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PREFACE

NATA is a computer program for calculating steady, gquasi-
one-dimensional flow of a reacting gas mixture in ¢ nczzle or
rectangular channel, It also computes stagnation-point condi-
tions on axisymmetric or two-dimensional models and the condi-
tions on the flat surface of a blunt wedge. The code's primary
purpose is the prediction and interpretation of test conditions
in arc~heated wind tunnels used for laboratory evaluation of
thermal protection materials for reentry vehicles such as the
Space Shuitle Orbiter. The theory and analysis underlying the
operation of NATA have been documented in Volume I of this re-
port.* The present volume is a user's manual for the code. .o
defines the inputs and outputs, documents the precoded data on
gas species and nozzle geometries, explains the diagnostic out-
puts, and includes illustrative results from test problems. In
addition, this volume contains a user's manual for an auxiliary
program (NOZFIT) which can be used to set up nozzle profile
curvefits of the form used in NATA., The programming of NATA and
NOZFIT is documented in Volume III,**

*W, L. Bade and J. M, Yos, The NATA Code -~ Theory and Analysis,
NASA CR-2547.

**1Y, L. Badc and J. M. Yos, The NATA Code - Programmer's Manual,
NASA CR-141744.
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THE INATA CODE -~ US%ER'S MANUAL

By W. L., Bade and J. M. Yos
Avco Systems Division
Wilmington, Massachusetts

1. INTRODUCTION

The NATA code is a computer program for solving problems
of steady, quasi-onc-dimensional gas flow in nozzles. The code's
capabilities, and the theory and analysis underlying its opera-
tion, have been documented in the first volume of this report
(ref. 1). The prescnt volume is a user's manual for the code.
Section 2 is a comprchensive discussion of NATA's inputs. Scc-
tion 3 defines the normal outputs which present the results of
the flow calculations and the calculations of test conditions on
models. Scction 4 documents the precoded data on gas models,
transport properties, and nozzle geomctries. prendix A discussces
the rcaction data assumed in the electronic nonequilibriuwa models
for argon and helium. Appendix B lists and erplains the diagnos-—
tic outputs which NZTA produces to aid the uscr in identilying
the causcs of abnormal conditions ard code failurcs., NAppendix
presents the inputs and outputs of test problems which illustrate
the code's use and capabilities, Finally Appendizz D is a user's
manual zor the NOZI'IT code, a relatively small cuvviliary procram
for setting up nozzlec profile curvefits of the form requircd by
NATA,



2. INPUTS

NATA employs a flexible, user—oriented input system
called "Namelist", which is a standard feature of the Fortran
IV programming language. The format requirements for the in-
put card deck are summarized in Section 2.1l. Section 2.2 dis-
cusses the few inputs that are required for running most prob-
lems of interest to NASA/JSC. Section 2.3 is a complete list
of the definitions of all input variables accepted by NAT},
except those used to read in the p.operties of chem.cal species
and the rates of reactions. Input of these types of gas data
is discussed in Section 2.4, In this discussion, the reader is
assumed to be generally familiar with NATA's cupabilitics as
summarized in the Introduction of Volume I (ref. 1).

Examples of sets of NATA input data for various types of
problem, together with portions of the output produced when the
code was run with these data, are presented in Appendix C.

2.1 Format Requirements for Input Cards

The input data for a NATA code run are punched on com~
puter cards. The data for each case in the run require a deck
of at least four cards, as explained below. The decks for the
cases are stacked to obtain the input decl: for the entire run
or job. The cases are run in the order in which they appear
in the job deck, from the top down. Figure 1l iliustrates the
input data for a job consisting of three cases. In this fig-
ure, the data are written* on an €0-column coding form. Each
line of the form corresponds to a card in the input deck.

Each column corresponds to one of the 80 columns in which
data can be punched on a cowputer card.

*In figure 1, and in the text of this report, the letter O
is written @ to distinguish it from zcrxo (0), and the letter
I is written with scrils to distinguish it from the nuneral 1,
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The first card in the input deck 1or each case may con-
tain any descriptive information desired by the user. This
information is reproduced at the head of the printed output
for the case. This card may be left blank, if desired; but
it may not be left out.

The second card in the deck for each case must contain
the follewing characters:

$ INPUT

in columns 2-7.%

The nume~ical input data for the case begin on the third
card of the deck for the case. As many additional cards may
be used as necessary. The data are punched in the form of
equations:

variable name = value (1a)

oxr

array name = list of values (1b)

These equations are separated by commas. Also, the individ-
ual values of a list being read into an array are separated
by commas. The admissible names for inpul variables and
arrays are listed and defined in Sections 2.2 and 2.3, be~
low.

The following is a condensed summary of the format re-
quirements for the data cards. A more complete discussion
may be found in the UNIVAC and IBM Fortran manuals (refs. 2,
3), under "Namelist".

*When the program is run on an IBM 360 system, the $ is re-
placed by an EBCDIC ampersand or a BCD 4 sign.



(1)

(2)

(3)

(4)

(5)

(6)

The data must be punched in columns 2-80 of
the cards; colunn 1l should be blank.

Therc may be no embedded blanks within the
field occupied by a variable name or a num-
erical value (including the sign, if any).
With this exception, blanks may be inserted
freely to improve legibility and thus facili-
tate checking the ca: s.

The last item on each data card must be a
constant (i.e., a value) followed by a comma.
On the last data card for a case, the final
conma 1s optional.

The number of values listed for an array must
be less than or equal to the "number of entries"
or the product of dimensions given in Sections
2.2 to 2.4.

The value given for any variable (except a log-
ical varizable) may be a number with or without
a decimal point, or a number with a decimal
followed by an exponent of 10 expressed in "E"
notation. For example, 1.23 x 10™> could be
punched as 1.23E-5, and 9.8 x 1’3 as 9.8E+23
or 9.8E23. For example, see the input for
TPRINTI in figure 1.

The typing of variables as integer or real
(sece Section 2.2) is detcrmined by the pro-
gram. If a number without decimal is pro—
vided as input to a real variakle, the name-
list input system converts it to a real value
beiore storing it. For example, in figure 1,
the specification ANGLE = 10 has the same
eifcet as ANGLE = 10.0. If a decimal numbcr
is provided as input to an integer variable,
the system rounds it down to the next smallest



Note:

(8)

iiteger. For example, NANGLE = 1,3 would be

¢ Juivalent to NANGLE = 1l; however, NANGLE = 5.0
~ight have the effect of NANGLE = 4 on some com-
osuter systems where the 5.0 is represented as
4,999999... Thus, the decimal should bc omitted
in input values to integer variables.

The remaining features (7-10) in the present list are

noi needed for setting up standard—-type cases using the

inp its of Section 2.2.

(7) Chc input value to a variable typed "logical" (see

Section 2.3) may be T for "true" or F for "false",
For example, see the input for AAMS in figure 1.

fn an input of array data in the form (1b), if sev-
eral successive values in the list are equal to the
same value v, these values can be given in the form
n*v, where n is the number of values egual to v.

(9' In the case of a multiply dimensioned array, the

order in which the values must be listed is deter-
mined by the rule that the left-most index varies
1nost rapi®’y and the right-most index least rap-
jdly. Four example, in a doubly dimensioned array
such as ISEAPE(J, M), which is dimensioned (12,2),
the values must be listed in the order

ISHAPE(1, 1)
ISHAPE(2, 1)
ISHAPE(3,1)

ISHAPE(12, 1)
ISHAPE (1, 2)
ISIIAPE(2,2)

ISIIAPE (12, 2)



It is not necessary to set all of the elements

of an array in the input list. However, the

list in equation (1b) must begin with the first
element and must include values for all elements
up to the last one to which a value is assigned.
For cxample, in a channel problem with four sec-
tions in each profile, the input for ISHAPE might
be

ISHAPE = 1,2,2,1, 8%0,1,2,2,1,

The entry 8%*0 fills up the elcments ISHAPE(5,1),
(IsHAPE(6,1), ..., ISHAPE(12,1), which are not
actually to be used. This entry is required to
place the remaining data (1,2,2,1) into thc loca=-
tions ISHAPE(l,2;,...., ISHRPE(4,2). If the 8*0
entry were omitted, thc second set of data (1,2,2,1)
would be loaded into ISHAPE(5,1),..., ISHAPE(S,1),
instead. Note that the elements ISHAPE(5,2),.e.,
ISHAPE(12,2) are not referenced in the above list
and are not requised.

(10) A single element of an array can be set in the form
(1a), if the array name is given with its numerical
subscripts; e.g., TSHAPLE(3,2) = 1,

The last card in the input deck for each case, following the
cards containing the data, must be punched¥*

$END
in columns 2-5.

The Namelist input system processes the inputs of the form
(1) onc at a time, as they are encountered in *the input deck.
Thus, the order in which the input variables are referenced is
arbitrary. If a variable is sct more than once, the last value
read is used by the progrom. For example, in figure 1, the pro-
gram would run with CXMAXI = 45, Inpuvt variables which are
not refercenced in the input deck to a case wvrce rot changed; the
program runs with the values already in storage in these loca-
tions. For example, in the second case of figure 1, only FLEW

*T£ NATA ds run on an ILH 360, the $ is replaced by an LBCDIC
ampersand or a BCD + sign,
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and TPRNTI are different from the values in the first case. Most
of the input variables in NATA are preset to values which are
either usually satisfactory or frequently desired, as indicated
in Sections 2.2 and 2.3. If these variables are not referenced
at all in the input to the job, the program runs with the preset
values. This feature reduces the amount of input data required
in most NATA runs by orders cf magnitude. However, those vari=
ables which are not preset (such as the reservoir pressure,
PRESAI) must be set in the input to the first case in every job;
otherwise, the program would try to run with garbage data left

in the computer by the preceding job, or with zero in the case of -

a computer in which core is cleared before each job.

A few of the input variables can be reset by operation of
the code using certain options. Such exceptions to the rule
that variables not referenced in the input do not change from
case to case will be pointed out in Section 2.3. Examples in-
clude N@ZZLE, ATPI, ISHAPE, NPRFLS, and IGAS. Apart from changes
in IGAS due to automatic air model selection, these exceptions do
not arise in jobs containing cases with only a single type of geo-
metry, i.e., channels or nozzles.

2.2 Input for Air Cases with a Standard Geometry

The NATA code contains compiled-~in data on the thermochem-
istry and reaction kinetics of certain gas mixtures (including
air) and on the geometries of standard nozzles and channels in
use at NASA/JSC. These precoded gas model and geometry data
allow the NATA user to run certain standard types of problems
by providing input data for just a few variables. The present
section lists and defines these key inputs, under the following
assumptions:

(1) the gas is air;

(2) the flow is confined by one of the available precoded
standard nozzles or channels; and

(3) the reservoir conditions are to be determined from
data on the reservoir pressure and the total mass flow.

Sections 2.3 and 2.4 present a more comprchensive discussion of
NATA inputs for users desiring to run nonstandard type problems

or to usec some of the special options which give the code its
flexibility.
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It is recommended that NATA users employ the input lists
givenr below and in Section 2.3 as checklists in setting up
problems.

The table below lists the names and definitions of the key
input variatles. For each variable, the ‘'number of entries" is
the number of numerical values which can be punched on the right
hand side ¢f the input equation (l). The preset values are com—
piled int. the program and will be used unless a different value
is supplied in the input deck. The abbreviations urder "Type"
have the following meanings:

R ~ Real (number containing a decimal point)
I -~ Integer (number without a decimal point)

Variable lumber Preset
Name of Entries Values Tvype Definition

PRESAI 1 —— R Reservoir pressure (atm).
FLZW 1 —~—— R Total Mass flow (lb/sec).

N@ZZLE 1 0 I Index of standard nozzles:

1 - DCA nozzle with 1.905 cm
(0.75 inch) throat dia-

meter

2 -~ DCA nozzle with 3.81 cm

(1.5 inch) throat dia-
meter

3 -~ MRA nozzle with 5.715 cm
(2.25 inch) throat dia-

meter

4 - MRA nozzle with 2.54 cm
(1 inch) throat diumeter

5 -« EOS nozzle with 0.813 cm
(0.32 inch) throat dia=-

meter

T W e @ Pt o



Variable Nunber Preset
' | Name of Entries Value Type Definition

i,

6 - EOS nozzle with 1.968 cm
(0.775 inch) throat dia-
meter

7 - MRA nozzle with 1.905 cm
(0.75 inch) throat dia-
neter

8 -~ MRA nozzle with 3.81 cm
(1.5 inch) throat dia-
meter

9 -« 10 MW (Aerotherm) nozzle

with 5.715 em (2.25 inch)
throat diameter

10 -~ EOS nozzle with 2.764 cm
(1.088 i -h) throat dia=-
meter

Note: DCA, EOS, MRA, aad 10 MW are designations for electric-arc
f ’ gas heaters in use at the NASA/Johnson Space Center Arc
.. Tunnel Facility:
DCA -~ Dual-Constrictor Arc
EOS - Electro-Optical Systems Heater
MRA - Modified Ring Arc

10 MW -~ Aerotherm Heater

ICHAN 1 0 I Index of standard rectangular
channels:

1 - channel with 2.54 x 5.08 cm
(1 x 2 inch) throat for DCA
(use CXMAXI = 57.)

2 - channel with 5.08 x 5.08 cm
(2 x 2 inch) throat (nominal
geometry) for 10 MW heater
(use CXMAXI = 100.)

~-10-
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Note: Only one of the inputs, N@ZZLE and ICHAN, is used in a
given case. For ICHAN = 0, the flow geometry is determined by
N@gzZZLE. For ICHAN >0, the input data for N@ZZLE are both ignored
and overwritten, and the :low geometry is determined by ICHAN.

If an axisymmetric flow problem follows one or more channel prob-
lems in the same job, it is necessary to input ICHAN = 0 and
NPRFLS = 1,

Variable Number Preset
Name of Entries Values Type Definition

CXMAXT 1l 1.E5 R Maximum distance beyond throat
at which free-stream and model
calculations will be done
(inches)., 1f CY¥MAXI is omit-
ted, the calculations will
continue until the free-stream
temperature drops to 0.4 per-
cent of the reservoir tem-
perature.

TSDIAM(I) 20 1.E20 R For nozzle flow problems, sp2c-
ified nozzle diameters at which
stagnation point of model or
leading edge of wedge will be
placed for calculations of mod-
el test conditions. For chan-
nel problems, specified chan-
nel widths at which the free-
stream flow and conditions on
the channel wall will be cal-
culated., Values assumed to
be in inches.

KDIM 1 1 I 0 -~ two-dimensional model
geometry

1 -~ axisymmetric model geo-
metry

Note: The following 5 inputs are needed only if wedge calculations
are desired. Wedge culculations cannot be obtained in channel flow
problems.

-11-
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Variable Number Preset
Name = of Entries Values
NANGLE 1 0]
ANGLE (I) 10 0.
NRADLE 1 0
RADLE (I) 5 0.
WXI(I) 20 1.E30
ISW1A 1 1
Isw2Aa 1 1
ISW3A 1 1
ISwW4A 1 0

2.3 General Inputs

Definition

Number of angles of attack
for wedge.

Wedge angles of attack (deg~-
rees) in ascending order.

Number of leading edge radii
for wedge.

Wedge leading-—edge radii
(inches).

Distances from leading edge
at which conditions on wedge
will be calculated (inches).

0 suppresses frozen flow sol-
ution,

0 suppresses nonequilibrium
flow solution.

0 suppresses equilibrium flow
solution.

Must be nonzero if another
case follows in the job. Must
be 0 for last case.

The main inputs to the NATA code are read in under the Name-

list name INPUT.

All of the input variables in this group are

defined in the present section, Data for new species and reactions
and transport cross sect.ion data are read in under othcr namelist
names, as explained in Scction 2.4 Problems in which the precoded
data for species and reactions are used require only the inputs

discussed in the present scction.
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In the table of definitions below, the ir ut variables are
arranged in ten groups, as follows:

(1) General control variables

(2) Output controls

(3) Reservoir conditions

(4) Geometry

(5) Gas model

(6) Test model conditions

(7) Wedge conditions

(8) Controls for the flow solution

(9) Electronic nonequilibrium

(10) Controls for diagnostic dumps.

The table format is the same as in the preceding section,
except that the array dimensions are listed in place of the "num-
ber of values". The type designations R for real and I for integer
are defined as before; I. denotes logical variables, whose admis-

sible values are T for "true" and F for "false",

Group l: General Control Variables

Variable ’ Preset
Name Dimensions Values [Type Definition

iswia 1 1 I Value 0 suppresses frozen
solution,

Isw2a 1 1 I Value 0 suppresses noncgui-
librium solution.

ISW3A 1 1 I Value 0 suppresses equilibrium
solution,

ISW4A 1 0 I Must be nonzero if another

case follows in the job. Must
be 0 in last case,

=-13=
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General Control Variables (Cont'd)

Variable Preset
Name Dimensions Values Typce

ISwWeA 1 0 I

CTAPI and PRESAI (see Group 3 below).

IswlB 1 0 I

Note: For ISWIB< 0, also set ISW2B =

(see Group 3 below)

ISW3B 1 1 I
TWALL 1 300 R
N@TRAN 1 .FALSE, L

-

Definition

If >0, only the reservoir con-
ditions and transport proper-
ties in the reservoir are cal-
culated. For the value 2, the
reservoir transport property
calculations are omitted. If
< 0, tables of speciecs tnermal
properties at tempoerathnie: up
to the reservoir temp are
are produced and no I . al=
culations are done.

ISW6A <0 should be used together with ISW2B = 1 and input of

I£f>0, an edit of the steps

in rhe transport property
cross section calculations is
produced before the flow sol-
utions. If <0, averaged trens—
port cross sections are also
printed for temperctures up to
CTAPTI and the flow solutions
are nct corputed. If = -1,
these cross section data are
alsc punched on cards,

and read in CTAPI and PRESAI

If 0, boundarv layer on nozzle
wall is omit_ed.

Nozzle wall temperature (©K)

If .TRUE., all transport prop-
erty, bcandary layec:, heat
flux, and wedge calculations
are suppresscd.



General Control Variables {Concl'd)

Variable Preset
Name Dimensions Values Type - Definition

TSTEPI 1 0. R Frec~stream temperature at
which the flow solutions will
be termirated (°K). For value
0., the case is stopped at 0.004
times the reservoir temperature.

CXMAXI 1 1.E5 R Distance beyond the throat at

which the solutions will be
stopped (inches),

Note: The solutions are stopped by either TST@EPI or CXMAXI, which-~
ever condition .s reached first.

READG 1 .FALSE, L If .TRUE.,, data on elecments,
species, and/or reactions will
be read in under the namelist
name EINPUT.

READXS 1 LFALSE, L If ,QRUE., cross section data
for transport property calcu-
lations will be read in under
namelist name TINPUT.

GCroup 2: Out ut Controls

The inputs in this group allow some user control of the typcs
and amount of printed outpuvt produced by the code.

Variable Preset
Name Dimensions  Values  Type Definition

ISWGB 1 1 I Value 0 suppresses output of
species mole fractions in freo-
strcam and model point outpurt.
Positive value gives mole fruc-
tion output every ISWOBth printed
step. Negative value also <ives
output oL rcaction ratc data cv=~
ery 1Iswen! th printed step.
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Outpul. Controls (Concl'd
Variable Preset
Jame Dimensions Values  Type Definit.cn

ISW7B 1 0 I Value > 0 gives output of -he
bound=ryv layer parameters 1'=n
and XN =T,

TPRNTI 1l 0.Cl R The free-stream nonequilibrium
solution is printed out at tem-
perature intervals greater than
or egual to TPRNTI times the
reservoir temperature. For
TPRNILI = 0., every step is
printed.

DATAPE 1 +JFALSE. L If .TRUE., data are written onto
tape 3 for subsequent plo>tting.

NRECO 1 0 I Number of records already on
data tape at beginning of run.

IRUN 1 0 I Run Nunber (for identification).

Groun 3: Reservoir Conditions

The varialles in this group control the calculation of the gas
The methods used are explained in

state in the upstream resecrvoir.

Section 6.5 of Volume I (ref. 1).

Variable Preset

Nan= Dimensions Values Type
ISW2B 1 -0 I
PRTISATI 1 ———— R

]G~

Defirition

If 6, reserveir temperature is
computed from reservoir pressure
(PRESAI) and mass flow (FL@W).

If positive, reservoir tempera-~
turc (CTAPI) and pressure (FRESAI)
are rcad in. If negative, reser-
voir temperature and pressure

arc computed from mass flow (TLIW)
and stagnation enthalpy (HSTAG).

Rescrvoir pressurce (atm). Re-
quircd in input if 1ISW2B 2 O.

[ T ]



Reservoir Conditions (Concl'd)

Variable Preset
Nane Dimensions  Values Iype Definition
FLOW 1 — R Total mass flow (lb/sec) if
JDIM = 1 (see under "Geometry"):;
mass flow per inch (lb/in-sec) if
JDIM = 0. (FLPW is reguired in
the input if ISW2B < 0.)
CTAPI 1 —— R Reservoir temperature (©K). (Re-
quired in input if ISW2B> 0.)
HSTAG 1 -—— R Stagnation enthalpy (Btu/1b).
(Required in input if ISW2B<¢ 0.)
MFITER 1 1 I 0 value suppresses iteration to
take displacement thickness into
account in reservoir condition
calculations based on mass flow
ORIGINADL PAGR IS (Isw2B < 0).
OF POOR QUALITY

Grovp 4: Geometry

The geometry of a nozzle is specified, in NATA, by describing
the nozzle profile. The geometry of a rectangular channel is spec-
ified by giving two profiles. There are four optional metheds for
defining the flow geometry in the input:

(1) sStandard nozzle — ICHAN rust be 0, NPRFLS muc: oe 1,
N@zZL% must be an integer in the range from 1 to 10,
inclusive.

(2) sStandard channcl -~ ICHAN must be 1 or 2.

(3) Nonstandard nozzle - ICHAN must be 0, NPRFLS must be 1,
N@ZZIE must be 0, and input data must be provided for
DIAM(1), NSECTS(L,1l), ISHAPE(J,l), PARAMI(K,J,1), ATPI(J,1),
and XZLERPAI.

(4) DNonstandard channel - ICHAN must be 0, NPRILS must be 2,
N@ZZIE, LPREFL(1), and NPREFL(2) must be 0, and input data
nust be previded for DIAM(M), :1S2CTS(L,M), ISHAPL(J,M),
PARANI(K,J,FM), and ATPI(J,M) for M = 1 and 2, and for
XZER@L and NBL.

The desecription of nozzle and channcel geometries in NATA is discussced
in Scctions 4.2 and 4.3 of Volume I (rcf. 1).

-17-
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Geometry (Cont'd)

l Variable reset

Name Dimensions Values Type ' Definition
N@ZZLE 1 o} I Index of standard nozzles:

0 - nonstandard nozzle

1l - DCA nozzle with 1.905 cm
{0.75 inch) throat dia-
meter

2 - DCA nozzle with 3.81 cm
(1.5 inch) throat dia-
meter

3 - MRA nozzle with 5.715 com
(2.25 inch) throat dia-
neter

4 -~ MRA nozzle with 2.54 cm
(1 inch) throat diameter

5 - EOS nozzle with 0.813 cm
(0.32 inch) throat dizmeter

6 - EOS nozzle with 1.98 cm
(0.775 inch) throat diameter

7 — MRA nozzle with 1.905 cm
(0.75 inch) throat diameter

8 — MRA nozzle with 3.81 cm
(1.5 inch) throat diameter

9 -~ 10 MW (Aexotherm) nozzle
with 5.715 cm (2.25 inch)
throat d. neter

10 - BEOS nozzle with 2.764 cm
(1.088 inch) throat diameteyr

Notes: N@ZZLE is altered by input of NPR@Fi., or by exccution of a
case involving ICHAN> 0. In cases with N@ZULE = 0, the firs. 4 char-
acters on the description card at the head of the input data arc uscd
as a facility nane.

-]8=



Geometry (Cont'd)

Variable Preset
Name Dimensions Values Types Definition
ICHAN 1 0 I Index of standard rectangular

channels:

0 - not a channel, or nonstan-
dard channel

1 - channel with 2.54 x 5.08 cm
(1 x 2 inch) throat for
DCA. (Use CXMAXI = 57.)

2 = channel with 5.08 x 5.08 cm
(2 x 2 inch) throat (nomi-
nal geometry) for 10 MW
heater. (Use CXMAXI = 100.)

Note: In channel cases with ICHAN = 0, the second 4 characters on

the description card at the head of the input data are used as a
channel name.

JDIM 1 1 I 0 - two-dimensional nozzle
1 - axisymmetric nozzle
Note: A two-dimensional no-zle may be considered as the limiting
case of a rectangular channel when one of the channel profiles is
at an infinite distance from the channel axis. Tnis limit is of
little practical interest. Howaver, JDIM = 0 gives a convenient
way of treating the flow in a channel in which two of the walls
are straight and parallel, whern the boundary "ayer is neglectad
(Isw3B = 0).
NPRFLS 1 1 I Number of profiles:
1 - nozzle

2 - rectangular channel

Notc: The program scts NPRFLS =2 if ICHAN >0,

-19=



Geometr Cont'd

Variable Preset
Name Dimensions Values [Type Definition

NPR@FL(I) 2 0 I Indices of profiles in a chan-
nel; NPREFL(1l) is equivalent
to NPZZLE,

0 - nonstandard profile

l to 10

profiles {2r standard noz-
zles (see Npanik above)

1l - profile 1 for T12 and T22
channels

12 - profile 2 for T12 channel
(ICHAN = 1)

13 - profile 2 for T22 channel
(ICHAN = 2)

NBL 1 —— I Index (1 or 2) of the pro€ile
which diverges from the channel
axis least rapidly downstream
of the throat,

DIAM (M) 2 —— R For a nozzle, DIAM(1) is the
throat diameter (inches). For
a channel,DIAM(M) is the throat
diameter of the Mth profile for
M = 1 and 2 (inches).

NSECTS(L,M) 2 x 2 —— I NSECTS(1,M) = number of upstreanm
sections in curvefit for Mth pro-
file; NSECTS(2,M) = number of
downstream sections in curvefit
for Mth profile. For a nozzle,
M= 1; for a channel, M = 1,2,

-20~
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Geometry (Cont'qd)

Variable Preset
Name Dimensions Values
ISHAPE(J,M) 12 x 2 —

Definition

Shape index for Jth section of
Mth profile:

ISHAPE = 1 straight section
ISHAPE = 2 circular section

convex toward axis
IZHAPE = 3 circular section

concave toward axis

Note: ISHAPE is altered by use of N@ZZLE >0 or ICHAN > 0.

PARAMI(K, J,M)

ATPI(J,M)

Note:

XZERPI

B e L T VSR
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Parameters for profile curvefit
sections (lengths in centimeter
units):

For ISHAPE(J,M) = 1, equation of
straight profile is r(x) =
PARAMI(1,J,M) + PARAMI(2,J,M)*X
For ISHAPE(J,M) = 2 or 3,
PARAMI(1,J,M) = distance of cir-
cle center from axis
PARAMI(2,J,M) = X coordinate of
circle center

PARAMI(3,J,M) = circle radius

Downstream boundaries of pro-
file curvefit sections, measured
from throat {cm).

ATPI is altered by use of N@ZZLE > 0 or ICHAN >0,

Nozzle or channel inlet position
at which boundary layer is as-
sumed to hegin (negative value,
measured in inches upstream from
th . th. oat).

Bant ..



Geomety (Concl'd)

Note: XZERPI is altered by use of N@ZZIE >0 or ICHAN>O.

Note: A separate program (NOZFIT) is available for computing
the inputs PARAMI and ATPI from nozzle or channel design data
such as dimensions, angles, and radii of curvature; see Appen-
dix u.

Group 5: Gas Model

NATA provides three methods for input specifications of the
conposition, thermochemistry and kinetics of the gas mixture:

(1) Standard gas models - invoked simply by setting IGAS
to 1, 2, 3, 4, 5, or 6.

(2) Scandard gas mode’s 1. th altercd elemental composition -~
obtained by cetting IGAS = -1, ~2, =5, or -6 and specify-
ing the mole fractions of the cold species (QPJ; see
Section 4.5). Using this option, the standard air models
can be modified to oktain models for (ncarly pure) oxygen
or nitrogen by setting the mcle fraction for the other
cold speciecs (nitrogen or oxygen) to a small value. The
proportions oif COp, H,, and Ar in the planctary atmos-
phere models can lso be changcd in this way.

(3) Nonstandard gas molcis = specified by setting IGAS = O
and reading in NCS, JCs, QpJ, ISCi, Issi, ISRI, 1CIi, IE,
IS, IR, ISAT@M, and ISi@L., If sp~cies or reactions other
than those compiled inco the code are desired, they can
also be read in as cxplained in Sec*+ion 2.4.

The compiled-in species, reactions, and gas models available in NATA
are fully described in Section 4.

Variable Preset
Name Dimensions Values Ty Definition

IGAS 1 1 I Gas model index:

0 - nonstandard gas mixture;
NcsS, JcCs, QPJ, ISCI, ISSI,
ISRI, ICI, IE, IS, IR, ISATgM
and JISHMJL must all be speci-
fied to the input.

1 - high~temperature air model

ORIGINAL PAGH B
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Gas Model (Cont'd)

Variable
Name Dimensions

Presect
Values

Tvype

Definition

2
|

argon model including elec-
tronic nonequilibrium

4 - helium model including el-
ectronic nonequilibrium

5 =~ planetary atmosphere model
(75% Co,, 20% Ar, 5% Ny)
for use at reservoir tem~
peratures above 7000CK.

6 - planetary atmosphece model
(75% COy, 20% Ar, 5% Ny)
for use at reservoir tem-
perature below 7000°K

Note: If a negative value of IGAS is specified, then |IGAs! is
the index of a standard gas mixture for which the mole fractions
of cold species (QPJ) are to be provided in the input.

AAMS 1
NCS 1
JCS(T) 10
OPJ(I) 10

*Sec Scction 4.2.

.TRUE,

=23

Control for automatic air model
selection. If IGAS = 1 or 2 and
AAMS = ,TRUE., NATA resets IGAS
to 1 or 2 based on an enthalpy
or temperature criterion; for
AAMS = .FALSE., the IGAS valuc
specified in the input is used.

Number of cold species in mix—
ture (£ 10).

Indices of cold species in the
master list of spccies®,

Mole fractions of cold species
in the same order as JCS {(must
be provided if IGASZ 0).



Gas Model (Cont'd)

Variable Preset
Name Dimensions Values Type Definition

ISCI 1 —— I Number of chemical elements in
mixture, including e~ if model
contains ion species (< 10),

ISSI 1 —-— I Number of chemical species in
mixture, including e~ if model
contains ion species (< 20),

ISRI 1 —— X Number of reactions included
in gas model ( £64).

ICI 1 —— I Number of ions in gas model
excluding e~,

IE(I) 10 ———— I Indices of elements prasent in
mixture, in master list of ele~
ments;* if electrons are present,
they should be the first element.

IS(J) 20 ——— I Indices of species present in

mixture, in master list of spec-
ies.**These species must be
listed in the following order:
e~ (if present)
Neutral species which are
stable at low temperatures

Other neutral specizs
Ion species

Note: The first ISCI species in this list must be lineariy inde-
pendent combinations of the ISCI chemical elements.

IR 64 ——— I Indices of reactions included,
in mastcr list of reactions.¥®**

*Sce Scction 4. 1.
*¥Seo Scction 4.2.

*%¥*Sce Scction 4.3.

Dl
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Gas_Model (Concl'd)

Note: If a nonequilibrium flow solution is to be run with the
read-in gas model, there must be (ISSI-ISCI) linearly independent
reactions in the chemical kinetic model; see Section 7.3.4 of
Volume I (ref. 1l). The standard gas models all satisfy this re-
quirement.

Variable Preset
Name Dimensions Values Type Definition

ISATEM 1 ———— I Index of atom used for Lewis
number calculations, in master
list of species,

ISM@L 1 —— I Index of molecule used for
Lewis number calculation, in
master list of spccies.

CTMXXX 1 5000. R Temperature (°9K) above which
species thermal properties are
computed from the thermo fit for
those species for which thermo
fits are supplied.

BZERZI 1 0.0 R Constant in imperfect gas cor-
rection; the 0 value suppresses
the correction,which is negli-
gible for the conditions in
which NATA is normally applicd.

INEQVI 1 0 I 0 - equilibrium molecular vib-
ration

1 - molecular vibration frozen

at the reservoir tempera-
ture

Groun 6: Test Model

NATA provides calculations of test conditions on two types of
models: blunt bodies (stagnation point only) and wedges. A sin-
gle set of inputs (¥MEDPLl, NM@DPT, TDSDIAM) controls thce positions
in the flow at which test conditions are calculated for both types
of model. Thesc inputs and the paramcters controlling options in
the calculations for blunt models are in the present group. The
wedge model inputs are in group 7.
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Test Model (Cont'd)

In the case of blunt models, the test model position determined
by the inputs is assumed to be the location of the model stagnatica

point.
tion of the leading edge.
the test model positions:

(1)

the throat from x =

(2)

In the case of wedge models, it is assumed to be the loca=-
There are two options for specifying

A geomectric sequence of distances x downstream of
XM@DPL to x =

CXMAXI,

The positions at which the nozzle diameter is equal

to the input valucs TSDIAM(I).

These two options operate independently.

In channel flow sol-

utions, model condition calculations are not done but extra points
in the free stream solutions are inserted at the locations speci-
fied by XMZDP1, NM@DPT, and TSDIAM, to provide results for compar-
ison with experimental data from pressure taps and heat transfer
gages located at known positions on the channel wall,

Regardless of the model-position inputs, no model ur wedge
calculations are done at positions where the flow Mach number

is less than 1l.5.

Variable Prescet

Name Dimensions Values Tvpe
XM@DP 1 1 1.E20 R
NM@DPT 1 20 I
TSDIAM(I) 20 1.E20 R
AXINGD 1 .TRUE. L

Definition

Initial x For model condition
calculations, measured in inches
dovnstream of the throat.

Number of model points to be
placed in a geometric progres—
sion from XM@DPl to CXMAXI; for
NMZDPT = 1, the model calcula-
tion is done at x = X'@DPl.

In nozzle flow problems, nozzle
diamcters specifying model pos-
itions; in channcl problems,
specified channel widths at
which exntra flow calculations
are done (inches),

Value .FALSE, suppresses stage-
nation point model condition
calculations, if only wedge
conditions are desired.



Test Model (Cont'd)

Variable Preset
Name Dimensions Values [Type Definition

KDIM 1l 1 I Indicator for blunt model
geometry:

0 - two-dimensional
1 ~ axisymmetric

FSTAG 1 1.0 R Control for normal shock cal-
culations:

Negative = frozen shock
Zero = equilibrium shock

Positive - both frozen and
. equilibrium shock computed

CATFAC 1 1.0 Catalytic wall parameter & for
stagnation point heat flux cal-
culations;* 0 for noncatalytic
model. surface; theoretical up-
per limit is < 1.

LEWIS 1 1 I Indicator for use of Fay~Riddell

Lewis nuter factor in stagna-
tion point heat flux calcula-
tions:

1 - include Lewis no. factor
2 - omit Lewis no. factor

LEWIS is not under input control when a standard gas model

TMZDEL 1 300. R Surface temperature at stagna—~
tion point on model (OKL

*See Scction 8.1.2 of Volune I (ref. 1).
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Test Model (Congl'd)

Variable Preset
Name Dimensions Values Type Definition
TPLATE 1 300. R Flat plate temperature for cal-

culations of heat flux to a flat
plate 1 ft from leading edge (°©K),

Group 7: Wedge Models

Wedge model. calculations are done only if the following condi-
tions are satisfied:

(a) Model positions have been specified by input of
XM@DP1l and CXMAXI, or of TSDIZM(I);

(b} The flow Mach nunber at the specified model posi=-
tions is grecater than 1l.5;

(¢) Positive values have been specified for both NANGLE
and NRADLE: and

(d) Either MWX >0, or a value has been specified for
WXI(1).

The positions along the surfece of the wedge at which the con-
ditions are calculated can be specificed n two ways:

(1) Uniiform sequence — The inputs WX1, DWX, and NWX deter-~
mine a uniiormly spaced sequence of distances from the
lcading edac.

(2) &icodficed distances - up to 20 arbitrary distances
from the leading cdge can be specified using the input
array WXI,

Both options may be used together, if desired, In all cascs, the
speciiied distances Irom the leading edge arce measured along the
surface of the wedge (rather than parallel to the direction ol the
incident [low.)

-2
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Wedgn Mode

1ls (Cont'd)

Variable Preset
Name Dimensions  Valucs _Tvpe Definition

NANGLE 1 0 I Number of wedge anglas ol attuclh.

ANGLE (I) 10 0.0 R Angles of attack of wedge suriace
relative to the direction of in-
cident flow (degrees), in asccui-
ing order.

NRADLE 1 0 I Nunber of leading edge rudii.

RADLE (J) 5 0.0 R Radii of leading cdge (inches).

WXI 1 1.0 R Distance 2% the first computaetior
point from the lecading ecdye (in-
ches).

DWX 1 1.0 R D stance between computation
points (inches).

NWX 1 0 I Number o€ compt L+, . . moints in
uniform scequesne .

WXI(T) 20 1.530 R Specificd distances of compu -
tion points from Jeading cdge
(inches)

TWEDGE 1 300. R Wedge surface tomperaturc (©n).

WK 1 1.333 R Nose drag cocfficient for Crence
Remp woedae theory; the precot
valuc is Zor a cylindrical Lowd-
ing odge.

I5V9B 1 0 I Control fox wedoe nodel o Leuls ~
tions ond output:
L0 ~ includa caleulitions viin

unimodiiced Cheng=1ur o thoeen

>0 - omit unpodilicd thoeom *

*See Scecuion €.2.4 of Voluwme T (ref. 1).
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Wedge Modols (Concltd)

Vavriable Preset
Name Dimensions Values Type Definition

With IS9 = |IswoBl :

1S9 = 1 - print shock ordinate

Ys

IS9 = 2 -~ print nondimensional
distance 7 from leac
ing edge

1S9 = 3 - print both Y and ¢

Group 8: Controls for the Flow Solutions

The inputs in this group are control parameters for the frozen,
equilibrium and roneguilibrium flow solutions. They are all preset
to values which have proven satisfactory in practice, and nced be
varied only rarely, to treat cases in which the code has failed to
produce a satisfactory solution when run with the standard values.

Variable Preset
Name Dimensions Values  Type Definition

WSAVE 1 3.0 R Parameter controlling the averag—
ing distance for the boundary
layver correlation parameter, n.
Instability due to coupling of
the inviscid flow with thi= bhoun-
dary layer can be suppressed bv
reducing VISAVE,*

DELTLI 1 0.01 R Nondimensional temperature dec—-
renent used in fro.en and equi-
librium calculations and in
starting the nonequilibrium sol-
ution.,

DELTXT 1 0.01 R Initial step size in X for non-
cquilibrium integration (cm)
(nay be overruled by code).

*Seo Scelion 5.11 of Velume I {ref. 1).
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Variable
Name

CCHI

NQSI

TTEST

GTEST

HTEST

TETEST

QTEST

GAMIN

[P ——
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Controls for the Flow Solutions (Cont'd)

Preset
Dimensions Vvalues Type
1 0.1 R
1l 4 I
1 0.05 R
1 0.1 R
1 0.01 R
1 0.05 R
1 0.1 R
1 1010 R

*Sece Section 7.3.6 of Volume I (ref.

-31-

Definition

Criterion value C, for switch
from perturbation technique to
numerical integration in non-
equilibrium solution; increase
to switch farther downstream,
decrease to switch farther up-
streamn,*

Number of successful integration
steps before increasing step
size in the nonequilibrium cal-
culation.

Maximum |AT/T! in one step of

the nonequilibrium integration;

decrease to force a smaller step
size,

Maxirmum re lative species concen-
tration change in one integra-
tion step; decrease to force a
smaller step size.

Maximum relative change in the
total enthalpy (due to radiative
losses) in an integration step.

Maximum relative change in the
electron temperature in an in-
tegration step.

Criterion value {or maximum
allowable change in the energy
transfer to the electron gas
during one integration step.

Concentration (moles/q) below
which a speccies will be frozen
if it decreases so rapidly that
it controls the integration step
size.

1).
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Controls for. the Flow Solutions (Co .1'd)

Variable Preset
Name Dimensions Valucs Type Definition
DCHLL 1 104 R Parameter limiting the initial
integration step size to
0.0 {SX.| . /DCHLL.
i min
DCHRAT 1 10-4 R Parameter controlling the arti-

ficial increase in reaction rates
in the perturbation solution to
avoid premature startup of the
numerical integration; minimum
allowable lézifmin/ lszﬁjmax
value.

Group 9: Electronic Moneguilibrium

The standard models for helium and argon include electronic
nonequilibrium effects such as inequality of the electron tempere.-
ture and gas temperature and nonequilibrium population of electronic
excited statcs, HNATA allcws nonstandard gas models containing tiese
features to be set up by the user. The inputs in the present group
provide the e:xtra gas model data required to specify these effects.

Variable Presa t
Name Dinensions Values Type Definition

—

h

INT 1 0 I Indicator for electronic non-—
equilibrium:

0 -~ conventional one-temperature
gas model

Nonzero ~ two-temperature (elec-
tronic noncquilibrium)
model

KTF (IR) 25 ——— I Indicator for .‘orward ra*te con-
stant kg for IRth reaction in
gas modcl



Electronic Nonequilibrium (Cont'd)

Variable Preset
Name Dimensions Values Type Definition

1 - kg = kg(T)

where f = gas temperature,
T = electron temperature,
and the functional dependerce
of kg is as given by equation
(69) in Section 2.3 of Volume

I (ref. 1)
T
3-kg=A (= )“'1 (1-e~Fa/RoT)
104 n
— T L ud
4 - ke =A (Egzé /max (1, 7T).,

where T=D1 npR/NO
S“kf’-:A/\/l_i

Note: 1In the standard gas models (IGAS = 1 to 6), the rate formu-
las indicated by KI¥F = 3, 4, and 5 are used only in the argon model
(I6As = 3). Note that for KTF = 3, kg depends on both T, and T. In
the formulas for KTF = 4, 5, R denotes the local nozzle radius (or

a corresponding effective value in the case of a channel). Also,

n. is the number density of the atomic species appearing on the pro-
duct side of the reaction. Seec Appendix A for a discussion of these
rate formulas.

IR (IR) 25 ——— T Indicator for reverse rate con-
stant k, for IRth reaction in
gas model:

0 ~-k.=0

1- k.

)

Ky (T)

=33~
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Elactronic Nonequilibrium (Cont'd)

Variable Preset
Name Dimensions Values Tvpe Definition
ITR(IR) 25 —-— 1 Indicator of rule for partition-

ing the reaction energy of the
IRth reaction; values may be 1
to 6.

Note: In the definitions below, &g and - €, denote the energies

gained by the electron gas in Njy reactions in the forward and re-

verse directions, respectively, and d¢, =gy denote the correspond-
ing energies lost by radiation. Also, Ng = Avogadro's number. The
admissible values of ITR correspond to the following relations:*

ITR = 1 €,=-a RyTos 4 = €g = €¢
€. = q. = 0

ITR = 2 €f=—%R0Te, ag = € - &
€ =4, = 0

ITR = 3 €= €. =dgr=q.=0

ITR = 4 €g = €. = =3 ReT,
Qg =9y = 0

ITR = 5 €. = €.= €&
qf~‘qr=0

ITR = 6 e = GO
€= €= =0

The application of these rcaction cnergy partition rules to reactions
in argon and helium is discussed in Appendix A.

*The formulas for ITR = 2 arc a special case of those for ITR = 1,
The recasons for this formulation are historical rather than logical.
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Ele ctronic Nonequilibrium (Concl'd)

Variable Preset
Name Dinensiong Values  Type Definition

EPAR(I,IR) 2 x 25 —— R EPAR(1,IR) = parameter € for
the IRth recaction in cal per NO
reactions; EPAR(2,IR) = para-
meter a for the IRth reaction if
ITR(IR) = 1.

BPAR 1 ——— R Parameter b for all reactions
with KTF = 4.

TLIST(J) 30 ——— R Temperature values for table of
elastic collision cross section
(°K).

PgM(JT) 30 ———— R Elastic collision cross section

values ol £5r table (cm?)

Group 10: Controls for Diaanostic Dumps

NATA contains a number of coded-in provisions for special out-
put to facilitate tracing the operation of certain sections of the
program These diagnostic dumps are intended for use by programmers
in analyzing causes of code failure. Ordinary users of NATA will
rarely find occasion to invoke them. The input variables control-
ling these diagnostic outputs are defined below.

Variable Preset
Name Dimensions Valucs Type Definiticn

ISW5A 1l 0 I If nonzero, the execution of
subroutine RESTMP is traced by
dumps.

ISWAB 1 0 I If >0, a large dump is written
cach time the boundary layer
routine BLAYER is called; if
<0, a one~line dump is written.

ISWsSB 1 0 I If >0, large dumps arc writton

cach time the subroutines CELIH,
EXACT, RNIKT, PRTA arc called and
at a point in subroutine N@LLQ,

- If <0, thesc dwmps arc written

~35~
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Controls for Diagnostic Dumps (Cont'd)

Variable Preset
Name Dimensions Valucs  Type Definition
ISW5B every lISwsBlth entry into
(Cont'd) cgMM, and a one- or two-line
dump is written by NONEQ in every
step.
ISW8B L 0 I If nonzero, diagnostic dumps are

printed in the transport prop-
erty routines. For ISWgB> O,
PUTQIN dump is produccd every
ISW3B times. For ISW8B <0,
PUTQIN dump is suppressed.

2.4 Input of Gas Species and Reactions

Elements, chemical species, and reactions other than those avail-
able in the preccoded data can be defined and used in NATA flow cal-
culations. These additional data are read in under the namelist
name EINPUT. If such data are to be provided, the input variable
READG in the main input must be set to .TRUE.. Then, immediately
following the $END card of the main input, there must be a card
containing

$EINPUT

in colvmns 2-8. This card is followed by the input data, discussed
below, in the namelist format decscribed in Section 2.1, and the
input data cards must be followed by another card with $END in
columns 2-5.

The input variables for defining chcemical elcments are NEELS,
a ten-entry array IEEP(I), and ten two~entry arrays EEPLl, EEP2,...,
EEP10. These variables are defined in the following table. None
of them are preset.




Variable

Name Dimensions Type Definition
NEELS 1 I Number of elements being defined (¢ 10).
IEEP(I) 10 I Indices assigned to the defined ele-~

ments in the master list of elements.
EEPn (J) 2 R Data for nth defined element

J = 1 atomic number
J = 2 atomic weight (g/mole)

it

The elements available in the precoded data and their assigned pos-
itions in the master list of elements are specified in Section 4.1.

The input variables for defining chemical species are SPl,
SP2, ..., SP30, each of which is a 43-entry array. The number n
in the array name SPn is the imlex assigned to the species in the
master list. The available species, their properties, and their
locations in the master list are all specified in Section 4.2,
Data for any of the standard species can be changed for a particu-
lar NATA run by reading *n the SPn array used to store its proper-
ties.

The data in the SPn arrays are defined and discussed in detail
in Section 4.2. The definitions of the SPn array entries are sum-—
marized briefly below for convenient reference. All entries are
real, but those with integer values may be punched without decimal
poin ts, as the Namelist input system will supply the decimals and
NATA provides for reliable rounding down to the correct integer val-
ues in cases where this is required.

SPn(1) Read in 0. (Contains species name in compiled-in
data; the code supplies a name for identifying the
species in the output.)

SPn(2) Nunber of chemical elements in species (4 3).

SPn(3-5) Indices of elements in the master list of elements
(as modified by input data for elements).

SPn(6-8) Numbers of atoms of elements in a molecule of the
species.
SPn(9) The.:mo~fit coefficient*® :..

*See Section 2.2 of Volume I (ref, 1).
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SPn(10) Thermo-fit coefficient b.

SPn(1ll) Thermo-£fit coefficient c.

SPn(12) Thermo=£fit coefficient d.

SPn(13) Thermo-fit coefficient e.

SPn(14) Thermo—-£fit coefficient k.

SPn(15) Formation enthalpy at 0°K (cal/mole).

SPn(16) Number of atoms per molecule¥*,

sPn(17) Chemical constant,** b,

SPn(18) Characteristic vibrational temperature (°K).

SPn(19) Number of electronic levels ( £10).

sPn(20) 1 if ti.ermo fit data are used for species, 0 if not.

SPn(21-30) Degencracies of the electronic levels.
SPn(31-40) Energies of the electronic levels (cal/mole).

SPn(41-43) Vibrational temperatures for the second, third, and
fourth vibrational modes (triatomic species only)
(°K).

When a new species model (as defined by an SPn array) is first
set up, it is advisable to make a preliminary run with ISW6A =-1
(Section 2.3, Group 1) to print a table of species properties as
calculated from the model. Errors in the species inputs can be
detected more readily in such a table than in the results of flow
calculations.

*Input of SPn(1l6) = O suppresses all use of the "physical model"
for calculating the thermal properties of the species., In this
case, the properties are calculated from the thermo fit at all
temperaturcs, and SPn(l17-19) and SPn(21-43) are not used; SPn{20)
must be equal to 1 in this case.

**Sece Section 2.2 of Volume I (ref. 1).



The input variables for defining reactions are RP1l, RP2,...,
RP64, each of which is a 29-entry array. The entries are defined,
and the available compiled-in reactions are specified, in Section
4.3, The definitions are repeated herc for ease of ieterence.
All of the entries are real, but those with integer values may
be punched without the decimal point.

RPn (1) Constant A in rate equation (sec"l

,cm3/mole-sec,
or cm®/mole-sec).

RPn(2) Exponent 7 in rate constant formula.*

RPn(3) Activation energy Ea in rate constant formula.*

RPn (4) 1.0 if a list of third-body species is provided
in RPn (20-29); 0.0 if not

RPn(5) Number of reactant svecies (< 3).

RPn(6) Number of product species ( <£3).

RPn(7-9) Indices of reactant species in the master list of
species, as modified by the input data for species
(if any).

RPn(10-12) Indices of product spccies in the master list of
species.,

RPn(12-15) Numbers of molecules of reactants.

RPn(16-18) Numbers of molecules of products.

RPn (19) Number of third bodies ( £10).

RPn(20-29) Indices of tl.ird body species in master list of

species.

If any transport property calculations are to be done for
new species read in under EINPUT, it is also necessary to provide
transport cross section data for the species. However, if only

Sy

*Equation (69) in Section 2.3 cf Volume I (ref. 1); sec also the
definition of KTF(IR) undcr Group 9 in Section 2.3 above.
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inviscid flow calculations are desired, the code can be run with-
out cross section data by setting the control variable N@TRAN

to .TRUE. in the main input (Section 2.3, Group l); this suppres-
ses all transport property, boundary layer, heat flux, and wedge
calculations everywhere in the code.

If transport property calculations involving a new speries
are required, the variable READXS in the main input mus: be set
to .TRUE,, and the cross section data for the svecies are then
read in under the namelist name TINPUT. The input cards contain-
ing these data immediately follow the deck of cards read under
the name EINPUT. They begin with a card containing

$TINPUT

in columns 2-8. This card is followed by the cards containing
the cross section input data in the namelist format described in
Section 2.1. The final card of this group must contain $END in
columns 2-5.

The transport property.inputs are as follows:

Variable
Name Dimensions Type Definition

NNVQ 1 I Number of steps in the cross section
calculation for which data are speci-
fied (including compiled-in data).

KKQ (N) 100 I Index specifying the option to be used

in the Nth step of the cross section

calculations (allowed values, 2 through

14). NNKQ values are required. (The

meaning of each of the allowed KKQ val-

ues is given in Section 4.6).

NNQ (N) 100 I Nunber of pairs of species to which the

cross sections calculated in the Nth
step are to be applied. NNKQ values
are required. (NNQ(N) <5).

4.0~
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Variable

Nane Dimensions Type Definitions
In(K) 5 I Indices of the species to which the
cross sections calculated in the Nth
Jn (K) 5 I step are to be applied, referred to the

master species list. In these variable
names, n denotes an integer {(equal to
N) which is part of each name. There
are 100 arrays of each type, namely
I1(K), I2(K),..., I100(K), J1{K)...,
J100(K). There are NNQ(N) pairs of
indices In, Jn for each step N. Only
pairs with In(K) < Jn(K) are used in
the transport property calculations,

Vn (K) 5 R List of input parame*ers for the Nth
step of the cross section calculations.
There are 100 of these arrays, V1(K),
V2(K),..., V100(K). The number of par-
ameters required for each option and
their definitions are discussed in Sec~
tion 4.6.

ISEQ(L) 100 I Sequencing array for specifying the or-
der in which the defined steps will be
carried out during the cross section
calculations., The index N in the pre-
ceding arrays is given by N = ISEQ(L)
where L =1, 2, 3, 4,..., NNKQ is the
order in which the steps are executed.¥

TL 1000 R Additional storage locations for cross
ZMEGAL 1000 R section data. The use of these arrays
ASTAR 1000 R is discussed in Section 4.6.

BSTAR 1000 R

Whenever a new set of cross section data is used for the first
time, it is advisable to check these inputs by making a preliminary
run with ISW1B set equal to ~2 in the main input to invcke the com-
plete edit of cross scctions. This edit consists of three parts.

*This input allows steps to be added to the cross section calcu-~
lation (e.g., for new species) without shifting any of the compiled-
in data in the Ii, Ji, and Vi arrays.

-4 1~
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The first part lists all of the defined steps in the cross sec-
tion calculation, including these compiled in for computing

the transport properties of the standard species and any steps
which have been added by input. The steps are listed in th:
order in which they would be performed if the current gas model
were to include all of the standard and defined species. The
sccond part of the edit lists the steps selected by the transport
routines for the current gas model. This list omits steps which
are required only for calculating the cross sections of species
which are not present in the gas model, and includes steps which
have been added by the default options. This second part of the
edit thus shows how the transport properties will actually be
calculated in the current problem. The third part of the edit
is a set of tables giving the cross sections for each pair of
species in the current gas model as a function of temperature up
to the input reservoir temperature, CTAPI.

The simplest method for specifying the cross secticns for
pairs involving a new species is to rely, to the maximum extent
possible, upon the default options in the NATA transport property
routines. The inputs required may then be summarized briefly as
follows:

(1) If the new species is an ion, no cross section in-
puts for it are required, provided the species is
assigned a previously unoccupied location in the
master list of species,

(2) If the new species is neutral, one step must be
added to the transport cross section calculations
to ~ompute the cross sections for interaction of
the species with itself. Alternatively, the like-
like interaction for the new species can be added
to an existing step in the cross section calcula-
tion by increasing NNQ for the step by 1 and adding
the new species to the corresponding In and Jn lists.
In the absence of other specifications, all of the
unlike pair cross sections involving the new species
will automatically be calculated using a mixing rule
(option KKQ = 10).

(3) Adding a step to the calculations requires the fol-
lowing changcs in the transport inputs:

a. NNKQ must be incrcased by 1 (seec transport
block data routine for the original value).

-42=
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The option to he used in calculating the
cross sections for ihe like-like interac-
tion of the new ¢ ecies with itself must
be specified in the form

KKQ (n) = option number
where n is the numerical indev (N) of a
step which is not already used by the
compiled=-in data.

The number of pairs of species to which the
new step is applied is set to unity:

NNQ(n) = 1

The indices of the species are set:
In = ind~»x assigned to new speccies

Jn

same index

The parameters for the option are set

vn = list of values

The ISEQ array must be modified to insert
the new step ahecad of the step in which the
mixing rule (option 10) is exercised. The
proper location can be determined by examin-

ing the KKQ and ISEQ arrays in transport block
data. This positioning of the new step is re-
quired to allow application of the mixing rule
to the unlike pairs involving the new species,

If the option selected required addition of
data to the TL, OMEGAl, ASTAR, and BSTAR
arrays, these data must be set, This can
be done most conveniently by rcading in cach
array entry as a subscripted variable; e.q.,

TL(k) = valuc, TL(k 4+ 1) = value, ectc.

—-43~



J—

where k, k + 1, etc. are numerical index
values of array elements which are not used
by the compiled-in data.

If information is available concerning the cross sections
for some of the unlike interactions involving the new species,
the accuracy of the NATA transport property calculations can be
imyroved by adding additionul steps to calculate these cross sec-
tiors. These steps, like the step for the like-like cross sec-
tions, shou.id be inserted ahead of the step in which option 10 is
applied.

2.5 Execution Time

An estimate of execution time is normally required whenever
a job is submitted for running on a computer system. The per-case
execution time of NATA can vary greatly depending on the types of
solutions requested and the gas models used. Typical times for
the various parts of the calculation are listed below for runs
using the standard air models (IGAS = 1, 2). The times are roughly
similar on the UNIVAC 1108 and the IBM 360/75.

(1) Reservoir calculations
Based on temperature and pressure: 1 sec
Based on pressure and mass flow: 30 sec
Based on enthalpy and mass flow: 60 sec
(2) ¥rozen or equilibrium solution: 1/3 to 1/2 min
(3) Nonequilibrium soivtion: 1 to 3 min
{4) Model calculations (per niodel point): 2 to 3 sec
The times are somewhat greater (by up to a factor or two) when
the planetary atmosphere models (IGAS = 5, 6) are used. Non-
equilibrium solutions based on the helium and argon models are

in a class by themselves; experience is limited, but times of
che order of an hour should be anticipated.
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3. OUTPUTS

Normal outputs produced in various types of NATA runs are
described and discussed in the present section. Diagnhostic mes-—
sages and dumps produced under abnormal circumstances are listed
and explained in Appendix B.

NATA outputs are discussed in the order in which they appear
in a normal run in Sections 3.1 to 3.8. The special outputs mak-
ing up the transport cross section edit and the species thermal
property edit are described in Sections 3.9 and 3.10.

3.1 Listings of Inpat Variables

The output for each NATA case begins with a complete listing
of the input variables read in under namelist INPUT (Section 2.3).
The names and values of the variables are printed in the namelist
format, equations (l1). The variables are listed in the order in
which they are defined in Section 2.3. The printed arrangement
of these data differs between the UNIVAC 1108 and the IBM 360.
The 1108 prints each single variable on a separate line, and each
array in a separate block. The 360 runs the outputs of the form
(1) together to make up lines running the full width of the page.
The arrangement p-oduced by the 360 is more compact but more dif-
ficult to read.

To provide illustrations of the various types of NATA output,
a job consisting of two cases dealing with air flow in an axisym=-
metric nozzle was run on an IBM 360/75. Figure 2 is a listing
of the input cards for these cases. Figure 3 shows the listing
of input variables produced by the code for the first case (to
be referred to as Test Proklem No. 1l). Apart from the differ-~
ence in arrangement described above, the output shown in figure
3 differs from that which would be produced on a UNIVAC 1108 in
three additional respects:

(1) vVvariables which are not referenced in the input
data (figure 2), and which are not preset in the
coding, contain meaningless values left in the
computer core by a previous jok. Since the 1102
clears core before each job, such variables would
be printed as zero in the output from an 1108 run.
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Ti PROBLEM NOe 1 = ALR FLOW IN AN AXISYMMETRIC NOZZLE WITH MODEL AND WEDGE
+INPUT )
ISWAA=1, CXMAXI=S50e [SWZ2B==1, FLOW=,03:, HSTAG=10880+ NOZZLE=19,
TSDIAM=20+ 25 KDIM=0s CATFAC=0es NANGLE=1,y, ANGLE=1S5, NRADLE=1¢ RADLE=¢4375,
NUWX=8, WXI=2¢5s 8¢S l5ﬂ98=‘.2

+END
TEST PROBLEM NOe 1A = OUTPUT CONTROLS
+INPUT
ISWiA=0, ISW7B=1, ISW6B==4, ISW1A=0. ISW3A=D
+END

FIGURE 2 - LISTING OF INPUT CARDS FOR TEST PROBLEMS NO. 1 AND 1A
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(2) NATA is run as a double-precision program on the
IBM 360. Hence, the exponent in floating-point
numbers is printed as D in place of E, and the
-alues are printed to 16 digits.

(3) Under the IBM 360 operating system used in this
run,when a double precision variable is set to
a single-precision value either by input or in
a data statement in the program, only the first
six significant figures are set correctly. The
ten trailing Jdigits are usually inaccurate or
meaningless.

If data describing elements, sped es, or reactions are
read in, the listing of the variables in namelist INPUT is
followed b - a listing of those in namelist EINPUT (Section
2.4). Also, if transport cross section data are read in, a
listing of the variables in namelist TINPUT is produced. These
listings are similar in format to the INPUT 1listing illustrated
in figure 3.

3.2 Problem Summary

Immediately following the listings of program inputs, NATA
produces a summary of the input specifications for the case. This
output is headed by the title "NATA III Code Output". The problem
summary for Test Problem No. 1 is shown in figure 4. In general,
the summary contains the following information:

(1) A line giving the run number (IRUN), the case
number in the current job (set intermally by the
code), and the contents of the description card
for the case.

(2) A line stating the input specifications for the
reservoir conditions.

(3) A summary of the nozzle or channel geometry, in-
cluding a table giving the parameters of the noz-
zle profile curvefit in centimeter units, This is
omitted in subsequent cases with the same geometry.

(4) A specification of the gas model as either a stan-
dard gas or a nonstandard gas.
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(s)

(6)

(7)

(8)

(9)

(10)

A table listing the cold species with their
indices in the master list of species, mole
fractions in the cold gas, molecular weights
and chemical formulas. The mean molecular
weight of the cold gas is thengven.

A table giving the elemental composition of
the gas; the "atom fractior" in this table
is the nurh»er of atoms of a given element
per molecule of the cold gas.

A table containing the rate data for all of
the chemical reactions in the current gas
model. This table includes the coefficient
A, the temperature exponent m, and the ac- .
tivation energy E, (in cal/mole) in the for-
mula (69) of Volume I (ref. 1) for the forward
rate constant. This table also includes the
criterion value C4 for the switch from the
perturbation solution to the nonequilibrium
integration. Also, for each reaction with a
third-body list, the code prints a string of
zeros and ones containing as many characters

as there are species in the gas model. A 1
indicates that the corresponding species is a
third body in the reaction, a O that is is not.

¥

A table listing the chemical species in the

gas model. In this table, a 1 under "thermal
fit indicator" means that a thermo fit has been
provided for the species, a 0 that no thermo
fit has been specified. Under "alpha matrix",
the number of atoms of each chemical element in
a molecule of the species is given,

A table giving the matrix v'!. of the stoichi-
ometric coefficients on the p%aduct side of the
reaction. The entry under each species is the
number of molecules of the species appearing
as a product of the reaction.

A table giving the matrix V,. of the stoichi-

ometric coefficients on the %3actant side of
the reaction.

F



(11)

(12)

(13)
(14)
(15)
(16)

(17)

(18)

A table containing data for the "phvsical model"

description of the thermal properties of the 5
especies. The columns of this table contain the i
number of nuclei in a molecule of the species,

the chemical constant b, the vibrational tem-

perature @, in degrees Kelvin, the enthalpy of

formation in cal/mole, and the number of elec-

tronic energy levels. The degeneracies g and

energy levels E relative to the state of forma-

tion are given in the next table, listed in pairs

(g, E) across the page. The energies are again

in cal/mole.

A table listing the thermo fit data for the species
for whic.. such a fit is provided. The table includes
the coefficients a, b, ¢, d, e, and k for each spec-
ies, and the enthalpy of formation in cal/mole (also
given in the table (11l) for the physical model in

the case of species for which both methods are used).
All of the tables from (5) through (12) are omitted
in subsequent cases with the same standard gas model.

A statement of the species pair for which the Lewis
number is calculated.

A statement of whether or not boundary layer effects
are to be included in the flow solutions.

A summary of input data for calculations of condi~
tions on models.

A summary of input data for calculations of condi-
tions on wedge models.

A timing message giving the elapsed times since the
Leginning of the run and since the last time mes=
sage. Such timing messages appear at several points
in the output and allow the user to determine how
much computer time is consumed in each major part
of the calculations.

The value of the specific heat of the cold gas mix-
ture at the nozzle wall temperature TWALL,
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3.3 Definitions of Output Identifiers

In the first case of each NATA run, the code next prints
a list of definitions of the alphanumeric identifiers used t
label the outputs of the flow and model condition calculations.
This list is shown in figure 5.

3.4 Reservoir Conditions

Next appears a page of output summarizing the calculated
gas conditions in the upstrcam reservoir, as illustrated in
figure 6., Since the same output format is also used for the
throat conditions, the flow velocity and mass flux are included
even though they are always zero in the reservoir. In Test
Problem No. 1, the reservoir conditions were determined from mass
flow and stagnation enthalpy inputs. The double itewvation required
in this calculation consumed over a minute of computer time, as
shown by the timing message.

3.5 Flow Solutions

The nozzle flow solutions are computed and printed in the
order: frozen, equilibrium, nonequilibrium. The format is the
same for all three types of solution, but varies with the type
of problem being run. For example, if the boundary layer on the
nozzle wall is neglected, only a single area ratio is printed and
the boundary layer quantities such as the displacement thickness
and the Stanton number are omitted. In a channel flow problem
including the boundary layer, two complete sets cf boundary
layer data are printed, one for each pair of channel faces. In
a problem involving an electronic nonequilibrium gas model, the
electron temperature, the radiative power loss, the energy trans-
fer to the electrons, and the local stagnation enthalpy are added
to the output,

The first page of output from the frozen solution for Test
Problem No. 1 is shown in figure 7. The output identifiers X,
T, cte., are defined in figure 5. The species mole fractions are
not included in the output for the frozen solution because they
are constant at their previously printed (figure 6) values in the
resexvoir,

~56=
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Figure 8 shows the first page of output for the equilibrium
solution. Here, the mole fractions are included because they
vary along the flow. When the gas includes free electrons, the
electron density in em™3 is printed in place of the electron mole
fraction,

In the nonequilibrium solution, the step size is of‘en quite
small. To avoid excessive output, the flow conditions are printed
at intervals in the free stream temperature controlled by the in-
put TPRNTI (Section 2.3, Group 2). The number of integration
steps between successive printouts of the flow conditions is stated
in the line of asterisks which separates the output for different
flow points, as illustrated in figure 9, which shows the first page
of output from the nonequi librium solution for Test Problem No. 1.
The method of calculation used in obtaining the conditions at the
current flow point is also given by printing the value of the in-
dicator, INEQ, which is 0 in the perturbation solution and 1 in
the nonequilibriam integration.

When NATA is run with the preset value ISW6B=l, or with
IsweB= -1, the output includes the species mole fractions in
every printed step as illustrated in figure 9. If lISWeBl is
greater than 1, the mole fractions are printed only every|ISweB| th
printed step. Also, if ISW6B is negative, the output of mole
fractions is followed bv a summary of reaction rate data as shown
in figure 10. In this rate output, PI denotes the quantity P; in
equation (288) of Volume I; CHI is A ; of equation (289); PICHI
is P;+Xj; and DILG is & In Y./dx, where Y. is the concentration
of the jth species in moles/&. The quanti%ies P;, Zi and P; Z;
are listed for all of the reactions (i = 1 to r), together with
the reaction index i. The quantity 4@ In 7. /dx is listed for all
the species together with the species names.

3.6 Model and Wedge Conditions

The conditions on models at a specified model point are
printed immediately rollowing the flow conditions at the model
point, as illustrated in figure 11l. If both equilibrium and
frozen shock calculations have been requested (FSTAG >0.), the
model conditions for the case of the equilibrium shock are printed
first, The species mole fractions at the stagnation point in the
external flow over the model are then tabulated, and are followed
by the model conditions for the case of a frozen shock. The out-
put identifiers for the model conditions are defined in figure 5.
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If calculations of conditions on wedge models have been speci-
fied in the input, the wedge results follow those for the stag=-
nation point, as shown in figure ll. The message about merging
effects refers to equation (510a) in Volume I (ref. 1l). The
results given under "modified Cheng-Kemp theory" are based on the
formulas of Section 8.2.4 in Volume I. In particular, "capital
gamma" is I' as defined by equation (501) in Volume I, and "omega"
is {2 as given by (502). The output quantities XW, PWW, QWW,
etc., in the table are defined in figure 5. The wedge results
given under "unmodified Cheng-Kemp Theory" are based on the for-
mulas of Section 8.2.3 in Volume I. The message referring to the
strong-interaction approximation is based on equation (510b) of
Volume I.

3.7 Throat Conditions

Immediately following the frozen solution is a page of out-
put summarizing the sonic conditions in the solution. The format
is similar to that used in the output of reservoir conditions,
except that the transport properties are omitted. A similar
page giving the sonic conditions in the equilibrium flow solu-
tion follows that solution (figure 12). Since the equilibrium
sonic conditions are needed for starting the nonequilibrium sol-
ution, they are computed and printed even when the equilibrium
solution is suppressed * setting ISW3A = 0, if the nonequilibrium
solution has been requestea (ISW2A # 0). The page containing the
equilibrium sonic conditions also gives the coefficients o« and C
in the analytical area-density relation (equation (382) of Vol-
ume I) used in the upstream nonequilibrium solution by the in-
verse method.

3.8 Informative Messages

The normal forms of output, illustrated and discussed above,
are sometimes interrupted with messages containing information
of possible interest to the code user. For example, during the
solution by the perturbation method, one line of additional out-
put is printed for each step, giving the smallest \5JZi[(DCHMIN)
the largest (DCHMAX), and the index IMAX of the largest 182 5]
(sce Section 7.3 of Volume I (ref. 1)). This type of output is
illustrated in figure 9.

When the switch from the inverse method to direct numerical
integration is made (Scction 7.4, Volume I (ref. 1)), subroutine
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THRPAT is called to rescale the nozzle geometry so as to pro-
vide continuity of effective flow area between the two solu-
tions. THRPAT orints a two-line message as illustrated in fig=-
ure 13. The point at which this output is produaced is neither
the geometric throat nor the sonic point, but a location dis-
tinctly downstream of both. The variables given in this output
are as follows:

X Axial coordinate in nozzle (cm)
AMACH Mach number

AFNX Effective area ratio,'Xé, based on the inverse
method

DLOGA d In A /dx

Sl Effective area ratio, A5, based cn the nozzle
geometry and boundary layer displacement thick-
ness

s2 d In A /dx

~
RSA Area rescaling factor, Ry = Ag/Ac

DELBL Nondimensional displacement thickness, 8*/R0
(two values in the case of a channel)

During the nonequilibrium integration, under certain cir-
cumstances, the code may “freeze" a species of very low concen-
tration which is decreasing so rapidly that it controls the step
size, by switching off 2ll of the reactions in which it appears
(section 7.5.3 of Volume I)., When this occurs, a message such
as the one appearing at thz bottom of figure 14 is produced.

The switch from the perturbation method to the nonequilibrium
integration normally occurs where the largest |8Z;| is about 0.1.
If onc of the |8%. ;| is very much larger than some of the others,
it can cause the 1ntegratlon to start at a point where some of
the reactions are very close to equilibrium. Should this occur,
the step size required for stability of the finite difference
equations would be too small to allow significant progress in
the solution. Under certain circumstances (Scction 7.3.7 in Vol-
ume I), NATA prcvents such a premature startup of the numerical
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integration by artificially increasing the rate constcant for the
reaction with the largest lsxiL for the duration of the pertur-
batio.. solution. When this occurs, the code prints a messaga
such as tbe one illustrated in figure 15 (for a vroblem involve-
ing the IGAS = 5 planetary atmospherc model).

3.9 Transport <ross Section Edit

Figures 16, 17 and 18 illustrate the threc parts of the
transport croscs section edit, which is invoked by setting ISWl1Eb
egual to -2, Ilagure 16 shows the edit of precoded cross .ccticn
data for all species., In this table, STEP is the counter for the
steps of the cross section calculation in the vrder in aich they
are carried out, while INDEX is the index of the steps in array
storage. For the precoded dat~, these two indices are equal for
all steps. However, if new steps were added by input, this cqual-
ity might no longer hold. OPTI@N is the irdex of the option used
to calculate the cross section generated in each step (sce Section
4). The quantities VV(1l) to VV(5) are parcacter values for the
steps. Under INTDRACTION, the pairz of species to which each
cross section applies are listed.

Figure 17 shows the first page of the second part of the
cross section edit, which summarizes the steps of the cross sec—
tion calculation for the current gas model., The odit shown in
the figure is for the large standard air model (IGAS = 1). The
format is similar tec that in figure 16.

Figure 18 shows the first page of the third part of the
cross section edit, the tabulation of averagcl pair cross scc-
tions as functions of temperaturc. The temperature is given in
degrees Kelvin at 1000 degree intervals up to CTAPI. The three
tabulated cross scctions are

1

0(1) = 1 i(;?'l) (2a)
o(2) = O S'Z) (21)
@(3) = BE, a i(;'l) (2¢)

(whére the notation is defined in Section 3.1 of Volume I),
and are given in squarc Angstroms (units of 10~17  2), The
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indices printed refer to the list of species for the current
gas model, as given in the problem summary (Section 3.2 above).

3.10 Species Thermal Properties

Output from the edit of species thermal properties (invoked
by input of a negative value for ISWGA) is illustrated by figures
in Section 4 below. In these figures HOO denotes the species for-
mation enthalpy, MUO the chemical potential at standard pressurc
(1 atm), H the enthalpy, CP the specific heat, and SO the entropy
at standard pressure. The left half of the output gives the prop-
erties as calculated from the physical model, and the right half
gives values based on the thermo fit (see Section 2.2 of Volume I).
The right half is left blank for species for which no thermo fit
has been supplicd. In the case of a nonstandard species for which
no physical model data are provided, the left hali of the table
is filled with zeros.
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4, PRECODED DATA

! To reduce the quantity of input data required for use of the
code, NATA contains precoded data on the properties of elements
and chemical species, on reaction rates and electronic nonequi-
librium processes, on standard gas models, and on the gcometries
of nozzl2s and channels in use at the NASA/Johnson Space Center
Arc Turncl Facility. This information is cempiled into the
code by means of data statements. In the present section, these
precoded data are both summarized and, where applicable, docu-
mented as to source. Section 4.1 deals with the data for ele-
ments, Section 4.2 with the thermochemical properties of species,
Sectina 4.3 with reaction rates, and Section 4.4 with electronic
nonequilibrium processes. Section 4.5 summarizes the siX stan-
dard gas models availakle in NATA., Section 4.6 reviews the trans-
port cross section data for all of the standard species. Finally,
Section 4.7 discusses the standard nozzle and channel geometries.

4,1 Elements

The only data required for the chemical elements are the
atomic w2ights (in normal units of g/mole) and the chemical sym-
bols. These data are compiled into the present version oi the
code for six elements, as follows:

Index (IE) Element
1 e”
3 He
4 C
5 N
6 o)
7 Ar

This list will be referred to as the "master list of clements".
The data for clements are stored in an array EPRP (I, IE),

contained in common block /ELEM/. This array is dimcensioned
(2,10). The entries in this array arce defined as follows, for
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the element with index IE in the master list:

EPRP(I,IE) I = 1 Name of element
I 2 Atomic weight

For convenience in adding to or altering the compiled-in data,
EPRP is equivalenced tc ten singly dimensioned arrays of dimen-
sion (2), as follows:

EP1(I) Equivalent to EPRP(I, 1)

EP10(I) Egquivalent to EPRP(I, 10)

The data provided for elements in the current code version are
summarized in Table I.

TABLE ¥

DATA FOR ELEMENTS

IE Name Atomic Weight
1 E- 5.48597 x 104
3 HE 4.0026
4 c 12.0111
5 N 14.007
6 g 16.000
7 AR 39.948

4.2 Thermochemical Data for Specics

Data for the folloving chemical species are compiled into
the current version of NATA:

~80=
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Index (IS)
1

2

10
11
12
13
14
15
16
17
18
19

20

-81~

Species

Ar (ground state)

He (ground stave)
C

C+

He' (ground state)
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Index (IS) Species

21 He (3S metastable state)
22 He (lS metastable state)
+
23 He2
24 He2
25 co*
2 3
26 Ar ( P2 and PO metastable states)
27 Ar (3Pl and lPl resonant states)
+ 2% ¥ ;
23 Ar,” | Z'u molecular ion)

This is the "master list of species". The helium and argon spec-
ies in specified electronic states are used in the electronic
nonequilibrium models.

The thermochemical data for the above species are stored
in an array SPRP(I,IS), contained in common block /SPEC/. This
array is dimensioned (43,30). The entries in this array are de-
fined as follows, for the species with index IS in the master
list of species:

SPRP (I, IS) I=1 Name of species
T = 2 Number of elements in species
(<3)
*7 = 3-5 Tndices of elements in master

list of elements

I = 6-8 Numbers of atoms cof elements

*A1l values in the array are real. The values indicated hy
asterisks arec converted by the program into integers. To on-
sare rounding down to the correcct value, the stored values have
been increasaed by 0.1,

-y~ . - - - N P . - - Ve e e e el v ~——
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SPRP (I,IS) I

kKK

AkRkT

10

11

12

13

14

15

16

17

1¢

19

20

21-30

31-40

41-43

a |

c Thermo-fit
parameters¥*

e

k

Formation enthalpy (cal/mole)

r, rumber of atoms in a mole-
cule of the species

b, chemical const@ant**

Oy, vibrational temperature (©K)

IGM, number of electronic lev-
els ( <10)

IGJ, 1 if thermo fit is used
0 if not

dnr degeneracies cf electron.c
levels

E.. cnergies of electronic
levels (cal/mole above ground
state)

Second, thira, and fourth vib-
rational temperatures fov tri-
atomic species

*Sce equations (33), (34) in Volume I (rof. 1).

**Sce cquation (51) in Volume I,

**%A11 volues in the array are rcal. The values indicated by
asterisks arce converted by the program inte integers. To ensure

rounding down to the corrcct vaiuae,

incrcased by 0.J.
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For convenience in adding to or altering the compiled-in data,
SPRP is equivalenced to 30 singly dimensioned arrays of dimen-
sion (43), as follows: -

SP1(I) Equivalent to SPRP(I, 1)

SP30(I) Zquivalent to SPRP(I, 30)

The species thermochemical data compiled into the current
version of NATA are summarized in Tables ITY through VI. The data
are listed. in this series of tabl2s,in the order in which they
appear in the SPRP array, except that the species name is re-
peated in each table. Table II shows how positively charged
ionic specics are represented as containing a negative numbzr of
electrons. The thermo fits given in Table III are from refer-
ence 4, p. 131-132, except those for Npt, 02+, Co, CN, and co',
which are based upon unpublished Avco calculations. The forma-
tion enthalpy values Hn©® in Table IV are based on data in the
JANAF tables (ref. 5), NBS Circular 467 (ref. 6), the Handbook
of Chemistry and Physics (N2+ enld 02+) (ref. 7), Herzberg (ref.
8) and a paper by Ginter and Rrown (ref. ¢;,. The electrcnic
states for monatomic spccies in Tables V und VI are from NBS
Circular 467. Some of the stetes listed are combinations of
two or more actual states with ncarly the same encrgy. The
degeneracics g for the atoms and atomic ions were calculated
from the total angular momentum guantum number J, which is also
given in ‘rcular 467, using thec relation

g =27 + 1 (s)

The electronic energy states, decgeuncraciecs, vibrational tempcra-
tures 8§, and rotational temperatures 6, for the diatomic spcc-
i2s were ok*tained from the spectroscopic data summarized in Table
VII. The sources of the data are indicated in the last column
of this table. The states of NOT do not appcar to be very wecll
known. Rotational and vibrational constants arec given in Tablc
VII only for the ground statc of cach molecule, because the phye-
sical model in NATA assumes (as an approximation) that these
constants arc the same for all of the eclectronic states »2f each
molecule. The chemical constants b and vibrational temperatures
6, in Table IV were calculated from the data of Table VII using
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TABLE XX

COMPOSITICN DATA FOR SPECIES
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TABLE ITI

THERMO FIT DATA*

1012 x TFD

101® x TFE

IS |Nare trr | 104 . tFB | 108 x TFC TFK
5 | N2 3.4514¢€3 3.085332 ~4,251428 | 2,729295 -0.546832 | 3,071269
6 |#2 3.249473 | 4.963449 |-6.7971753 | 4.,443339 ~1.000281 | 5.915022
7 | NG 3./56216 |2.083961 |-2.,639548 | 1.,690332 -0.361152 | =,.611167
8 INg+ | 3.397385 |3.749384 |-6.062030 | 4.637506 -1.107704 | 4.200563

11 | N2+ | ~.23806 |4.47257 -~3.,95880 1.52963 -0.21145 | 4.95160

12 g2+ | 3.49213 |3.37873 ~-5.20841 4,16207 -0.97275 | 4.66750

}4 cg 3.39468 |3.22824 ~3.94364 2.17519 -0,42966 4.50400

LS CN 3.25545 |4.33773 ~-3.93346 1.59712 -0.23789 | 5.63340

25 [Ccog+ | 3.49411 |2.,10083 ~1.11714 0.58582 -0.13605 | 4.2967

*The thermo-fit technique is not used for monatomic
species, for the helium and argon molecular species,
or for carbon dioxide.
-8 =
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TABLE IV
DATA FOR PHYSICAL MODEL

Hq° Oy
Is Name cal/mole n b IGM I1GT
1 E- 0. 1. -14.9276 0. 1 0
2 N 112520, 1. 0.2944 0. 5 )
3 g 58989, 1. 0.4938 0. 7 0
4 AR 0. 1. 1.8664 0. 1 0
5 N2 0. 2. - 0.4106 3352, 5 1
6 @2 0. 2. 0.1140 2239, 5 1
7 Ng 21456, 2. 0.5455 2699, 7 1
8 Ng+ 23666G. | 2. 0.3841 3373. 4 1
9 N+ 447600, 1. 0.2943 0. 7 0
10 o+ 372940, 1. 0.4938 0. 3 0
11 N2+ 357650, 2, ~ 0.3763 3114, 4 1
12 B2+ 288800. 2. -~ 0.0317 2628, 5 1
13 cg2 0.* 3. 1.8958 1977, %* 1 0
14 co 66770.% | 2. 0.3169 3083. 5 1
15 CN 197170.% | 2. 0.2226 2939, 3 1
16 HE 0. 1. - 1.5846 0. 1 0
17 c 263550.* | 1. 0.0637 0. 10 0
18 c+ 523310.*% | 1. 0.0636 0. 4 0
19 HE+ 566840, 1. - 1.5846 0. 1 0
20 AR+ 363318. 1. 1.86632 0. 2 0
21 HE3S 456910. 1. - 1.5846 0. 1 0
22 HE1S 475260, 1. - 1.5846 0. 1 0
23 HE2+ 511490, 1. - 3,5619 2343, 1 0
24 HE2 406170, 1. -~ 3.6287 2492, 1 )
25 o+ 389950.* | 2. 0.2931 3142, 3 1
26 AR*M 266350. 1. 1.8663 0. 1 0
27 AR*R 267970. 1. 1.8663 0. 1 0
28 AR2+ 337040. 2. 3.597 115. 1 0

*These formation enthalpies for the carbk m~containing species are
based on CO, as the reference state for carbon. They are 93970
cal/mole higher than the JANAF values, which are based on graphite
as the reference state.

**The other three vibrational temperatures for CO, are 960, 960,
and 3380°K,




TABLE V

DEGENERACIES OF ELECTRONIC STATES

1S Name 1l 2 3 4 5 6 7 8 9 10
1 E- 2.

2 N 4. 10, a 12, 18,

3 ] 5. 3. 1, 5. 1, 8. 24,

4 AR 1.

9 N2 1, 3. 6. 1, 2,

6 @2 3. 2, 1, 3, 3.

7 Ng@ 2, 2, 1 2, 4, 2, 2, 2,

8 Ng+ 1, 6. 3. 2,

9 N+ 1, 3, 5, S, 1. |5, 15,

10 o+ 4, 10, 6,

11 N2+ 2, 4, 2, 2, 4,
12 B2+ 2, 2, 8, 4. 4,

13 cg2 1,

14 cg 1, 6. 3. 6, 2,

15 CN 2, 4, 2, R 2, 4, 4. 4,
16 HE 1,

17 (& 9, 5. 1, 5, 9, 3, 15, 34, | 99, 401,
18 C+ 2. 4, |12. 10,

19 HE+ 2,

20 AR+ 4, 2,

21 HE3S 3,
22 HEl1S | 1,

23 HE2+ 2,

24 HE2 3.

25 CcoH+ 2, 4, 2,

| 26 AR*M 6.
27 AR*R 6.
28 AR2+ 2,
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equations (38), (40b), (51b), and (45) of Volume I, i.e.,
b ==3.66505 + 3 InW=- (n=1) 1n [1.43879 o(B, - % %)l (4)
0y = 1.43879 (wo - 2 W_x, + 3 w_ y,) (5)

in which W denotes the molecular weight and n the number of atoms
per molecule (for monatomic and diatomic species). The degen—
eracies g for the molecular states in Table V were obtained from
the state symbols using the following rule, based on Herzberg
(ref. 8):

n
2  states g=n
(6)

°MT O, PA, ete. g = 2n

Figures 19 through 46* are tables of thermal properties for the
compiled~in species, computed by NATA from the precoded data,
under the option ISWGA = - 1. For each species, the properties
calculated from the physical model are given for temperatures

up to 30,000°K, For the molecular species for which the thermo
fit is used, corresponding results based on the thermo fit are
given for comparison. At the normal switchover temperature,
CTMXX = 5000°K, the results from the two techniques are seen to
be in reasonably good agreement. Above about 15,000°K, the prop-
erties calculated from the thermo fits become very inaccurate in
all cases. This behavior results from the inability of the poly-
nomial form used in the thermo fit to represent the actual prop-
erty variations over excessively wide temperature ranges. This
is not considered to be a serious problem because, at tempera-
tures of 15000°K and higher, the mole fractions of the molecular
species (for which the thermo fit is used) are quite small, so
that errors in the thermal properties of these species have only
very minor effects upon the properties of the gas mixture. How-
ever, at temperatures above about 20,000°K, the properties com~
puted from the thermo fit show wild variations which could lead

*The equipment used to produce these figures printed the BCD "+"
sign appearing in some of the species names as an ampersand.
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to code failure or grossly inaccuratec results. Since the thermo
fit is not used in the helium and argon models, these models can
be used at higher temperatures, up to the onset of significant
second ionization.

4,3 Data for Reactions

Tables VIII, IX, X, and XI list the chemical reactions for
which data have been compiled into the current version of NATA.
These tables define the "master list of reactions". They also
give the parameters A, v , and E; in the curvefit*

10,0009k

ke = A ( (7)

to the forward rate constant k. for each reaction. The reaction
system for air (Table VIII) is one recommended recently by Cornell
Aeronautical Laboratory (ref, 14). Those for argon and helium
(Tables IX, X) are documented in Appendix A of the present report.
The reactions for the carbon-containing species (Table XI) are

from Dunn (ref. 15), except the CN reactions which are from McKenzie
and Arnold (ref. 16).

The rate constants of interest in NATA applications are not
accurately known. Experimental determinations of the rate for a
given reaction at a given temperature typically differ by factors
ranging from 2 up to an order of magnitude or more. In many cases,
the temperature range over which the rate has been measured is
considerably smaller than the range over which it is used in NATA,
The extrapolation which is thus required is a further source of
error., However, in spite of these uncertainties, calculations
based on the reaction system for air (Table VIII)have given results
in reasonable agreement with experimental data (ref. 14).

The main sources for the data in Table VIII are cited in reference
14, The reactions for the neutral species in high temperature air
have been reviewed by Wray (ref. 17), those for the charged spec-
ies by Dunn and Treanor (ref, 18).

*Equation (69) of Volume I.
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In Table VIII, the reactions given in reference 14 heve been
rearranged to place the reactions having the same effect (e.q.,
disscciation of 0,) together, and to plac: the reactions involv-
ing only neutral species ahead of those involvinc charged species.
Reference 14 gives both forward and backward rates for each rezc—
t'on. In each case, the rate coefficient in one direction is
based directly on chemical kinetic data, while that in the cther direc~-
tion is a curvefit to the recults of calculations based on equation (62)
of Volume I. In Table VIII,the reactions have bcen written in such a
form that the rate based on experimental data is in the forward direc-
tion. In NATA, the backward rate is computed internally using equation
(62) of Volume I. .

The reaction rate data summa-.ized in Tables VIII to XI are
stored in an array RPRP(I,IR), contai:ed in common block /REAC/.

This array is dimensioned (29,92). The entries in this array
are defined as follows, for the reaction with index IR in the
master list of reactions:

RPRP (I, IR) I=1 Coefficient A in eg. (7)
(cm3 mole sec or cmb/mole? sec)
I=2" Exponont 7 in eq. (7}
I=3 2ctivation energy Ej in eq. (7),
cal/mole
I=4 QQ: 1,0 if a third-body list is
provided in I = 20-29
0.0 if not
*I =5 Nunb r of reactant species ( £3)
*T = 6 Nunber of product species (¢ 3)
*I = 7-9 Indices of reactant species in

master list of species

*I = 10-12 Indices of product species in
master list of species

*All values in the array are real. The values indicated by aster-
isks are converted by the program into integers, To ensure round=-
ing down to the correct value, the stored values have been increased
by 0.1
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Y = 13-15 Numbers of molecules of reac=-

tants

I = 16-18 Numbers of molecules of pro-
ducts

2 = ]9 Number of third bodies ( <1%)

*I

"

20-29 Indices of third body species
in mastor list of species

For convenience in adding to or altering the ccmpiled-in data,
RPRP is equivalenced to 92 singly cdimensioned zrrays of dimension
(29), as follows:

RP1(I) Equivalent to RPRP (I, 1)
RP92(IX) Equivalent to RPRP(I,92)

4.4 Electronic Nonequilibrium Data

When an ionized gas expands to low density, as in the di-
verging nozzle section of an arc-heated wind tunnel, a condition
of nonequilibrium between the electron temperature and the heavy-
particle temperature develops. This phenomenon is a result of
the smallness of the cross section for elastic energy transfer
between electrons and heavy particles. At high gas densities,
there are enough collisions to keep the two temperatures approx-
imately in equilibrium in spite of the small cross section; but
at low densities this is no longer true. In an expanding plasma
flow, electron~ion recomhination processes supply energy to the
electron gas, so that the electron temperature normally falls
more slowly than the gas temperature.

The forward rate for a reaction which includes the electron,
as either a reactant or a third body, usuaily depends upon the
elcctron temperature ratler than the gas temperature. Thus,
thermal nonequilibrium betwveen the electrons and the heavy par-
ticles can afiect the rates of production and destruction of
spcecies. This phenomcnon is not considered in the current NATA
models for air. It has been studied, for the case of an atomic
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nitrogen plasma, by Bowen and Park (ref. 19). Nonequilibrium be-=
tweer the electron and gas temperatures is included explicitly in
the NATA models for helium and argon (Volume I, Sec. 7.1l.2).

These noble gas models require additional data for each reaction
to specify the dependence of the forward and backward rate con-
stants upon the electron and gas temperatures and to specify the
partition of the energy of reaction between electron kinetic en-
ergy and radiative losses. Data are also required to provide the
elastic collision cross section between the electrons anld the neu-
tral heavy particles (assumed to be the same for all neutral spec=-
ies). These extra data for the thermal nonequilibrium models are
stored in an array TNEP(I,INT), contained in common block /TNE/.
This array is dimensioned (186,2). The index INT specifies the
gas model in which the data are to be used. For helium, INT = 1,
and for argon, INT = 2. The entries in TNEP(X,INT) are defined
below in terms of the reaction index JR for whichever gas model

is being used. The index JR runs from 1l up to ISR. The w.men-—
sioning of TNEP allows the number of reactions ISR to be as high
as 25 for gas models involving electronic nonequilibrium. For
conventional gas models, ISR can be as high as 64.

The entries in TNEP(I,INT) are defined as follows:

*I = JR KTF(JR), indicator of type of formula for
forward rate constant for the JRth reaction:
KIF = 1 k¢ given by (7) as a function
of gas temperature T
KTF = 2 ke given by (7) as a function
of electron temperature Tg
n =E_./RAT
KTF = 3 ke = A (To/10%) (1-ea/0)
_ aM
KTF = 4 ke = A (Te/10%) ° /max (1,7 )
where T=D ng R/N;
KTF = 5 kg = A/ VR
Note: R denotes the local nozzle radius (or a corresponding efi-
fective value in the case of a channel). Also, n_ is the number

density of the atomic species appearing on the prgduct side of
the reaction, and b is a coefficient stored as BPAR (below). The
types KTF = 3, 4, and 5 are used only in the model for argon
(IGAS = 3); sece Appendix A.

*All values in the array are real., The values indicated by aster-
isks are converted hy the program into integers. To ensurc round-

ing down to the correct value, the stored values have been increascd
by 0.1.
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*T JR + 25

*I

JR + 50

KTR(JR), equal to O if + backward rate con-

stant k,, = 0 for the JRth reaction; equal to 1 if
k, = k. (T): equal to 2 if k. = k,.(Te), where the
functional dependence is given b uations (277-278
of Vol, 1 (re@. 1). g Y eq ( )
ITR(JR), indicator of rule for partitioning the
reaction enerqgy for the JRth reaction. In the
definitions below, €. and - er,denote the en-
ergies gained by the electron gas in N, reactions
in the forward and reverse directions, respectively,
and qgr— dp denote the corresponding energies lost
by radiation. Also Ny =Avogadro's number.

ITR = 1 €f=—aRoTe

er=qr=0
ITR = 2 € =-3 R, T
f 2 0 e
a4 = €9 - &
er::qr:O
ITR = 3 Gf =qg = Gr =q,. =0
ITR = 4 €. = € =-32 R T
£ r 2 0 “e
qf=qr—o
= K = =
ITR L ef er 60
de =9, =0

*All values in the array are recal. The values indicated by aster-
isks are converted by the program into integers. To ensure round-
ing down to the correct value, the stored values have been increased

by 0.1.
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I=JR+ 75 EPAR(1,JR), parameter €0 for the JRth reaction
¢al per Nj reactions)

I =JR + 100 EPAR(2,JR), parameter "a" for the JRth reaction
if ITR(IR) = 1

I = 126-155 TLIST(J), temperature valu?s f?r table of elastic
collision cross section, Q 1,1 (see Appendix A)

~(1,1
I = 156-185 PgM(J), Q( ) values for table
I = 186 BPAR, parameter b for all reactions with KTF = 4

For convenience in adding to or altering the compiled-in data for
reactions involving electronic nonequilibrium, TNEP is equivalenced
to two singly dimensioned arrays of dimension (186), as follows:

TN1(K) Equivalent to TNEP(K, 1)
TN2 (K) Equivalent to TNEP(K,2)

Tables XII through XV summarize the precoded electronic non-
equilibrium data for the helium and argon models (IGAS = 4 and 3).
The data in these tables are documented in Appendix A.

TABLE XTI
ELECTRONIC NONEQUILIBRIUM DATA FOR HELIUM MODEL

JR IR KTF (JR) KTR (JR) ITR(JR) | EPAR(1,JR)
cal/mole
1 35 2 2 5 109890
2 36 2 2 5 91540
3 37 2 0 2 109890
4 38 2 0 2 91540
5 39 1 1 3 0
6 40 2 2 5 98040
7 41 2 2 5 458270
8 42 2 1 4 0
9 43 2 1 4 0
10 44 2 2 5 18350
11 45 2 2 5 456730
12 46 2 2 5 475080
13 47 1l 0 6 475080
14 48 1l 2 5 346840
15 49 1 2 5 365190
16 50 1 2 5 383540
17 51 1 1l 3 0
18 52 1 2 5 260350
19 53 2 2 5 413480
~130~
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TABLE XIII

ELECTRONIC NONEQUILIBRIUM DATA FOR ARGON MODEL

JR | IR | KTF(JR) | KTR(JR) | ITR(JR) | EPAR(1,JR) | EPAR(2,JR) | BPAR
cal/mole
1|76 2 2 5 96970 0 -
2 | 77 2 2 5 95360 0 -
3 |78 2 0 1 96970 0.7 -
4 |79 2 0 1 95360 0.7 -
5 |80 4 0 1 363330 1.0 2 x 107
6 | 81 2 2 5 266350 ) -
7 |82 2 2 5 267970 ) -
8 | 83 5 0 6 267970 ) -
9 |84 2 2 5 1600 0 -
10 | 85 1 1 ‘3 0 0 -
11 | 86 1 0 6 226000 0 -
12 | 87 1 1 3 0 ) -
13 | 88 1 0 6 226000 0 -
14 |89 1 1 3 0 0 -
15 | 90 3 2 5 70680 0 -
16 |91 3 2 5 69070 0 -
17 | 92 2 2 5 337040 0 -
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TABLE XJIV

e - He MOMENTUM TRANSFER CROSS SECTION

T, 51 1) r, oL 1)
Ok 82 ox 22
0 0.00- 9000 6.80
100 5.00 10000 6.77
200 5.59 12000 6.57
400 5.83 14000 6.55
600 5.99 16000 6.42
800 6.11 18000 6.29
1000 6.21 20000 6.15
1500 6.39 25000 5.80
2000 6.51 30000 5.46
3000 6.67 35000 5.14
4000 6.76 40000 4.85
5000 6.81 45000 4.60
6000 6.84 50000 4,32
7000 6.84 70000 3.4
8000 6.83 100000 2.4
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TABLE XV

e ~Ar MOMENTUM TRANSFER CROSS SECTION

re giLe ) “ re gid.
og B2 oK a2
0 10. 2500 0.51
25 10. 4000 0.98
50 6. 6000 1.69
100 3.57 I 8000 2.40
200 2.12 10000 3.08
300 1.39 12000 3.73
400 0.97 15000 4.65
600 0.57 20000 6.02
800 0.40 25000 7.19
900 0.35 30000 8.11
1000 0.32 35000 8.81
1200 0.29 40000 9.30
1400 0.29 45000 9.63
1600 0.31 50000 9.82
2000 0.38 100000 10.
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4,5 Standard Gas Models

A "gas model" is the specification of a set of species with
their thermochemical properties, a system of reactions among these
species with their rate constants, and other data. The NATA code
contains provisions for invoking certain standard gas models by
input of a single index value, IGAS. The standard gas models
available are summarized in Table XVI. The third and fourth col-
unmns in this table speciiy the pair of species whose binary dif-
fusion coefficient is used in computing the Lewis number. The
variable INT pertains to the treatment of electronic nonequili-
briun in the model. For INT = 0, electronic ncneguilibrium is
neglected. For INT > 0, electronic nonequilibrium is taken into
account, and INT is the index for selecting the reaction para-
meters from TNEP(I,INT). If the indicator LEWIS is equal to 1,
the Fay-Riddell Lewis number factor is used in calculating the
stagnation point heat flux. For LEWIS = 2, it is not. The reac-
tion idices in Table XVI refer to the master list of reactions.

AIR-1 is the general model “or argon-free air, suitable for
use in cases with reservoir temperatures up to about 15,000-
20,000°K., Temperatures above 15000°K are beyond the range of
validity of the thermo fits for the diatomic molecules. Above
20,0000K, the specific heats for some of these species (as com~
puted from the themmo fit) go negative, and the chemical poten-
tials begin to decrease with increasing temperature. However,
the temperature capability of the AIR-1 model appears more than
adequate for describing the flow in state-of-the-art arc heated
wind tunnels,

AIR-2 is a truncated air model obtained from AIR-1l by delet-
ing all of the ion species except NOT, It is suitable for use in
cases with reservoir temperatures up to about 6000°K. The ion
Not is retained because the ionization potential of NO Q.5 ev)
is much lower than those of the other neutral species in high temper-
ature air (12.5~15.5 ev). In problems with reservoir temperatures be-
low 6000°K, use of the AIR-2 model in place of AIR-1 economizes on
computer time without significantly affecting the results.

HELIUM and ARGON are the electronic nonequilibrium models
for helium and argon. Since the thermo fit is not used in these
models, they are suitable for use up to temperatures at which
the doubly ionized species He'™ and Ar™t become important.
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CONAR* is a model for a planetary atmosphere containing 75
mole percent COy, 20 mole percent argon, and 5 mole percent N,.
These mole fractions can be adjusted easily in the code input,
so that CONAR is usable as a general CO,~Ar-N, model for the at-
mospheres of Venus and Mars.,

CONAR2 is a smaller version of CONAR with some of the ion
species omitted, designed for use at temperatures up to 7000°K.
In this temperature range, it gives practically the same results
as CONAR with less expenditure of computer time.

The data required for generating these standard gas models
are stored in an array GPRP(I,IGAS), which is contained in common
block /MIXT/. This array is dimensioned (124,6). Its entries are
defined as follows, for the model with index IGAS:

I=1 Mixture name
**T = 2 Number of elements in mixture (ISC)
*%T = 3 Number of species in mixture (ISS)
**I = 4 Number of reactions included (ISR)
**I = 5 Number of ion species (IC)

**] = 6=15 1Indices (IE) of elements in master list of elements

I = 16=~25 Mole fractions of cold species (QPJ)
**T = 26~45 1Indices (IS) of species in master list of species
**T = 46-109 Indices (IR) of reactions in master list of reactions

**] = 110~119 Indices (JCE) of cold species in master list of
species

*k T

i

120 Number of cold species (NCS)

*Acronym for Carbon-Oxygen~Nitrogen-Argon,

**All values in the array are real. The values indicated by aster-
isks are converted by the program into integers., To ensure round-
ing down to the correct value, the stored values have been increased
by 0.1.
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*T = 121 Atom index (ISATZM) for Lewis number in master list

of species

*I = 122 Molecule index (ISM@L) for Lewis number in master
list of species

*T = 123 INT. If INT = O, electron temperature equals gas
temperature. If INT > O, the model includes elec=
tronic nonequilibrium, and INT is the index of
extra r.action properties required in TNEP (I,INT)

*I = 124 Indicator (LEWIS) for inclusion (1) or =xclusion
(2) of Tay-~Riddell Lewis number factor in stagna-~
tion point heat flux.

Most of these definitions are self explanatory. However, the
reference to “cold species" requires some discussion. In NATA,
the overall composition of the gas in terms of the chemical ele-
ments is specified by giving the composition of the cold gas mix-
ture which is fed into the arc heater. The chemical species in
this cold gas are called cold species, For example, the cold
species in argon-—free air are N2 and 0,, and their mole fractions
are assumed to be 0.78823 and 0.21177, respectively. The weight
fractions of the elements nitrogen and oxygen, which are deter-
mined by these data, are invariant under all chemical changes in
the system.

For convenience in adding to or altering the compiled-in gas
models, GPRP is equivalenced to 6 singly dimensioned arrays of
dimension (124) as follows:

GP1(I) Equivalent to GPRP(I, 1)
GP6(1I) Equivalent to GPRP(I,6)

4,6 Transport Cross Section Data

The cross section data required for calculating the trans-
port properties of arbitrary mixtures of the standard species
(listed in Section 4.2) are compiled into NATA. The methods
used in the transport property calculations have been cxplaincd
in Section 3 of Volume I (ref. 1l). Briefly, the transport cocf=-
ficients are computced from formulas involving the cross sections
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f)(l 1) _f1(2 2) and BY, fl(;{l)for collisions between

pairs gf spec1es 11,3) Theséjcrosslgections are calculated in

a series of steps. First, the cross sections for all airs are

set to 2%0. 1 Then, in each step, the values of (L{1.1) ~— 0).(2,2),
and B* () are computed by a particular method (or “"option")
with a particular set of parameter values, and these values are
added to the corresponding cross sections for each pair of spec-
ies to which the step is applicable. The information concerning
the applicability of steps to species pairs is stored in index
arrays KKQ(M), NNQ(M), as explained below. If only one step of

the cross section calculation is applicable to a particular species
pair, then the cross sections fer the pair are the values computed
during that step. If two or more steps are applicable to the pair,
the cross sections for the pair are built up by adding contribu-
tions from the different steps. If the cross sections are poorly
known for several minor pairs of species, but arc considered likely
to be roughly the same for all pairs, then the cross sections fox
all of these pairs can be set in a single step.

In the present section, the twelve options for calculating
cross sections are defined, and the default ma2thods used by the
code to determine unspecified cross sections are explained. The
variables and arrays used to store the precoded transport cross
section data are then defined. Finally, the precoded data for the
standard species are tabulated and documented as to source.

The options for calculating cross sections are selected by an
index KKQ. For each option, tl re is an associated list of input
parameters, VV(J). Array dimensions limit the number of these
parameters to five, Other numerical data required by some of the
options are stored at specified locations in four arrays (TL,
@$MEGAL, ASTAR, BSTAR), as explained below. Each of these arrays
is dimensioned (1000). The cross section options available in
NATA are as follows:

KKQ = 2 Coulomb Cross Sections

Here

() (L,1)

0.8 W(1) Q

3 (2,2 = ;
022y [ (8)
B* = 1.5625
~138~
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where Q, is defined by

0c = (27 m (v A (9a)
3/2
=3 (kT)
AN=<2 3 (Tn) V2 (9b)
2 %
Y = [1 + BSTT k; nel/3} (9¢)

(Section 3.2 of Volume I). In equations (9), e denotes the elec-
tron charge, k Boltzmann's constant, T the absolute temperature

and n, the electron density.

KKO = 3 Exponential Potential

In this option, the cross sections are obtained from Manchick's
(ref. 20) tabulated collision integrals for the exponential poten-

tial
g = ae"*/P (10)

which are compiled into NATA in the TL, @MEGAl, ASTAR, and BSTAR
arrays starting at location 1 in each array. The parameters are

wW(l) = a/k in°K
o
v(2) = [ nA (11)
VV(3) = 1.0 = position of first entry in tabulated
collision integrals
KKO = 4 Charge Exchange Cross Section

. (1,1
In this cption, {1'7'" and B* are calculated for a resonant
charge exchange cross scction of the form

— - 2
Qex = (A B loglO v )
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where v is the relative velocity in cm/sec. [1(2,2) is not
calculated in this gption. The reguired input parameters are

o
Vw(l) = A inA
o
vw(2) = B in A
(12)
VV(3) = molecular weight of atom

v(4) control parameter

For VW (4) > 0., the computed cross sections fi(l'l) snd B¥*
replace those computed in earlier steps of the calculations,
while for Vvv(4) £ 0., they are adaed to the earlier values.

KKQ =5 Tabylated Cross Section

In this option, the cross se~stion data are given in tabular
form as a function o1 temperature. The input parameters are

VW(l) = A = factor by which the tabulated values must
be mgltiplied to give the collision integrals
in

VW(2) = I = position of first entry in tabulated cross

section data

vv(3) N = number of entries in cross section table

The cross séction data themselvcs are stored irn the TL, OMEGAL,
ASTAR, and BSTAR arrays, starting at element I, as follows:

TL(I) tc TL(I -~ 1 + N) = temperatures at which cross
saection data are tabulated in
®K. Values must be in order of
increasing temperature,

PMEGAL(I to I -~ 1 + N) = wvalues of [q] (1,1) at the tab-
alated temperatures

ASTAR(I to I - 1 + N) = values of j1(2,2) at the tab-
ulated temperatures
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BSTAR(I to I - 1 + N) = values of E* at the tabulated
temperatures

KKQ = 6 Power Law Potential

This option calculates cross sections for an inverse power
potential,

g = Ar_n (13)

based on tle analysis of Kihara, Taylor, and Hirschfelder (ref,
21). The parameters are

VwW(l) = ITL = index in @MEGAl, ASTAR, BSTAR arrays
where data are stored
wi(2) ="M

For each value of M used, the following additional data are
stored:

pMEGAL(TTIL) = T | (3 —%) 7)2/17 A(l)(‘q) ‘%\2/91 (14a)
astar(rn) = (3 -d a® oA o (14b)
BSTAR(ITL) = (1 - %ﬁ_) (1 + —3)-) (14c)

where A/k is in °K, A(l)(V)) and A(z)(r)) are tabulated functions
which are given for both attractive and repulsive potentials in
reference 21, and | denotes the gamma function.

KKQ = 8 Lennard—-Jones (6-12) Potential

This option calculates cross sections for the Lennard-Jones
(6~12) potential,

gir) = ae [ - (6] (15)
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The parameters are

wi(l) = €/k in %K
w(2) = oinR
wi(3) = 501.

Tabulated collision integrals for the Lennard-Jones potential are
compiled into the code in the TL, @MEGAl, ASTAR, and BSTAR arvays,
starting at location 501.

KKQ = 9 Srzaling of Previously Computed Cross Sections for Other
Species

This option allows cross sections calculated for one pair
of species to be used also for other species, possibly with a
constant multiplying factor. The cross sections are calculated
from the formulas

q (1,1) _ 0 (1,1)
Q = ¢, Q'

ij
= (2,2) ~ (2,2)
ﬂ = C1C2 ﬂ . (16)
ij
* = C_B*.
B 335

where the Cy. are constant factors and the subscript ij indicates
cross sections calculated previously for the pair (i,3j). The
parameters for the option are

V(1) = i = first index of previously calculated cross
section

V(2) = 3j = second index of previously calculated cross
section

VV(3) = Cl

vwi{4) = c,

vv(s) = C3

=142~
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KKO = 10 Empirical Mjxing Rule

This option calculates the cross sections for a pair of un-
like species i,j (i # j) from the empirical mixing rule

2
q e [[ (i, . [T ] (17)
JJ

The values calculated from (17) are then added to the previously
calculated cross sections for the pair. This option uses no VW
parameters.

KKQ = 11 Fairing Option

This option modifies the previously calculated cross value
for a species pair according to the formula

_-(-)-(fnS) = f(T) Q (1 S) (188.)
new old

where f£(T) is a linear fairing factor given by

£(T) = max [o min (1, ——-ﬂ )] (18b)
T1~To

Use of this option thus permits different forms to be used for
the cross section in different parts of the temperature range,
with a smooth transition between them. The parameters are

V(l) = T, = temperature at which the N are to be set
to zero

vw(2) = T, = temperature at which the QL are to remain
unchanged

KKOQO = 12 Generalized Mixing Rule

This option is a generalization of the empirical mixing
rule KKQ = 10 in which the cross sections are calculated from
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the formula
0O @S _ %{,fl(ftS) + /ji(f.s)} (19)
1) mn

where i, j, and m, n are any specified molecular pairs. The
parameters are

wi(l) = i
wi(2) = 3
wW(3) = m
vw(4) = n
KKQ = 13 Scaling of Previouslv Computed Cross Section for

the Same Species Pair

This option calculates one of the averaged collision cross
sections .4:S) for a pair of species from previously calculated
values of a different (1 (£+8) for the pair. In terms of the no-
tation

A (1 ~ (1,1
Ay QY
ij ij
A (2) _ QO (2,2
n® =0 (__ ) (20)
1]j 1)
a® = e 0 @D
1] ij ij
the option calculates a new value of the cross section ji(w?
from the formula 13
AW - c am (21)
13 1]
where m and n are two specified integers in the range 1 € m 4 3,
1 <n <3 and C is a constant. The newly calculated value of
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fl(?l then ®places the previous value of this cross section.
The parameters are

VW(l) = m
w(2) = n
w(3) = ¢

KKQ = 14 tfultiplication by a Constant

This option multiplies previously calculated values of the
collision cros« sections for a pair of species by a constant
factor, accord:ng to the formulas

5L _ . p@y
f ij 1 ij (o1ld)
ij ij (old)
B;j = %P5 (ona)

The option is the same as KKQ = 9, except that here the cross
sections for a species pair are obtained frem previously calcu-
lated values for the same pair, instead of from values for a dif-
ferent pair as in KKQ = 9. Parameters for the option are

"
0

vv(1)

1
w(2) = c,
vw(3) = N

NATA contains default provisions for estimating some cross
sections if they are not specified explicitly in the precoded
data or the input. If nonc of the specified steps in the cross
scction calculation is applicable to a particular pair, and if
both of the species are ions, then the effective Coulomb cross
sections (8) are used. If one species is neutral and the otlher
ionizecd, the formulas
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QL1 _ 4 0.4

a2 o, o (23)

(1, 1. -
B* (1( = a(3) 0.4

give the default option. The constants A(m) are campiled into
the program in the locations @MEGAl (996), ASTAR(996), and
BSTAR(996) for m = 1, 2, 3, respectively. If both species are
neutral and unlike (not the same species), the cross sections
are estimated using the mixing rule (17). However, if cross
section data are not specified for like-like collisions of a
neutral species, the code does not attempt to provide estimates
of the cross sections, but returns an error message and termi-
nates the ca-e.

The variables and arrays used to store the precoded cross
section data are as follows:

Variable
Name Dimension Definition

NNKQ 1 Number of steps in the cross section cal-
culation for which data are specified.

NNQ (M) 100 Index specifying the option to be used
in the Mth step of the cross section cal-
culation (see above).

NNQ (M) 100 Number of species pairs to which the cross
sections calculated in the Mth step are to
be applied (NNO(M) & 5).

IIm(K) 5 Indices of the species to which the cross

JIm(K) 5 scctions calculated in the mth step are
to be applied, referred to the master list
of speccies (Section 4.2). In these vari-
able names, m denotes an integer which is
part of each name. Thus, for example,
IX23(2) and JJ23(2) are the indices de-
fining the second pair of species to which
the cross scctions calculated in the 23rd
step are applied. Therc are 100 arrays
of each type, c.g., IIl(K), II2(K),...,
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VVm (K)

ISEQ(L)

TL
PMEGAL
ASTAR
BSTAR

100

1000
1000
1000
1000

IX100(K). There are NNQ(m) pairs of
indices set for each stcp m. Only pairs
with IIm(K) £ JIm(K) are used in the cal-
culations.*

Parameter values for the mth step of the
cross section calculation (see discussion
of KKQ options above). There are 100 of
these arrays, WI1(K), ..., VI100’K).*

Sequencing array for specifying the order
in which the defined steps are carried
out during the cross section calculation.
The index M or m in the preceding arrays
is given by M = ISEQ(L), where L = 1, 2,
3, ..., NNKOQ.

Additional array storage for cross sec-
tion data. The data compiled into these
arrays are discussed below.

To prevent the data statemen*s used in setting the TL, @MEGAL,
ASTAR and BSTAR arrays from exceeding the 20-rard limit in For-
tran IV, these arrays are equivalenced to 40 ai.avs each of dim-
ension (100), as follows:

TL1(1)
TL2 (1)

TL10(1)
TL11(1)

TL20(1)

equivalent to TL(1)
equivalent to TL(101)

equivalent to TL(901)
equivalent to @MEGAl(1)

equivalent to @MEGAL(901)

*The arrays IIm(K), JIm(K), Vvvni(K) arc the samec as the input ar-
rays Im(K), Jm(K), Vm(K) discussed in Section 2.4. The shorter
names are used for input to keep the defining statement for name-
within the 20-card limit allowed by Fortran IV,

list TINPUT
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TL21(1) equivalent to ASTAR(1)

TL30(1) equivalent to ASTAR(901)
TL31(1) equivalent to BSTAR(1)
TL40(1) equivalent to BSTAR(901)

The precoded data for cross section calculations will now
be tabulated and documented. These data have been taken from
previcus transport property studies at Avco Systems Division and
have not been revised during the present program. Thus, in some
cases the values used in NATA ray not represent the latest avail-
able data. Nevertheless, the data in the code should be generally
satisfactory for most engineering applications.

For most of the important cross sections, with the excep-
tions of those involving carbon-containing species, the precoded
cross section data should be accurate to within 20 to 40 percent.
For the carbon-containing species, very few data are currently
available on the collision cross sections at high temperatures,
and the values used in NATA are based for the most part on rough
estimates. In general, it is believed that these estimates should
be accurate to within about a factor of two. TI'or some interactions
involving minor species such as the metastable states of He and
Ar, nominal cross sections are used which may be in error by large
factors. However, becavse of the low concentrations of the spec-
ies in question, the effects of these cross section errors upon
the calculated gas transport properties are small.

The sources of the cross section data used in NATA are indi-~
cated, for each pair of spccies ir the master list, in Table XVII.
In this table, thc numbers preceded by A in the third column re-
fer to the notes at the end of the table, while the numbers in
the final column indicate the steps in the cross section calcula-
tion where computations for the given species pair are specified.
The steps defined in the compiled-in data for the standard spec-
ies are summarized in the cross sectior edit, figure 16. 1In the
many cascs where the final column contains no entry for a specics
pair, onc of the default options is used as indicated in the Notes.

~]48~
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TABLE XVIT

SOURCES OF CROSS SECTION DATA

Species Species Notes Computation
Indices Names Steps
1-1 e - e” Al
1-2 e” - N A2 43,50
1-3 e~ -0 A2 46,50
1-4 e - Ar A5,26.A7,A8 48
1-5 e” - N, A2 45,50
1-6 e” -0 A2 47,50
1-7 e~ - B A2 44,50
1-8 e~ - nNot Al
1-9 e~ - Nt al
1-10 e~ - ot Al
1-11 e” - N,* Al
1-12 e” - 02+ al
1-13 e~ - co, A5,A6,A9 42,49
1-14 e - CO A5,A6, A9 41,49
1-15 e~ - CNM all 44,49
1-16 e~ - He A8 55
1-17 e” -C Alo0 43,49
1-18 e~ - ¢t al
1-19 e~ - Het Al
1~-20 e~ - art Al
1-21 e~ -~ He(3s) a33 55
1-22 e~ - He(ls) 233 55
1-23 e” - He,t Al
1-24 e~ - Hez A33 55
1-25 e~ -« CO Al
1-26 e~ - Ar*(m) Al4d
1-27 e~ - Ar¥(r) Ald
1-28 e~ - Ar2+ Al
2-2 N - N A2,nd 12,60
2-3 N -0 A2 14,26
2-4 N - Ar Al2 4
2-5 N - N, A2 13,26
2-6 N - 0, A2 18,22,39
2-7 N - NO a2 13,24,25
2~-8 N - NGV Al4
2-9 N - Nt A2, A3 10,60
2-10 N - ot A2
2-11 N - N,* Al4
2-12 N - 05+ al4
~149-
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TABLE XVITI (Cont'd)

Species Species Notes Computation
Indices Names Steps
2-13 N - COy Al3
2=-14 N - CcO Al3
2-15 N -~ CN all 13,24,25
2-16 N - He Al3
2-17 N - C A18,A19 5,7
2-18 N - ct Ald
2-19 N - He't Al4
2=20 N - Art Ala
2-21 N - He(3s) Al3
2-22 N - He(ls) Al3
2-23 N - He,*t al4
2~24 N - Heg Al3
2-25 N - CO Al4
2-26 N = Ar*(m) Al3
2-27 N - Ar*(r) Al3
2-28 N - Aar,* Al4
3-3 0-0 A2,A4 21,61
3-4 O - Ar Al3
3-5 0 - N, A2 18,38
3-6 0 ~ 0y a2 22
3=7 0 - NO A2 18, 22,39
3-8 o - not Al4
3-9 o - Nt A2
3-10 o~ ot A2,A3 11,61
3-11 0o - N2+ Ala
3-12 0~ 05* Al4
3-13 0 -~ CO, Al3
3-14 O - CO aAl3
3-15 O - CN all 18,22, 39
3-16 O - He Al3
3-17 O~C 218,A20 5,8,9
3-18 o ~ct Ald
3-19 o - Hei Al4
3-20 O - Ar Al4
3-21 0 ~ He(3s) AL3
3-22 0 - He(Ys) Al3
3-23 0 - He2+ Al4
3-24 0 ~ Hc¥ Al3
3-25 0 - co" Al4
3=26 O -~ Ar¥*(m) Al3
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TABILE XVII (Cont'd)

Species Species Notes Computation
Indices Names Steps
3-27 O - Ar*(r) Al3
3-28 0 - Ar,t Al4
4-4 Ar - Ar Al7,n4 1,62
4-5 Ar - N, A2 3
4-6 Ar - O, al3
4-7 Ar -~ NO Al3
4-8 Ar - NoT Ald
4-9 Ar - N Al4
4-10 Ar - ot ala
4-11 Ar - Nt Al4
4-12 Ar - 02+ aAld
4-13 Ar - CO, Al3
4-14 Ar - CO al3
4-15 Ar - CN Al3
4-16 Ar - He Al3
4-17 Ar - C Al3
4-18 Ar - ct Al4d
4-~19 Ar - He™t Al4
4-~20 ar - Art al7 2,62
4-21 Ar - He(3s) Al3
4-22 Ar - He(ls) Al3
4~23 Ar - He2+ aAl4
4-24 Ar - He al3
425 Ar - cog al4
4=26 Ar = Ar*(m) Al3
4=27 Ar - Ar*(r) Al3
4-28 Ar - Ar2+ Al4
5-5 Ny = N, A2 17,38
5-6 N, - O, A2 20
5=7 N, - NO A2 17,19,37
5-8 N, - Not Al4d
5=9 N, - Ni ala
5~10 N, - O al4
5-11 Ny = Nyt Al4
5-12 N, - O + Al4
5-13 N, - c%z A22,A24,126 16,34
5~-14 N, - CO A22,A23 15,29
5~15 N5 - CN all 17,19, 37
5~16 N, - He Al3
5-17 N, - C al3
5-18 N, - c* Al4
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TABIE XVIT (Cont'd)

Species Species Notes Computation
Indices Names Steps
5-19 N, - Het Al4
5-20 N, - art Al4
5-21 N5 = He(3s) al3
522 N, - He (1s) Al3
5-23 N, - He," Al4
5~24 N, - Heg a13
5~25 N, - €O ala
5-26 No - Ar*(m) aAl3
5m27 N, - Ar*(r) al3
5-28 N, - Ar, Al4
6-6 0, - Oy A2 23
67 0p - NO_ A2 19,23,39
6~8 0, - NO ala
6~9 o, - Nt aAl4
6-10 0, - of Al4
6-11 0, - Ny* Al4
6-12 0, = 0% Al4
6~13 0, = CO A22,A24 17,35
6-~14 0, - CO A22,A24 15,30
6-15 0, - CN all 19,23, 39
6~16 0, - He Al3
6-18 o, - ¢t Al4
6-19 0, - Hel Al4
6-20 0, = A", ala
6=21 0, - He(s) Al3
622 05 = He(*s) Al3
6-23 O, - He, Ald
6=24 0, ~ He al3
6-25 o, - co? Al4
6-26 o, ~ Ar#* (m) Al3
6~27 O2 - Ar#*(r) Al3
6-28 05 - Ar,t Ald
7-7 NO = NO A2 17,19,20,23,36
7-8 No - No* a2 59,53
7-9 NO - N Al4
7-10 No - ot Al4
7-11 NO - N,* Al4
7-12 NO ~ 05t Al4
7~-13 NO ~ CO, A30 16, 32
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TABLE XVII (Cont'd)

Species Species Notes Computation

Indices Nanmes Steps
7-14 NO - CO A29 15,31
7-15 NO - CN All 40
7-16 NO - He al3
7-17 NO - C Al3
7-18 No - c* Al4
7-19 NO - He' Al4
7-20 NO - Art Al4
7-21 NO - He(3s) Al3
7-22 NO - He(ls) Al3
7-23 NO - He,* Al4
7=24 NO - Hez Al3
7-25 NO - CO Al4
7=26 NO - Ar*(m) Al3
7=27 NO =~ Ar*(r) Al3
7-28 NO - Ar,*t Al4

+ 2+

8-8 No* -~ NO al
8=9 Not ~ Nt al
8-10 Not - ot AL
8-11 Not - Ny* Al
8-12 No' - 0,* Al
8-13 Not -~ co,, Al4d
8-14 Not - co Al4
8-15 Not - cN Al4
8-16 ot - He Al4
8-17 Not -~ ¢ Ald
8~18 Not - ¢t Al
8-19 Not -~ Het Al
8~20 Not -~ art Al
g8-21 No+ ~ He(3s) Ald
8-22 Not ~ He(1s) Al4
8-23 NO* ~ He,t Al
8-24 ot - liey Al4
8-25 NO'T ~ CO Al
8-26 NOt -~ Ar*(m) Al4
8=27 Not ~ Ar*(r) Al4
8-28 NO' - Ar,t al
9-9 Nt - Nt Al
9=10 Nt - of Al
9-11 Nt - N2+ Al
9-12 Nt - 05* Al
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TABLE XVII (Cont'd)

Species -vecies Notes Computation
Indices Names Steps
9-13 N* - co, Al4
9-14 Nt = co Al4
9-15 Nt - cN Ald
9-16 Nt - He Ala
9-17 Nt - C Al4
9-18 Nt - ¢t Al
9-19 Nt - met Al
9-20 Nt - art Al
9=z 1. NI - He(3s; Ald
9-22 N - He(ls) al4
9-23 Nt - He2+ Al
9-24 Nt - He Al4
9-25 Nt - coz Al
9-26 Nt - Ar*(m) Aid
9-27 Nt - Ar*(r) Al4d
9-28 Nt - Ar,t Al
10-10 ot - ot al
10-11 ot - n.*t Ll
- + 2 L
10-12 0 - 02+ AL
10-13 o* - co, 214
10-14 ot - co 214
10-15 ot - CN Al4
10-16 ot - He Al4
10-17 ot - ¢ Al4
10-18 ot - ¢t al
10-19 ot - nHet Al
10-~20 ot - art Al
10-21 ot - He(3s) Al4
10-22 ot - He(ls) Ald
10-23 ot - He,* Al
10~24 ot - He,, Ald
10-25 ot - cot Al
10-26 ot = Ar*(m) al4
10-27 Ot - Ar*(r) Al4
10-28 0" - Ar,* Al
1i-11 Nyt - NZ: Al
11-12 N,© - 0 Al
11-13 N,* - co, Al4
11-14 Nt - co al4
11-15 Mo+ - CN ala
11-16 N2+ - le Al4
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TABLE XVII (Cont'd)

Species Species Notes Computation
Indices Names Steps
11-17 Nt - C Al4
11-18 N,¥ - ¢t 2l
11-19 Not - He' Al
11-20 N,* - Art Al
11-21 Ny* - He(3s) Al4
11-22 N,* - He(ls) Al4
11-23 Nyt ~ Hept al
11-24 N2+ - Heg Ala
11-25 N,* - co Al
11-26 Nyt - Ar*(m) Al4
11-27 No* —ar*(r) Al4
11-28 Nyt - 2+ Al
12-12 o,V -0 al
12-13 0,% - c0, Al4
12-14 ot - co Al4
12-15 0,* - cN Al4
12-16 2,1 - He Al4
12-17 0,* - ¢ Al4
12-18 o, - cf Al
12-19 0,7 - Het Al
12 20 o,¥  art Al
12-21 0,* ~ He(3s) Al4
12-22 0,7 - He(ls) Al4
12-23 0,% - He,* Al
12-24 0t - He al4
12-25 0, - co Al
12-26 0,% = Ar*(m) al4
12-27 0,% = Ar*(r) Al4
12-28 0% - Ar,t Al
13-13 co, - Co, A22,A25,R27 16,33
13-14 COp - CO A3l 15,28
13-15 CO, - CN All 16,32
13-16 co, - He Al3
13-17 Co, -~ C Al3
13-18 co, - ct Al4
13-19 CO; - He' 4
13-20 co, - ar* S
13-21 co, - He(3s) Al3
13-22 co, - He(ls) Al3
13-23 CO, ~ Ho,t Al4
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TABLE XVII (Cont‘'d)

Species Species Notes Computation
Indices Nanes Steps
13-24 ~ €O, - Heg Al3
13-25 co, - CO Al4
13-26 co, - Ar* (m) Al3
13-27 co, - ar* (r) al3
13-28 co, - Ar2+ Al4a
14-4 CO - CO A22,223,A28 15,27
14-15 CO - CN All 16,31
14-16 CO - He Al3
14-17 co - C Al3
14-18 co - ct Ald
14-19 co - Het al4
14-20 co - Art Al4
14-21 co - He(3s) Al3
14-22 co - He(ls) al3
14-23 CO - He,* Al4
14~-24 CO - He Al3
14-25 co - cog Ala
14-726 CO - Ar¥*(m) Al3
14-27 CO - Ar*(r) Al3
14-28 co - Ar,* Al4
15-15 CN - CN All 40
15-16 CN - He Al3
15-17 CN - C Al3
15-18 CN -~ c¥ Al4a
15-19 CN - He' Al4
15-20 CN - Ar' Al4
15-21 CN - He(3s) Al3
15-22 CN - He(ls) Al3
15-23 CN - He2+ Al4
15-24 CN - He aAl3
15-25 cN - cof Al4
15-26 CN -~ Ar*(m) Al3
15-27 CN - Ar¥(r) Al3
15-28 CN - Ar2+ Als
16-16 He - He A34,A4 51,57
16-17 He - C Al3
16-18 e - ct Ala
16-19 He - He' A35 53,57
16-20 He - ArT Al4
16-21 He - He(3S) A33 51,57



TABLE XVII (Cont'd)

Species Species Notes Computation

Indices Names Steps

16-22 He - He (1s) A33 51,57

16-23 He - He2+ a33 53

le6-24 He - He Al3

16-25 He - cot al4

16-26 He — Ar*(m) al3

16-27 He - Ar*(r) aAl3

16-28 He - Ar," Al4

17-17 c-cC aAl8,A21,24 5,6,60

17-18 c -ct A32 59,60

17-19 c - Het Al4

17-20 c - art al4

17-21 Cc - He(3s) al3

17-22 ¢ - He(ls) A13

17-23 C - He,* Al4

17-24 C - He al3

17-25 c - co? aAl4

17-26 C - Ar*(m) Al3

17-27 C - Ar*(r) Al3

17-28 C - Ar.*t Al4d

18-18 ct - cf Al

18-19 ct - Het Al

18-20 ct - aArt al

18-21 ct - He(3s) al4

18-22 ct - He(ls) Al4

18-23 ct - He2+ Al

18-24 ct - He al4

18-25 ¢t - cof Al

18-26 ct - Ar¥(m) Al4d

18-27 ct - Ar*(r) Al4

18-28 ct - Ar,t Al

19-~19 Het - Het Al

19-20 Het - art Al

19-21 He' - He(3s) A33 53,57

19-22 Het - He(ls) A33 53,58

19-23 Hel! - He2+ Al

19-24 He -~ He A33 53

19-25 net - cof al

19-26 Het - Ar*(m) Al4

19-27 Het - Ar*(r) Al4

19~28 net - ar,? Al
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TABLE XVII (Cont‘'d)

Species Species Notes Computation

Indices Names Steps
20-20 art - art Al
20-21 art - He(3s) Al4
20-22 Art - me(ls) Al4
20~-23 Art - He,t al
20-24 art - He ald
20-25 Art - cog al
20-26 Art — Ar*(m) Al4
20-27 art - Ar*(r) al4
20-28 Art - ar,t Al
21~-21 He (3s) - He(3s) A33 51,58
21-22 He(3s) - He(ls) A33 51,58
21-23 He (35) - He,* A33 54
21-24 He(3s) - He Al3
21-25 ie(3s) - cot al4
21-26 He(3S) - Ar*(m) al3
21-27 He(3S) - Ar*(r) al3
21-28 He (3s) - ar,* Al4
22-22 He(ls) - He(ls) A33 52,58
22-23 He(ls) - He,?t A33 54
22~24 He (1s) - He2 al3
22-25 He(ls) - co Al4
22-26 He (1S) - Ar*(m) Al3
2227 He(*s) - Ar*(r) Al3
22-28 He(ls) - ar,* Al4
23-23 He, — He,t Al
23-24 He2+ - Heg A33 54
23-25 He,™ - €O Al
23-26 He,t = Ar*(m) Al4
23-27 He,t ~ Ar*(r) Al4d
23-28 Heyt - ar,* Al
24-24 Hey - Heg A3 52
24-25 Hey - CO Al4
24=26 Hey = Ar¥*(m) Al3
24~27 He, - Ar¥(r) Al3
24-28 He, =- Ar,t Al4
25-25 co¥ - cot Al
25-26 cot - Ar* (m) Al4d
25-27 cot - Ar*(r) Al4
25-28 cot - Ar,t Al
26~-26 Ar* (m) - Ar*(m) Al5 1,62
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TABLE XVII (Cont'd)

Species Species Notes Computation
Indiccs Names Steps
26-27 Ar* (m) - Ar*(r) Al3
26-28 Ar*(m) - Ar,* Al4
27-27 Ar* (r) -Ar*%r) Als 1,62
27-28 Ar*(r) - Ar_.*t Al4
+ +2
28-28 Ar," - Ar, Al

Notes to Table XVII

Al. Default option;uses effective Coulomb cross sections cal-
culated from equations (100) of Volume I (ref. 1).
A2, Reference 22,
A3, Reference 23.
A4, The self-diffusion coefficient for atoms is set equal to
the atom-ion charge exchange cross section in calcula ting
| the internal thermal conductivity, in order to account ap-
! proximately for the effects of resonant excitacion energy
exchange (see ref, 22).
A5, Effective cross sections are used, based on curvefit to
mobility data.
A6. Refe cence 24.
A7. Referencas 25, 26, 27.
A8. Referen:e 28.
A9. Reference 29,
AlO0., For electron-carbon atom collisions, we assume a constant
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collision cross soction 701, 1) = w(2,2) - 5 ¢ 10716
cm2, in analogy to the case of e-N. This valuc appcars to be
consistent with available thecoretical cstimates (sce ref. 30).



All, The collision cross scctions for CN have arbitrarily been set
! equal to the corresponding cross sections for NO,

Al2, Curvefit to data of reference 31.

Al13. Default option; cross sections calculated from the empir-
ical mixing rule, equation (17).

Al4. Default option; cross sections arbitrarily set equal to
the estimated values for N - Ot collisions. See equation
(23).

Al5. Cross sections of excited argon arbitrarily assumed equal
to those for the ground state atoms.

Al6. Curvefit to data of reference 32.

Al7. Reference 33.

Al8. Cross sections estimated from an approximate perfect pair-
ing calculation, with the parameters determined from avail-
able spectroscopic data and kv =analogy w th the oxygen and
nitrogen results (refs. 34-37).

Al19. Reference 38.

A20. Reference 39.

A2l. References 40, 41,

A22. Cross sections obtained by fitting experimental transport
property data below about 1000°K and extrapolating to higher
temperatures assuming the same temperature dependence as
for N,-N collisions.,

2

A23. Reference 42,

A24. Refcrences 43, 44,

A25, Reference 45.

A26. Reference 46.

A27. Reference 47.
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A28. Reference 48,

A29. Mean of CO-N, and CO-O, cross sections.
A30. Mean of CO,-N, and CO,-0, cross sections,
A3l. Mean of CO-CO and C0,-CO, cross sections.,

a32. For c-ct collisions, the charge exchange cross section is
arbitrarily set equal to the N-N' cross section, while the
gas kinetic cross section is set equal to the N-0T value.

A33. Cross sections of excited He arbitrarily assumed equal to
those for ground-state He.

A34., Refercnce 49,

A35., Reference 50.

The precoded data for NNKQ, NNQ, IIm, JJIJm, VVm, and ISEQ
can all be rcad or inferred from the cross section edit, figure
16. The steps are performed in the order listed. The first col-
umn in figure 16 is a counter for the steps in this order. The
second columu gives the values of the sequencing array, ISEQ.

For the precoded data, ISEQ(L)=L. The third column gives the
values of the option index, KKQ. The columns headed V(1),...,
VV(5) list the parameter values for each step. Finally, the last
column gives the pairs of species to which the step is applied.
In somec cases (e.g., steps 51 and 52), a step is repeated to cir-
cumvent the limit of five species pairs per step.

Table XVIII summarizes the precoded contents of the TL,
PMEGAL, ASTAR, and BSTAR arrays. In the many cases in which
“cross secction table" is entered under "Remarks" the data are
tabulated cross sections for use with the option KKQ=5. In these
cases, the TL, @MEGAL, ASTAR, and BSTAR arrays contain data as
specified above in the discussion of this option. For the indi-
ces 996-999 containing data for the power law interaction (KKQ=6),
no data arc stored in TL, aud the data in the other arrays are as
specified in equations (14).
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4.7 Nozzle and Channel Geometries

The geometric profiles for ten standard NASA Johnson Space
Center nozzles and two rectangular channels are compiled into
NATA. These data are indexed as explained in the definitions of
NOZZLE and NPR@ZFL in Section 2.3 (Group 4). NATA users at other
laboratories can advantageously replace these data with geometric
descriptions applicable to their own facilities.

The geometry of an axisymmetric nozzle is defined by a single
profile. That of a rectangular channel requires two profiles for
its description. As explained in Section 4.3 of Volume I (ref. 1),
each profile is represented by an analytical curvefit containing
up to 12 sections. The sections are joined end to erd with value
and slope continuity. At least two sections must be upstream of
the throat, and at least two must lie donwstream. The throat
must be a section boundary. Each section in a profile fit may have
one of three forms:

(1) Straight Line (ISHAPE = 1)

y\X) = Py + Py x (24a)

(2) Circular Arc Convex Downward (ISHAPE = 2)

y(x) = Py - P32 - (x--P2)2 (24Db)

(3) circular Arc Convev Upward (ISHAPE = 3)

y(x) = 2y + | 3% - (x-p,)° (24¢)

In the sccond and third forms, P3 is the radius of the circular
arc and (Po, Pl) are the x and y coordinates, respcctively, of
the circle center. The geometric summary in figure 4 gives an
illustration of a NATA profile curvefit. The inlet position
listed is the starting point Zor boundery layer calculations.
The column hecaded "ATPI(J)" contains the downstream boundarics
of the sections. The paramcters P,, Ps, P4 arc listed as
PARAM(L1,J), PARAM(2,J), DPARAM(3,J), recspectively
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The precoded profile data are stored in an array ZPRP(I,NOZZLE),
dimensioned (64,20). The dimensions allow as many as 20 compiled=in
profiles. For convenience in adding to or altering the precoded
data, ZPRP is equivalenced to 20 singly dimensioned arrays (2ZP1(I),
Zp2(I), etc., as follows:

zZP1(1) equivalent to ZPRP(1L,1)

ZP20(1) equivalent to ZPRP(1, 20)

Thus, ZPl contains the precoded data for N@ZZLE = 1, ZP2 those for
N@ZZLE = 2, and so forth. The data in each ZPn array are as fol-
lows:

Array Element Definition
ZPn (1) Throat radius (cm)
ZPn(2) Starting point for boundary leyer calculations

(negative value in cm upstream of the throat).

ZPn(3) Number of profile sections upstream of the
throat.*

ZPn (4) Number of profile sections downstream of the
taroat.*

ZEn(4+1I) For I = 1 to 12, ISHAPE value for the Ith pro-

file section.*

SPn(16+1I) For I = 1 to 11, the downstrcam boundary of
the Ith profile scction in centimeters from
the throat (negative 1 ~stream).

*These intcger data are storad as real values, increascd by 0.1
in each cusc to ensurc reliable rounding down to the original
integer vualucs when the data are used.

~-166-

R ko as St g ORI Y i A a . v e



Array Element Definition

ZPn (24+3I+K) For K= 1 to 3 and T = 1 to 12, the Kth par-
emeter value P, (see egs. 24) for the Ith
profile section. The parameters having length
dimension are given in centimeters,

ZPn(G4) Facility name (Hollerith data)

The precoded data for standard channels are stored in an
array CP(I,ICHAN), dimensioned (5,5). CP is equivalenced to five
singly dimensioned arrays, CP1(I), CP2(I),..., CP5(I). each of
which contains or can contain the data for a channel, For example,
CP1(I) contains the data for ICHA. = 1. The contents of these
arrays are defined as follows:

Array Element Definiticn
CPn(1l) NPR@GFL(1l), the index specifying the precoded

data for the first profile of the channel;
these data are stored in ZPRP(I,NER@FL{l))
for I = 1 to 64.

cPn(2) NPR@FL{2), the inde» specifying the precoded
data for the second profile of the channel.

cpPn(3) Channel name (Pollerith data).

CPn(4) Index (). or 2) specifying ths profile which

civerges from the axis least rapidly downstream
of the throat (corresponds to NBL in Section
2.3, Group 4).

cpn(5) Facility ncine (Hollerith data).
NATA includes prccoded data for two channels, as indicated in the
definition of ICHAN in Section 2.3 (Group 4).

Figurcs 47 to 59 orc plols showing lhe throat rcgious of all
of the precoded profiles. Each of these figurcs shows a 15.24-cm

(6-inch) long portion of a profile. The profile actually continucs
indefinitely far to the right and left of the figure boundarics;
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FIGURE 47 - PROFILE FOR DCA 1.90-cm THROAT (N@ZZLE=1)
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FIGURE 48 - PROFILE FOR DCA 3.8l-cm TIIROAT (N@ZzZr.11=2)
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FIGURE 49 - PROFILE FOR MRA 5.72-cm THROAT (N@ZZLE=3)

MRA 2.25-INCH NOZZLE
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FIGURE 50 - PROFILE FOR MRA 2,54-cm THROAT (N@ZzZLE=4)
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. EOS 0.32-INCH THROAT

FIGURE 51 - PROFILE FOR EOS 0.8l-cm THROAT (NZZZLE=5)
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FIGURE 52 - PROFILE FOR EOS 1.97-cm THROAT (N@ZZLE=6)
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FIGURE 53 - PROFILE FOR MRA 1.90-cm TIROAT (NgZZLE=7)
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FIGURE 55 -~ PROFILE FOR 10 MW 5,72-cm THROAT (N@ZZLE=9)
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FIGURE 56 - PROFILE FOR EOS 2,77-cm THROAT
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FIGURE 57 - FIRST PROFILE FOR T1l2 AND T22 CHANNELS (NPR@FL=11l)
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FIGURE 58 ~ SECOND PRCFIL.. FOR T12 CHANNEL (NPR@FL=12)

. DCA T12 CHANNEL. PROFILE 2
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FIGURE 59 - SECOND PROFILE FOR T22 CHANNEL (NPREFL=13)

, OCA T22 CHANNEL., PROFILE 2
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the program uscs as much of the nathematically defined profile
as it nceds in cach problem. The plots shown in Ifigurces 47=859
were produced by the NOZFIT code, an auxiliary computer program
for setting up NATA~-typc profile curvefits from data provided by
1.0zzle design drawings. A user's manual for NOZFIT is included
in the presont report (Appendix D).

The profiles as used in NATA, and as shown in the figures,
differ in scvoral respects from the profiles of the actual noz-
zle hardware:

(1) The NATA profiles cxpand conically to the left
(in the upstream dircction), while the actual
nozzles have finite-diameter plenum or arc-
chamber radii.

\2) Sharp corners in the actual nozzle profiles arc
rounded in the NATA fits, to provide continuity of
the proiile slope (dy/dx) as required by the code.
A standard 0.127 cm (50-mil) rcunding radius is
used, except in cases where a larger radius * s
proved nccessary for code reliability.

(3) In the fits for many oi the nozzles, scctions of
constant radius ncar tlie throat ore represented
as conical, usually with a 3° convergence half
angle. This is done to avoid instabilities in
the nonequilibrium solution (Section 4.3, Volume
I).

~-181~

R N s s SO g e W TYCTOLC BT S s P i e e e e , - - - B T S



APPENDIX A

REACTION DATA FOR THE HELIUM AND ARGON MODELS

This appendix documents the reaction systen: and the elec-
tronic nenequilibrium parametcers assumed in the standard gas
models for helium (IGAS = 4) and argon (1GAL = 3). in addition
to chemical nonequilibrium these mod2ls include effects of ncn-
equilibrium cxcitation of the gases by treating ecach of the im-
portant excitoed states as a separate species., Approximate reac—
tion paramcters for the important reactions amcing these states
are then obtained from a <urvey of the available literature,

The spccics and parameter values used in the models arc
given in Tables XIX, XX, XXi, and XXII., The reasons for choirco
of the tabulated valres arc discussed below,

A.1l Helium Model

Elastic collisions == The simplest type of collision process
occurring ina gas is the elastic collision in which kinetic en-
ergy is transierred from cne particle to another without any
change in <he internal structure or excitation of the particles.
Althouch such collisions ok iously do not contribute to the cpec-
ies production term raoin cquation (32ia) of Volume I, the kinect-
ic energy transferred between clections and heavy particles n
elastic collisions can bec important in detce iining the net cacray
gain torm qe for the eleceron gas. Under the aosumption that the
elcctrons and hcavy particles have Maxwellian v. locity distribu-
tions corresponding to the temperatuces T, and °, respectively,
it can be shown (ref. 51) that the contribution to the clectron
energy gain term G ia cquation (321lc) (Volume I) duc to clastic

‘e
collisions is given to a very good approximation by th:2 formula¥®
n N_ . q..
éelas = E: éj,clas Ji.clas (25)

#It iu agsumed in ecaation (25) ond throughout this Appendin that
the species j - 1 re rescents the crectrons.,
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where the sum extends over all heavy particles j present in the
gas,

e, = (2Wy/W;) 2 R, (T - T,) (26)
j.elas 37 2 0 e

represents the mean energy gained by the electrons in Ng elastic
collisions with particles of the jth species and

Nej,elas = Nevej = NOkeJ elas (/J ')’e) ( /973-) {(27)

represents the number of elastic collisions occurring between
electrons and particles of the jth species per unit volume per
unit time. Here

is the number of particles of the jth species per unit volume,
1é]==njk ej, elas/Nois the momentum transfer collision frequency
fof elastic¢ collisions between electrons and particles of the
jth species, and the reaction rate Kej,elas is given by

4 [8RoTe _ (1,1)
kej,elas/N0== E'V/l‘;;jﬁ“‘ er (29)
e
where
oo
-ej(l,l);__- 1 w2 e~W/kTg crejm(w)dw (30)
2(kt,)3 0

is the Maxwell~-averaged momentum transfer cross section for elas-
tic collisions between clectrons and particles of species j at the
temperature T, and O m(w) is the actual momentum transfer cross
section as a functlon ©df electron energy w.

The integral in equation (30) has been evaluated approximately
for electron~ion collisions in reference 51 to obtain
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-5 (l,l) . . m e4 ln[ (kTe)3 ]

eJ C 4 kT.) 2 6
( e Trnee (31)
2.193 x 1076 6.821 x 107 Te’ 2 :
= In ( ) cm for ions
T 2 Nea

e

in the limit when the logarithm in (31) is much greater than 1,
where T, is in OK and ng in cm™3. This approximation should be
adequate for most cases of interest in the present study.

To obtain the cross section Bé?'l) for ground-state helium
atoms, we have evaluated the integ%al in (30) numerically using
literature data on the electroun-helium momentum transfer cross
section <12_He(w) as a function of electron energy. Below an
electron energy of 5 ev, we have used the recent experimental mea-
surements of Crompton, Elford, and Robertson (ref. 52), who give
values of the electron-helium momentum transfer cross section

<r“t - in the energy range from 0.008 ev to 6 ev with an esti-
mated experimental error of about 2 percent. Since accurate ex=-
perimental data on the momentum transfer cross secticn are not
presently available for electron energies above 6 ev,we have ob-
tained the cross sections in this range by integrating the theo-
retical differential scattering cross sections of LaBahn and Call-
away (ref, 53) over the scattering angle. On the basis of compari-
»ons with experimental data at both low and high (> 100 ev) ener-
gies, LaBahn and Callaway estimate that their cross sections should

e accurate to within about 5% in this energy range.

Figure 60 shows the electron-helium momentum transfer cross
sections obtained from the data of Crompton, Elford, and Robert-
son (ref., 52) and from LaBahn and Callaway (ref. 53) as a function
of electron energy. The results of these two studies are in good
agreement for elcctron energices near the upper limit of Crompton's
measurements at 5 ev., For the present calculations, we have adopted
the cross section values of Crompton, Elford, and Robertson below
5 ev and those of LaBahn and Callaway above 5 ev, as shown by the
solid curve in figure 60. Using this adopted cross section, the
integral in equation (30) was evaluated numerically to obtain the
Maxwell-averaged electron-helium cross section ae_ﬁe shown in
figure 61 as a function of electron temperaturc. Since numerical
errors in the integration process should be negligible, the ac-
curacy of the averaged cross section shown in figurc 61 is
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determined by the accuracy of the original cross section data
used in the computations, and shculd be within the 2 percent ex-
perimental crror of Crompton's measurements over most of the tem=-
perature range from 200 to 50,000°K shown in the figure.

Sufficient data to determine accurate elastic collision cross
sections for other neutral helium species (i.e., molecules or
excited atoms) do not appear to be available at present, and in
our calculations we have simply taken the elastic cross sections
for such species equal to the cross section for ground-state hel-
ium atoms shown in figure 61l. Although not accurate in detail,
this approximation should have a negligible effect on the final
results of the calculations, since, for excited species, the energy
transfer due to inelastic processes should almost always be much
greater than the elastic losses. Thus whenever the concentration
of excited species in the gas bhz2comes large enough to significantly
affect the average collision cross section for the gas in equa-
tions (25) to (30), the elastic energy loss term (25) will itself
become negligible compared to inelastic loss processes in deter-
mining the overall energy kalance for the electron gas.

In addition to the energy transferred to the heavy particles,
elastic collisions also result in some energy loss from the elec-
trons due to free-free radiative processes (bremstrahlung). In
the present model these losses are includeu as part of the general
collisional-radiative mechanism discussed below, sothat a sepa-
rate radiative loss term to account for them is not required in
our treatment of elastic collisions. For the usual experimental
situation in which the electron thermal energy is small compared
to the recombination energy, free-free raciation processes account
for only a small part of the total radiative loss from the gas
(ref, 54).

Collisional~radiative recombination.- It now appcars to be
well established that the recombination of atomic ions in a hel-
ium plasma occurs primarily by the collisional-radiative process
suggested by Bates, Kingston, and McWhirter (ref. 55), in which
electrons recombine first into highly excited atomic states and
are then stabilized by collisional and radiative transitions to
lower states, Detailed calculations of the electronic recombina-
tion rates for this mechanism were carriced out by Bates, Kingston,
and McWhirter under thc assumption that atomic excitation accounts
for a negligible fraction of the total gas cnergy, and using approx-
imate theorctical vrlues for the required collisinnal excitation and
de-cxcitation cross scctions between excited atoms ana electrons.

INAT
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This calculation was later extended by Bates and Khare (ref. 56)
to account for the stabilization of excited atcms by collisions
with ground state neutral atoms, and by Bates, Bell, and Kingston
(ref. 57) to obtain a mare accurate determination of the popula-~
tion of atoms in metastable excited states. More recently, the
original calculations of Bates, Kingston, and McWhirter have been
repeated by Johnson and Hinnov (ref. 58) over a limited range of
gas conditions using excitation cross sectiors adjusted to fit
their experimental spectroscopic data on the population of excited
state atoms in helium. The results of these calculations have
been found to be in reasonably satisfactory agrecment with avail-
able experimental data on the recombination of electrons in helium
(refs. 58-60), within the accuracy of the rather large uncertain-
ties presently existing both in the experimental data and in the
cross sections assumed in the theoretical calculations. Although
these uncertainties have as yet precluded a detailed quantitative
test of the accuracy of the theoretical predictions, the basic
correctness of the collisional~radiative model appears to be well
substantiated by the general agreement between theory and experi-
ment which has been obtained.

Althcugh the collisicnal-radiative model of Bates, Kingston
and McWhirter appears to he the most accurate theory presently
available for treating the recombination of atomic ions in helium,
there are several dJdisaA'rantages to the direct use of this model in
the NATA code., First, of course, the model requires rather lengthy
numerical calculations to determine the electron recombination
rate for any given set of gas conditions, so that direct use of
this model in a nonequilibrium flow program such as the NATA code,
in which reaction rates must be determined at many points, would
lead to excessively long execution times for the code. Further,
the collisional radiative model requires input data on a large
number of excited state excitation and de~e:xcitation cross sec-
tions which appear to be known less accuratcly at present (ref.
58) than are the overall eclectronic recombination rates (ref. 59).
Thus, to obtain accurate results for the recombination rate from
the model, it would probably be necessary to carry out a parametric
study similar to that of Johnson and Hinnov (ref. 59) in which the
excited state cross sections were adjusted to obtain the best fit
between the theoretical predictions and available experimental
data, and these adjusted cross sections were then used in the the-
oretical model to predict the electronic recombination rate as a
function of gas conditions. Such a study would go beyond the scope
of the present effort; and furthermore, since sufficient data are
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not presently available to uniquely determine the large number of
adjustable cross sections in the model, the final accuracy which
could be obtained in the recombination rates by this approach is
somewhat uncertain, For the present study we have, therefore,
adopted a simpler and less ambitious approach in which the elec-
tronic recombination rates calculated by Bates,Kingston, and
McWhirter are curvefitted as a function of electron tempecrature
and number density by a simple analytic fomula and the parameters
in this curvefit are then adjusted to give recombination ratecs in
agreement with experiment. Following Bowen and Park (ref. 19), we
have taken this curvefit to be of the form

- -
ke = a1Te  'ng + a,Tg” 2 _ (32)

where the aj; and &; are adjustable constcnts. This form has the
correct theorectical dependence on electron density in the limits
of high and low electron densities and, with the proper choice of
constants, can be made to fit the calculations of Bates, Kingston,
and McWhirter (ref. 55) at intermediate electron densities within
about a factor of three over the entire range of conditions cov-
ered in their calculations (i.e,, for electron temperatures from
250 to 64000°K and electron number densities from 108 to 1018/cm3).
Although a more accurate approximation could no doubt be obtained, we
feel that the accuracy of equation (32) is probably consistent with
the accuracy of the other approximations made in the model,and should
be adequate to give a good prediction of the overall heat balance and
flow parameters for the arc tunnel. Details of the eclectron number .nd
excited state distributions in the flow may be less accurately given,
however.*

The recombination of electrons ..n helium plasmas has been
extensively studied experimentally (ref. 60). The status of
these experimental studies has been summarized recently by Col-
lins, et.al. (ref, 60). Initially, many of the experiments ap-
pcared to give discordant results, apparently because of uncer-~
tainties as to the exact ion involvaed in the rccombination process

*Note, however, that because of the steep dependence of the rccom-
bination coefficient on clectron number density and temperature,
the error in these param=ters at any point in the flow resulting
from the curvefit (32) will be much less than the error in ihe
curvefit itself (ref, 61).
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and in the electron temperature, However, in the more recent
experiments, in which care has been taken to identify the ex-
perimental parameters more exactly, a more consistent picture

of the recombination process has begun to emerge, although some
points still remain unclear. For the present study, we have
adopted the recombination coefficient for electrons and atomic
helium ions at high electron densities which has been recommended
by Collins, et, al. (ref. 60) on the basis of a fit to their own
experimental data and earlier data in which the ions involved
appeared to be clearly identified {(ref. 59)., This yields for the
high density portion of the curvefit (32),

kep = 7.1 x 10720 (7_/300%%) "**3 n, cn/sec (33)

for the recombination of electrons and atomic Het ions.

In the low electron density region, electronic recombinaticn
rates are controlled by the direct radiative recombination of
electrons and positive ions, as discussed in detail, for example,
by Bates & Dalgarno (ref., 62). A fit to the theoretical calcula-
tions of Burgess and Seaton (ref. 63) gives the recombination rates
for He' ions in this region as follows:

-0.85

ke = 6.3 x 10714 (1,/10% ©K) cn/sec (34a)

for recombination into excited singlet states of the He atom,

oy =0-81

ke = 2,10 x 10713 (1 /10% em®/sec (34b)

for recombination into excited triplet states of the He atom, and

-0.4
) 7

ke = 1.59 x 10713 (r./10% %k cm®/sec (34c)

for direct radiative recombination into the ground state He atom.

To determine the remaining parameters reqvired for the re-
combination of electrons and Het ions in our reaction rate model
(equations (320) and (321) in Vol. I), it is necessary to specify
the specics formed in the recombination reaction and the fraction
of the recombination encrgy going into the electron gas and into

~19%~



radiation. Although recombination wccurs initially into highly
excited atomic states, Bates et. al (ref. 55) have shown that the
net change in population of these states is negligible under condi-
tions for which the collisional-radiative model is applicable, so
that the state of the plasma can be described (ompletely over times
of interest for macroscopic flow problems by giving simply the net
rates of recombination into the ground state helium atom and the
two metastable . excited states He (ls2s 38) and He (1ls2s lg).
Further, it has been pointed out by Bates, Bell, ind Kingston (ref.
57) that, under optically thick conditions, praciically all recom-
bining clectrons in a helium plasma will pass through one of the
metastable excited states before reaching the ground state, so that
it is not necessary to consider recombination directly into the
ground state. This follows because the cross sections for colli-
sional de-excitation directly into the ground-state are much smal-
ler than those for de~excitation into one of the metastable states
when the electron energy is of the order of a few electron volts

or less, while direct radiative transitions to the ground state

are not effective in de-exciting the gas when the plasma is opti-
cally thick, since the emitted radiation is re-absorbed by ground
state atoms to produce new excitation before it can lecve the plas-
ma.

For helium plasmas at temperatures of the order of a few cv or
less,the mean free path for the line radiation emitted by radiative
transitions to the ground state is of the order of 1014/ng em at the
line centex®*, where ng is the number of ground statc atoms per cm3,
Thus, for the conditions of int~rest in the NATA code, essentially all
of this radiation will be rc=absorbed bhefore it can escape from the
plasma, Accordingly,t¢ : gas will be optically thick to this radiation
and direct radiative transitions from excited atoms to tue ground state
may be neglected to a good approximation in the code.

The situation is less clear for the continuum radiation which
results from direct radiative recombiration of free electrons into
the ground state according to the process indicated in cquataion
(34c). For this radiation the mean free path is about 1.6 x 1017/n0
cm**, so that, for csample for helium at 20,0000K and atmospheric
pressurc the mcan frece path would be about 0.5 cm. This is some-
what smaller than typical nozzle dimensions, so that undcr these

*This cstimate assunes Doppler broadening of the line profiles;
this should be valid under the conditions of intcrest except. for
very high excited states,

**Calculated from (34c), using detailed balance,

=1)5~



conditions one might expect that the larger part of the continuum
radiation (34c) would be re-absorbed and re-ionize the gas, but a
significant fraction, especially near the edges of the nozzle,
would escape. As the gas expanded down the nozzle, the ratio of
the radiative mean free path to the nozzle dimensions would in-
crease, so that eventually a point would be reached at wihich most
of the continuum radiation (34c) escaped. For higher initial
pressures or lower initial temperatures, on the other hand, the
mean free path of the radiation would be decreased, so that under
some conditions ic might be a good approximation to treat the flow
as optically thick to the continuum radiation (34c) over the mejor
portion of its expansion.

Although the helium kinetic model developed in this appendix
does not contain any provisions for treating radiative re-absorption
in the gas explicitly, one can allow approximately for this effect
by adjusting the radiative recombination rate for the process (34c)
so as to match the net radiative recombination expected in the flow
as well as possible. For this purpose it is probably most impor-
tant to match the net recombination rate in the high temperature
region néar the nozzle entrance, since the importance of radiative
recombination is expected to decrease as the flow expands (see
equations (33) and (34)), and tec become negligible far downstream.
In many cases it should be an adequate approximation to assume that
the flow is optically thick to the recombination radiation (34c)
in the nozzle entrance region, so that direct radiative recombina-
tion to the ground state according to the process (34c) may be
neglectad in the calculations; however, if this approximation is
not adequate for a particular case a better estimate ray be made
on the basis of eq. (34c) and the particular nozzle geometry.

The reaction rate parameters given in Table XX for thec recoin-
“.ination of electrons and atomic He' ions are derived from equa-
tions (32) thrcugh (34) on the assumption that the gas is opti-
cally thick to all radiation arising from transitions to the He atom
ground state, so that essentially all recombinations will procduce
a metastablc helium atom in cither the 2sls or 2s3s state. Since
divect information as to the relative numbers of electrons recom-
bining into cach of the two metastable states does not appear to
be available at present for the higher electron densities, we
have assumed that the two states will be populated in proportion
to their statistical weights (ref. 59), i.e., 3/4 of the recom-
binations (33) will iead to atoms in the 35 metastable state and
1/4 to atoms in the °S state. For the lower electron densities,
the number of clectrons recombining into either of the two

ORIGINAL paGy, 19
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mctastable states is, of course, given directly by (34a) and (34b).

For non-opticallythick conditions, a term based on equation (34c)
may also be included in the model, as discussed above, to account
for radiative recombinations directly into the ground state,

In addition to the rates for collisional-radiative recombi=-
nation discussed above, Bates, Kingston, and McWhirter (ref. 55)

have also calculated rates for the reverse process of "collisional-

radiative ionization" from their model., At the higher electron

densities, their results show that the collisional-radiative ioni-
zation rate is given to a good approximation by applying detailed
balance arguments based on the electron temperature to the calcu-

lated overall collisional-radiative recombination rate, as indicated

in Table XX; however, at the lower electron densities the ioni-
zation rates calculated from the collisional-radiative model may
fall significantly below the values predicted from these simple
detailed balance arguments. We have not attempted to fit the
calculated ionization rate data in the present model, however,
since for an ionized gas flow expanding through a nozzle, ioniza-
tion will generally be negligible compaiced to recombination in the
region where the detailed balance estimates of the ionization rate
become inadequate. This would not be true, however, for cases
such as the ionization of a gas behind a shock wave in which addi-
tional ionization is being produced in an initially cold gas, so
that the reaction parameters given in Table XX would need to be
revised to treat such cases.

According to the collisional-radiative model, all of the re-
combination energy of an electron-ion pair is transiferred either
into kinetic energy of the electrons or into radiation. For the
lower electron densities, collisional processes are unimportant
so that the entire recombination energy of the atom, together with
the initial kinetic energy of the electron, will be emitted as
radiation, as indicated ror reactions 3 to 5 in Table XX. For
higher electron densities there is a close coupling between col-
lisional and radiative de-excitation processes so that the exact
fraction of the recombination energy which will be emitted as
radiation can only be {>termined from a complete solution of the
collisional-radiative equations as formulated by Bates, Kingston,
and McWiirter. However, as a rough approximation, experimental
data indicate that the total radiant emission from a helium plas-
ma at high electron densities does not differ from the predictions
of the low density formula by more than about a factor of two over
the range of conditions for which radiant emission makes a signi-
ficant contribution to the overall energy balance of the system.

~197-
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In the prescent model we have, therefore, used the low electron

density formula to calculate the madiation due to recombination

under all conditions and have assumed that the rest of the re-

conbination energy goes into the kinetic energy of the electron
gas, as indicated for reactions 1 and 2 in Table XX.

In addition to reactions 1 and 2 of Table XX in which the
collisional processes contributing to recombination are assumed
to be with an electron as the third body, Bates and Khare (ref.
56) have also predicted recombination rates for processes stabil-
ized by collisions with a ground-state helium atom. We have not
included such processes in the present model, however, since their
existence does not appear to be verified by the experimental data
(ref. 60).

De-excitation of metastable atoms.- Bates and Kingston (ref.
61) have pointed out the importance of the metastable atom popu-
lation in determining the overall electronic recombination rate
in a decaying helium plasma. This effect arises because, as we
have seen above, the net collisional-radiative recombination rate
is a strong function of electron temperature (see equation 33) |
and the metastables serve as an energy source for the electrons,
raising the electron temperature and thus impeding the recombina-
tion process. A proper treatment of the processes determining
the metastable population in the flow is thus important if one
wishes to cbtain an accurate prediction of electronic recombina-
tion rates in an expanding gas.

The processes which may lead to the destruction of metastable
atoms in a decaying helium plasma have been surveyed by Bates,
Bell, and Kingston (ref. 57). For the present one-dimensional flow
model we shall neglect the loss of metastables from the flow due
to diffusion and de-excitation at the walls. This should be a
good approximation in the region outside the boundary layer, where
the one-dimensional model is expected to be applicable. Further,
the de-excitation of metastables by direct radiative transitions
to the ground-state (two photon emission) is completely negligible
in helium for gas densities of interest in laboratory applications
(ref. 57). Thus, the rate at which metastable atoms are removed
from the flow will be determined entirely by collisional processes
in the present model.

Approximatec rate constants for several of the processes lead-
ing to the destruction of metastable atoms in a helium plasma have

-160 -
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been given by Bates, Bell, and Kingston (ref. 57) in their study
of metastable atom populations in a decaying plasma. For the con-
ditions of interest in the present study, it appears that the most
important metastable destruction process will ordinarily be the
de-excitation of metastable atoms by collisions with slow elec-—
trons, the excitation energy being transferred to the kinetic
energy of the electron. Bates, Bell, and Kingston have calcu-
lated the reaction rate for the de-excitation of a He(3S) meta-
stable atom by this process in the electron temperature range

from 250 to 4000°K, using a cross section obtained by detailed
balance from the measared He(3S) excitation cross section of Schulz
and Fox (ref. 64) and averaging over a Maxwellian distribution of
electron energies. The parameters given for this reaction in
Table XX (reaction no. 6) were obtained from a curvefit to their
calculations. Figure 62 compares this curvefit for the reaction
ﬁate with the original calculations of Bates, Bell, and Kingston
ref. 57).

Bates, Bell, and Kingston do not give the rate for de-
excitation of He(ls) metastable atoms to the ground-state; how-
ever, since the excitation cross section for the He (1s) meta-
stable state is about 1/3 that for the He(3S) state (refs. 65,
66), it appears, taking account of the differing multiplicities
of the two s tates, that the calculated rates given by Bates et,
al., (ref. 57) for He(3S) de-excitation should also be approxi-
mately applicable to He(lS), as we have assumed for reaction 7
in Table XX.

In addition to de-excitation to the ground state, electron
collisions with metastables can also produce transitions be-
tween the He(1lS) and He(3S) metastable states according to the
reaction scheme

He(ls) + € = He(38) + € + 0.796 ev (35)

Phel:s (ref. 67) has measured a reaction rate for this process

of 3.5 x 10”7 cm3/sec ot 3000K, corresponding to a reaction cross
section of 3 x 10714 em?, To estimate the tenmperature dependence
of the reaction rate, we make use of the work of Johnson and
Hinnov (ref. 58), who have cstimated a reaction cross scction of
about 10~15 cm? for the process (35) at electron temperatures of
the order of 10,000°K, based on their spectroscopic studies of
the population distribution of the helium excited states. Thus
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the reaction cross section is approximately proportional to
1/T, and the reaction rate to Tg™2, as shown in Table XX.

It may be noted that the reaction rate for process (35) is
two to three orders of magnitude greater than the rate for de-
excitation of metastable atoms to the ground-state by electron
collisions, so that us the electron density in the_gas decays
one may expect the relative populations of the He(ls) and He(3S)
metastable states to remain in approximate thermodynamic equi-
librium with each other at the electron temperature over a con-
siderable range of conditions.

When the density of metastable atoms in helium becomes com-
parable to the electron density, a significant number of meta-
stable atoms may also be removed from the gas by the Penning
ionization process

He (3s or lS) + He(3S or 1S)——»He + Het + e, (36)

in which two metastable atoms collide and the excitation energy
of one of them is transferred to ionize the other. This process
has also been considered by Bates, Bell, and Kingston (ref. 57)
who have shown that the reaction rate is given approximately by

kg = 6.7 x 1010 p1/6 cem3/sec (37)

when both metastable atoms are in the 3S state, where T is the
heavy-particle temperature in®K. Their analysis ma. also be
applied to collisions in which one or both of the metastahle
atoms is in the ls state by using the appropriate van der Waals
force constant for the interaction (ref. 68) and noting that the
spin conservation factor in the analysis of Bates, et. al. (ref.
57) is 1 instead of 4/9 when either of the colliding atoms is in
the s state. This procedure yields the reaction rate constants
given for the three Penning ionization processes (36) in Table
XX (reactions 9, 10, and 11l).

For fractional ionizations less than about 0.0l percent,
collisions with ground-state neutral atoms may also make a sig-
nificant contribution to the de-excitation of metastable atoms
in helium. In the case of the He(lS), collisionally induced
radiative transitions to the ground-state according to the
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reaction

He(ls) + He —> He + He + hv (38)

appear to be the primary de-excitation mechanism at low electron
densitics, where He denotes a helium atom in the ground elec-—
tronic state. The reaction rate for the process (38) has been
studied both experimentally and theoretically (ref. 69) and all
determinations appecar to be in reasonably satisfactory agreement
(i.e., within a factor of about 3 or 4). For the present model,
we have used an approximate curvefit to the theoretically calcu-
lated temperature dependence (ref. 69) with the value normalized
at 300°K to the reaction rate ks = 6 x 10-15 cm3/sec measured
by Phelps (ref. 67).

In the case of the He(3S) metastable atom, collisionally
induced radiative transitions to the ground state of the type
(38) arc forbidden by spin conservation, and the metastable
atom is removed from the gas at low electron densities grimarily
by conversion into the metastable molecular state Hej(a Z:r)
according to the three body rcaction (ref. 67)

+
He + He + He(3S) == He + He, (a3%) (39)

with the reaction encrgy presumably going primarily into trans-
lational and vibrational energy of the heavy particles. The
reaction rate for this process measured by Phelps at 300°K is
k= 2.5 x 10~34 cnb,/sec, so that the process should be negli-
gible except at quite high gas densities. The temperature de-
pendence of the reaction rate is unknown; however, it appears
unlikely that the rate would vary greatly with temperature over
the range of conditions for which the process (39) might be
important, and we have arbitrarily assumed a VT dependence in
Table XX.

Molecular species.- TFor pressures greater than about 1 mm
Hg and low temperatures, it has been observed that atomic Het
ions are rapidly converted into molecular ions. Although a num—~
ber of diffcrent molecular ions have heen observed (ref. 69)
only the ground-state diatomic ion H02+ will be considered in
the prescent note, since it is the ion which is formed initially
by Het attachment and appears to be the only molecular ion which
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could be present in significant concentrations under the rela-
tively hig: temperature conditions existing in an expanding
plasma jet. Tre thermochemical properties of the He,* ion now
appear to be frirly well established, and are given in Table XIX.
The He2+ dissoxiation encrgy had been rather uncertain until quite
recently, but tne latest experimental and theoretical results
(ref. 9) now appear to strongly support a value of 2.50 ev for
the electronic dissociation energy D, of the ground-state He2+
ion. Since tae energy differences between the various electronic
states of Hep &nd He2+ are accurately known from spectroscopic
data (refs. 9, 12) the use of the above value for the He,* dis-
sociation energy, together with the available spectroscopic data
(refs. 12, 70) serves to completely determine the thermochemical
properties of the Hey molecule and the He,' molecular ion. The
values of the lowest stable states of Hey and Hes™ are summar-
ized in Table XIX.

The principal process leading to the formation of He2+
molecular ions at pressures above about 1 torr appears to be
the three-body attachment reaction

He + He + Hé+;:: He2+ + He (40)

Several independent measurements (refs. 71-73) of the reaction
rate for this process have yielded values for the rate constant
which agree within about a factor of two at room temperature. The
temperature dependence of the rate constant is somewhat unclear,
with Beatty and Patterson (ref. 71) reporting a rate constant
which is approximately independent of temperature, while Niles
and Robertson (ref. 72) report a o1 dependence over the tem-
perature range from 77°K to 449°K; however, this difference is

p¢ 1waps not too sionificant in view of the rather limited tem-
p ctat: 2 range for which molecular ions may be expected to be
importn.t in the gas. For the present model, we have adopted
the reaction rate of Beatty and Patterson (ref. 71) for the pro-
cess (40), i.e.,

= 1.08 x 103 cm®/sec

a\:
independent of gas temperature.

The production of melecular ions by the associative ioniza-
tion (Hornbeck-Molnar) process

Ile* + He == Heot + e (41)
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has also been observed for cxcited He* atoms in 3p clectronic
statcs or above (ref. 74), but this reaction doecs not appear

to be a significant source of molecular ions under the conditions
existing in an expanding gas flow, and accordingly has not been
included in the present model.

The primary mechanism for the recombination of He,t mole-
cular ions again appears to be the collisional-radiative pro-
cess of Bates, Kingston, and McWhirter (ref. 55) in which elec-
trons are initially captured into highly excited molecular states
and are then subsequently stabilized by collisional and radiative
transitions to lower states. In spite of repeated experimental
studies, the dissociative recombination process

He,* + ¢ == He + He* (42)

has never been definitely observed in helium, and the reaction
rate for the process appears to be almost certainly much less
than 10-8 cm3/sec (ref. 75).*

The best data presently available for the He2+ recombination
rate appears to be that of Berlande, et. al. (ref. 77) who find
a rate constant of the form

ke =5 x 10010 4+ 2 x 10720 n, + 2 x 10727 n en’/sec

He
(42)

for He2+ reconbination at an electron tempecrature of 300°K.
Measurcments at higher electron temperaturcs (ref., 78) indi-
cate a temperature dependence at high electron densities similar
to that found for atomic llet ions (equation 33), so that it is
consistent with the available data to treat the recambination

of Heyt ions at the higher electron densities as a collisional-
radiative process with the rate constant

ke = 2 x 10720 (7,/300°)"4:3 n, cnd/sec , (44)

*This interpretation of the data has been reccently questioned
by Johnson and Gerardo (ref. 76), however.
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or about one fourth the rate constant found for atomic Het ions
under similar conditions (equation 33).

Since infoimation on the Zinal products of the recombination
process (44) is not available, it again appears reasonable to
assume that the singlet and triplet molecular states are popu-
lated according to their statistical weights. The triplet
states then presumably cascade down by+collisional and radiative
transitions to the metastable He,(a3Zl)) state at 17.937 ev
above the He atom ground-state (see Table XIX), while the singlet
states cascade down to the lowest singlet state of the He, mole-
cule, namely the unstable He, (X lS%;) ground-state, which then
immediately dissociates into two ground-state He ators. Since
all electronic states of the He, molecule have approximately the
same equilibrium internuclcar separation re (ref. 12), it seems
reasonable to assume that the He, (X Z:*) ground-state is formed
with an internuclear separation equal t® the separation rg =1.08 A
of the He2+ ground-state, corresponding to a potential energy of
about 2.31 ev (ref. 79). This potential energy is then converted
into kinetic energy of the dissociating helium atoms, while the
remainder of the recombination energy, egual to 22.190 - 2.31 =
19.88 ev per molecule, is converted into electronic kinetic en-
ergy and radiation by the collisional~radiative process. As with
the atomic recombination process, we have not attempted to dis-
tinguish between the energy going into electronic kinctic energy
and into radiation in the present note, but have simply assigned
arl cf the excess recombination energy to the electrons in Table
XX (reactions 15 and 16). Although we expect this to be a rea-
sonable approximation for cases in which the He2+ recombination
energy is important, this has not been definitely verified.

Since the first term in equation (43) appears to be much
too large for a simple radliative recombination process, it has
been tentatively ascribed (ref. 75) to the dissociative recom-
bination process (42), where He* may represent either a mecta-
stable 3S or S helium atom. In Table XX we have again assumed
that the singlet and triplet states are populated in accordance
with their statistical weights, and have taken the ratc constant
to be independent of temperature, although therc is some thcore-
tical cvidence to indicate that it may actually be an incrcasing
function of gas teomperaturc (ref. 80). Although the rate constant
for the process (42) is iy poorly known, it represents a minor
corroction to the calculated net reaction rate (43) under most
conditions of interest, and should thus not contribute apprecc-
iably to the overall uncertainty in the calculated gas conditions.
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The final te.m in the observed He,* recombination rate (43),
which is proportional tc the gas density,presumably represcnts
the effect of stabilizatior by collisions with ground-state He
atoms which was studied by Bates and Khare (ref. 56). Since
this term bccomes important c¢nly when the fraction of ionization
is of the order of 10~7 or less, we have not included it in the
reaction rate model given in Table XX.

To complete the present reaction rate model for helium,
approximatc rates for the destruction of the metastable He,
molecule are included as the final two recacgtions in Table XX.
Since the experimental studies of Collins (ref. 81) and Phelps
(refs. 67, 82) indicate that the processes

Hez(35_‘,) + e =2He + e ‘ (45)

and
He2(32) + He2(32) = 3He + He' + e (46)

for the destruction of metastable He2(3§:) molecules have the
same rates at room temperature, within the experimental error, as
do the corresponding processes for the He(3S) metastable atom,

we have, for lack of any better information, simply used the
reaction rates given previously for the He (38) reactions (reac-
tions 6 and 9 in Table XX) for the processes (45) and (46) as
well, The destruction of metastable molecules by collisions with
ground-state atoms appears to be negligible and is hence not in-
cluded in the present model; Phelps' data (ref. 67) indicate a
reaction rate for this process at least two orders of magnitude
smaller than for the corresponding process (39) for metastable

He (38) atoms.

Concluding remarks - Since we have introduced a number of
simplifying approximations in constructing the reaction rate
model for helium presented in Tables XIX and XX, and since,
moreover, several of the important reaction rates for helium
are still rather uncertain, especially at the higher tempera-
tures, it would now be desirable to verify the model by compar-
ing its predictions with experimental data over as wide a range
of conditions as possible, and, if necessary, adjust the rate
constants to obtain satisfactory agrecment with experiment. This
has not been possible within the scope of the present study, how-
cver; and accordingly the reaction rates given in Table XX shoald
be regarded as provisional until sudh time As a morce complete
verification of the model can be obtained.
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A.2 Argon Model

The nonequilibrium argon model used in NATA is basically
similar to the helium model described above, but with the para-
meters adjusted and a few minor modifications made to account
for the difference in physical properties between helium and
argon. Thus, much of the discussion given above for helium is
also applicable to argon, and only the differences between the
two gases need be noted here.

Although argon has been used extensively as a test gas in
laboratory studies for various aerodynamic and arc tunnel appli-
cations, the reaction mechanisms in recombining argon have appar-
ently not been studied in as much detail as they have for helium,
and in consequence, as will be indicated in more detail in the
discussion below, several of the important parameters in the
argon recombination model appear to be significantly uncertain
at the present time. Accordingly, the errors in the nonequili-
brium model calculations for argon may be expected to be larger
than for helium.

The species and parameter values for the nonequilibrium
argon model uscd in NATA are given in Tables XXI and XXII.

Elastic collisions.~ The electron energy loss due to elas-
tic collisions in argon is again calculated from equations (25)
to (30) with appropriate values of the momentum transfer cross
sections for argcn being used in equation (30). As in the case
of helium, the approximate Coulomb cross section (31l) is used
in equation (30) for all electron-ion collisions.

Data on the momentum transfer cross section between electrons
and ground-state argon atoms have been given by Frost and Phelps
(ref., 83) and by Golden (ref. 84). For the present model, we
have numerically intecgrated the data of Frost and Phelps over
electron energy as indicated in equation (30) to obtain the
Maxwell~averaged electron-argon atom cross section EQEA% shown
in figure 63 as a function of temperature. Usc of the data of
Golden in tuis computation would have given a noticeably lower
cross section in the neighborhood of the Ramsauwer minimum at
T = 1300°K; however, since the total cross section in this reg-
ion is so small for either calculation, the effect of such a
charge on the overall electron encrgy balance for the gas would
be negligible.
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As in the case of helium, we have uscd the calculated
electron-ground state argon atom cross section shown in figure 63
for all elastic collisions between clectrons and neutral argon
species, As an indication of thc error involved, figure 64 shows
the Maxwell-averaged cross section for collisions between clec-
trons and metas*-able argon atcm:s which we have estimrated from
the available cross section data (refs. 85 and 86). One sces
that the estimated metastable cross section is about two to
three orders of magnitude greater than the ground state cross
section over the temperature range of interest. Thus, the ap-
proximation emplored in the code of using the ground-state cross
sections for all neutral species should give an adequate repre-
sentation cof the elastic energy losses as long as the concentra-
tion ¢’ metastable species in the gas remains { 0.l percent. As
noted previously i our discussion of the helium model, the
elastic energy losses themselves become negligible at higher net-
astable concentrations, so that the error in the calculated elas-
tic energy losses at high metastable concentrations (2 1 percent)
should not significantly affect the overall accurecy of the model
predictions in this region.

Collisicnal~-radiative recombinations.-~ Data on electronic
recombination rates in argon have been reviewed recently by
Biberman, et. al. (ref. 87). Although the experimental uncer-
tainty s larger than for helium, the available data for argon
again appear to be generally consistent with the collisional-
radiative recombination mechanism suggested by Bates, Kingston,
and McWhirter (ref. 55). Accordingly, we have followed the ap-
proximate model of collisional-ra“iative recombination discussed
above for helium in the present treatment of argon recombination
also.

As with helium, we have attempted to représent the observed
recombination rate data for argon by a curvefit of the form (32).
For the higher electron densities, the observed recombination
rates for argon (refs. 88, 89) are found to agree with the hel-
ium data within the experimental scatter, so that the high den-
sity portion of the reaction rate curvefit for helium (equation
33) may also be used for argon.

At low electron densities, radiative recombination becomes
dominant and rccombination rates may be determined from available data
on the argon continuum radiation. From thesc data (refs. 90-92)
one finds that the total rate for radiative recombination into
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the excited states of the argon atom agrees with the correspond-
ing rate for helium within the experimental scatter, so that the
net reaction rate for recombination into an excited argon atom
at low electron densities becomes

ke = 2.73 x 10713 (T./104 °K)=0-81l cm3/sec (47)

For radiative recombination directly into the argon ground state
the data of Samson (ref. 93) give the recombination rate

ke = .00 x 10713 (1./10% °k)"0-5 cm3/sec (48)

which is somewhat lower than the corresponding rate (34c) for
heliun. - :

The data cited above indicate that the rates for electronic
recombination into excited atomic states are comparable in helium
and argon at both high and low electron densities.' At intermed-
iate electron densities, however, the data of Chen (ref. 94).
give a recombination rate in argon which is several times higher
than the corrcsponding helium rate and than the collisional-
radiative predictions, and about an order of magnitude higher than
the rate predicted from the simple curvefit (32) on the basis of
the high and low electron density data.* The reason fox this dis-

- crepancy is not clear. Chen suggests that the observed differ-

ences between helium and argon in his work may be due to differ-
ences in the electronic excitation and de~excitation cross sec-
tions for excited states in the two gases; however, this ¢. ‘lan~
ation does not appear to be consistent with the close agreement
between helium and argon recombination rates at high electron
densities which has been observed in other studies (refs. 88,89).
In view of this apparent inconsistency and the lack of other ex-

" perimental data to support the difference between helium and argon

recombination rates found by Chen, the present model uses a re-
combination rate based only on the high and low electron density
data given by equations (33), (47) and (48), and ignores the
data of Chen at intermediate densities. These data should be
borne in mind, however, as a possible indication of significant
uncertainty in the predicted recombination rates for argon.

Because of the closed electronic p-shell in the heavier rvare
gas atoms, the relationship among the low-lying excited states

*Remember that the curvefit (32) gives recombi nation rates sev-
cral times smaller than the correct collisional-radiative model
at intermediate electron densities,
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differs from that found in helium with the result that the decay
of excited states during collisional-radiative recombination in
argon follows a somewhat different pathway than that described
previously for helium. Table XXIII shows the four lowest lying
excited states of the argon atom, together with the three com-
monest designations by which they are referred to in the litera-
ture. All higher excited states of the atom can decay rapidly
into one of these four low-lying excited states, so that only the
populations of these four states need be followed in the colli-
sional-radiative model. Of the four states, the 3P2 and 3P0 are
metastable vhile the 3Pl and 1Pl can decay to the ground state
by emission of resonance radiation. The decay is slow, however,
because of the trapping of resonance radiation in the gas, and
the two resonance states “Pj and lPl thus behave somewhat like -
true metastable states under many conditions of interest.

Within the accuracy of the present mocdz2l it seemed unneces-—
ary to distinguish between all four of the low-lying excited states
in Table XXIII, and accordingly we have grouped the two metastable
states 3P2 and 3P0 into a single metastable state Ar* (m) and the
two resonant states, 3p. and Pl' into a single resonant state
Ar* (r), as indicated in Table XXi. Assuming that these states
are populated in proporticn to their statistical weights by the
recombination reactions (33) and (47) then leads to the reaction
rates for electronic recombination into excited states given for
reactions 1 through 4 in Table XXIXI. As in the case of helium,
we find that an adequate fit to the total visible and infrared
emission from the gas under all conditions (refs. 90-92) can be
obtained by assuming that all of the recombination energy goes
into the electron gas for the three-body recombinations 1 and 2
while all of the energy* goes into radiation for the two-body re-
combinations 3 and 4.

For radiative recombination directly into the argon atom
ground state, reabsorption of the emitted recambination radiation
by the gas can be effective in reducing the net recombination rate
even at moderately low gas densities. BAn estimate of this reduc-
tion can be made by dividing the low density recowbination rate

*It may be noted that in computing the electron thermal energy for
the reactions in Table XXII, we have taken account of the fact that
the reaction rate depends on electron energy,so that the mean energy
.0 the electrons participating in the reaction is nol the same as
tthe mean thermal cnergy 3/2 k Te of all the electrons in the gas.
Undcer most conditions of interest, however, this difference will not
be significant for the final results of the calculation.
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TABLE XXIII

LOW-LYING EXCITED STATES OF THE ARGON ATOM

Statistical
LS Paschen jl-Coupling | Energy Weight

Designation | Designation | Desiqnation (ev) a
o

as Jp, 1sg 4s[3/2], 11.545 5
3 o

4s °p, 1s, 4sl3/2], 11.620 3
3 o

4s P 1s, as'[1/2], 11.720 1
1 o

4s "Pj 1s, as'[1/2)] 11.825 3

(48) by the optical depth of the gas for the recombination radi-
ation
17

T=3.4x 10 n, R, (49)

where T is the optical depth, np, is the number density of ground
state argon atoms in the gas in ecm~3, R is the channel radius in
cm, and 3.4 x 10717 cm? is the absorption cross section of ground
state argon atoms for the recombination radiation, as measured by
Samson (ref. 93). As indicated in Table XXII (reaction 5), this
reduction must be applied to the rate constant (48) whenever the
optical depth (49) of the gas becomes greater than one.

Decay of excited atoms.~ 'fhe de-excitation of low-lying atomic
states in a decaying argon plasma 2ppears to be dne primarily to
collisions with electrons and ground-state atoms, and, in the case
of the resonant states, the emission of radiation. For ionization
fractions greater than about 1074 to 10~3, electron collisions and
resonance radiation will be the most important de-excitation mech-

anisms, while atomic collisions become important at lower frac-

tions of ionization,
De-excitation rates for electron collisions with excited

argon atoms can be obtained from experimental data on the inverse
proccss of excitation of ground-state argon atoms by electron
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impact. Rates for the latter process have been cbtained both
from studies of the ionization rate bchind argon shocks (refs.
95-97) and from electron beam measurements of the excitation
cross sections versus electron energy (refs. 98-102).

In all of the shock tube studies,it has been found that
the rate determining step in the ionization process behind the
shock front is the initial excitation of the ground state argon
atom to a low=lying excited state, so that the excitation cross section
can be determined Jdirectly irom the measured ionization rates.
Experimentally, the ionization is observea .o prcocceed ir two
stages; first an initial induction phase in vhich the excitation
is produced primzrily by collisions with ground state atoms,
followed by 2 second, much more rapid stage, in which the elec-
tron density has become sufficiently high for electronic col-
lisions to coniribute significantly to the observed excitation
rates. Analysis of the ionization rate data for the second stage
indicates that the measured rates are consistent with a linear
dependence of the electronic excitation cross section on excess
electron energy above the excitation threshold (~1l.5 ev), with
a slope which varies in the different experiments (refs. 95-97)
over a range from about 5 x 1018 to 7 x 10-18 cm?/ev. Since
the experinments are not sensitive enough to determine exactly
which state is being excited, this measured excitation cross
section should probably be regarded as a sum over the four low-
lying states of the argon atom indicated in Table XXIII.

Total cross sections for excitation of the two argon meta-
stable states 3P2 and 3P0 by electronic collisions have been
measured in electron bean studies over the energy range from
threshold to ~ 200 ev (refs. 98-101). The data are in general
agreement with the linear cross section dependence on electron
energy assumed in the analysis of the shock tube data; however,
considerable detailed structure in the cross section energy de-
pendence is evident near threshold (refs. 98,99) so that the
cross section slope deduced from the shock tube experiments
wuld be expected to vary somewhat with electron temperature.
U.ing Pichanick and Simpson's relative cross section mcasure-
ments near threshold (ref. 98) normalized to the absolute cross

se>tion values given by Borst (ref. 100), we flnd a mean Cross
sectlon slope varying between about 4 x 10~18 cm /cv and 8 x 10-18
cm,/ev for the range of temocratures below about 40,000 ©K, with
the value being ~8 x 10-18" cm 2/o0v for T % 1000°K. In the range
of temperatures T < 50000K, it appears that a lincar cross scction
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dependence with the slope

d C )
e =7 x 1078 /ey (50)

found by Petschek and Byron kref. 95) should give a very satis-
factory fit to the available electron beam data.

The cross section for excitation of the resonmant 3Pl and
1P1 argon states has been measured by McConkey and Donaldson
(ref. 102) in an electron beam aparatus over the energy range
from threshold to about 2000 ev. In the threshold region, their
results indicate a linear dependence of the total excitation
cross section on electron energy with a slope

‘—3% ~1x 10718 2/ev. (51)

Thus, the total excitation cross section for the argon resonant
states is considerably smaller than for the metastable states
at thermal energies, and the total excitation cross section for
all low-lying states derived from the electron beam measurements
is in excecllent agreement with the shock tube results.

The xeaction rates for de-excitation of the low-lying meta-
stable and resonant excited states of atomic argon by electron
collisions which are used in the present argon kinetic model
are derived from the corresponding excitation cross sections
(50) and (51) by detailed balance. These rates are listed as
reactions 6 and 7 in Table XXII.

In addition to causing de=-excitation of the low-lying excited
states, electronic collisions can also result in transition be-
tween the metastable and resonant excited states according to the
scheme

Ar*(r) +.¢” = Ar*(m) + e + 0,07 ev (52)

Although we have been unable to find any direct data, the rate
for the process (52) is expected to be large (ref. 103), in

analogy to the corresponding processes in helium (ref. 67) and
neon (ref, 104). An approximate upper bound for the possible
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reaction rate is provided by the total cross section measure-
ments of Celotta, et. al. (ref. 85) for the inverse process of
electron-metastable Ar(3P2) collisions.

For the present model we have taken the reaction rate for
the process (52) equal to the corresponding rate estimated for
neon at 300°K by Phelps (ref. 104), and have assumed a Tg~%
temperature dependence, as in the helium model, to obtain the
rate constant

-%

kg = 1076 (e cm3/sec (53)
300°9K

for the process (52). This rate lies about an order of magnitude
below the upper bound provided by the total (elastic plus inelas-
tic) cross section measurements of Celotta, et. al.

It should be noted that the process (52) may play an impor-
tant role in the decay of metastable argon atoms at low electron
densities, since it can cause transitions from the relatively
long-lived metastable excited states to the much shorter lived
resonant states. Thus, the uncertainty in the rate constant
(53) could result in significant errors in the model predictions
of metastable decay rates for an argon plasma under some condi-
tions.

In helium, all of the excited atomic states which are cap-
able of direct radiative transitions to the ground state can also
decay rapidly into one of the two metastable excited states, so
that most of the excited atoms pass through one of the metastable
states during the de-excitation process and only a small fraction
are de-excited by direct radiative transitions to the ground
state. Thus, the latter process could be neglected to a good
approximation in the formulation of the helium kinetic model dis-
cussed in *he preceding section. For argon, on the other hand,
the low-lying °P3; and “Pj resonant excited states cannot decay
radiatively to any lower excited state, so that direct radiative
transitions to the ground state become the dominant decay mech~
anism for these states in many 51tuatlons, and hence must be in-
cluded in the kinetic model.

Since the mean free path of resonance radiation in a gas is

typically very much shorter than usual laboratory apparatus.
dimensions, most of the photons emitted by the radiative decay
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of excited atoms to the ground state are reabsorbed by other
atoms in the gas to excite them to the resonant state, and the
net rate of decay of the resonant state population density in
the gas is much slower than would be predicted solely on the
basis of the spontaneous emission coefficient for the state.

A model to predict the net rate of decay of the population den-
sity under these conditions as a function of apparatus geometry
and the absorption coefficient of the resonance line has been
developed by Holstein (refs. 105,106) and has been verified
experimentally for a number of gases (refs. 104-108), including
both argon (ref. 107) and neon (ref. 104).

Under the usual laboratory conditions, it is generally a
good approximation to assume that the shape of the resonant
radiaticn lines is determined by pressure broadening according
to the dipole-dipole model of Fursov and Vlasov (see refs. 109,.
110). With this assumption, the net decay rate for the tran-
sition to the ground state predicted by Holstein's model becomes
independent of gas pressure and, for a cylindrical gas volume,
reduces to the simple form

kg, = 0.205 Am(_%g);f

(54)

where A, is the probability for spontaneous emission of a reso-
nant photon from the excited state per unit time, X\ is the
wave-length at the ceater of the resonant line, and R is the
cylinder radius. When the appropriate constants for the argon
resonant states (ref. 11l1) are inserted into equation (54), one
finds the reaction rates

4 -
kf = .8_.;9..2{_._.1-.9_. 1 (558'

sec
VR

for the radiative decay of the Ar (3P1) state, and

ke = 3.4J_ 0% gecml (55b)
R

for the Ar (lP ) state, where R is the cylinder radius in centi=-
meters. Equation (55a) has been verified experimentally by
Ellis and Twiddy (ref. 107). Since we expect the 3P1 state to
be more highly populated than the 1Pl state under most conditions
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of interest, equation (55a) has been used for the radiative
decay rate of the Ar resonant state in the present kinetic
model (reaction 9 of Table XXII).

The rcaction rates (55) should be valid in argon for noz-
zle radii R2 0.1l cm and ground state argon atom number densi-
ties npa.y 1016 cm~3. For lower number densities than this,
pressure-broadening becomes small compared to the natural line
width of the resonance lines, and the effective rate constant
begins to increase with decreasing number density. Eventually,
at very low number densities, reabsorption of the resonance
radiation of course becomes neqligible, and the effective rate
constant approaches the spontaneous emission coefficient kg=A.
Comparing this limit with equation (54), one sees that the net
radiative decay rate for the resonant argon excited states is
reduced by about three to four orders of magnitude by the trap-
ping of resonance radiation under typical laboratory conditions.

For low fractional ionizations, the de-excitation of excited
atoms by collisions with neutral atcms can become significant.
Experimental data on the reaction rates are available both for
the direct de—excitation process (refs. 107,112,113) and for
the inverse excitation process (refs. 95-97, 114-117).

Several studies of the decay of excited state population den-
sities in low temperature argon gas (refs. 107,112,113) have
indicated that both two- and three-body de-excitation processes
are significant, and heve given reasonably consistent values
(within about a factor of two) for the de-excitation rates. The
most detailed study was that of Ellis and Twiddy (ref. 107), who
gave two- and three-~body reaction rates at 300°K of

(1 +0.3) x 10015 cm3/sec

ky
(56)
k3

Il

(1.7 * 0.2) x 10732 cm®/sec

for de~excitation of the Ar (3P2) metastable state at 11.55 ev
and

k, = (5.7 £ 0.7) x 10715 cm3/sec
(57)

k (1.14 * 0.15) x 1032 cmb/sec

3

for de-excitation of the Ar (3P ) metastable cate at 11.72 ev.
Futch and Grant (ref. 11l3) measured the Ar (3P2) de-excitation

~-218~

e Aiorim xen



T T TR TR

rates at 779K and 300°9K and their data yield a temperature de-
pendence over this range of k2~4T2/3 for the 2-body de-excitation
process (56a) and k3~T"°-56 fcr the three-body process (56b).

In their work, Ellis and Twiddy attribute the two-body de=-
excitation rate (56a) to a two-step process in which the meta-
stable Ar (3P,) atom is first excited to the resonant Ar (3p,)
state by collision with a ground state argon atom, and then de-
cays radiatively to the ground state. No evidence is given to
support this assignment, however, and it appears to be inconsis-
tent with the temperature dependence observed for the two-~body
de-excitation process at 77°K by Futch and Grant, which suggests
that the direct de-excitation process

Ar + Ar (3P,) —»> 2 Ar + 11.55 ev (58)

is responsible for the observed two-body de-excitation rate.

Further evidence for the reaction (58) is provided by sever-
al shock tube studies in which excitation cross sections for
collisions between ground state argon atoms were derived from
the initial ionization rates behind an argon shock (refs. 95-97,
114-117). In all cases, it wes found that the experimentally
observed ionization rates for the initial ionization stage dir-
ectly behind the shock front could be accounted for by an atom-
atom excitation cross section which was (approximately) a lin-
ear function of the excess atom energy above the excitation
threshold. The slope of the derived cross section energy depen-
dence varied somewhat between the different experiments; however,
all results were consistent within about an order of magnitude,
with the reported values of the cross section varying from about
2.5 x 10720 cm2/ev to 2.5 x 10719 cm2/ev. Using these data to
derive a cross section for the inverse de-excitation reaction
(58) by detailed balance, one obtains a two-body de-excitation
rate, k,, which is proportional to VT and has the value ky~10"15
to lO"lZ cm3/sec at 300°K, in good agreement with the measured
low temperature de-excitation rates. Thus, the assignment of
the observed two-body de-excitation rate (56) to the reaction (58)
is verified and an approximate JT dependence of the de~excitation
rate over the temperature range from T = 779K to ~10,000°%K is
substantiated.
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The three-body de~excitation process in equations (56) and
(57) is attributed to the two-step reaction process

Ar + Ar + Ar¥* —-»Arz* + Ar
(59)
Arz* - Ar + Ar + hy

in which the excited argon atom combines with a ground state atom

to fovm an excited Ars* molecule, which then immediately radiates

to form an unstable ground-state Ar, molecule which dissociates into
two ground state atoms, The radiation emitted during the process (59)
is observed to reak at a wavelength of about 1265 ] (ref, 118),cor~
responding to a mean energy of ~ 9.8 ev for the emitted photon,with
the remaining ~1.8 ev of the excitation energy of course going into
kinetic energy of the three argon atoms participating in the reaction.

For the present kinetic model, the two- and three-body de-
excitation rates for the metastable Ar*(m) atom given in reac-
tions 10 and 1l of Table XXII have been set equal to the aAr (3P2)
de-excitation rates from equation (56), since we expect that most of
the metastable atoms will be in the 3P2 state under the conditions
encountered in an expanding argon plasma jet, because of this
state's higher sta}istical weight and lower excitaticn energy. As
noted above, the T temperature dependence of the two-body de-
excitation process appears to be well established, while we have
provisionally assumed the T~0.56 temperature dependence observed
by Futch and Grant at low temperatures for the three-body pro-
cess. Since collisional de-excitation rates have not been ob-
served for the resonant excited states 3Pl and lPl, we have also
used the 3P2 de-excitation rates for the resonant excited states
in reactions 12 and 13 of Table XXII. This approximation should
have a negligible effect on the computed population densities for
the model under the conditions of interest in an expanding plasma
jet, since the radiative decay rate (55) for the resonant excited
states is much greater than the collisional de-excitation rate
(56), except at very high gas densities.

Molecular species.- The only molecular species included in
the argon kinetic model is the ground~-state molecular ion Ar2+.
In contrast to helium, there appear to be no metastable molecular
states in argon (ref. 121) so that any excited molecular states
formed will decay very rapidly to the ground state, in times of
the order of 0.1 pusec or less (ref. 118) and nced not be cousid-
ered in the kinetic model. The Ars ground state molecule itself

-220~

\ st



PPN S———r
.

is very weakly bound (dissociation energy Do ~ 0.0l ev (ref. 123)),
and thus should be rapidly dissociated into ground-state atoms un-~
der the conditions existing in an expanding argon plasma jet.

The thermochemical properties of the argon molecular ion
arpt are still very uncertain at the present time; the values
used in the present model have been taken from the recent equi-
librium drift tube measurements of Teng and Conway (ref. 13) and
are shown in Table XXI. The Arpt dissociation energy D, = 1.14
ev found by Teng and Conway is in reasonable agreement with prev-
ious experimental (refs. 119, 120) and theoretical (ref. 121)
estimates obtained by less direct means. The vibrational fre-
quency wg ~ 80 em~l derived by Teng and Conway from the thermo-
chemical data, however, is about a factor of five lower than
the value estimated by O'Malley (ref. 122) on the basis of an
interpretation of observed dissociative recombination rates in
argon. We have accepted the value of Teng and Conway in the
present work since it appears to be more directly determined
from the experimental data; however, the uncertainty could be
large.

As in the case of helium, the production of molecular ions
in a decaying argon plasma at pressures near 1 torr or higher
appears to be due primarily to the three-~body conversion process

Art + 2ar = Ar,* + Ar (60)

A number of measurements of the reaction rate for the process
(60) at room temperature have given results in reasonably sat-
isfactory agreement (refs. 124,125), with the more precise det-
erminations yielding a value

ke = (2 1) x 10-31 cnp/éec (61)

for the reaction rate at 300°K. The ‘emperature dependence of
the reaction rate (61) has apparently not been accurately det-
ermined; howecver, availoble theoretical and experimental results
(refs. 124,126,127) indicate tha . thc rate should probably de-
creasc somewhat with increasing temperature. As a reasonable
compromise among the various estimates, we have assumed a =3
temperature dependence for the rate constant (61) in the present
analysis, as predicted by the simple Thomson theosy (ref. 124).
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The drift tube measurements of Liu and Conway (ref., 124)
indicate that the rate constant (61) applies only to reactions
of the ground-state Art (2P3/2) ion, and that the excited 2P1/2
fine-structure component of the Ar' ion (at 0.18 ev above the
ground-state) does not participate in the reaction (60) under
the essentially electron-free conditions of their experiment.
For_the experiments carried out in decaying plasmas (ng ~ 101l
cm'3) (refs. 125,128), however, the rate of conversion between
the two Ar fine-structure states was apparently sufficiently
rapid that no distinction between the "wo states wns observed
in the data, and the reaction rate (61) applies to the total
atomic Ar't population density in the plasma. Since the latter
experiments appear to be closer to the conditions to be expected
in an argon plasma jet, we have grouped the two Axt fine~structure
states together into a single species for the present kinetic
model (see Table XXI) and have used the experimental reaction
rate (61) for the combined species in obteining the reaction
rate data given for reaction 14 in Table XXII.

The associative ionization process
Ar + Ar* == Ar,t + ¢ (62)

is known to be rapid in argon for excited 2 1* atoms having ex-
citation energies above a threshold of ~ 14.7 ev, with the rate
const:nt being kg ~ 10~9 cm3/sec near room temperature (refs.
119,129). Under conditions of collisional-radiative recombina-
tion, however, the population of excited Ar* atoms above the
14.7 ev threshold is very small compared to the ion population,
so that the associative ionization rcaction (62) should not con-
tribute appreciably to the molecular ion production rate in an
expanding argon plasma at the relatively high pressures Q>210‘3
atm) of interest here. Thus, a detailed treatment of associative
ioni : tion has not been included in the present kinetic model.

In contrast to the situation in helium, the re combination
of molecular ions in argon under most conditions occurs primar-
ily throuvgh the dissociative recombination reaction (ref. 75)

Ar2+ + e == Ar + Ar* , (63)
and this process appears to be sufficiently rapid to make an
important contribution to the overall recommbination rates in an

argon plasma even at the higher temperatures, where the mole-
cular ion Ar2+ reprcsents a relatively minor constituent of the
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plasma. Dissociative recombination rates for argon have been
measured in a number of independent experiments, both at room
temperature and at elevated temperatures (refs, 75,.22,127 130).
The low temperature measurements (ref. 75) give a value kf~'7>c10"
cm3/sec for the reaction rate of the dissociative recombination
process (63) at room temperature. The measurements at elevated
temperature indicate that the r=action rate for dissociative re-
combination depends on both the electron temperatuce T, and the
gas tempera ure T. A good fit to the data of Mehr and Biondi
(ref. 130) and Cunningham and Hobson (ref. 122) has been given
by O'Malley (ref. 122) in the form

300
kg = 9.6 x 10~-7 (Te/3OO°K)'O-67 (1 - =630 Kﬂ% em3 /sec
(64)

O'Malley's fit (64) does not appear to be consistent with the
high temperature data of Chen (ref. 127); however, the validity
of the latter data has been questioned (ref. 75).

In his original derivaticn of equation (64), O'Malley in-
terpreted the observed gas temperature dependence of the dissoci-
ative recombination ccefficient in terms of a model in which
only the lowest vibrational state of the Ar2+ nmolecule partici-
pates significantly in the dissociative recombination pre- =<,

(63) and, on the basis of this model, derived a value of

w ~ 630°K = 440 cm~l for the Ar,* vibrational frequency.
Thi., interpretation of the data appears to be inccnsistent with
the value cof the vibrational frequency . ~ 80 cm~l recently
derived by Teng and Conway (ref. 13) £from thermodynamic data;
however, other interpretations of the obscrved temperature depen-
dence (64) which do not lead tc this inccnsistency appear to be
possible. Thus, for the purposes of the present analysis, it is
unnecessary to inquire into the validity of O'Malley's model in
detail and we may regard equation (64) simply as a curvefit to
the available experimental daia on the dissociative rccombination
rate in argon.

The exact state of the excited Ar* atoms producea in the
dissociative rccombination reaction (63) is not known at prescnt:
however, it appears likely (ref. 75) to be one or more of the
many cxcited atomic states lying in the range between about 14 ev
and the molecular ion ground-state at 14.61 ev (sce rcf. 6). The
excited atom produced in the original reaction (63) will then cas-
cade down rapidly by the collisional-radiative process to onc of
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the four low-lying excited atomic states listed in Table XXIII,
with the excess excitation encrgy being lost either by radiation
or tmaisfer to the electron gas. In setting up the reaction
schemc given in Table XXII (reactions 15 and i8) we have as=—
sumed rather arbitrily that electronic collisions will be the
dominant ce-excitation mechanism under the conditions existing
in an argon plasma jet, so that the entire excess excitation
encrgy is transferred to the electron gas. Lacking any de-
tailed knowledge of the final state of the reaction prodvcts,

ve have simply assumecC in reactions 15 and 16 that the resonant
and metastable excited states will be populated in accordance-
with their statistical weights. Further, the rate of the inverse
associative ionization process is calculated fram detailed bal-
ance based on the electron temperature. This is consistent with
the assumption that de-excitation of excited atams occurs pri-
marily by electronic collisions, since under this assumption the
population of the excited Ar* atoms which can initiate the assoc-
lative ionization process will be controlled primarily by the
electron temperature; however, the approximation is evidently
very crude and serves only to give an indication of thc condi-
tions under which associative ionization is likely to be impox-
tant. To obtain a more quantitative prediction of associative
ionization rates, it would be necessary to couple the associa-
tive ionization—-dissociative recombination mcdel, as suggested
by Biberman, et al. (ref. 87), in order to obtain a pxrediction
of the population densities in the various excited atomic states.
Such a detailed model could perhaps explain some of the apparent
anomalies which hav bheen observed in the measured argon recom-
bination rates (refs. 94,127) but would be far beyond the scope
of the preseant study.

Because of the very large dissociative recombination rate
for Ar2+ molecular ions, the three-body collisional-radiative
recombination process has apparently never been observed experi-
mentally for Ar,* ions. Nevertheless, this process would be ex-
pected to be the prcdominant recombination mechanism for Ar2+
ions at sufficiently high electron densities and has been in-
cluded as the final reaction process in Table XX1I, using the
corrcsponding ch+ reaction rate from equation (44). Although
the final state of the recaction products is not known, we have
assumed in Table XXII that the recombining electron will cas-
cade down through successive Rydberg states of the molecule to
reach thiec unstable Ars ground state, which will then dissociate
into two ground state argon atoms. As in the case of helium,
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it should be a good approximation, at the high electron densi-
ties for which the three-body recombination process is important,
to assign all of the recombination energy to the electron gase.
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APPENDIX B

DIAGNOSTIC MESSAGES

This appendix lists all of the diagnostic messages produced
by NATA when error conditions are detected. For each message
the following information is given:

(1) The name of the subroutine in which the message
is produced.

(2) A brief description of any dumps or additional
messages which follow the given message.

(3) A description of the error condition indicated.

(4) A summary of the subsequent action taken by the
code.

The messages are listed in alphanumeric order for the entire
code. Lower case letters appearing within the messages indicate
numerical values.

Most of these diagnostics occur only very rarely. Many of
them have never been observed at all with the present version
of NATA, and are included in the program only to allow for un-
usual input errors or for programming errors which might occur
during future modifications.

The Fortran variables appearing in the various dumps are
to be defined in the NATA Programmer's Manual, Volume III of
this final report.

BACKSTEPPING OF PERTURBATIOMN SOLUTION TERMINATED AFTER n STEPS.
DIAGNOSTIC DATA FOLLOW,

Produced in subroutine N@NEQ.

Followed by a dump with the namelist name NEQDMP, followed
in turn by "ERROR EXIT NO. 5 FROM N@NEQ."

This message is produced in the nonequilibrium solution by
the perturbation method when léxi] 5 is greater than 1.2 C,
and the temperature has been incréa®ed n times without finding
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a flow point at which the right-hand inequality in equation
(381) of Volume I (ref. 1) is satisfied.

The DUMP subroutine is called to produce a dump of common
data and terminate the case.

BETA MATRIX OF INSUFFICIENT RANK

Produced in subroutine N@NEQ,

Followed by "ERROR EXIT NO. 1 FROM NgNEQ. "

Indicates that the rank of the [P.. matrix is less than the
number of dependent species (n-c); see Section 7.3.4 of Volume I
(ref. 1). The diagnostic is encountered only when a new gas
model is being used. It normally indicates that too few linearly
independent chemical reactions are included in the gas mocel, but
can also occur when an error has been made in the stoichiometric

coefficients 4. W)ij for a reaction.

The DUMP subroutine is called to produce a dump of common
data and terminate the case.

BOUNDARY LAYER ITERATION NOT CONVERGED
Produced in subroutine DERIVS.
Followed by a dump with the namelist name DRVDMP.
Indicates that the self-consistent solution for the dis-

placement thickness &* and the derivatives of the flow vari-

ables (Sect. 7.6 of Volume I) has not converged after three
iterations.

The nonconverged &* value from the final iteration is
used and the solution proceeds.

CONVERGENCE FAILURE IN AGSZIN AE = a DEL = dl d X =x

2
Produced in subroutinc AGS@IN.

Followed by a dump with the namelist name AGDMP.
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Indicates failure of the iterative solution of equation
(135) in Volume I. In the message, AE denotes the input value
of the effective area ratio A,, the two values following DEL
are the displacement thicknesses at the current flow point,
and X is the estimate of the axial coordinate from the final
iteration, expressed in centimeters.

The DUMP subroutine is called to produce a dump of common
data and terminate the case.

CONVERGENCE FAILURE IN RESTMP
Produced in subroutine RESTMP.

Indicates failure of the iterative solution for the condi=-
tions in the upstream reservoir, based upon either the pressure
and mass flow (for ISW2B = 0) or the enthalpy and mass flow
(for ISW2B<0). Such failures can be caused by errors in the
input data for FL@W and PRESAI or HSTAG.

The DUMP routine is called to dump common data and termi-
nate the case,

DLOGR 1S POSITIVE
Produced in sukroutine N@NEQ.

Indicates that a positive value of d &n p/dx has been en-
countered in the nonequilibrium solution.

The subseguent action depends upon the value of the ratio
(AFNX-DATEST) /DATEST, where AFNX is the effective area ratio and
DATEST is a control parameter which is preset to 1.0l. If this
ratio is greater than or equal to 0.05, the message "ERROR EXIT
NO. 3 FROM NONEQ" is written and the DUMP routine is called to
terminate the case. If the ratio is less than 0.05, the positive
d Inp/dx value is taken to indicate that the noncquilibrium sol-
ution is on the subsonic branch of the downstrcam solution. An
attempt is made to recover the desired supersonic branch of the
solution by the inverse method at the previous switch point; see
Section 7.4 of Volume I,
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DUMP ROUTINE CALLED BY name
Produced by subroutine DUMP.

Indicates the name of the subroutine from which DUMP was
called. Besides printing this message, subroutine DUMP sets a
logical indicator ERR to the value .TRUE.. Tests on ERR in
higher level routines then causes immediate return of control
to the main program. After calling subroutine DUMPEX to print
dumps (DMP1l, DMP2, DMP3, DMP4) containing most of the variables
in common, the main program terminates the case. Input data are
then read for the next case, if any.

ERROR EXIT NO. 1 FROM NONEQ

Produced by subroutine NONEQ, following the message "BETA
MATRIX OF INSUFFICIENT RANK" (see above).

ERROR EXIT NO. 2 FROM NONEQ
Produced by subroutine N@NEQ.

Indicates step failure (flunking of a validity check) in
a lower level routine (DERIVS or C@MM), either in the perturba-
tion solution or upon restart at the switch point after detec-
tion of a positive 4 {n p/dx value in the downstream solution.

The DUMP routine is called to dump common data and terminate
the case.

ERROR EXIT NO. 3 FROM NONEQ
Produced by subroutine N@NEQ.

Indicates that a positive d £np/dx value has been encoun-
tered in the nonequilibrium solution beyond the switch point
from the inverse method to direct integration. (See message
"DLOGR IS POSITIVE," above.) The present error exit message
is printed if (AFNX - DATEST)/DATEST is greater than or equal to
0.05.

The DUMP routine is called to dump common data and terminate
the case.
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ERROR EXIT NO, 4 FROM NONEQ
Produced by subroutine N@NEQ.
This message is printed if the d An p/dx> 0 condition
is encountered when the solution has already been restarted
at the switch point four times, in attempts to find the super-

sonic downstream solution.

The DUMP routine is called to dump common data and termi-
nate the case.

ERROR EXIT NO. 5 FROM NONEQ
Produced by subroutine N@NEQ.

This message is printed following the "BACKSTEPPING OF
PERTURBATION SOLUTION" message, discussed above.

The DUMP routine is called to dump common data and termi-
nate the case.

ERROR EXIT NO. 6 FROM NONEQ
Produced by subroutine N@NEQ.
Indicates step failure (flunking of a validity check) in
subroutine DERIVS or C@MM at the beginning of the first step

of the numerical integration.

The DUMP routine is called to dump common data and termi-
nate the case.

ERROR EXIT NO, 7 FROM NONEQ
Produced in subroutine N@NEQ.
Indicates that a temperature greater than the reservoir
temperature has been computed at a point in the nonequilibrium

numerical integration.

The DUMP routince is called to dump common data and termi-
nate the case.
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ERROR EXIT NO. 8 FROM NONEQ
Produced in subroutine N@NEQ,

Indicates step failure in DERIVS or C@MM on restart of step
after a step size reduction,

The DUMP routine is called to dump common data and termi-
nate the case.

ERROR EXIT NO. 9 FROM NONEQ
Produced in subroutine N@NEQ.
Indicates that the square of the concentration of an inde-~
pendent species is zero in the element conservation calculation

for the nonequilibrium solution.

The DUMP routine is called to dump common data and termi-
nate the case.

ERROR EXIT NO. 10 FROM NONEQ
Produced in subroutine N@NEQ.
Indicates that the step size in the nonequilibrium integra-
tion has become vanishingly small. This message is printed if

Ax falls below 10~10 cm, or if the step size has been reduced
more than 30 successive times without completion of a valid step.*

*Note - if this diagnostic occurs upstream of the throat (x < 0),
and if the terminal dump shows that d An Ag/dx = DLPGA is posi-
tive, Ag = AFNX =1, and dT/DX = DT is near zero or positive, a
likely cause of the failure is insufficiently rapid convergence
of the nozzle profile curvefit upstream of the throat. In such
cases, a successful solution can be obtained using a modified
profile curvefit with a somewhat larger convergence angle in the
region just upstream of the throat. The NPZFIT program (Appen-
dix D) can be used to prepare profile curvefits.
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The DUMP routine is called to dump common data and termi-
nate the case.

ERROR IN INPUT DATA FOR NOZZLE GEOMETRY
X =x ARATIFY = a DERIVA = d

Produced in subroutine GE@MAR,

Indicates that, at the axial coordinate X, the subroutine
calculated either a geometric area ratio A, = ARATI@ less than 1
or a derivative d Ag/dx = DERIVA for which X + DERIVA < C.

The DUMP routine is called to dump comron data and termi-
nate the case.

EXCEEDED 50 ITERATIONS IN SH@CK

\

Produced in subroutine SH@CK.

Indicates that the .terative solution of the cubic equation
for a classical oblique shock has not converged after 50 itera-
tions.

An error indicator in the argument list is set to inform
the calling routine (WEDGE) of the failure. Wedge calculations
are omitted for the angle for which the failure occurred andg for
all larger angles. The failure occurs because the assumed angle
of attack is too high to allow an attached shock.

FINDX CALLED WITH AN AREA RATIO LESS THAN UNITY, A = a

Produced in subroutine FINDX.

Indicates that FINDX was called to determine the axial co-
ordinate corresponding to a geom~tric area ratio A less than
unity. Since the gcometric area ratio cannot be less than unity,
there is no solution. The error indicated by this diagnostic

originates in the calling routine or in higher-level routines.

The DUMP routine is called to dump common data and termi-
nate the case,
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+++++ FIX REQUIRED IN AGSZLN
Produced in subroutine AGS@IN,

Subroutine AGS@LN solves for the geometric area ratio A
and axial coordinate x corresponding to a specified value of
the effective area ratio Ag. In channel flow problems, this
requires an iterative solution of equation (135) in Volume I
(ref. 1). The above message is printed if, during this iter-
ative solution, an x value is obtained whose sign is incon-
sistent with that of the argument UPDZWN (which specifies
whether an upstream or downstieam solution is desired).

When this condition is first encountered, the programming
assumes that it is a result of an unusually large separation be-
tween the throat and the sonic point (caused by rapid change of
the boundary layer displacement thicknesses in the throat region).
On this assumption, an attempt is made to fix the problem by re-
setting the assumed displacement thicknesses to their values at
the throat. If the problem recurs, the message "CONVERGENCE
FAILURE IN AGS@LN" (above) is printed and the case is terminated
in the usual way.

GJ (i) ** 2 UNDERFLOWED
Produced in subroutine N@NEQ.

Followed by message "ERROR EXIT NO. 9 FROM N@NEQ" (above).

INDEXING OR STORAGE FAILURE IN MATINV
Produced in subroutine MATINV,
Indicates that the dimension statements in arrays LPIJ and
BTA are inconsistent; can occur only if someone tinkers with the

programming.

The DUMP routine is called to dump common data and termi-
nate the case.

IN NEWRAP, CAPX (k) = 0

Produced in subroutine NEWRAP,

~-233~

] nm R ety ek e i i S e oo T A I T LI A Y e



PSR X NS TE e R —

S B
| et e

T

e, g

Indicates that the mole fraction of the kth species was
“ound to be zero.

The equilibrium solution is continued.
IN NEWRAP, P = O

Produced in subroutine NEWRAP.

Indicates that a zero value of pressure was obtained during
the iteration to detecmine the conditions at a point in the equi-
librium solution.

The solution is continued.

INVALID INPUT DATA... NPRFLS = n

Produced in subroutine READ,

Indicates that NPRFLS was specified in the input as a value
other than 1 or 2.

The job is terminated.
ITERATION TO FIND STAGNATION CONDITIONS DID NOT CONVERGE
Produced in subroutine M@DEL.,
Followed by a dump with the nameclist name M@DDMP.
Indicates that the iterative solution for the conditions
behind the normal shock, or the solution for the stagnation con-
ditions, did not converge within the maximum number of allowed

iterations.

Conditions at the model pcint where the convergence failure
occurred are not calculated. The solution continues.

ITERATION TO OBTAIN FREE STREAM SOLUTION AT MODEL POINT DID NOT
CONVERGE X = x XM@DEL = y CM

Produced in subroutine IR@ZEQ.

Followed by dump with the namelist name FRDMP2.



Indicates that the iteration to determine the free-stream
conditions at a model point in the frozen or equilibrium solu-
tion has not satisfied the convergence test after the maximum
allowable number of steps.

The conditions from the final iteration are used in the
model condition calculations and printed out,

MATINV, MATRIX SINGULAR
Produced in subroutine MATIMN,

Indicates that the square submatrix of d&j defining the
elemental composition of the independent species is singular,
This diagnostic occurs only when a user-specified gas model is
being used and indicates an error in the inputs defining the in-
dependent species. It can occur if the ISC = c species listed
first are not independent, where c denotes the number of chemi-
cal elements present in the gas model. '

The DUMP routine is called to dump common data and termi-
nate the case.

MATRIX OF COFFFICIENTS IS SINGULAR
Produced in subroutine DSMS@L.

This subroutine is used throughout the program to solve sys—
tems of linear equations. The diagnostic indicates that the mat~
rix of coefficients for such a system is singular. The preceding
output, and the data in the terminal dump, should indicate the
kind of calculation in which the failure occurred, i.e., reser-~
voir conditions, frozen or equilibrium solution, nonequilibrium
perturbation calculation or numerical integration.

The DUMP routine is called to dump common data and termi-
nate the case.

MODEL PARAMETER ROUTINE CALLED FOR A
MACH NUMBER LESS THAN 1.5

Producced in subreutine M@DEL,

Indicates that M@DEL was called at a point where the frce-
strcam Mach number was less than 1.5. The method usced for the
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normal shock solution in M¢ZDEL does not work reliably for
M <1.,5.

The model condition calculations are skipped. The sol-
ution continues.

MORE THAN 50 ITERATIONS IN FINDX, A = a
UPDZWN = u IENTRY = i MBL =m

Produced in subroutine FINDX.

Followed by a dump with the namelist name DMP,

Indicates a convergence failure in subroutine FINDX, which
solves for the axial coordinate x at which the geometric area
ratio has the value A, According as the argumcnt UED@WN has
the value - 1. or +1l., the upstream or downstream solution is
sought, IENTRY indicates whether the subroutine was entered at
its beginning or through the entry point FINDXC, which is callcd
to determine the x at which the MBLth profile has a half-width of A,

The DUMP routine is called to dump common data and termi-
’ nate the case.

NEGATIVE CONCENTRATION ENCOUNTERED IN COMM
Produced in subioutine C@MM.

Indicates the C@MM found a species concentration to be
negative during the nonequilibrium solution,

A step~failure indicator is set, and control is returned

to the calling routine (DERIVS). Upon return to subroutine NANEQ,
the integration step size ic reduced. The solution continues.

NEGATIVE OR ZERO VALUES OF M@DP1l NOT ALLOWED,., DATA IGNCRED,

Produced in subroutinc READ,

Indicates that the input valuc of XMZDPLl (the location
of the first model point in a sequence) is negative,

XM@DPL is resct to 1020 and the calculations continue.
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NEGATIVE RHO IN GEOM
Produced by subroutine GEOM.
Indicates that a negative density value has heen encountered
during the iteration to determine the density corresponding to
the geometric area ratio at the current :slow point during the

nonequilibrium solution by the inverse method.

The DUMP routine is called to dump common data and termi-
nate the case.

NO THERMAL PROPERTY DATA DEFINED FOR SPECIES NUMBER i IN . {E
CURRENT GAS MODEL (NO. m IN THE M "TER LIST OF SPLRCIES)

Produced i1 subroutine READ,

Indicates that ETAJ(i) = 0.and IGJ(i) = O for the ith spec-
ies in the gas model,because of an input error in user specifi-
cation of a nonstandard species,

The jdb is terminated.

SU2 LESS THAN 7 IN COMM

Produced in subroutine C@MM.

Indicates that Cg@MM computed a total enthalpy larger than
the reservoir enthalpy.

A step failure indicator is set and control is returned to
the calling routine (DERIVS). After the return tc N@NEQ, the
step size is rcduced and the calculation is continued.

TEMPERATURE GRIEATER TIIAN RESERVOIR VALUE

Produced in subroutine N@NEQ.

Followed by the message "ERROR EXIT NO. 7 FROM NONWEQ" (sce
above).

TOO MANY ITERATIONS IN WESOLN 2ETA = z CAPGMM = ¢

Producced in subroutine WES@LN,
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Followed by a dump with the namelist name WEDMP.

Indicates that the Newton-Raphson solution of eguation
(482b) in Volume I (ref. 1) for » as a function of { has
not converged after 20 iterations. ‘

The final, unconverged value of A is accepted and used.
The soluiion continues.

TOO MANY NEWTON-RAPHSON ITERATIONS
Produced in subroutine EQCAIC or in subroutinc NEWRAP.

Irdicates that the Newton-Raphe<:n solution for the equi-
libriun mole fractions (Volume I, Sections 6.1 and 6.2) failed to
converge. If the failure occurs in EQCALC during the reservoir
calculations (EQCALC called by the entry INTA of subroutine INGAS),
it is probably caused by an error in the input specifications of
the reservoir condition (input variables ISW2B, PRESAI, CTAPI,
FL@ZW, HSTAG).

The DUMP routine is called to dump common data and termi-
nate the case.

TRANSPORT PROPERTIES OF DESIRED MIXTURE (ANNOT BE CAILCULATED
FROM AVAILABLE DATA. REVISE CROSS SECTION INPUT DATA.

Produced in subroutine XSECT.
Followed by a dump with the namelist name XSDMP.

Indicates that cross section data have not been specified
for thc like-like interactions of a neutral atom or molecule.

The DUMP routine is not called, but the case is terminated.
X DECREASED IN FROZEQ
Producod in subroutine FR@EZEQ.
Indicates that the axial coordinatec x decreased during a
step of the frozen or equilibrium solution. Since X is calcu-

lated from the effective area ratio in these types of solution,
a decrecase in x could result from improper specification of the
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nozzle profile (for example, a discontinuity in the profile at
the point where two profile sections are joined). If the sol-
ution includes the boundary layer, rapid growth of the displace-
ment thickness can cause the effective area ratio to decrease.

A decrcase in the effective area ratio downstream of the throat
would lead to a decreasc in x. This error condition is usually
encountered only in the high Mach number region far downstream
of the throat. The most common cause is instability of the coup-
led inviscid flow and bounaary layer.

The subsequent action depends upon the circumstances. If
the boundary layer is being neglected, or if the effective area
ratio is less than % of the geometric area ratio, a dump with
the namelist name FRDMP is written and the current equilibrium
or frozen flow solution is terminated. The solution of the cur-~
rent case continues, however. If the boundary layer is included
and the effective area ratio is greater than % of the geometric
area ratio, the program assumes that the failure is a result of
instability, and attempts to generate a wvalid solution by cutting
the stability parameter w in equation (218) of Volume I in half,
and restarting the solution in the upstream reservoir. However,
if the same error occurs aiter three successive restarts, the
dump FRDMP is written and the current (ecuilibrium or frozen)
solution is terminated.

ZERO OR NEGATIVE STEP IN BLAYER, X = x XP =y
Produced in subroutine BLAYER.
Followed by a dump with the namelist name DMP,

Indicates that the axial coordinate X at the current call
to subroutine BLAYER is less than or equal to the value XP at
the last previous call.

The RETURN is executed and the solution proceeds.
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APPENDIX C
ILLUSTRATIVE TEST PROBLEMS

This appendix presents the inputs and selected portions
of the output for five test problems, chosen to illustrate var-
ious features of the NATA code. Two additional test problems
(nos. 1 and 1A) have already been discussed in Sections 2 and
3.

The images of the input cards for the test problems are
shown in figure 65. There are four groups of data cards, each
group comprising the data for a NATA run. The third run includes
two cases (4A and 4B). These runs were executed on an IBM 360/75.

Test problem no. 2 illustrates NATA flow calculations for a
rectangular channel. In a channel case, the problem summary
includes geometric data for two profiles (figure 66). Figure
67 shows the output of reservoir conditions for this case. Fig-
ure 68 illustrates the output of the flow soluti on. In channel
flow problems including the boundary layer, NATA prints two com-
plete sets of boundary layer data at each flow point. The
first set :pp=ars in the fourth and fifth lines of output for
the flow point, the second set in the sixth and seventh lines.
Each set begins with the lateral dimension ("WIDTH" or “HEIGHT")
of one of the channel walls. The boundary layer data in each
set pertain to the wall whose lateral dimension is included in
the set. For example, at the last flow point shown in figure
68, the lateral dimensions of the channel are 2 by 18 inches.

The first set of boundary laver data (including THETA = 0.100

and STANTN = 1.697D-3) refers to the boundary layer on the walls
which are 18 inches wide. The second set (including THETA = 0.340
and STANTN = 4.777D-4) refers to the layer on the walls which are
2 inches wide. The flow points at X = 16.000, 17.000, and 18.000
in figure 68 are special points requested by the TSDIAM inputs

in figure 65.

Tes . problem no. 3 illustrates a flow solution based on
the larger of the two standard planctary atmosphere models.
In this case, the reservoir conditions were specified by direct
input of the rescrvoir pressurc and temperature. Figures 69
through 73 show the problem summary for this case. Figure 74
shows the reservoir conditions, and figures 75 to 78 the first
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HE FIGURE 65 - INPUT DATA FOR TEST PROBLEMS NO. 2, 3, 4A, 4B, AND 5

TEST PROBLEM NOe 2 - FROZEN AIR FLOW IN A CHANNEL

+INPUT
ISW2A=0+ ISW3A=0s CKXMAXI=57s PRESAIz=¢ 762 FLOW=e1l, ICHAN=1,
TSDIAM=1Se 16¢ 17¢ 18, 19, 20

+END

TEST PROBLEM NDe 3 - PL ANETARY ATMOSPHERE MODEL
+INPUT
ISWIA=0,s ISW3A=0e CXMAXI=50s ISW2B=1l+ PRESAI=1. CTAPI=10000+ NOZZLE=2,
IGAS=S
+END

TEST PROBLEM NOe 4A - WEGENER EXPERIMENT C — NONSTANDARD GAS AND GEOMETRY
+INPUT
ISW2B=1¢s NOTRAN=Ty, CXMAXI=S5¢906+s TPRNTI=4001,s READG=T, PRESAI=2. CTAPI=4)0,
NOZZLE=0+s DIAM=¢5472¢ JDIM=0, NSECTS=242¢ ISHAPE=] ¢2+241l
ARAMI=T e 606602E~2¢ = o¢S5773502¢ Os 406695442, 0¢ 440005, 4695442, O,
400005+ +6941124, 2.038B25E-2s 0, ATPI==24000249, 0O+ 08154619,
XZERO[==10+s IGAS=0s NCH=2y JCS=S5:30¢ QPJI=e¢995025s 004975, 1SCI=2,
ISSI=3s ISRI=1s [CI=04 IE=5¢6¢ [15=5430:29s IR=76,+ [SATOM=29, ISMOL=30,
ISWaA=1,
+END
+EINPUT
SP29=092e5¢64C0s192:09 46003y =3a7SE-4s 2¢45E-6¢ 240, Se945+ 8586¢ 4*0.
1¢23%0, SP30=0¢2v5+16:0¢2¢400+3e6553,0011625,-4¢55E~6:2%0,10,028,4473,
4%0es 1y 23%0, RPT76=34E1%¢ 3%¥0¢ 2+2¢5929¢095930+0+122¢041+1,040,10%0,
+END
TEST PROBLEM 4B - VWEGENER EXPERIMENT F --STACKING OF CASES
+INPUT
PRESATI=216s CTAP[I=402, QP J=¢ G7561¢ 002439, ISW4A=0, READG=F
+END

TEST PROBLEM NOe S ~ ELECTRONIC NINEQUILIBRIUM MODEL FOR ARGON
+INPUT
ISWIA=0,s ISW3A=0s ISW3IB=0sy CXMAXI=40, ISWSB=-1, [SW2B=1, PRFSAI=1,
CTAPI=10000s NOZZILE=1¢ IGAS=3+ XMODP1=20+s NMODPT=3, TPRNTI=o001,
IsSw58=-1C00000
ﬂD
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four pages of the nonequilibrium flow solution. In this case,
the switch from the inverse method to direct integration was
unsuccessful on the first try, as indicated by the diagnostic
“DLOGR IS POSITIVE" in fiqure 77. After an underflow message
produced by the IBM operating system, NATA printed the conditions
at the flow point where d An p/dx was positive (top of figure 78)
and restarted the solution at the previous switch point. After
the restart, the swi:chover from the inverse method to direct
integration occurred sufficiently far downstream of the throat
to give the desired supersonic branch of the downstream solution,
as shown in figure 78.

Test problems no. 4A and 4B simulate two of Wegener's ex-
periments on NO, recombination. The NATA solutions of these
cases are shown in figures 29 and 30 of Volume I (ref. 1).

These problems illustrate the use of nonstandard nozzle gecom-—
etry, gas species, and reactions. In the input (figure 65), the
geometric data describe Wegener's wind tunnel (shown in figure
28 of Volume I ). Species number 29 is NO, and number 30 is
N,04. The recombination reaction 2NOj; + Ny = N,04 + Ny is de-
fined as reaction number 76. Figures 79 and 80 show the problem
summary for case 4A. Note that the standard properties are

used for Np. The thermal properties of NOp and N,0, are defined
by means of thermo fits; no physical model data are given for
these species because NATA is not programmed to treat nonlinear
triatomic molecules such as NO, or polyatomic species such as
N,04. All transport property calculations were suppressed in
this run by input cf NGTRAN = T. Figure 81 shows the calcu-
lated reservoir conditiuns, and figure 82 the first page of the
equilibrium solution.

Test problem no. 5 illustrates the use of NATA with a sta.
dard electronic nonequilibrium model (argon, IGAS = 3), together
with some of the output controls. Figures 83 to 85 show the !
problem summary. Note that the electronically excited species
AR*M and AR*R have the same alpha matrix (elemental composition)
as the ground state species AR, but have different enthalpies of
formation and appear in different reactions. The electron ther- ;
mal nonequilibrium parameters are tabulated in figure 85. Fig- {
ure 86 shows the reservoir conditions. The boundary layer was ;
neglected in the solution. Figures 87 and 88 show two pages of ;
the output from the nonequilibrium solution. As shown in figure
87, the code begins the solution by taking threce steps using the

e
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perturbation ‘echnique. The numerical integration then begins. ;
Stability requirements force the use ~f a very small step size. :

The input ISW6B = -1 in test problem no. 5 (figure 65)
gives the output of reaction rate data (PI, CHI, PICHI, DIG) in
each step (see Section 3.5). The input ISW5B = -1000000 gives
a one-line message (X, DELTAX, T, etc.) for every completed
integration step. The data included in this message are as fol-
lows:

X Axial cocrdinate (cm)

NELTAX Integration step size (cm)

T Heavy-particle temperature (©K)

TEP Electron temperature>(°K)

CHA Nondimensional ste-~a2tion enthalpy

QDPE Energy transfer to th. electron gas (cal/cm3sec)

ICZUNT Number of step-—size reductions required to
achieve a successful integration step

The messages "CAUSES OF STEP FAITURE® in fiqgures 87 and 88
are also triggered by the negative ISW5B value, and indicate the
location and nature of the flunked validity check responsible for
each step size redu.tion. The nunerical code used in this mes-
sage is documenced in Section 4.55 of Volume III of this report.

-266-



[ ——

B St gy

APPENDIX D

USER'S MANUAL FOR THE NOZFIT CODE

D.1 ZIntroduction

The geometries of nozzles and channels are specified, in
NATA, by analytical curvefits to the profiles of the surfaces i
confining the gas flow. In these curvefits, each profile is
represeated by means of a sequence of straight line segments and
circular arcs. Th=2 details of this system of geometric specifi-~
cations have beea documented in Section 4 of Volume I (ref. 1).

In order for the curvefits to be usable in NATA, the various
sections must join together concinuously, and with continuous
slopes, to high accuracy. The NOZFIT program has been developed
to facilitate the preparation of such curvefits. The main inputs
to NOZFIT are geometric data, most of which can be read directly
from nozzle design drawings. The outputs include

(1) Printout of the parameters in the profile curvefit:

(2) ° Punched cards, containing a Fort—an DATA statement,
which can be incorporated directly into NATA, to add
the curvefit to the set of precoded standard profiles;

(3) Printout of the throat region of the profile in tabu-
lar form; and

(4) A computer~generated plot of the profile in the throat
region.

Section D.2 ¢ this appendix defines the inputs to NOZFIT,
and Section D.3 discusses the various types of output. Section
D.4 presents a sample run of the code with its printed and plotted
output and a listing of the punched output.

D.2 Inputs to NOZFIT

The profile curvefits produced by NOZFIT consist of sec-
tions joined cnd to end with continuity of slope, each section
being a straight line, a circular arc¢ concave upward, or a cir-
cular arc concave downward. A.ray dimensions in NATA limit the
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total number of sections to 12. In the analysis to determine
the profile curvefit parameters, the sections are separated into
two groups, those lying upstream of the throat, and those lying
downstream. The analysis for each group starts at the throat
and determines the sections sequentially, proceeding away from
the throat. In each group, the section having a boundary at the
throat (x = 0) is always assumed tc be a circular arc concave
upward with zero slope at the throat. Thus, the profile ordi-
nate is a minimum at the throat. For the profile to be usable
in NATA, it is necessary that i‘he ordinate be a monotonically
decreasing function of x upstre m of the throat and a monotoni-
cally increasing function of x downstream.*

The input to a NOZFIT case begins with a card containing
alphanumeric information describing and identifying the nozzle
or channel whose profile is to be fitted. This card is read
with an A format. The information is printed at the head of the
output and reproduced as a comment card preceding the data cards
produced. The first 48 characters are also used as a title for
the nozzle profile plot. Finally, the first 4 characters on
this header card are incorporated into the punched DATA state-
ment and are used, by NATA, as a facility name (DC.,, etc.).

The remaining inputs are all read in under the namelist
name INPUT, using the usual namelist format (see Section 2.1).
They are defined below:

Variable Preset
Name Dimensions Values Definition
NSECTS (I) 2 2*0 NSECTS(1l) = number of sections
in nozzle profile upstream of
throat.

NSECTS (2) = number of sections
in nozzle profile downstrcam
of throat.

*More preciscly, the arca ratio A must have dA,/dx < 0 for
x <0, da_/dx >0 for x> 0. In a’chanancl, it is not necessary
for poth of the profiles t  2crease and increase as described
above, so long as the arca ratio has the reguired behavior..

-268~

s .



P g e s -

Variable Preset

Name Dimensicns __ Values - Definition
ISHAPE(J) 12 12*0 Index specifying shape of the Jth

section (counting from the up-
stream inlet)

1l Straight section

2 Circular arc convex toward
axis

3 Circular arc cancave toward
axis

PAR(I,J) 2,12 24*0 Parameter values for the Jth sec-
tion:
For ISHAPE(J) = 1, PAR(1,J) =
angle of inclination to nozzle
axis in degrees (positi.e value)
For ISHAPE(J) = 2 or 3, PAR(1l,J)=
~ circle radius in inches
(See ICOND for PAR(2,J))

DTH 1l - Throat diameter in inches.

TCEND(J) 12 12*%0 Index specifying condition de-
fining the Jth section.

ICEND (J) 1 Throat condition®

ICOHND(J) = 2 Straight section (J)
is tangent to adjacent circular
section nearer the throat.

ICOND(J) = 3 Circular section (J)
is tangent to adjacent straight
section (nearer the throat) at
an axial distance of PAR(2,J)
inches from the throat¥**

ICOND(J) = 4 Circular section (J)
is used to break a sharp angle
between two straight sections
which intersect at an axial dis-
tance of PaR(2,J) inches from
the throat*¥

#

i

*Note ~ therc are always two throat sections, one upstream and
«ne downstrcam of the throat.

**Note - PAR(2,J) is ncgative if it represents a point upstceam
of the throat.
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Variable

Name Dimensions
XSTART 1
XZER@L 1
N@ZZLE 1
CARDS 1
PLOTS 1
ENDJ{3 1

Presect
Values

.TRUE.

-TRUE.

-TRUE,

Definition

Upstream limit on i for calcula-
tion of nozzle profile (negative
value, inches), The profile is
calculated for a nozzle section
6 inches long.

Inlet position in inches above
the throat (negative); for use
in NATA boundary layer calcula-
tions.

Nozzle index for use in NATA

(integer value between 1 and 20).

Set to .FALSE. to suppress card
output.

Set to .FALSE., to suppress plot
output.

[—

Set to .FALSE. if there is another
case in the job following the cur-

reat case. Set to .TRUE. in last

case.

D.3 Outputs of NOZFIT

The outputs of NPZFIT are illustrated by the results for
the test problem in the next section. The printed output con-

sists of the follc.'ing:

(1) A listing of the values of 211 the input variables
in Namelist format.

(2) The image of the "header" card containing @lphanun-
cric identifying infcrmation.

(3} A tuble headed "nozzle profile parameters." This
table contains the following five columns:
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(4)
(5)

J Nozzle section index, starting
from the.upstream end.

ATP Position coordinate of the down-
stream boundary of the profile
section (cm, positive downstream).

PARAM(1,J) See below.

PARAM(2,J) See below.

PERRAM(3,J) See below.

The parameter values are coefficients in the analytical
expressions for the profile sections. Let Pj;=PARAM(1,J)
P,=PARAM(2,J), and P3 = PARAM(3,J). Then:

For ISHAPE(J) = 1,

Y =P; + Py X | : (D~1)

For ISHAPE(J) = 2,

Y =P, —\/1:32 - (X - P,y)2 (D-2)

For ISHAPE(J) = 3

Y = Pl +J—I;32 - (X bt Pz)z (D"'3)

vhere Y is the profile ordinate and X the axial co-
ordinate, The units of Py, Py and P3 are such as to
yield ¥ in centimeters when X is expressed in centi-
meters. TFor ISHAPE(J) = 2 or 3, the profile section
is a cirecular arc, P3 is the circle radius, and the
circle center is at X = P, ¥ = P;.

Printed irages of the DATA cards produced.
A two~column table headed "nozzle profile," giving the
x=- and y-coordinates (in inches) of points on a scction

of the profile 6 inches long, beginning at XSTART. Thesc
arc the samce data that arce represented in the plct output.
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The punched output consists of 12 punched cards for each
case. Their format is illustrated by the printed card images
in the output fo- the sample problem. They consist of a comment
card followed by an eleven-card DATA statement defining an ar-
ray ZPn, where n is the profile index (equ~l to the NOZFIT input
NgzzZLE). The newly fitted profile can be incornarated into
NATA by inserting this DATA statement into the block data rou-
tine BLKD1 and recompiling the routine. Note that n must be
less than or equal to 20, and must be different from the indices
of all the other profiles defined in BLKD1.

All of the entries in 2ZPn are floatving-point numbers. Some
of these values represent integers. To ensure rounding-down to
the correct integer values, N@ZFIT increases such values by 0.1
in the DATA statement. The entries in ZPn are all defined in
Section 4.7.

The plot output consists of one plot per case, showing a
section of the . mputed profile 6 inches long in the axial dir-
ection. The co._rdinate scales along the x and y axes are the
same so that thc shape is not distorted. The plot is a little
larger than full scale.

D.4 NOZFIT Tect Problem

The following pages (figures 88-93) present 2 printed
ou'prt from a N@ZFIT run on the IBM 360/75 at Avco Systems Div-
ision. The values of the input variables for this *est problem
are listed on the first page of the output. Figure 55 shows the
plot produced.
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10-3002°*6
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10-3009°6
10-300E°E
10-3000 s
10-2002°L
10-300v°L
to0-3001%2
10-3009°*9
16-3005°9
10-30c0c*9
L9=-3006°S
ru=1009°S
10-200C°¢
10-30CL*

10-3002°v
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