGRAM

NASA=-RFL-2

FROM OMEGA

TVIS=50H
TK=(TVIS+460.0)/1.8

[]

I=1

-
-

TKE=(1.0/EK(I))*TK
OMGA=0,0
IMAX=NDATA

[

SEE S

T 1" 1 1"
CALL "ONEGA | ouEGA,

UBPROGRAM
NASA-RFL=-2

< FROM

OHMEGA

V

OMGA=SOM
VIS(I)=2.6693%10,%%(=3,)*

(PW(I)*TK)*%0.5/

(stG(1)**2.,0)*0HGA
)

47



®

I=1+1

[ViiT%=0.0 ]
1 |
J=1
A |

ot |
{ TERM=1.0 ]

TOPV=(1.0+(VvIs(Jd)/vis(n))**0, 5%
(F¥(L)/Fu(3))**0.25)%%2,0

BOTV=2,0%SQRT(2.0)*(1.+Fw(J)/Puw(L))
%%0,5

PHIV=TOPV/BOTY
TERM=TERM+PHIV* (Y (L) /Y (J))

J::J.+1

P vMIX=VMIX+(VIs(Jd)/TERM) ]

J-K

VISCOS=VMIX%2,42/3600.0
TT(MO)=TVIS
PROD(MO)=TVIS*VISCOS

@
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~ M-MP

2X(L0-1)=2zX(L0)-HS
TP(L0-1)=TT(1)

SUM1=0.0
SUM2=0,0
SUM3=0.0
SUM4=0.0

MEVEN=1P=1

KP=2

¥
SUM1=SUK1+4.0%PROD(KP)
SUMZ=5UH3+4.0*TT(KP)

[kp=xp+2]
]

< KFP-MEVEN

MODD=NP-2

[X¥-7]

o

L

SUM2=5012+2,0%PROD(¥XP)
SUM4=SUN4+2,0%7T(KP)

[XP=xp+2

-~ KP-MODD

STHPIS(NSTHPI /3. 0) ¥ (PROD{T)FPROD (NP )+
SUM1+SUM2)+SINP]

SIMP2=(HSIHPI/3,0)*(TT(1)+TT(MP)+SUN3+
SUM4 ) +SIMP2

©



?

P(LO=-1)=3QPT(PL**2+(2,0%R/AVCRY)*
(778.16/32.2)% (WX ALPHA¥STHP L+
(W¥*2)%¥BETA*SIMP?2))

PRINT: I,zX(1),TP(1),P(I): I=1,LS

"TEMPERATURE-PRESSURE PROFILES

DEFINED"

e -

I+1

CQ=C(I)*Y

AQ=A§I;*YE
BQ=RB(I)*Y
(
DQ=D(I)¥Y({

SUMA=SUHA+AQ
SUMB=SUB+BQ
SUMC=SU¥C+CQ
SUMD=SUMD+DQ

I-K

TLK:ETL+460.0)/1.8
T1K=(T(1)+460.0)/1.8
DELT1=(TLK=-T1K)
DELT2=((TLE**2) - (T1K**2))
DELT3=§$TLK**3;—§T1K**3gg
DELT4={({TLK**24 T1K¥**4
DELTT=(TL-T(1))

O

&/

. 50



@

i

Q=(W*EPS* (( SUMA*DELT1)+(0.5% SUMB*DELT?
(0.33%SUMC*DELT3)+(0,25%SUMD*DELTA))
454.0)/(AVGRU*252,0)

DELP=(P(1)-PL)

)+
*

Y

PRINT: DELTT,DELP,Q

"ALL VARIABLES DEFPINEDV

51
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Section (2)
Programs for the Evaluation of &

and B from Experimental Data
(a) Determination of x-y coordinates of Equation (5)

(b) Least Squares Fit of the Experimental Data for
the Determination of o and 8



NO
MO
MT
DIA

ZL
RHO
VIS

Fw
DELTP
PMEAN
VEL

X AXIS
Y AXIS

DETERMINATION OF X-Y COORDINATES

OF EQUATION (5)

Nomenclature

Input Data

B

Number of Test gases used
Number of tests per gas component
Total number of tests

Char diameter

Perfect gas constant
Temperature

Char thickness

Gas density

Gas viscosity

Gas molecular weight
Pressure drop across char
Mean pressure of the system

Gas velocity

Output Data

(W/u) term in equation (5)
(FWA (P?))/2WLRTL term inEquation (5)

53

inches
£t°-1b_/$t%-1bmole-"R
°R

inches

1b/ £t°

cp
1b/1bmoles
in. of HZO
in. of HZO

cm®/sec

1/ ft
1/ £t



o $DATE. C1/1C/6¢E

$CLCSE S.SPP1
o #JCP_ - RBRRIL
$1EJCB NCCECK
___ _$RELCAD UC4, SRCH,NAME=KATFOR
c GARY C. APRIL  NASA 128-30-8621
__C_ PRCGRAM TC CETERMINE PERMEABILITY AND INERTIAL CCEFFICIENIS

CIVENSICN RHL(’C),VIS(’C))FW(QO)qDELTD(:‘}OG)yPM AN(3CC),VEL{300),
1 XAXIS(1C,3CC),YAXIS(1C,300)
REALCSyNCyMCHMT
_REAC 104+CT1A,RHT
REAC 2C,1ZL
_REAC3CH(REC(I) yVISIT)sFWITI),I=1,NC)
REACACs (ICELYP(T ) PMEANCTI)  VEL({I)4I=1,4MT)
5  FCRMAT (3211C)
1C FCRMAT(3F1C.0)
_2C_ _FCRNMAT(F1C.0)
3C FCRMAT(2F1C.0)
4C FCRMAT(ZFIC.O)
vI=1
_EC1C1 N=1,NC
GC TC (€C32€5),N
_€C  PRINT €1}
61 FCRMATIULIFC,6HFELIULNM)
CC TC 8C '

€5 PRINT &€
&€& FCRMAT _(1FC,8HENITRCGEN) i
8C  CC1CC NM=NI,MO
MREA=3,141€6%(DI1A%2.54)#%2.0/4.C
W=VEL(M)%RFC(N)/[AREA%2C.4E)
P1=FNMEAN(M)=0.52CELTP (M)
P2=CELTP(N)+P1
__P1SC=F1%=a2
P2SC=Pzxxz
PCCAV=(144.0/(12.C%2.211))%22.C
CELP2=(F2SC-P1SQ) *PCCAV
YCCNV=3£CC.0%32.2212.C/2.42
YAXISIN M ={FW(N)*CELF2/ (ZL*W*VIS(NI=R®1%2,0) )% YCCRV
 XCCAV=360C.0/2.42
XAXIS(Ns¥)=(H/VISIN)) *XCCNV
e PRINT B5C,XAXISIN,M),YAXIS(N,M)
5C FCRMATUIFC,1LFXAXIS(N,M)=,E15.5,€X, TIRYAXTS (NsW 1=, E15.5)
16C_ CCATINUE

VI=NC+1
R i Yt v _
1C1  CCNTINUE
—— _STCP
ENE
$ENTRY
NC TS M
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CIA R 1
o i .75 1545,12 52(C.C o o
Y 4 %
€.272
REC VIS Fw
-  0.01114  C.01S 4,C
C.C780 C.Cl¢S 28.C
CELTP FNEAN VEL
 1.38 4C7.48 1CS.61
L 1.3% 4C7.5C 112,63
2.6C 408,10 202 .26
B 2.75 408,18 201.CC -
1.5C 4C7.55 122.5C
1.65 4C7.52 122.82
2.6C 408,10 20C .55
o 2.Tc 408,15 2C5.2G
1.25 407 .48 76.9C
1.4C 4C7.50 82.13
2.65 4Ce.12 126,69
2.7¢C 408,15 123,82
1.65 4C7.63 GE.C5
1.€5 4C7.62 86,16
2.65 4C8,12 131.€2




ke’

R2Z
SYEST

LEAST SQUARES FIT OF THE
EXPERIMENTAL DATA FOR THE
DETERMINATION OF o« AND B

Nomenclature

InEut Data

Number of data points
(W/L) term of Equation (5)
(FWA(PZ))/ZW/:LRTL term of Equation (5)

Ouf'put Data

Value of 8, slope of Equation (5)
Value of o, y-intercept of Equation (5)
Correlation coefficient

Standard deviation of Y estimated from
the regression equation

56

Units
1/ft
1/ £t
1/t

1/ £t®

1/ £t®



C L CARY C. AFRIL

C NASA PRCJECT NC. 135-20-8621
€ LEAST SGUARES FIT — RECGRESSION CCRRELATICN CF CATA - TwC VARIAELES

CIMENSICAX(5CC),Y(5CC)
_REAC2,N

"z FCRVAT (12)
REACA, (X{J)yY{J)yd=1,N)

4 FCRMAT (F1E.C, E15.5)
SUMX=C.C

f
B TS UNYSCLC
! _ SUNMXY=(.C

SUMX2=0.C
SLrY2=C

Th="h
| C  REGRESSICN EQUATICN (Y=AX+R)

5 CC10 J=1,A
_ SULMX=SUMX+X1J)

SUMY=SUMYLY ()
SUMXY=SLMXY+X{J)eY(J)

SUNXZ=SUNX2+X(J)*%2.C
SUNY2=SUNMYZ+Y(J)#%2.C

1C  CCNTINUE
PRINT 7C, SULMX,SUMY,SUMXY,SLMX2,SUNY2

" 7C  FCRNMAT (1X+5E15.¢€)
ZC A= (SUNXY=[SUMX%*SUMY/TN))/{SUMX2—(SLMX%22,C/TN))

3¢ B=(SUNY=(A=SUVX1)/TN
€ CCRRELATICN CCEFFICIENTI(R2)
4C RZ=(SUFXY-{SUMX®SUMY/TN)I*A/(SUNY2=(SUNY#22,0/TN))
_C STANDARC CEVIATICN OF Y ESTIMATED FRCM REGRESSION EGUATICN (SYEST)

5C SYEST=SCRT{{SUNX2~{SUNX#+2.C/TN)}%{1.C-R2)/(TN-2.C))
PRINTEQ,A,E4R2,SYEST

€C FCRMAT (1X,4E15.8)

STCP
ENC
. _$ENTRY
)
16
X Y
C11C3.5 C.5€GESE4CS
- 1140, 8 C.SE5102E4CS
2C2C. ¢ C.5S7CRE+CS
N _ 2078.2 C.E1719E4CS
1222, C.5CE14E+CS
1323.5 C.57€621E4CS
2€132.,% C.EC2171E+CS
. z0€0.2 C.€1124E4¢5
E616.1 C.T834CE+CS
 57173.4 C.7SC4CE4CS
S13C.8 0.S4746E+CS
L S407.C C.S27C2E+CS ) )
) £752.¢C 0.7S6TSC4CS
TE2€7.6 0.8583€EE+CS
e G2€T.7 O 923526405 . .
Y4T8.T 6.SZ55AE4CS
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