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SECTION 1

INTRODUCTION

Realistic simulation of reentry heating conditions experienced by high
performance reentry vehicles requires the combination of high test stream en-
thalpy and high stagnation pressure. Arc heaters offer the potential for
achieving these required conditions. The presently available Huels-type arc
heater provides the required pressufe capability but cannot match flight en-
thalpies. The segmented constrictor arc heater has been employed extensively
in low-to-moderate pressure, high enthalpy reentry simulation but has not been
employed at high pressure. Recent low-to-moderate power tests at AEDC and pre~-
liminary analyses at Aerotherm have demonstrated significantly improved enthalpy
capability at high pressure for the constrictor arc as compared to the Huels-
type arc. The necessary analysis techniques to allow the performance and de-
sign optimization of a high power, high pressure constrictor arc heater are no
available, however. Such techniques are necessary to eliminate or at least
minimize the very costly (both financial and schedule) design and hardware iter-

ations associated with the empirical development of such an arc heater.

This report presents the development of the necessary accurate analysis
technique for predicting the performance and operating characteristics of con-
strictor arc heaters. Proper physical models which are applicable for the com-
plete range of pressures (to over 200 atm) and other conditions of interest
were incorporated into an existing computer code which was also further modi-
fied for improved capabilities. The resultant computer code was validated
through comparisons of predictions with available experimental data. The vali-
dated code was then employed to determine the relation of performance capabili-
ties to the various design and operating parameters. Finally, the conceptual
design including basic geometric and operating variables was developed for
moderate and high power operation. The performance goal on which the designs
were based was simultaneous operation in the 150 to 200 atmospheres total
pressure range and the 6000 to 8000 Btu/lb bulk enthalpy range.

The following briefly describes the report content. Information about
predictive procedures is discussed in Sections 2 to 5 in terms of previously
available prediction techniques, improved phenomenology modeling for the radiation
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losses, the thermodynamic and transport properties, and the turbulent model,
respectively. These are followed by Section 6 which describes the validation

of the computer code predictive procedure, and Section 7, which presents the
results of the scaling study. These sections summarize essential details of

the technical work. 1In most cases, additional details are given in a series

of supporting appendices. Section 8 presents the conceptual designs for the

5 MW and 40 MW constrictor arc units. Finally, the conclusions of the study are
presented in Section 9. The supporting appendices then follow, the last being

a user's manual for the ARCFLO Version 2 code which was developed in part in the
present study and represents an automated version of the predictive procedure.
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SECTION 2

PREVIOUS PREDICTIVE CODES

Two existing predictive procedures were reviewed for possible use in the
present study. The Watson and Pegot (Reference 1) procedure was developed for
the analysis of constrictor arcs operating at low pressures and, consequently,
does not consider phenomenological events which are important at high pressures,
as discussed below. This procedure offers the advantage of sound numerics which
are suitable for extension to analysis of flows in high pressure arcs. In addi-
tion, the procedure offers the advantage of familiarity and has been used ex-
tensively in previous studies to generate predictions which can be used in the
present study as baseline data for the evaluation of changes in the phenomeno-
logical modeling. For instance, the Watson and Pegot code with empirical cor-
rections has been used by Aerotherm since 1969 for all arc heater design
activities. The Graves and Wells (Reference 2) procedure has the same short-
comings with regard to modeling and the same strengths with regard to the nu-
merics, but it does not offer the advantage of high familiarity or an existing
body of predictions of flows in high pressure arcs. Based on these considera-
tions the Watson and Pegot (Reference 1) predictive procedure was selected as
the baseline for the present study.

For high pressure predictions, the phenomenological modeling employed by
Watson and Pegot (Reference 1) is inadequate for accurate predictions of radia-
tion flux. It also includes only low pressure thermodynamic and transport pro-
perties, and incorporates a somewhat simplistic turbulent model. The radiation
properties model does not include the following:

[ Visible and infrared atomic lines
. Ultraviolet continuum

® Ultraviclet bands and band systems
e Ultraviolet atomic lines

while the radiation transport model employs the optically thin approximation
which does not allow self-absorption. The properties model will cause the ra-
diative loss predictions to be low, while the transport model will cause these
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predictions to be high. At times the two approximations will compensate; how-
ever, one cannot depend on such good fortune when the radiation flux is the
dominant loss mechanism (which it is for high pressure conditions).

The Watson and Pegot thermodynamic and transport properties are subject
to the following approximations and constraints:

° Air is approximated as N,, dissociated and ionized

® The pressure is limited to 1 2p210 atm

® Thermodynamic properties are not state-of-the-art

) Transport properties do not employ the most recent cross sections
gnd their turbulent model employs the following idealizations:

® A mixing length obtained from the work of Nikuradse (Reference 3)
and divided by 2

[ A unity turbulent Prandtl number

® An oversimplified treatment of the effects of constrictor wall
roughness

The thermodynamic and transport property data can be expected toc be in substan~-
tial error because they are both out of date and subject to extrapolation errors..
The turbulent model is not valid for non-fully developed flows or the flow near
the centerline of the constrictor tube or the immediate vicinity of the wall.

The development of more accurate radiation, thermodynamic and transport,
and turbulence models and data for inclusion in an upgraded computer code is
presented in the following three sections.

10
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SECTION 3

THE RADIANT FLUX IN A CONSTRICTOR ARC

RADIANT TRANSPORT

The accurate calculation of radiation transport within a constrictor
arc requires consideration of the geometry; namely, a right circular cylinder
of high length-to-diameter ratio as shown in Figure l. It also requires con-
sideration of the spectral absorption and emission from the gaseous media.

To obtain the present transport formulation, these features were combined with
the following key assumptions:

® Media is nonscattering

° Constrictor walls are black and maintained at constant temperature
[ Cylinder is of infinite length

® Temperature does not vary axially

. Exponential kernel approximation is valid

These assumptions restrict the applicability of the analysis to arc flows which
do not have appreciable particulate concentrations, which do not have important
end wall effects, which have gradients in the radial direction much larger

than those in the axial direction and which do not have walls made of or coated
with reflective materials. None of those are viewed as serious restrictions
for the applications envisioned in tﬁe present study. '

Consider a unit area at Péint C (Figure 1) situated at an axial distance
z and a radial distance r. Let A-C-B represent a ray having spectral intensity
Iv at Point C directed toward A, For this system, the spectral flux in the
radial direction is obtained by integrating over all the rays passing through
C, i.e.,

q,(r) = JfIv cos 8 4Q (1)
f2

Equation (1) can be written in terms of exponential integral functions D2(x)
and D3(x) (see Appendix A), which can be approximated by an exponential
kernel:

11
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Dz(x) = a exp (-bx) (2)

This approximation allows an analytic integration of Equation (1) over the 6
variable and results in

+ -
qv(r) = qv(r) - qv(r) (3)
where
n/2
qi(r) = Jf cos y Gi(r,Y) ay (4)
o

and where the angular directional fluxes Gt(r,Y) are given in Appendix A.

Let any of the N discrete values of the radial coordinate be singled out
with the subscript i. The wall is located at Tien = R and the axis of the con-
strictor tube at Tion = 0. Consider, as shown in Figure 2, the plane perpendic-
ular to the axis of the constrictor tube, and let j be the index on the radial
mesh points perpendicular to the axis. Finite difference relations can be
obtained (and are given in Appendix A) by assuming logritpmic variations for
U with r and for E with . The angular directional flux can be represented
by a recursion formula which allows significant simplification, i.e.,

8T5,121,5 _ .

1,421, )t B4, Eitl,j (5)
7 1 in 3 i3
Ti,is1 il,j

NS
W)
[
"+
[
-
w,

where the Ari 11,3 are the optical depth increments. Equation (5) includes
the effect of self-absorption explicitly.

With known values of spectral absorption coefficients u(y ), the
optical depth increments .'.\'r:L i-1,j are generated, Starting at the wall, i=N,
from the known or assumed wall boundary condition, values of G i,3 are calculated.
Due to the symmetry 1n the geometry, we have G1 3= G 1,5. Invoking this sym-
metry condition, the G i3 are then computed starting at the axis of the con-
strlctor, i=l. With these calculated guantities, the local spectral radiative
flux q (ri) may be found from Equation (3) cast into proper computational form
(Appendzx A).

13


http://www.abbottaerospace.com/technical-library



http://www.abbottaerospace.com/technical-library

AEDC-TR-75-47

To allow assessment of the exponential kernel approximation, calculated
radiant flux profiles are presented in Figure 3 for a gray gas in a cylindrical
geometry. The temperature distribution is assumed to be linear with the radius,
and the absorption coefficient of the medium is assumed to be constant. The
calculatéd radial radiant heat flux distributions are compared with exact cal-
culations of Keston (Reference 4) and approximate calculations of Chiba (Refer-
ence 5). Keston employed a numerical integration scheme to evaluate the ex-
ponential integral functions D3(x) ang Dz(x), whereas, Chiba and the present
method used an approximation. Chiba (Reference 5) used a value of a = 1 and
b = 5/4 in the exponential approximation for Dz(x), whereas, the values a =
57/16 and b = 5/4 were selected for the present study because they allow addi-
tional simplification in the analysis. It is seen from Figure 3 that the re-
sults obtained by the present calculational method compare excellently with the
approximate results of Chiba, and the results are in good agreement with the
exact calculations of Keston.

RADIATIVE PROPERTIES

The radiative properties of high temperature air were treated on a band-
model basis. The spectrum was divided into two gray bands as shown in Figure 4.
Absorption coefficient data for various pressures (1-200 atm) and temperatures
(1000°K - 30,000°K) were obtained from several sources and are given in Appendix
A. Rosseland mean opacities were used for the low frequency band, which is con-
sistent with the present interest in a self-absorbing gas. The absorption coef-
ficients selected for the high frequency band were selected to correspond to
the nitrogen ground state photo~ionization threshold.

COMPARISON WITH WATSON AND PEGOT

The formulation used in the present study includes the effects of self~
absorption. This requires consideration of a specific geometry (right circular
cylinder of infinite length) and consideration of the spectral nature of the
radiation. 1In contrast, the optically thin approximation of Watson and Pegot
(Reference 1) allows great simplification in the analysis, in that radiation
losses need be treated only as a heat loss term in the energy equations. Un-
fortunately, the optically thin model is not appropriate for the high pressure
constrictor arc environment and should lead to unacceptably high predictions
(for a given set of radiation properties).

On the other hand, the Watson and Pegot (Reference 1) values of the radi-
ation properties are not state-of-the-art and are also viewed as being incom-
Plete in that all the important contributions were not included. This should

15
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cause the present predictions to be higher than theirs (for a given transport
formulation) by factors 'which can be as high as 4.

The substantial differences in both the transport and properties models
precludes any general statement with regard to which approach gives the higher
predictions. 1Indeed, the comparisons which have been made show that the dif-
ferences can go either way. For the important cases of asymptotic flows in con-
strictor tubes of 1-1/2 to 2 inches in diameter and in the 100 to 200 atmosphere
pressure range, the present predictions tend to be about a factor of 2 higher
than those made with the Watson and Pegot (Reference 1) method.

17
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SECTION 4
THERMODYNAMIC AND TRANSPORT PROPERTIES

To solve the flow field equations applicable to a constricted arc, the
following properties are required in table format for use in the computational
procedure:

Thermodynamic - p, h, xi

Transport - y, K, ©

In this work, the property tables must cover a pressure range of 1 < p < 200
atm and a temperature range of 1000°K £ T £ 30,000°K. The primary weakness of
the property tables used by Watson and Pegot (Reference 1) is that they extend
up to only 10 atm. Also, nitrogen properties were used to approximate those
of air, and the nitrogen transport properties used are based upon collision
cross-sections which are not state-of-the-art. Due to these deficiencies, a
complete updating of the property tables was a prerequisite to carrying out
the high-pressure flow field analyses.

Hilsenrath, et al. (Reference 6} and Gilmore (Reference 7) provide tabu-
lar and graphical values of thermodynamic properties for air under the condi-
tions of interest. These data were awkward to use here because of difficulties
associated with making accurate interpolations of the graphical data for species
mole fractions. In addition, much of these data are presented with temperature
and density as the independent variables; however, pressure and enthalpy are
the desired independent variables. Therefore, to permit calculating p, h, and
X, for arbitrary values of the independent variables P and h, the calculational
procedure described below was developed and employed.

With regard to the transport properties, a calculational procedure was
also developed even though there are some experimental data available. In par-
ticular, a reasonable amount of experimental data are available for the elec-
trical and thermal conductivities of a nitrogen plasma (References 8-11), while
only limited experimental data are available for the viscosity (Reference 12).
For air, there are only a few experimental values of thermal and electrical
conductivity available (References 11, 13), and air viscosity data appear to
be nonexistent. All of these data have been acquired at atmospheric pressure,
so that the data can be used to validate transport property calculational

18
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procedures but cannot be used as input to solve the flow field equations in the
200 atm pressure range of interest. A calculational procedure is therefore

necessary.

A number of kinetic theory calculations have been carried out for both
nitrogen (References 14-16) and air (References 16-18) plasmas. The calcula-
tion of nitrogen properties by Capitelli and DeVoto (Reference 14) uses the
best available collision cross-sections and is the most recent and most accu-
rate; however, only atmospheric pressure was considered. The heavily refer-
enced calculations of air transport properties by Yos (Reference 16), Peng and
Pindroh {Reference 17), and Hansen (Reference 18) have been available for some
time, and it now appears that certain collision cross-sections used in these
treatments are in serious error. Fﬁrthermore, the maximum pressure considered
by Yos was 30 atm, while the other two air property calculations are ‘limited
to temperatures below 15,000°K. For these reasons, the air transport proper-
ties were recalculated with the updated model described below. This model was
validateé through extensive comparisons with the one-atmosphere experimental
data for air and nitrogen plasmas. It should be noted that all of the experi-
mental data considered are very recent, 1970 or later, and are viewed as being
the state-of-the-art.

THERMODYKAMIC PROPERTIES

A chemical equilibrium computational procedure (the ACE computer program
(References 19, 20)) was used to calculate the mixture density, enthalpy, and
species mole fractions for air under the conditions 1 < p < 200 atm and 1000°K <
T < 30,000°K. The ACE code was modified to include the Debye-Hiickel correction.
(The details of this modification are discussed in Appendix B.) The Debye-Hiickel
correction is required when ionization is significant to account for the storage
of potential energy associated with the Coulomb interaction between charged
particles. The net effect of .these Coulomb interactions is to reduce the ioni-
zation potential, the thermal pressure, and the various mixture properties in-
cluding enthalpy, entropy, density, and internal energy (References 21, 22).
Under the conditions of interest, the only significant effect is the reduction
in the ionization potential, which leads to shifts in the predicted values of
charged-particle mole fractions of up to 25 percent.

The predictions of air thermodynamic properties provided by the modified
ACE code were compared with the values given by Hilsenrath, et al. {Reference
6) and Gilmore (Reference 7) (see Appendix B). Agreement on predicted values of
o and h was within 1 percent, while agreement was always within 5 percent for
the mole fractions of the significant species.

19
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The new calculations of p and h were also compared with the values at 1
and 10 atm used in the Watson and Pegot procedure (see Appendix B). At temper-
atures below 8000°K, the Watson and Pegot (old) values of h are 30-40 percent
lower than the new values, while at higher temperatures, they are 10-15 percent
higher. At the same two pressures, there is close agreement between the old
and new values of density. Of course, when higher pressures were considered by
the Watson and Pegot procedure, the property values were obtained from extrapo-
lations of the 1 and 10 atm values. It follows that high-pressure properties
determined in this manner can be in substantial error, expecially when the 1
and 10 atm properties are in error to begin with.

TRANSPORT PROPERTIES

The transport properties were calculated using the mixture rules of Yos
(Reference 16), which are summarized in Appendix B. These expressions reduce
to the results of rigorous kinetic theory in the limit of a one-specie gas.

For mixtures, they are approximate in that they exclude the higher order terms
in the first Chapman-Enskog approximation (Reference 23). However, calculations
based on the simple mixture rules rarely differ from the more exact first ap-
proximation by more than a few percent (Reference 16).

In the Yos formulation, the total thermal conductivity K is the sum of
translational, internal, and reactive contributions. The internal contribution
is computed with the Eucken correction (Reference 23), and the reactive thermal
conductivity is based upon the Butler-Brokaw formulation (Reference 24) for
multicomponent neutral mixtures which also has been shown to be valid for
partially-ionized gases in equilibrium (Reference 25).

All of the collision integrals (cross-sections) used in the work by Yos
were carefully examined and in many cases updated, based on collision integrals
from References 14, 15, 16, 17, 26, 27, and 28. The details of this investiga-
tion are discussed in Appendix B. For the sake of consistency, the Yos colli-
sion integral for a given collision was always used when it appeared to be as
valid as that from any of the other sources considered. The Yos collision in-
tegrals for charge exchange, which make important contributions to the reactive
thermal conductivity, appeared to be too high by a factor of up to four. There-
fore, the charge exchange collision integral for nitrogen was taken from Capi-
telli and DeVoto (Reference 14} and that for oxygen was taken from Knof, et al.
(Reference 28).
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The Yos collision integrals for Coulomb collisions were based on the
Gvosdover cross-section multiplied by factors ranging from 0.3 to 12.8, de-
pending on the particular pair of charged particles. The multiplicative fac-
tors were obtained through comparison with the electrical and thermal conduc-
tivities of a fully-ionized gas predicted by Spitzer and Hiarm (Reference 29),
but these latter results have been found to be low relative to experimental
data (Reference 14). Thus, in this work Coulomb collision integrals, based
upon an unscreened Coulomb potential with Debye-length cutoff, were taken from
Liboff (Reference 27). The Debye length was computed based upon screening by
electrons only, as recommended by Capitelli and DeVoto (Reference 14). A single
multiplicative factor of 0.6, obtained through the comparisons with experimental
data for electrical conductivity discussed below, was applied to all Coulomb
collisions involving an electron.

The theoretical model for transport properties described above was com-
pared critically with the available experimental data and theories. This
comparison is discussed in detail in Appendix B. Because experimental data for
the nitrogen plasma are more extensive than those for air, the former were used
as a standard for comparison. Specifically, the calculations were compared with
the one-atmosphere nitrogen electrical conductivity data, and it was found that
multiplying the collision integrals for Coulomb collisions involving electrons
by a factor of 0.6 gave optimum agreement over the entire temperature range up
to 24,000°K. The new model then agreed well with the one-atmosphere results of
Capitelli and DeVoto (Reference 14). Comparisons were also made with the 100
atm results of Sherman (Reference 15) for T < 15,000°K, and good agreement was
obtained. :

The new model with modified Coulomb collision integrals was then com-
pared with the available data and theories for the air plasma. This comparison
is summarized in Figures 5, 6, and 7. The present calculations compared with
the experimental data as well as or better than the other available theories
in all cases. They are also in good agreement with the one-atmosphere results
of Peng and Pindroh up to T = 15,000°K, where the latter calculation was ter-
minated. For electrical conductivity, the present calculations are 20 percent
higher than the results of Yos (Reference 16) at temperatures in the vicinity
of 20,000°K, due to the different Coulomb collision integrals. The total ther-
mal conductivity of Yos is up to 30 percent lower than present calculations at
temperatures in the range 9000°K < T < 20,000°K, due to the erroneously high
charge exchange collision integrals used by Yos. Both the viscosity and the
total thermal conductivity predicted by Hansen (Reference 18) are in poor
agreement with the present calculations, due most likely to the outdated cross
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sections used in the former work. Although not shown on the figures, calcula-
tions were alsc compared with the 100 atm predictions of Peng and Pindroh, and
good agreement was obtained (see Appendix B).

Figures 5, 6, and 7 also present comparisons between the new properties
and those used by Watson and Pegot (Reference 1) at both 1 and 10 atm. The
Watson and Pegot properties are based partially upon the work of Yos for elec-
trical conductivity and the work of Hansen for viscosity and total thermal con-
ductivity, and are in substantial error under many conditions. Consequently,
the new properties should lead to significant improvements in the accuracy of
the predictions of flow fields within constricted ares.
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SECTION 5

TURBULENT FLOW MODEL’

For the arc conditions of interest in this study, it is expected that
the flow will be turbulent. The Reynolds number based on cold flow properties
and tube diameter is approximately 2 x 10°%, a value which far exceeds the usual
transition value of 3 x 10°,

By using an eddy viscosity model for turbulent flow, the equations for
shear stress, 1, and heat flux, g, can be written as '

T=ov+e) P (6}
=- (X ,pe\dh
q-= (cp + Pt)dy (7)
The eddy viscosity, e, i given by
e = 22|q (8)

where £ is the mixing length. At the wall, the mixing length should satisfy the
boundary conditions (Reference 30)

lim 2 =0
y=~o0
and (9)
lim -—— =0
y=+o0
In the Watson and Pegot study (Reference 1) a modified form of Nikuradse's mix-
ing length equation (Reference 3) was employed (see Appendix E) which satisfies
the first boundary condition but gives d&/dy + 0.2 as y + 0. A more suitable

equation for the mixing length in the wall region is the van Driest (Reference
31) "law of the wall" model, given by:
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-Y'ngc;pw

L=0.4yvy ]2 - exp(_—) (10}
26 Yy

This model of the mixing length satisfies both wall boundary conditions stated
previously, and has been proven effective by other investigators (References
32, 33).

All information on the distribution of the mixing length across the tube
radius comes from experimental data (e.g., Reference 34) and supports separating
the flow into two regions: an inner region, where a wall model for the mixing
length is applicable, and an outer region, where the mixing length is propor-
tional to the tube radius. Therefore, the following expression for mixing
length was adopted:

ta
I.<
ia
o]

~Y/T,8. 7P,
zi = 0.4y |1l - exp TS for yo

w
(11)

lo = 0.075 R for Yo LY S R

A
e

where y is a small distance from the wall and Yo is obtained from the continu-
ity of £. A comparison of the mixing lengths due to Nikuradse, Watson and Pegot,
van Driest, and the one given in Equation (11) is shown in Figure 8 for a typi-
cal case.

In addition to changing the mixing length, the turbulent Prandtl number
used by Watson and Pegot needs modification. Watson and Pegot assume a turbulent
Prandtl number of unity throughout, which is close to the value often adopted
for boundary layer calculations. Rotta (Reference 35) has proposed the turbu-
lent Prandtl number for flow in ducts be given by

P, = 0.95 - 0.45 (¥) , (12)

which allows significant deviations from unity near the axis. This value has
been used in other recent investigations of duct flows (Reference 36) and was
adopted in the present study.

Changing the mixing length model and the turbulent Prandtl number can
have a significant effect on wall heat flux calculations, as shown in Figure 9.
Here it is seen that the principal heat transfer mode has been changed from
radiation to convection for the low-pressure case being studied. At a distance
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of 45 inches in axial length, the mass-average enthalpy was changed from 5200
Btu/lbm (Watson and Pegot turbulent model) to 7200 Btu/lbm (present turbulent
model). It should be emphasized that the only differences between the two cal-
culations presented in Figure 9 are the mixing length and turbulent Prandtl num-
ber calculations; all other aspects of the two flow field models are the same.

Up to this point, the discussion of turbulence has assumed the presence
of a smooth wall. In reality, the constrictor wall is rough, due to both the
segmented nature of the wall and the existence of an oxide scale on the exposed
segment surfaces (particularly in an air arc). 1In both the above formulation
and that of Watson and Pegot, for a smooth wall the mixing length £ and, hence,
the eddy viscosity € are zero at the wall. 1In contrast, for a rough wall Watson
and Pegot assumed the mixing length at the wall was finite and equal to 0.010
inch for all flow conditions and constrictor configurations. However, this was
felt to be too restrictive in this work. Furthermore, the roughness associated
with constrictor segments of interest in the present study has been measured
at Aerotherm and found to rarely exceed 0.005 inch in equivalent sand grain
roughness height.

In this work, wall roughness is modeled by evaluating Equation (ll) above
at "y + KS" rather than "y", where K is the equivalent sand grain roughness
height. This means that at the wall, Y = 0, the mixing length £ will be finite
and £ < 0.4 Kg- It follows that turbulent components of wall shear and convec-
tion heat flux will exist since €(0) > 0. See Appendix C for further discussion.

Wall roughness also influences the turbulent Prandtl number in the wall
region. It has been found that roughness augments wall shear more than it
augments wall heat transfer, suggesting that Pt in the wall region can exceed
unity. In this work, th was varied parametrically and the optimum value was
determined to be th = 3.0 (see Appendix C).
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SECTION 6

CODE VALIDATION

The improved models for radiation properties and transport, thermodynamic
and transport properties, and turbulence have been incorporated into the origi-
nal version of the flow field computational procedure developed by Watson and
Pegot (Reference 1) designated here as ARCFLO Version 1. In addition, further
minor code modifications were performed to improve the iteration technique used
to determine the pressure drop for each axial step. The updated code is desig-
nated here as ARCFLO Version 2.’ A series of predictions of constrictor arc
performance was then made for operating conditions where experimental ‘data were
available.

CRITERIA FOR DATA SOURCE SELECTION

Thé sources of the data available for this purpose are listed in Table 1
together with the range of constrictor diameter and constrictor lengths and
pressures. A listing of all the data is given in Appendix D for the 270 data
points th;t were collected.

The following factors were considered in choosing the best source of ex-
perimental data:

° High pressure, high enthalpy levels
[ Consistency with other experimental data
® Self-consistency

- Maximum values of mass-average enthalpy and pressure are shown in Figure
10 for the various experimental data. Lines of constant HY/P are alsc shown in
Figure 10. The AEDC constricted-arc data is superior to all of the other

sources because it more closely approaches the design goal of 6000-8000 Btu/lb

at 150-200 atmospheres pressure.

A power law correlation of all of the experimental data was formulated
in order to judge the consistency .of the enthalpy and voltage data. Both mass-
average enthalpy and arc voltage were assumed to vary with current, air mass
flow rate, pressure, constrictor length ané constrictor diameter to some power.
A multiple regression computer routine was used to calculate the exponents.

The following equations were obtained:
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TABLE 1
CONSTRICTOR ARC DATA SOURCES

Constrictor Constrictor
Data Source Diameter Length Pr&sts':)re
{inches) (inches)

Arnold Engineering Development Center, 0,934 17 26-102
(AEDC), Tullahoma, Tennessee
Air Force F1ight Dynamics Laboratory, 3.000 45-96 25-107
(AFFDL), Wright-Patterson Air Force
Base, Ohio
Sandia Laboratories, (Sandia), 1.000 37 7-18
Albuquerque, New Mexico
National Aeronautics and Space 1.5000 36-122 1-7.5
Administration - Johnson Space Center,
(NASA-JSC), Houston, Texas
National Aeronautics and Space 2.362 47-94 1-9
Administration - Ames Research Center,
(NASA-Ames, 6 c¢m), Moffett Field,
California
Martin-Marietta Corporation, Denver 1.000 7-65 0.06-30

Division, (MMC), Denver, Colorado
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_ I 5 L 85 0.1
Hoopp = 9-818 (;) (5) p% , Btu/lb (13)
v = 294 m"™ (-11)075 p%® , volts (14)
corr D '

These equations were used to calculate values of enthalpy and voltage for data
evaluation. Equations (13) and (14), while based on extensive data correlations,
should be used only for interpolations between given data ranges. They can lead
to erroneous results when extrapolated beyond the defining data base.

Another data test involved the "sonic-flow enthalpy" as calculated by the
Winovich formula (Reference 37):

Hyp = 280 (L)' , Btu/lb (15)

where A* is the sonic throat area in square feet.

RESULTS OF DATA EVALUATION

The data were first compared with enthalpies and voltages that were cal-
culated by means of the correlation equations. Of all the data, the AEDC con-
stricted arc enthalpy data, shown in Figure 11, were the best, although excel-
lent correlations were also achieved by the Sandia data. The small amount of
scatter in the AEDC data indicates good self-consistency.

The voltage comparison of Figure 12 shows that the AEDC constricted arc
voltage is about 50 percent higher than predicted by the correlation formula.
This discrepancy is apparently due to the fact that the electrode voltage drops
are a larger fraction of the total arc voltage for the relatively short AEDC arc
heater. Again, the small amount of scatter in the voltage data indicates good
self-consistency.

The final test of the data from all sources is a plot of mass-average
enthalpy versus the "sonic-flow enthalpy”. Figure 13 shows this correlation
for the AEDC enthalpy where the sonic flow enthalpy is calculated using Equa-
tion (15). When Figure 13 is compared with other such sonic flow enthalpy cor-
relations, the AEDC constricted arc enthalpy is superior to all of the others.

As a result of the above data comparisons, runs were-selected from the
AEDC data and from the Martin Marietta Corporation data for the code valida-
tion. These data, designated as Runs 1-16, are listed in Table 2: the final
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Figure 11. AZDC constricted arc enthalpy data.
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Figure 13. AEDC enthalpy data correlation with sonic flow enthalpy.
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EXPERIMENTAL DATA FOR CODE VALIDATION

TABLE 2

Run Amps Yolts l1)r1|<a:h L?:gﬁh 1b§n]/‘::ac Btu}TI bm Preasts: re
1 521 2080 0.934 17.00 0.055 6,403 26.3
2 427 2080 0.934 17.00 0.058 6,024 26.0
3 591 2120 0.934 17.00 0.055 6,989 26.2
4 475 3300 0.934 17.00 0.120 5,326 53.2
5 370 3360 0.934 17.00 0.121 4,588 51.0
6 575 3300 0.943 17.00 0.116 5,963 53.7
7 477 4230 0.934 17.00 0.187 4,663 77.6
8 561 4465 0.934 17.00 0.192 5,270 84.4
9 602 4830 0.934 17.00 0.260 4,448 102.0

10 682 3544 0.934 17.00 0.136 5,886 64.0

1 52¢ 3016 0.934 17.00 0.112 5,140 46.0

12 543 3285 0.934 17.00 0.123 5,084 52.9

13 635 3050 0.934 17.00 0.100 6,340 43.9

14 525 3460 0.934 17.00 0.120 6,025 55.4

15 554 4980 0.934 17.00 0.253 4,256 101.5

16 900 6176 1.000 65.00 0.147 10,037 24.8
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data set selected for code validation were Runs 3, 4, 5, 8, 15, and 16. The
first five runs include data acquired at the AEDC constricted arc heater facil-
ity where pressures reached 100 atm in a relatively short arc, L/d = 20. - The
Martin Marietta Corporation data for Run 16 were included to exercise the code's
prediction capability for long arcs, L/d * 65, where fully-developed or asymp-
totic flow is obtained.

RESULTS OF CODE VALIDATION

Table 3 summarizes the comparisons between experimental data and the
ARCFLOW Version 2 predictions for both bulk enthalpy and voltage drop at the
constrictor exit. The comparisons indicate that the discrepancy between the
Version 2 prediction of bulk enthalpy and the corresponding experiental value
for a developing arc exceeds 10 percent in only one case, while in several
cases it is less than 5 percent. This agreement is viewed as being within the
uncertainty of the experimental data. The single comparison with a fully de-
veloped arc is within 2 percent. The predictions of voltage drop for the AEDC
test conditions are consistently below the measured values. This is most likely
due to the fact that the flow field model does not treat the anode and cathode
fall regions. For the short AEDC arc, the voltage drops in the electrode fall
regions can be a significant portion of the total measured voltage drop.

For the MMC arc (Run 16), the wall roughness parameter Ks was parame-
trically varied from 0.0 to 0.010 inch, and Ks = 0.0035 inch was found to pro-
vide the best combined prediction of AV and H when compared to the experimental
values. This value of Ks agrees with measurements and estimates made at Aero-
therm. For the AEDC arc, Ks = 0.005 inch was used since the insulator width
in this arc is somewhat larger than that for the MMC arc.

The bulk enthalpies are presented in Figure 14 to allow comparisons be=-
tween the Version 1 and Version 2 predictions and the experiental data.* 1In
every case, the Version 2 predictions are superior to the Version 1 predictions.
Considering only the AEDC data, it is observed that the Version 1 predictions
are lower than the measured values, and the deviations increase with increasing
pressure, while the much smaller deviations associated with the Version 2 pre-
dictions show no particular trend. Further, the Version 2 predictions for the
long arc considered in Case 16 are in good agreement with experimental data,
while the Version 1 predictions are substantially too high. 1In general, the
Version 2 predictions compare with the Version 1 predictions as follows:

] The Version 2 predictions indicate that a given enthalpy will be
reached in a shorter axial distance

*The Watson and Pegot version of ARCFLO would not operate for Run 15 due to an
extrapolation of the 1 and 10 atm property tables to negative property values.
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TABLE 3

SUMMARY OF COMPARISONS BETWEEN ARCFLO VERSION 2 PREDICTIONS
AND EXPERIMENTAL DATA

ARCFLO
Measured Yersion 2
Prediction
Run No. i - s -
Ay H Ay H
{vplts) {Btu/1bm) {volts) {Btu/1bm)
3 2120 6,989 1722 6201
-18.8% -11.3%
4 3300 5,326 2596 4791
-21.3% -10.0%
5 3360 4,588 2642 4384
-21.4% - 4.4%
8 4465 5,270 3565 4574
-20.2% -13.2%
15 4980 4,256 4176 4380
-16.1% + 2.9%
16 6176 10,037 6253 9850
+1.2% - 1.9%
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° The Version 2 predictions indicate that a lower asymptotic enthalpy
will be reached.

A discussion of these code comparisons follows.

Flows in short ares are characterized by enthalpy profiles which are
sharply peaked near the center of the constrictor tube. Energy events in this
type of flow tend to be dominated by the mixing of the hot core with the sur-
rounding cold gases, with turbulent diffusion being the primary transport
mechansim. Consequently, the selection for the Version 2 analysis of a turbu-
lent Prandtl number which goes to 0.5 at the center of the constrictor tube has
the effect of significantly increasing both the predicted transport of energy
and the predicted axial rate of growth of the bulk enthalpy.

Run 16 corresponds to a constrictor length for which fully developed
or asymptotic conditions are approached. In this particular case, the Version 2
code calculation predicts twice as much total wall heat flux as that of Version 1.
With the much lower losses, the Version 1 prediction of H is correspondingly
higher. As discussed in Section 3, the lower prediction of radiative losses by
ARCFLO Version 1 is due to the fact that the visible, infrared, and ultraviolet
lines and the ultraviolet continuum are not included in the Watson ang Pegot
model.

In conclusion it is felt that ARCFLO Version 2 provides significantly
more accurate predictions in high-pressure applications as demonstrated by the
good agreement between measured values of H and those predicted by ARCFLO
Version 2 and the large degree of improvement relative to the predictions of
Version l. The remainder of this section is devoted to a brief discussion of
several physical phenomena predicted by the upgraded version of ARCFLO.

Figures 15 and 16 present the ARCFLO Version 2 predictions of axial dis-
tributions for Runs 8 and 16, respectively. The axial gradient of H is large at
the exit of the AEDC constrictor, while for the much longer MMC constrictor it
is nearly zero. This means that higher bulk enthalpies could be achieved in
the AEDC facility if the constrictor were lengthened and the total voltage drop
increased while holding mass flow and current constant. 1In contrast, further
increases in H in the MMC facility cannot be realized by simply lengthening
the constrictor.
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Figures 15 and 16 also indicate that in the thermally developing portion
of the flow field, the wall heat flux is dominated by radiation. The convec-
tive heat flux becomes significant only after asymptotic conditions are ap-
proached. Even at this point, convection is typically no more than 30 percent
of the total wall heat flux for the elevated operating pressures considered.

For the AEDC constrictor, the wall convection is dominated by the turbulent
contribution due to wall roughness. 1In contrast, for the MMC case where Lboth
bulk Reynolds number and wall roughness are smaller, the wall convection is
approximately equally divided between the molecular and turbulent con;ributions.
The nature of the radiative and convective wall heat flux predictions in the en-
trance region is a direct result of the entrance profiles considered. The en-
trance profiles used in the calculations are discussed below.

Figures 17 and 18 illustrate the radial temperature profiles predicted
by ARCFLO Version 2 for Runs 8 and 16, respectively. In each case, the assumed
starting enthalpy profile is essentially the same. The bulk enthalpy corre-
sponding to the entrance temperature profile is low, being approximately 800
Btu/lbm. The low energy content of the flow at this point is assumed to be
concentrated in the core; that is, the arc column, where significant ionization
is present, resides in a small region of the center of the flow fieléd. A short
distance downstream of the entrance a large temperature spike is generated be-
cause the Ohmic heating is confined to the narrow conducting core of the flow
field. 1In both runs, this temperature spike persists past the l1l7-inch axial
position. When the temperature spike is present, the wall temperature gradient
is relatively low. As a result, radiation from the core is the major contribu-
tor to the wall heat flux. However, as'indicated for Run 16, if the flow is
allowed to develop, the high-energy core will tend to spread to the confining
walls of the constrictor, and the classical flat profile characteristic of
turbulent pipe flow is approached. Radiation continues to be dominant in the
fully-developed regime, but the steep wall gradients also cause convection to
be significant.
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TEMPERATURE, T(°Kx10~3)
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Figure 17. Radial temperature distributions predicted by
ARCFLO Yersion 2 for Run No. B.
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Figure 18. Radial temperature distributions predicted by
ARCFLO Version 2 for Run No. 16.
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SECTION 7

SCALING STUDY

The purpose of the scaling study was to characterize and optimize the
performance of high pressure arc heaters. Specifically, the important parame-
ters were identified and their effect on performance established. One of the
primary results obtained was a curve relating the maximum mass-average enthalpy
to pressure for given values of maximum permissible constrictor wall heat
transfer rate. Additional constraints such as those imposed by the power sup-
Plies and the test stream requirements are discussed in Section 8.

The data used for the scaling study were obtained from a series of ARCFLO
Version 2 computer code calculations. A matrix of 32 cases was identified;
this matrix is given in Table 4. The input data covers the following range:

° Pressure: 80 to 200 atmospheres

® Current: 500 to 2500 amperes

e Air Mass Flow Rate: 0.125 to 4.0 lbm/sec
e Diameter: 0.75 to 2.039 inches

e Length: 0 to 90 inches

As shown in Table 4, all cases were successfully computed in the first attempt
except Case 27. The initial starting assumptions for this case caused the
solution to blow up early in the computation and since the conditions were not
of primary interest a second attempt was not made.

In order to describe the important trends in the ARCFLO Version 2 per-
formance data, equations were sought relating mass-average enthalpy, constrictor
wall heat~-transfer rate, voltage, and efficiency. These equations are viewed
as useful correlation and interpolation formulae for use in the design optimi-
zation presented in Section 8. They should not, however, be used toc extra-
polate results beyond data ranges given above.

RESULTS OF SCALING STUDY

The mass-average enthalpy was found to increase with axial distance at
a relatively rapid rate to an asymptotic level as shown in Figure 19.
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TABLE 4
ARCFLO VERSION 2 CALCULATION MATRIX

Case No. S Mbrse” i inches Comments
1 1500 3 150 1.75
4 2000
3 1000
4 1500 4
5 2
6 3 200
B | 80
8 . 150 1.544
9 2000 2.039
10 1000 4 1.75
11 2000 2
12 2500 3
13 600 6.5 0.934
14 700
15 500
16 600 1.0
17 0.25
18 0.50 200
19 80
20 150 1.25
21 2500 3 80 1.75
22 200
23 150 1.50
24 2.00
25 2000 1.50
26 1.25
27 80 - Did not run
28 200
29 2 150
30 600 0.25 0.75
k]| 0.125 0.934
3z 1500 2 to3 1.75 - Distributed
flow injec-
tion
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09

Ratio of mass-average to asymetotic mass-average enthalpy, H/H~

Figure 19.

Sym. | Case {d, in]| I, amp [m, JO® | p atm
O 1 1.75 1500 3 150
O [ 2000
[ 3 1000 l
A 4 1500 4
& 5 2
B 6 l 3 200
Q 7/ 4
o) 30 [ 0.75] 600 | 0.25 150
o | W D-en GHYy
20 30 40 50 60 70

Axial Length/Diameter, 2/d

Increase of mass-average enthalpy to asymptotic value as function of axial distance.
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Once the mass-average enthalpy had reached its asymptotic value, further
increases in constrictor length caused the radial enthalpy profile to become
flatter, but did not change the value of the mass-average enthalpy. Further,
when the ratio of local to asymptotic mass-average enthalpy was examined, it
was found to be primarily a function of the ratio of axial distance to con-
strictor diameter, Z/d4, and relatively independent of constrictor diameter,
pressure, air mass flow rate, or current (Figure 19). For values of Z2/4 greater
than 15, the enthalpy-length curve can be approximated by

éz = [1 - exp(- 57433)]2 (16)

A summary of the ARCFLO Version 2 values of mass-average enthalpy,
constrictor-wall heat transfer rate, voltage, and current is given in Table 5
for a value of 2/d of 51. At this length, H/H_ =~ 0.99.

Correlation équations of the ARCFLO Version 2 results were obtained
using a multiple regression statistical technique for mass-average enthalpy,
constricter wall heat-transfer rate, arc voltage, and efficiency. The equa-
tions, for a given value of z/d, are:

_ 0t o o 4 Jul

H= (%) (g) x const , Btu/lbm (17)

. > \—=0.3

g = (l) 2 p™® x const , Btu/ft?sec (18)
d 4?2

0.25 .

v = (l) m%3¥* p®2 ¥ const , volts (19)

d .
- _ (1 - .25 ﬁl 0.5 -3
n = (3) (;;) P X const {(20)

An alternate approximate expression for mass-~average enthalpy can be ob-
tained in terms of constrictor wall heat-transfer rate, rather than current:

= d'°45(g)mh x const ; Btu/lbm . {(21)
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TABLE 5
SUMMARY OF ARCFLO VERSION 2 CALCULATIONS AT Z/d = 51

T q
Case No. (Btul;1bm) (Btu/v?gz]sec) "°€f\7 Ve C(uar;':'pesn y
1 5275 5,441 3.4 1500
2 5960 7,648 27.8 2000
3 a677 3,854 32.8 1000
4 5149 5,119 33.6 1500
5 5509 6,196 26.3
6 5189 6,670 32.1
7 5658 3,290 25.4
8 5568 5,962 29.4
9 5584 6,963 29.2 2000
10 4499 3,763 37.9 1000
n 6141 8,406 24.7 2000
12 6434 9,537 26.5 2500
13 5500 4,672 17.6 600
14 5850 5,440 17.0 700
15 5100 3,800 18.5 500
16 5000 3,580 23.9 600
17 5850 5,500 14.4
18 5325 5,900 18.9
19 5900 2,646 14.9
20 4850 4,000 11.97
21 6981 5,827 22.2 2500
22 6325 11,239 27.7
23 6888 = 10,042 25.8
24 6073 8,869 23.3
25 6260 8,063 27.2 2000
26 6610 7,704 27.3 |
27 -- -- -- --
28 6421 10,098 28.6 200
29 6999 9,421 23.1 I
30 6480 6,337 13.1 600
31 6110 6,000 12.7 |
32 4730 5,300 20.0 1500
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Equation (21) shows that, for a given pressure and wall heat transfer
rate, the mass-average enthalpy is solely a function of constrictor diameter.
Curves of maximum enthalpy versus pressure are shown in Figure 20 for several
constrictor diameters and an assumed constrictor wall heat-transfer rate of
10,000 Btu/ft?sec. Thus, it should be possible to attain the "average"
design goal of 7000 Btu/lbm at 175 atmospheres, providing the constrictor
diameter is less than one inch.¥*

*

Practical considerations, as discussed in Section 8, limit the i
C ; ; p eneral appli-

catlon.of th;g conclusion. For instance, a 40 MW arc heater shguld havepg

constrictor diameter larger than one inch.
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Maximum Mass-Average Enthalpy, H, Btu/1b

10,000
8,000 \\ .
\\ d=20.5 inch
\ —d = 1.0 inch
6,000 \." d = 2-0 inch
4,000
q = 10,000 Btu/ft’-sec
2,000

80 100 120 140 160 180 200

Pressure, p. atm

Figure 20. Maximum mass-average enthalpy as a function of pressure for different constrictor diameters.
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SECTION B

CONCEPTUAL ARC HEATER DESIGNS

The scaling study discussed in Section 7 provides the basis for develop-
ment of conceptual designs for the 5 and 40 MW high pressure, high enthalpy
constrictor arc heaters. Specific design goals for the arc units are as
follows:

e Total mass-average enthalpy: 6000-8000 Btu/lbm
® Chamber pressure: 150-200 atm

) Minimum operating time: 10 sec

° Nozzle exit Mach number: 1.7 - 2.3

A nominal Mach 2 nozzle corresponding to an area ratio of 1.79 was chosen for
design purposes. The maximum levels of current, voltage and input power al-
lowed for the design are as feollows:

Parameter 5 Mw 40 MW
o Arc current, amps 750 2000
) Arc voltage, kilovolts 10 30

[ Input power, MW 5 40

DESIGN GUIDELINES

The above performance and operating parameters provide the constraints
for the designs; there are also a number of operating and geometric parameters
which provide some further design guidelines. Maximum values of these guide-
line parameters achieved in operational arc heaters serve at least as indica-
tors of design constraints. The important guideline parameters are:

) Enthalpy-pressure parameter, H/P - an indicator of overall arc
heater performance

® Constrictor wall heat flux, é - an indicator of the cooling require-
ments

® Arc current-constrictor diameter parameter, I/d -~ an indicator of
overall losses and constrictor heat load ’
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) Axial voltage gradient, € - an indicator of the maximum constrictor
disk thickness which is defined by the allowable voltage difference
between adjacent disks, AV

® Input power per unit length, €I - an indicator of the local constric-
tor column energy loading )

® Input power per unit volume, VI/(7d?L/4) - an indicator of the over-
all constrictor column energy loading

o Constrictor mass flux, (pu)ave - an indicator of the constrictor
column aerodynamics and ratio of constrictor diameter to throat
diameter

Maximum values of these parameters are presented in Table 6 for the high pressure
experimental data of the AEDC constricted arc heater and the AFFDL Huels-type arc
heater, and for all of the data for the actively cooled arc heaters of Table 1.
Consideration of these results yielded the following maximum and recommended
values of these guideline parameters for the conceptual designs:

Conceptual Design

Maximum
Parameter from Table 6 Maximum Recommended

HYP, Btu—atmgé/lbm 52,800 * *

4, Btu/ftlsec 4,620 10,000 5,000
1/4, amp/cm 638 638 638
€, volts/cm 115 175 115
AV, volts 79 100 100
€I, kw/cm . 210 210 210
vI/(vd?L/4), kw/cm? 15.2 40 15
(P Jver 1b/ftisec 167 250 200

Even the minimum performance goal of 6000 Btu/lbm at 150 atm requires an in-
crease of about 50 percent over previously achieved performance. This requires
in turn an extension of demonstrated capability for some of the other parameters:

] Constrictor wall heat flux, é - requires high efficiency cooling,
optimum design constrictor disks

e. Axial voltage gradient, € - requires thinner constrictor disks to
maintain the voltage gradient between adjacent disks, AV, at accep-
table levels

*Minimum design goal 74,000 (6000 Btu/lbm at 150 atm); maximum design
goal 113,000 (8000 Btu/lbm at 200 atm).
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OBSERVED OPERATIONAL LIMITS OF VARIOUS ARC HEATERS

TABLE 6

AEDC-TR-75-47

. nd2L
H/E)}z q 1/d € W, < VIS (pu) 4ve

Btu-atm ?/1bm Btu/ft?sec amp/cm volt/cm wvolts kW/cm kw/cm? 1b/ft2sec
AEDC
Constrictor
Arc 48,400 4620 250 115 79 64 15.2 55
AFFDL 33,200 3900 748 - - 210 . 4.4 167
ALL 52,800 4620 638 115 79 210 15.2 167
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e Input power per unit volume, VI/(rd?L/4) - requires high efficiency

cooling, optimum design constrictor disks

® Constrictor mass flux, (pu)ave ~ small departure from demonstrated
acceptable value; results in the requirement for a smaller ratio
of constrictor diameter to nozzle throat diameter

BASIC DESIGN SELECTION

The above guidelines together with the scaling study results of Section
7 allowed the selection of the optimum conceptual designs. Many conputations
were required to develop this optimum design that satisfied the constraints and
guidelines presented above. 1In order to facilitate these computations, a sim-
Ple computer code which represented the correlation equations for the ARCFLO
Version 2 results of Section 7 was therefore developed.* The results of these
computations, consistent with the performance goals and operating guidelines,
were arc heaters with the fbllowing basic configurations:

Arc Heater

Configuration Variable 5 MW 40 MW
Constrictor diameter, in. 0.70 1.75
Constrictor length, in. 25.5 75.0
Constrictor disk thickness, in. 0.12 0.20

Constrictor disk spacing )
(center-to-center), in. 0.17 0.25

Note that the design includes a 0.05-inch gap between constrictor disks. The

following paragraphs present predicted performance.

PREDICTED PERFORMANCE

The predicted performance of the conceptual designs defined above is
pPresented in Figures 21 through 25 and Tables 8 and 9. The mass-average en-
thalpy as a function of pressure for both the maximum conditions (é = 10,000
Btu/ft?sec) and the recommended conditions (é = 5000 Btu/ft’sec) is presented

%*

A listing of the extended BASIC language code utilized is presented in Table 7
{Mini-ARCFLO}). The code applies only to the results of the ARCPLO Version 2
code presented in Section 7; it should not be utilized for performance pre-
dictions outside the range of parameters of the scaling study matrix presented
in Table 4.
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Power .
Level 4
(MW) (Btu/ft2sec)
© .40 5,000 ]
o} 5 5,000 ‘?
O 10,000 <
8,000
6,000
4,000
2,000 ————
40 60 80 100 200 300

Pressure, p, atm

Figure 21. Mass-average enthalpy as a function of
chamber pressure for 5 MW and 40 MW
arc heater designs.
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Enthalpy, Btu/1bm
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Figure 22. Radial enthalpy distributions
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Wall Heat Transfer Rate, 6. Btu/ft2-sec
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Figure 23. Wall heat transfer distributions
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Net power input x 10-', kw, case 4

Net power input x 10~?, kw, case 30
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Figure 25. Net power input as function of axial distance
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in Figure 21. (These results are from the correlation code which accurately
characterizes the ARCFLO Version 2 code over the range of conditions of inter-
est: all other results are directly from the ARCFLO Version 2 code at condi-
tions and geometries close to those of the conceptual design.) From Figure 21,
the performance goal can only be achieved at the maximum conditions, and the

5 MW performance at a given constrictor heat flux level is better than that of
the 40 MW.

Typical results from the ARCFLO Version 2 code for a location near the
downstream end of the constrictor are presented in Tables 8 and 9, respectively.
These results are from ARCFLO Version 2 computation Cases 30 and 4 which were
used as examples of the radial and axial distribution of properties as pre-
sented in Figures 22 through 25. Note that the 5 MW case represents a more
severe condition than the 40 MW case (e.g.., é = 6200 Btu/ft?sec vs. 5100 Btu/
ft?sec) and therefore no conclusions from quantitative comparisons are possible.

The radial distributions of enthalpy for both the 5 MW and 40 MW config-
urations are presented in Figure 22. The centerline enthalpy is almost a fac-
tor of two higher than the mass-average enthalpy, and this factor increases
with increasing constrictor wall heat flux and decreasing constrictor length.

The axial distribution of radiative and convective constrictor heat flux
is presented in Figure 23. The raciative flux is by far the dominant flux, the
convective flux being less than 5 percent of the total.

The constrictor pressure drop and efficiency are presented in Figure 24.
The efficiency is lower for the 5 MW condition (Case 30) due to the higher con-
strictor heat flux and the less-than-optimum air flow rate required by the
limited voltage capability of the AEDC 5 MW power supply. The smaller pressure
drop for the 5 MW case is also due to the lower flow rate and therefore lower
mass flux.

The net power input - the power to the gas, mH - is presented in
Figure 25 as a function of axial distance. The curve shape is the same as that
for mass-average enthalpy since concentrated gas injection at the upstream end
of the constrictor was assumed for the computations.

A summary of the performance, operating, geometric, and guideline parame-
ters for both arc heaters at the recommended conditions (é = 5000 Btu/ft?sec
and 150 atm} is presented below:
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H,
P

m,
a.
v,
I,
d,
L,

<,

Parameter

Btu/lbm
atm
lbm/sec
Btu/ft?sec
kv

amps

in.

in.

volts/cm

AV, volts

1
H/p, Btu-atm /2/1bm

I/d, amps/cm

€I, kw/cm

VIi/ (1d%L/4), kw/cm?

(pu}ave, lbm/ft‘sec

5,900
150

5,000
9.9
600
0.70
25.5
131
66

72,300

338
79
37
94

Design Goal, Constraint,

40 MW or Recommended/Maximum
5,150 6000 to 8000
150 150 to 200
4.0 -
5,000 - 5000, 10,000
26.3 10 or 30
1,500 740 or 2000
1.75 -

75.0 -
133 115/175
88 100/100
63,100 -
338 638
199 210/210
13 15/40
240 200/250

For reference, these 5 MW and 40 MW conditions correspond to throat diameters
of 0.19 and 0.75 inches and to exit diameters of 0.25 and 1.00 inches for the

exit Mach number of 2, respectively.

Note that none of the maximum guideline

parameters presented previously are exceeded.
tions presented in Figure 26 up to flux levels of 10,000 Btu/ft2sec and 200

Also, operation at the condi-

atm yields acceptable (but in some cases maximum) values of the guideline

parameters.
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SECTION 9

CONCLUSIONS

conclusions derived from the program and the recommendations for
effort are summarized below.

CONCLUS IONS

Accurate characterization of the performance and operating character-
istics of constrictor arc heaters, particularly at high pressure,
requires proper state-of-the-art modeling of radiation, thermodynamic
and transport properties, and turbulence.

Radiation properties must include contributions from continuum,
lines, and bands for the complete spectrum, and radiation transport
must consider self-absorption; thermodynamic and transport models
must include proper treatment of charged particles; and the turbulent
transport model must adequately characterize physical events, includ-
ing the effects of constrictor wall roughness.

valid approximétions and techniques are available to reduce computa=-
tional complexity for radiation without compromise in accuracy; these
include a two-band radiation properties model, exponential approxima-
tion of radiation transport, and the use of recursion formulas.

A new computer code, ARCFLO Version 2, which incorporates these pro-
per models and is based on the procedure of Watson and Pegot {Refer-
ence 1) has been developed and validated for high pressure (as well
as low and moderate pressure} constrictor arc heater applications.

This new code, relative to the original procedure, predicts that the
bulk enthalpy increases at a more rapid rate with axial distance, but
reaches a lower value of the asymptotic bulk enthalpy; the maximum
practical constrictor length was found to be defined by a constrictor
length-to-diameter ratio of 40.

Radiation is by far the dominant thermal loss mechanism at high pres-
sure.

For the high Reynolds numbers typical of high-pressure arcs, wall
roughness significantly affects wall shear and heat transfer; further
characterization is required.
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APPENDIX A

KONGRAY, NONHOMOGENEOUS RADIATIVE TRANSFER
' IN A CONSTRICTOR ARC

The ability to predict the local radiative heat flux is important in the
design and operation of a wall-stabilized constrictor arc. Such a prediction
is doubly complicated due to the nongray nature of the radiating medium and due
to the geometry. Further complications are encountered when the participating
medium considered is nonhomogeneous. Several simplifying assumptions which
are unrealistic at high pressure were introduced in the earlier analyses (Ref-
erences A-1l, A-2). The medium was considered to be:

® Optically thin so that the interlayer absorption could be neglected

[ Gray so that spectral dependency of the radiative properties could
be ignored.

In this analysis the nongray nature of the radiating medium is taken
into account and also the radiative properties are allowed to vary spatially.
Moreover, this analysis is not limited either to optically thin or optically
thick conditions. The local radiant heat flux equations are derived from basic
principles. An exponential kernel approximation is introduced which simplifies
the radiant flux equations, and the resulting equations are then cast in terms
of an optical depth parameter. A brief description of the numerical scheme is
given and the results obtained are compared with other investigations.

ANALYSIS

The governing equation for radiative transfer in an absorbing and emit-
ting medium is the equation of transfer, i.e.,

T - W, - LY (A=1)

where B, is the Planck black body spectral intensity, Iv is the spectral in-
tensity traveling aleng a ray s and Hy is the spectral mass absorption coeffi-

¢ient corrected fer induced emission.

The spectral radiative flux g, (r) at any radial location r may be ex-
pressed as:
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q,(r) = fIv cos 8 dp (a-2)
Q

where & is the angle between the ray and the outward normal to the cylindrical
surface and Q is the solid angle. The cylindrical geometry and coordinate sys-
tem are shown in Figure A-l.

Equation (A-1l) may be formally integrated and substituted into Equation
(A-2) to yield for qv(r) (References A-3, A-4)

1
/2 (R2-r%sin?y) 4 r cos Y
q,(x) =4 / cos Y { B, (R)D, (f w(y)dy + f u(y)dy)
(] °
1
(R2-r2sin?y) 4 y r cos y
+ B, (y)u{y)D, (fu(y')dy' +f w(y)dy) dy
o o o
r cos y r cos Y
+ f Bv(y)u(y)D2 ( f u(y')dy') dy ; dy
o Y
1
/2 (R2=r2gin?y) /2
-4 f cos Y B\)(R)D3 ( uly)ady)
. r cos y
1
{(RZ-r2?sin?y) /e y
+ B, (¥)u(y)D, (f uiy')éy') dy o ay (A-3)
r Cos Y r cos y
where
Y
y = (r'? - r?gin’y) 2 (a-4)
v
yl = (ruz - rzsinzY) 2 (a=5)
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and

zh~? X
D {x) = ——— - =) 4z A-6
w0 = [ = et d) (ae)

(]

In arriving at Equation A-3, it is assumed that the nonscattering medium
is bounded by a black surface and is in local thermodynamic equilibrium. Fur-
ther, it is assumed that axial variation of temperature is small and can be
neglected. This approximation is consistent with the boundary~-layer simplifi-
cations adopted in this report.

The Dn(x) functions defined above are known as exponential integral func-
tions and are peculiar to the cylindrical geometry. The Dn(x) functions have
the following properties:

$-D (x) ==-D_ _.(x) , n>1 (a-7)
and
Dn+l(x) = fDn(x)dx (A-8)
X

It is common practicg in radiation analyses involving either plane-
paiallel geometry or cylindrical geometry to introduce the exponential kernel
approximation. Accordingly, following References A-4 and A-5, we have

[

D4 (x) S a ebx | (A=9)

where the constants a and b are selected such that they best fit Equation (A-6)
for n = 3. In this study, numerical values to a and b are assigned to be

a=n/4 (A=10)

and

=2
]

5/4 (a-11)
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The local spectral radiant heat flux qv(r) is written as
o+ -
q,(r) =q,(r) - q,l(r) (A-12)

where q:(r) is the radiant flux directed away from the location r and q;(r) is
the radiant flux directed towards the location r.

The approximate form of the directional spectral fluxes may be written,
in terms of angular directional fluxes G(r,y), i.e.,

n/2
i () = / “cos ¥ GT(r,y) &y (a-13)

where

ctir.y) = E, (R) exp{-[’r([Rz - rzsin’v]b&) + 1(r cos Yﬂ}
Vs
t([R*-r?sin?y] 7?)
+ E,(t) exp {- (t + T(r cos Y))} dt
()
T(r cos ¥Y)
+ E,(t) exp {- {(1({r cos v) - t)} dt (a-14)
o
1
G (r.Y) = E,(R) exp {-[T([Rz - r?sin?y] A) - 1{r cos Y)]}

1
1[(R?-r2?s8in?y) A]

+ E, (t) exp{- (t - t(x cos'Y))} dat
T{r cos Y)
(A-15)
where t(y) is the optical depth defined as
Yy
{y) = b J/.u(y')dy' (A-16}

©
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and

Ev(y) = va(y) (A-17)

is the black body emissive power.

Equations (A-12) to (A-17) complete the formulation of the spectral
radiant flux equations for a nonhomogeneous medium enclosed in a black-walled
constrictor. It is of interest to examine the physical meaning of individual
terms in Equations (A-14) or (A-15). The first term in Equation (A-14) is the
wall emission that has been attenuated by the gas medium as the radiation passes
through Points B and C (see Figure A-1). The second term represents the emis-
sion by the gas between Points B and E attenuated as the radiation passes from
the point of emission to Point C. Radiant energy emitted by the gas volume be-
tween Points E and C, attenuated as it passes from the point of emission to
Point C is given by the third term of Equation (A-14).

Analytical solutions to the above equations are difficult to obtain.
Hence, a numerical scheme was devised, which is simple, computationally fast,
and yet accurate. In the following, the numerical method used is described.

EVALUATION OF RADIANT FLUX INTEGRALS

Let the radius of the constrictor be divided into N-1 radial subdivisions.
The wall is located at Tiey = R and the axis of the constrictor at Lioy = 0. As
shown in Figure A-2, consider the plane perpendicular to the axis of the con-
strictor. Let j and i be the indices on the radial mesh points along the axis
and perpendicular to the axis of the constrictor respectively.

To evaluate the angular directional fluxes G+(r,y), G (r,y), and optical
depth T the following procedure is adopted. Consider the plane perpendicular
to the radius vector at any r.. As shown in Figure A-2, let Yi,j be the angle
between the radius r, and the plane. In evaluating the optical depth 1, follow-
ing Nicolet (Reference A-6), it is assumed that the spectral mass absorption
coefficient 1. at any value of y may be written as

Y'Yi’j
MY 4 4) Yie1,57Y4,3 .
) = wly; ) le}— (a-18)
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where the quantities y, and Yi+1 5 are given by
I

i,j
2 %
Yi'j = (ri - rj"-') (A-19a)
= (22 - A (A-19b)
Yi+1,5 i+l i

At any value of j, the optical depth increment is, from Equations (A-16)
and (A-18) )

T, . = AT

Ti+d,5 T i, itl,i,§ = PHUY; 31 549,94 = ¥4, 4)

uyg.,,4) -1
“‘Yi.ji
)

Wi¥ie) ?
I
L7

Combining Equations (A-20), (A-14), (A-15), and employing a logarithmic
interpolation in terms of optical depth for the black body emissive power dis-
tribution, the following recursion relations are obtained for the angular di-

(A=-20)

X

rectional fluxes. At any value of j

At, .,
- 1,1-1'j -
G+ = e ATi,i-l'j G-- l . + Atlyl-lfj( e — Ei-lji)
i'j i-4,] E. .
AT, . . . + &in g—td_
{ i,i-1,j Ei-l,j
(a-21)
and
At. . o
- - 1,1-1'3
G- 14=e AT, i,i-1,] T . - ATifi'llj(Eirj Ei'lrj N !
i-1,5 1,] E, .
AT, . , - R,n_&.lJ_
i,i-1l,j Ei-l,j
(a=-22)

Starting at the wall, i=N, from the known boundary condition, values of

G. . can be calculated. To evaluate G . the cylindrical symmetry condition is

i,j
invoked. Egquations (A-21) and (A-22) may be substituted intc Equation (A-13)

to yield the following equation for the directional spectral fluxes:
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j=N ] *
ey = Z Sioj G131 in Y. . - sin ) (A-23)
AL 2 i3 i, j-1

j=2

RADIATIVE PROPERTIES OF HIGH TEMPERATURE AIR

Radiation properties of high temperature air are complex due to the
strong variation of spectral absorption coefficient with wavelength over the
spectrum. The variations in the spectral absorption coefficient are due to
bound-free, bound-bound, and free-free transitions.

Detailed calculations of the spectral absorption coefficient are not
warranted for this study since they complicate the calculation scheme and also
increase the computing time involved considerably. A simple band model approach
was adopted to characterize the variation of the absorption coefficient with
wavelength,

The spectrum (0 to 100 ev) is divided into two gray bands; one band
covers the range from 0 to 10.5 ev, and the other band extends from 10.5 ev to
100 ev. Within each band the absorption coefficient is, then, invariant with
wavelength.

Values of absorption coefficient for various pressures and temperatures
are obtained from several sources. The Rosseland mean free paths from Johnston
and Platas (Reference A-7) are used for the low frequency band. Continuum ab-
sorption coefficient values are obtained from Reference (A-8) for the high fre-
quency band. For the temperature range from 4000°K to 10,000°K values of ab-
sorption coefficient are extracted from emissivity data reported by Biberman
and Mnatsakanyan (Reference A-9). Figures A-3 and A-4 show the variation of
absorption coefficient for the two bands with temperature for different pres-
sures.

Once the band model is selected and the radiative properties are avail-
able, calculation of total radiative flux is simple. Total radiative flux at
any radius r is obtained by integrating Equation (A=-12) over the frequency,
i.e.,

qR(r) = f qv(r) av (A-24)
(o)
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Under the band model assumption the total radiative flux may be written as

m
qR(r) = .Zqz(r) (a-25)
=1

where m is the total number of bands (in this study m = 2) and qz(r) is the
radiant flux contribution from the gth band to the total flux which is given
by

q,(r) = fqv(r) dv (A-26)
sz
2th band.

_ where Avl is the band-width for the

Let Wz(r) be the local band weighting function and defined by

Wl(r) = ./f Ev(r)dv/oT“(r) (A=27)
Avz

Equation’ (A-27) may be re-written in termé of a fractional function of
the first kind (Reference A-10) once the band limits of the lth band are speci-
fied. Note that the local band weighting function Wztr) has numerical values
between 0 and 1. Combining Equations (A-27), (A-14), and (A-15) and substitu-
ting into Eguation (A-26) leads to the necessary equation for the flux from
the £*P pand.

RESULTS AND DISCUSSION

Radiant heat flux distributions in a cylindrical medium are calculated
for the case of a gray gas with a single band. The temperature distribution
is assumed to be linear with radius and the absorption coefficient of the medi-
um is assumed to be uniform. The calculated radial radiant heat flux distri-
butions are shown in Figure A-5, and are compared with exact calculations of
Keston (Reference A-3). Keston employed a numerical integration scheme to
evaluate the exponential integral functions Dn(x), whereas, in the present cal-
culational scheme, as mentioned earlier, an exponential kernel approximation is
used. Figure A-6 compares the results of the present scheme with the results
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of Keston (Reference A-3) and Chiba (Reference A-11). Chiba used a value of
a=1and b = 5/4 in the exponential kernel approximation for Dz(x), whereas,
in the present study a = 57/16 and b = 5/4 are assigned. It is seen that the
results obtained by the present calculational method compare favorably with
the approximate results of Chiba and the results are in good agreement with
the exact calculations of Keston (Reference A-3).

One of the inherent weaknesses in the present method is that the pre-
dicted flux near the axis of the constrictor is less accurate. One way to in-
crease the accuracy is to have a finer radial mesh near the axis of the con-
strictor. The advantage of the present computational scheme is that the use of
recursion relations is much superior compared to directly evaluating the radi-
ant flux equations by, say, a numerical integration scheme. The computational
algorithm is made simple by eliminating the integrations required over the
angular and radial ccordinates,

The strength of the present approach lies in the fact that it can be
used to predict radial radiative heat fluxes for all optical conditions of
interest. -This method can be used to determine the effect of "self-absorption"
of the cold gas near the wall. The present method can be easily extended to
include multi-band gases and mixtures of gases as well.
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Figure A-1. Cylindrical geometry and coordinate system.
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APPENDIX B

THERMODYNAMIC AND TRANSPORT bROPERTIES

Both Versions 1 and 2 of the ARCFLO code require input of thermodynamic
and transport properties in tabular format, with pressure and temperature as
the independent variables. The property tables are arranged in constant-
pressure groups, with each subtable for a given pressure extending over a wide
range of temperatures. Version 1 accepts data at only two pressures, and in
the original work of Watson and Pegot (Reference B-1) pressures of 1 and 10 atm
were considered. Version 2 of the code accepts up to six constant-pressure
tables, and in this work pressures of 1, 10, 50, 100, 150, and 200 atm were
considered, over the temperature range 1000°K < T < 30,000°K. This appendix
discusses in detail the methods used to generate the property tables for the

six pressures of interest.

B.1 THERMODYNAMIC PROPERTIES

The thermodynamic properties p, h, and xi are calculated using the Aero-
therm Chemical Equilibrium (ACE) computer program (References B-2, B-3), modi-
fied to include the Debye-Hiickel correction. This subsection presents a brief
summary of the ACE formulation for equilibrium gas mixtures. Alsc, incorpora-
tion of the Debye-Hiickel corrections into the ACE formulation is described.
Finally, the resulting predictions for p, h, and xi as a function of p and T
are compared with values available in the literature.

First, the unmodified ACE treatment is summarized. Consider a gas mix-
ture comprised of J species Nj’ i=1, 2, ... ., J. 1In this system there will
exist, in the general case, a set of independent eqguilibrium reactions. The
number of such reactions is usually egual to the total number of species less
the number of elements. For computational purposes, a set of species in the
system is preselected and the formation reactions of all other species from

this base set represent the independent set of equilibrium reactions:

I
Zvji R (B-1)
im1
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where the summation is over the I base species Ni' i=1,2, ... , I, and the

vji are stoichiometric coefficients of the formation reactions. The number of
base species, I, is equal to the number of elements in the system. The number
of independent reactions is then equal to J-I, where j = I+l, I+2, ... , J.

Note that I < J.

The most stable (equilibrium) state of this system, if it is maintained
at constant temperature and pressure, is one for which the Gibbs free energy
of the system is at a minimum (Reference B-4). Therefore, associated with the
general formation reaction of Equation (B-1) is the equilibrium constraint

I
i=

1f the gas mixture is ideal and each species subgas follows the perfect gas
thermal equation of state, then the partial molal Gibbs free energy (chemical
potential) for species j in the mixture is given by

&%

G, = j + RuT 1ln pj (B-3)

J

Eguations (B-2) and (B-3) can be combined to give an expression for the
equilibrium constant for each independent reaction specified by Equation (B-1l):

in Kpj = 1ln pj - 25:“ji 1ln P; {B-4)
i=1
where
I
= 1 (.g° ... o -
In X, () = gy (5 + Z»ji &) (B-5)

Equation (B-4) can be written for each of the J-1 independent reactions,

giving J-I equations in the J unknown specie partial pressures.

An additional equation relating the partial pressures is the require-
ment that their sum equal the total system pressure:
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J
p=D p (B-6)

j=1

The remaining I-1 equations required to complete the formulation for closed-
system gas mixtures are obtained from element conservation equatians.

The equilibrium formulation just described is based on the assumption
that the various molecules are noninteracting except for brief binary encoun-
ters which are required to establish chemical and thermal equilibrium. That
is, for a given particle the time between collisions is much greater than the
time involved in collisions. From another point of view, the particle inter-
action potentials are small relative to their mean thermal energies. These
restrictions are applicable to a low-density gas mixture comprised of electri-
cally neutral particles (i.e., an ideal mixture of thermally perfect gases).

Particle interaction potentials become important whenever they are strong
enough to influence the particle over a large portion of its trajectory. This
can occur when the gas mixture is extremely dense, in which case the mean dis-
tance between particles is always so small that they are in the force field of
adjacent particles. It can also occur if charged particles are present in the
mixture, since the Coulomb interaction potential between two charged particles
is proportional to the inverse of their separation distance and, consequently,
has a much greater range than the repulsive potential between two neutral par-
ticles which typically varies as the inverse of their separation distance to
the sixth or greater power. In this work, particle potential energies are im-
portant because charged particles are present. The Debye-Hiickel theory de-
scribed below is used to treat this phenomena. When gas densities are so high
that even neutral particle interaction potentials influence the gas state, the
second and higher virial corrections must be considered in the equation of state
(Reference B-5). However, densities of interest here were never high enough to
cause these virial corrections to be significant.

As discussed in Reference B-6, in a plasma particles with charge of one
sign tend to be surrounded by particles with charge of the opposite sign, due
to the attractive Coulomb forces. Thus, although the plasma can be neutral on
a macroscopic scale, it is polarized on a microscopic scale. Energy storage is
associated with this polarization. The polarization energy is generated at the
expense of the electron binding energies. 1In other words, the ionization ener-
gies are reduced relative to their values associated with isolated particles.
The energy of polarization and associated reduction of ionization energies in-
fluence all aspects of the gas mixture, including composition, pressure, and

thermodynamic properties.
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The reduction in ionization energy can be derived in a purely (macro-
scopic) thermodynamic manner by extemizing the system Helmholtz free energy
with respect to ionization (Reference B-7), or (microcscopically) by solving
Poisson's equation for the potential in the neighborhood of an ion surrounded
by electrons (Reference B-6). 1In either case, it is found that the reduction
is a function of the temperature of the gas and the charged species number
densities:

J
- s [T\ A Y -
0L = 2(z5 + 1) e Gop) % (ng + :E;zjnj) (B-7)
J=

Equation (B-7) is written in cgs units, and zy = 0 for neutral atom 3J, zj =1

for singly-ionized atom j, etc.

The effect of the ionization potential lowering on mixture composition
can be treated by introducing a correction factor to the equilibrium constant
of Equation (B-4) when written for ionizing reactions. Equation (B-4) is then
written as

I

= 1ln Kp. Lj = 1ln pj - :E:Uji in py (B-8)
J J i=1

1n K

Assuming the base species I are comprised of the neutral atoms and the free
electron, the correction factor takes the form

(TR, )
= . 2. 3 _ -
1ln Lj (zJ + zJ) e = (x + E z x ) (B=9)

Equation (B-9) can be derived by starting with the Saha equation, which relates

the number density of the jth specie in the (z + 1)St ionization stage, n;+1,
to the number density of the same specie in the zth ionization stage, n?, and

]
the number density of the free electrons, n_:
3
nen?+l 2Q?+1 ZwmekT 4 2z
= _J exp (-1Z/KkT) (B~10)
z z 2 J
nJ Qj h
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If it is assumed that the lowering of the ionization potentials of the jth

specie in the zth and (z+1)St ionization stages has a negligible influence on
their respective partition functions, then Equation (B-10) can be modified to
account for the ionization potential lowering by simply replacing I; with I§ -
AI;
the base specie formulation on which Equation (B-4) is structured, by writing

, with AI? given by Equation (B-7). When Equation (B-10) is generalized to

z+1 g+1 z+1

{n ) n n_n_
& __J1 = e -
- [T 2 (3-11)
3 z j

with each term on the right-hand side of Equation (B-1l) given by Equation
(B-10) with I; - AI; in place of I;, the correction factor given by Eguation
(B-9) falls out.

The Debye-Hiickel corrections to-the remaining thermodynamic properties
are derived in References B-8 and B-7. Each mixture property ¢ is assumed to
be a summation of the unperturbed (uncorrected) value plus a contribution due
to Coulomb interactions:

¢ =05t Og {B-12)

Thus, the internal energy per unit volume is given by

U=U_+U {B-13)

where

J

o P \% 3
= - Ll .o 7 -
u_ = e’ (k,r) (kT) (x, + Zz;xj) 2 (B-14)
=1

Equation (B-14) is again obtained by solving Poisson's equation for the poten-
tial distribution in the neighborhood of a single charged particle surrounded
by a spherically symmetric cloud of charged particles of opposite sign (Refer-
ences B-6, B-7). The Helmholtz free energy is given by

F=U-+-T5= Fo + Fc (B-15)

97


http://www.abbottaerospace.com/technical-library

AEDC.TR.75-47

and, since

_ F
5= " #Tlv,n, (B-16)
one can write
arc 2
FC=UC+T3_T_=§UC (3-17)

Once Fc is known, the correction to mixture entropy can be obtained:

s = So + Sc (B-18)
where
14)
=1 - =1z -
sc =5 (Uc Fc) =3 (B-19)
" Also, the pressure correction is given as
P = po + Ap (B-20)
where, since
= _ 3(Fv)
P==-x T'“j {B~21)
one can write
9(F _v) F
= € = - c-1p _1 -
B " eV "3 =35 . (B-22)

-l
since Fc is proportional to v % (see Equations (B-17) and (B-14) and note that
xjpolkT @ v~'). Finally, the correction to the mixture enthalpy is given as

‘H = HO + Hc (B-23)
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where, since

H=0+p (B-24)

it follows that

(B~25)

L
n
(=]
+
>
o
n
Wi
(=]

In Equation (B-20) above, Pq is the so-called "thermal" pressure. Since
dp is directly proportional to Uc and U, is a negative quantity, it follows
that the Coulomb interactions induce a "negative" pressure which serves to make
the total plasma pressure smaller than the thermal pressure. In most labora-

tory plasmas, however, this correction is usually quite small (Reference B-7).

Other miscellaneous relations needed to incorporate the Debye-Hiickel
correction into the ACE code are the mole fraction definition,

P.
X, = =2 (B-26)
po

which requires that Equation (B=-6) be rewritten as

J
Py = ij (B-27)
j=1
The mixture equation of state is
P R
o__u -
- =% T (B-28)
and the conversions from per-unit-volume to per-unit-mass are
H s
- —c- - - -£ -
hc =5 i 8. > (B-29)

Finally, in the equation for mixture reactive thermal conductivity,
Equation (B-36) below, the correction to the enthalpy of species j is required.
This correction is defined in the following manner:
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J J
1 ~ 1
h=h +h == }E: .+ = }E: -
o c m xj (hJo = thJ . (B-30)
i=1 I=1
Combination of Equations (B-29), (B-28), (B-25), and (B-14) gives
Y
. 3 (mp.)
. =-%e———2-—(ZZX)/2Rz (B-31)
JC k2 b J

The above coulomb corrections have been incorporated into éhe ACE code.
Predictions of p, ﬂ, and xi from the modified ACE code were then compared with
the calculations in References B-8 and B-9. 1In the ACE calculations, eleven
species were considered:

N, N, N, N
0,, 0, 0, o**
No, NO©

e

Tables B-1 through B-3 present a portion of these comparisons. Table B-1l in-
dicates good agreement between the unmodified ACE predictions and those of
Hilsenrath, et al., at 2000°K and 1 atm where the effects of -Coulomb interac-
tions are essentially zero due to the low degree of ionization. Table B-2 in-
dicates that at 15,000°K and 1 atm, the Coulomb corrections are small and good
agreement with the results of Hilsenrath is obtained at this condition. Finally,
Table B-3 indicates that at 15,000°K and 200 atm, inclusion of the Debye-Hiickel
corrections can alter the ACE-predicted charged particle number densities by as
much as 20 percent, and that these corrections should be included to obtain the
best agreement with the results of Hilsenrath, et al. In general, the predic-
tions of ACE with the Coulomb corrections agree with those of Hilsenrath, et
al., to within 1 percent for p and h and 5 percent for xi.

Figures B-1 and B-2 present plots of p and h as a function of T for the
six pressures of interest, as predicted by ACE with Coulomb corrections. Also
included are the tabulated values at 1 and 10 atm and the extrapolated values
at 200 atm used by Watson and Pegot (Reference B-l)}. At temperatures in the
vicinity of 4000°K, the Watson and Pegot values of h are 30-40 percent below
the ACE values, while at 16,000°K - 20,000°K they are 10-15 percent higher.
The Watson and Pegot values of p at 1 and 10 atm are very close to the ACE
values, but their extrapolation to 200 atm is up to 25 percent lower than the
ACE values.
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B.2 TRANSPORT PROPERTIES

The transport properties p, K, and ¢ are calculated using the mixture
rules of Yos (Reference B-10) and the species mole fractions, specific heats,
and enthalpies calculated by the modified ACE code described in Section B.l.
The Yos formulation requires numerous collision integrals, and the values
originally used by Yos have been updated in this work through a survey of the
recent literature. Also, the calculations carried out in this work have been
compared extensively with other theories and experimental data available in
the literature. This subsection discusses in detail the various aspects of
the transport properties model developed here.

The expressions given by Yos for the transport properties of a partially-
ionized gas mixture are the following (for convenience, use of the subscripts
i and j here differs from their use in Section B.l):

N N .
_ (2) -
u Z m,X, / Exjaij (B-32)
i=1 3=1
K = Ktr + Kint + Kr (B-33)
N N
_ 15 L (2) -
K, = 5k X/ Zaijxj:\ij (B-34}
i=l j=1
N Cp N
_ Py s (1) _
King = K Z R, 2 X/ ijAlj (B=33)
i=1 3=1
L z N A N
AR v
_ £ 2i _ (1) ( _
Ry =k D, (iu_) / Z('q) 2 Masty T Vag¥s) A { (B-36)
=1 i=1 5=1
N ]
_(e? (1) ' _
o -(ﬁ) X,/ ijAej (B-37)
j=1 :
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where

2!

i (B-38)

I
(p]
(s ]
=
=
H
3
Latly 1
+h
=
o
=
S
- —
-Q
e}

0
[

L)
wjoo

(o]
N

[
v

(1 - mi/mj)(0.45 - 2.54 mi/mj)

.. (B~39)
13 (1 + mi/mj)z

In the above expressions, N is the total number of species present (equal to J
in the nomenclature of Section B.1l).

The internal thermal conductivity given by Equation (B-35) is the so-
called Eucken contribution which accounts for the transport of energy stored
in the rotational, vibrational and electronic excited states of the various
species. It is assumed that the transport of this energy is associated with
the diffusion process, hence the use of Equation (B-38) with q = 1.

The reactive thermal conductivity given by Equation (B-36) accounts for
the transport of chemical energy associated with the diffusion of reacting
species in the mixture, under the constraint of chemical equilibrium. In air
under the conditions of interest, three recombination reactions are the princi-
pal contributors to energy transport by diffusion (Reference B-11):

e+ N =N

-
2N NZ

20--3-02

Equation (B-36) is based upon the formulation of Butler ané-Brokaw (Reference
B-12), which has been shown to be valid for ambipolar diffusion in a partially-
ionized gas mixture by Meador and Staton (Reference B-13).

In Egquation (B-36), the summation over & is a summation over all in-
dependent reactions in the mixture. Thus, comparing with the subscript con-
vention used in Equation (B-l), the reactions £ =1, 2, ..., L in this section
are equivalent to the reactions j = I+l, I+2, ... , J in Section B.1. The
stoichiometric coefficients in Equation (B-36) are written for reaction % in
the balanced form:
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Zv“ N, =0 (B-40)

which is equivalent to Equation (B-1l) written in the form

I
' Vyi N; + V33 Nj =0 (B-41)
i=1

where j in Equation (B-41) represents & in Equation (B-40) and v.. = -1. Cor-
responding to Equation (B-40), the heat of reaction per mole of reaction 2 in
Equation (B-36) is given by

N
M, = Zuli R, (B-42)
i1

where Bi includes the Coulomb correction given by Equation (B-31).

In Egquation (B~37), the prime on the summation sign denotes summation
over all species except the electron.

In Equation (B-38), the collision integral nﬁi?'q) has the physical
significance of an effective cross section, with units of area, for collisions
between molecules i and j. The collision integral is given formally by (Refer-
ence B-5).

(PrQ) _ .32 oD -
rﬁij = “dij ng (8_43)

where

o R

(peq) o 31 -
Q;’J —;—(%’—qr]— (B-44)
1]

{ rigid sphere

-]
(P, @) _ JX -y?
833 7ig ) ©
(]
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(Peq)y - cJET tg+ 1)1 _ll+ (=P ., _
(255" Yrigia sphere =¥zwy — 3 V=3 =155 |m4iy  (B-46)
Y =\5iF (B~47)
m.m.
e —2 1 (B~48)
m. m.
1 ]
and the gas-kinetic cross-section is given by
m
Qi(?’ (g) = 27 f(l - cosPy) °ij {x.g9) sin y 4y (B-49)
(o]

where °ij is the differential cross-section for collisions between molecules
i and j, x is the scattering angle in the center-of-mass system, and g is the
relative velocity between the colliding molecules. Equation (B-45) specifies
an average of the gas-kinetic cross-section weighted by a moment of the Max-
mellian velocity distribution. 1In Equation (B-46), dij is the mean diameter
of molecules i and j assuming they are rigid spheres. With the collision in-
tegral defined in this manner (Equation (B-43)), it reduces to the collision
cross-section area nd;j if the two particles are hctually rigid spheres.
Evaluation of the gas-kinetic cross-section given by Equation (B-49) re-
Guires knowledge of the intermolecular potential between molecules i and j,
since the scattering angle x is a function of this parameter {(Reference B-5).
Once the intermolecular potential is known, either from experimental data or
a theoretical model, Eguation (B-43) can be evaluated for the collision inte-
gral. In the approximate mixture rules specified by Yos, Equations (B-32)
through (B-37) in this work, only the collision integrals for p = g = 1 and
P = q = 2 are reguired.

References B-10, B-l1l1, B-14, B-15, B-16, B~17, and B~18 were consulted
for collision integrals for the air system. Plots of the data for nﬁi?'q) for
all collisions except the coulomb collisions revealed that

s5(g,q) _ ,q (_T_) q -
1n wnij Aij 1n 1060 + Bij (B=50)
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to within the scatter of the data, where Agj and ng are constants. For the
sake of consistency, the collision integral for molecules i and j used by Yos
{(Reference B-~10) was also used here whenever it was substantiated by the values
given by the other references. However, the collision integrals for charge
exchange used by Yos were found to be too high by a factor of up to four.
Thus, in this work the nitrogen charge exchange integrals were taken from
Capitelli and DeVoto (Reference B-14) and those for oxygen were taken from
Knof, et al. (Reference B-18). Table B-4 summarizes the constants Agj'and BE
for all but the Coulomb collisions. Constants for collisions between a neu-

3

tral particle and a second ion were not considered, since the number densities
for these two species are never simultaneocusly significant under conditions of
interest.

The Yos collision integrals for Coulomb collisions were based on the
Gvosdover cross-section multiplied by factcors ranging from 0.3 to 12,
depending on the particular pair of charged particles. The multiplicative
factors were obtained by Yos through comparison with the electrical and thermal
conductivities of a fully-ionized gas predicted by Spitzer and Hirm (Reference
B-19), but these latter results have been found to be low relative to experi-
mental data (Reference B-14). Therefore, in this work the Coulomb collision
integrals were taken from Liboff (Reference B-17), who calculated the integrals
assuming an unscreened Coulomb potenfial with Debye-length cutoff. The Liboff
expression is (cgs units)

=(1,1) _ .=(2,2) _ 1 ,, 2h\ _ -
nais ) = L [ln (A) 0.577] (B-51)
where
z;2., e?
A= —J——kT (B=52)
and the Debye length is
h? = —KI (B-53)
4ne2ne

The Debye-length assuming screening by electrons only is used, as recommended by
Capitelli and DevVoto (Reference B-14). The Coulomb collision integral for col-

lisions involving an electron was corrected using a single multiplicative

105


http://www.abbottaerospace.com/technical-library

AEDC-TR-75-47

factor, as outlined below. All other Coulomb collision integrals, i.e., for
collisions between various ions, were obtained directly from Egquation (B-51)
with no modifications.

Extensive comparisons between the transport property model described .
above and other models and experimental data available in the literature were
carried out. Table B-5 summarizes the theoretical calculations considered,
and Table B-6f summarizes the experimental data considered. Note that with the
exception of the Capitelli and DeVoto calculations, all of the theoretical
treatments are relatively dated. On the other hand, all of the experimental
data are quite recent. This confirms the appropriateness of the transport
property model updating performed here.

The primary purpose in carrying out the comparisons between theories
and data was to validate the property model developed in this work. The major
portion of the validation procedure concentrated on comparisons at one atmo-
sphere, since all of the experimental data and most of the theoretical calcula-
tions in the literature pertain to this condition. However, several compari-
sons between the present model and other theories were also performed at 100
atm.

The following facts were considered in establishing the validation
procedure:

a. From a transport property point-of-view, an N2 plasma does not dif-
fer much from an air plasma (e.g., compare the two calculations
performed by Yos)

b. There are considerably more experimental transport property data
for N2 +han there are for air

©. There exists a recent, thorough calculation of N2 plasma transport
properties (Capitelli and DeVoto).

Considering the above constraints, it was decided that the new transport
property model should first be "tuned"” to achieve optimum agreement with the
theory and experimental data for the N2 plasma (at one atmosphere). Then,
using the same "tuned" formulation, the calculations of the new model were
compared with the theory and data for the air plasma (at one atmosphere).
Finally, it was assumed that all modifications to the new model at one atmo-
sphere are valid also at the higher pressures of interest, and this was con-
firmed through comparisons between the new calculations and the other theories
at 100 atm.
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The "tuning” of the new model was accomplished by utilizing multiplica-
. tive constants for the various collision integrals. The constants are assumed
to be independent of temperature, composition, pressure, etc. This is a fairly
standard procedure for forcing agreement between theory and data for transport
properties and is usually required due to the high uncertainty in many of the
collision-cross-sections, especially those for Coulomb collisions where the
shielding process is not presently well quantified. 1In this work it was found
that the only collisionm integral correction required was for the Coulomb colli-
sions invelving an electron.

Figure B-3 shows the comparisons for the transport properties of an N2
plasma at one atmosphere. The frozeq thermal conductivity is defined as Ktr +
Kint (Equations (B-34) and (B-35)). The experimental data for electrical con-
ductivity were considered to be the primary standard. The calculations of
Capitelli and DeVoto were considered to be the primary theoretical standard.
Note that Capitelli and DeVoto appear to agree better with the N2 data than
the other theories considered.

Four iterations of the new theory were considered:

a. Unmodified cross-sections; without O++ and N++

b. Unmodified cross-sections; with 0++ and N++

c. All Coulomb collision integrals multiplied by 0.6; with o™* ana n**

d. Only Coulomb collision integrals involving an electrorn multiplied
by 0.6; with O'' and N'".

Several features of the comparisons for N2 are evident.
a. Inclusion of Nt is necessary for T > 22,000°K.

b. The frozen and total thermal conductivities and the electrical con-
ductivity are gquite insensitive to Coulomb collisions involving
ions, since the third and fourth iterations (c. and d. above) give
essentially the same results.

c. The viscosity is quite insensitive to Coulomb collisions involving
electrons, for T > 16,000°K, since the second and third iterations
(b. and 4. above) give essentially the same results.

d. It follows that a good approach for determing the multiplicative
constants is to use the electrical and/or thermal conductivity com-
pariéon to back out the constant for electron-electron and electron-
ion collisions, and to use the viscosity comparison to back out the

constant for ion-ion cecllisions.
L]
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These features also are essentially valid for the air plasma comparisons.

The final iteration on the new model provides predictions that agree
with the.N2 experimental electrical conductivity data to within 10 percent over
the entire temperature range considered. In addition, deviations of the pre-
dictions of the new model from the N2 total thermal conductivity data never
exceed 20 percent for T < 24,000°K. These particular data exhibit large scat-
ter, and the prediction usually lies within this scatter. Finally, the new
model predicts N2 viscosity within the scatter of the few data points available.

For the N2 plasma, the new model generally compares guite closely with
the rigorous kinetic theory calculations of Capitelli and DeVoto, being within
10 percent for total thermal conductivity and electrical conductivity in the
range 5000°K < T < 20,000°K, and within 20 percent for temperatures outside this
range. The only appreciable disagreement occurs for the viscosity in the range
14,000°K < T < 18,000°K, where the new model prediction is roughly 45 percent
higher than that of Capitelli and DeVoto. However, outside this temperature
range the agreement is better, generally being within 10 percent or less. At~
tempts to reduce the discrepancy for 14,000°K < T < 18,000°K were not pursued,
since experimental data in this range, which could be used to substantiate
either the new model or Capitelli and Devoto, are lacking.

Figure B-4 shows the comparisons for the transport properties of an air
plasma at one atmosphere. The final iteration of the new model provides elec-
trical conductivity predictions which are within 10 percent of the experimental
data for 7000°K < T < 15,000°K and within 20 percent for the only data point
outside this range. The agreement with the total thermal conductivity is not
as good, being within 20 percent for 7000°K < T < 14,000°K and deviating as
much as 70 percent for T < 7000°K. However, in this case there is only one
set of data with which to compare, and the new model compares with the data as
well as, or better than, the other theories over the entire temperature range

considered.

In comparing the theories for the air plasma, it appears that the new
model and that of Peng and Pindroh are in close agreement for all properties.
for all temperatures below 15,000°K, with the exception of the viscosity in the
range 12,000°K < T < 15,000°K. There the new model is about 50 percent higher.
Yos appears to be slightly low in predicting electrical conductivity for T >
12,000°K, due to his decision to determine the multiplicative constants for the
Coulomb collision integrals from comparisons with the predictions of Spitzer
and Hiarm, which are felt to be low themselves (Capitelli and DeVoto). Further,
for 9000°K < T < 20,000°K Yos' prediction of total thermal conductivity is

clearly too low, due to his use of erroneously high charge-transfer cross-sections.
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Finally, Yos appears to be substantially too high in his viscosity prediction
for T > 16,000°K, again due to his method of determining the Coulomb multipli-
cative constants (this is also substantiated through the N2 comparisons).

The Hansen prediction for air viscosity is lower than that of the other
models for 4000°K < T < 10,000°K. In addition, Hansen's total thermal conduc-.

tivity appears to be in gross error for T > 9000°K.

Figure B-5 presents a comparison of the new model with the calculations
of Sherman for an Nz plasma at 100 atm. The agreement between the two viscos-
ity calculations is excellent over the entire temperature range considered.

The agreement between the two calculations for frozen and total thermal conduc-
tivity is very good for T < 8000°K, but Sherman drops below the new model for
higher temperatures (although the temperature-dependent trends are identical).
Recall that Sherman's calculation of N2 frozen thermal conductivity at 1 atm
appears to.be low for T > 8000°K, relative to the other theories, including the
new model and those of Yos and Capitelli and DeVoto. -

Figure B~6 presents a comparison of the new model with the calculations
of Hansen and Peng and Pindroh for an air plasma at 100 atm. For viscosity,
the new model and Peng and Pindroh are within 13 percent for all temperatures
considered, while Hansen's results are generally lower by up to 25 percent.
For total thermal conductivity, the agreement between the new model and Peng
and Pindroh is excellent, with deviations never exceeding 10 percent. As for
the 1 atm comparisons the Hansen calculation appears again to be grossly erro-
neous. For electrical conductivity, the new model and Peng and Pindroh differ
substantially for T < 8000°K. This is due to the fact that the new model uses
a significantly larger e-N2 collision integral than that used by Peng and Pin-
droh. At 8000°K and 100 atm, the mole fraction of N, is 0.48, so that e-N,
collisions are dominant. At 1 atm and 8000°K, the mole fraction of N, is only
0.06, so the e-N2 collisions are insignificant, thus explaining the good agree-
ment between the new model and Peng and Pindroh at those conditions.

Figure B-7 presents viscosity, frozen and total thermal conductivity,
and electrical conductivity for air under the conditions 1 < p £ 200 atm,
1000°K < T < 28,000°K, as calculated by the new model with corrected electron-
ion collision integrals. Viscosity is found to be relatively independent of
pressure for T < 12,000°K, but becomes increasingly pressure dependent for
greater temperatures. Frozen thermal conductivity becomes significantly
pressure-dependent for T > B000°K, while a strong pressure-dependence is ex=-
hibited by the total thermal conductivity for temperatures as low as 3000°K.
Finally, electrical conductivity is a strong function of pressure for almost

all temperatures.
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One noteworthy observation is that for 12,000°K < T < 13,000°K, all
four transport properties appear to be relatively insensitive to pressure
variations. For all properties this is a "cross-over” region below which
property values decrease with increasing pressure and above which they in-

crease with increasing pressure.
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TABLE B-1

AEDC-TR-75-47

COMPARISON OF PRESENT CALCULATIONS WITH HILSENRATH, ET AL.

MOLE FRACTIONS

MOLE FRACTIONS

p, gm/cc
h, cal/gm

T = 2000°K, p =1 atm

ACE

0.1764 x 10-?
479.1
0.78 x 10°
0.21 x 10°
0.82 x 10°2
0.30 x 10-°
0.84 x 10-°
0.29 x 107"
0.20 x 102
0.29 x 1072
0.29 x 10~

Hi]senfath, et al.

0.1762 x 1073
474.1 )
0.78 x 10°
0.21 x 10°
0.83 x 1072
0.33 x 10°¢

TABLE B-2

COMPARISON OF PRESENT CALCULATIONS WITH HILSENRATH, ET AL.
T = 15,000°K, p = 1 atm

p, gm/cc
h, cal/gm

ACE With D-H ACE Without D-H
Correction Correction Hilsenrath, et al.

0.7793 x 1075 0.7788 x 108 0.7796 x 10-°
27,504 27,268 27,829

0.3555 x 10-5 0.3796 x 10°5 -

0.8015 x 107! 0.8258 x 10°? 0.74 x 107}
0.2258 0.2344 0.19
0.3465 0.3310 0.36
0.2870 0.2828 0.30

0.5741 x 10~} 0.5614 x 107! 0.61 x 107!

0.4097 x 102 0.4120 x 1073 --
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TABLE B-3

COMPARISON OF PRESENT CALCULATIONS WITH HILSENRATH, ET AL.
T = 15,000°K, P = 200 atm

ACE With D-H ACE Without D-H
Correction Correction Hilsenrath, et atl.
b, gm/cc 0.2281 x 1072 0.2286 x 10°° 0.2281 x 10°°
h, cal/gm 14,447 14,243 14,440
-2 -2 -2
K, 0.6697 x 10 0.6928 x 10 0.687 x 10
0, 0.3203 x 107" 0.3286 x 10°" -
NO 0.9241 x 10°° 0.9520 x 10°° -
0 0.1935 . 0.1967 0.193
MOLE FRACTIONS ¢ N 0.6937 0.7080 0.693
| e 0.5037 x 10°° 0.4146 x 107" 0.500 x 107}
Nt 0.4267 x 107" 0.3513 x 10°" 0.425 x 107°
o* 0.6706 x 1072 0.5498 x 10°° 0.684 x 1072
no* 0.2934 x 10°° 0.2439 x 10°° 0.327 x 10°°
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CONSTANTS FOR EQUATION (B-50)

TABLE B-4

(ASSUMING . wi%, ; IN A2 AND T IN °K)

J

AEDC-TR-75-47

Specie i Specie j _ A1!J' B;j A_?j B:J
N, N, -0.2739 3.434 -0.2613 3.597
N N, -0.3128 3.262 -0.2739 3.434
N N -0.3098 2.996 -0.2817 3.001
e N, 0.2870 1.841 0.2870 1.841
e N 0.0000 1.609 0.0000 1.609
N Nt -0.1010 3.970 -0.3568 3.726
0 0 -0.2601 2.955 -0.2632 3.140
0, 0, -0.1503 3.296 -0.1166 3.434
0 0, -0.2389 3.153 -0.2219 3.314
0 o+ -0.0860 4.159 -0.3657 3.645
e 0 0.6759 -0.5547 0.6759 -0.5447
e 0, 0.4748 0.9083 0.4748 0.9083
N ot -0.3979 4,094 -0.3999 4.007
0 Nt -0.3979 4.094 -0.3999 4,007
N 0 -0.3424 3.091 -0.3327 3.243
N, 0, -0.1549 3.367 -0.1120 3.497
0, ND - -0.15439 3.367 -0.1120 3.497
0 Ny -0.2872 3.329 -0.2722 3.812
NO NO -0.1461 3.307 -0.1359 3.512
N, NO -0.1859 3.367 -0.1383 3.497
0 NO -0.2529 3.243 -0.2074 3.384
N NO -0.2048 3.219 -0.1679 3.367
NO No+ -0.1269 4,291 -0.3979 3.750
e NO 0.5322 1.308 0.5322 1.308
N, Nt -0.3128 3.262 -0.2739 3.434
N, ot -0.2872 3.329 -0.2722 3.512
N, Not -0.1859 3.367 -0.1383 3.497
N 0, -0.2872 3.329 -0.2722 3.512
N no* -0.2048 3.219 -0.1679 3.367
N* 0, -0.3979 4.094 -0.3999 4.007
N* NO ~0.2048 3.219 0.1679 3.367
0, o* -0.2389 3.153 -0.2219 3.314
0, no* -0.1549 3.367 ~0.1120 3.497
0 No* -0.2529 3.243 -0.2074 3.384
ot NO -0.2529 3.243 -0.2074 3.384
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TABLE B-5
THEORETICAL CALCULATIONS FOR TRANSPORT PROPERTIES AVAILABLE IN THE LITERATURE

Pressure - Temperature Date
Source Composition Range (atm) Range (°K) Published Comments

Capitelli and Nitrogen 1 1000 - 30,000 1973 Most recent, best validated calcu-

DeVoto (B-14) lation available; higher order
kinetic theory; accounts for I.P.
lowering.

Sherman (B-15) Nitrogen 107" - 10° 1000 - 15,000 1965 No comparisons with experimental
data; higher order kinetic theory;
thermodynamic properties not
described.

Hansen (B-20) Air 107" - 10 1000 - 15,000 1959 Simple mixture rules; many colli-
sfon integrals now outdated; does
not account for I.P. lowering.

Peng and Air lo's;gp/pof_lol 1000 - 15,000 1961 Improved collision integrals

Pindoch {B-11) relative to Hansen; higher order
kinetic theory; does not account
for 1.P. lowering

Yos (B-10) Air and 1-30 1000 - 30,000 1963 Charge transfer collision integrals

Nitrogen too high; Coulomb collision in-

tegrals need updating; does not
account for I.P. lowering; species
mole fractions and thermodynamics
properties taken from different
sources (not consistent)
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EXPERIMENTAL DATA FOR TRANSPORT PROPERTIES
AVAILABLE IN THE LITERATURE

TABLE B-6

Source Mesores Composition Rapng?s(uartfn) leean:z;ira(t"ukr)e PubYi Shed
Schreiber, et al. (B-21) u Nitrogen 1 10,500-12,250 1971
Schreiber, et al. (B-23) Kk, o Nitrogen 1 10,500-12,250 1972
Hermann and Schade(B-24) K, ¢ Nitrogen 1 6,000-24,000 1970
Morris, et al. (B-25) K. o Nitrogen 0.5-2.0 8,000-14,000 1970
Asinovsky, ei al. (B-26) K Nitrogen 1 11,500-16,500 197
Schreiber, et all (8-22) o Air 1 8,000-12,000 1973
Asinovsky, et al. (B-26) K, o Air 1 2,000-14,000 197
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Figure B-4b. Comparisons for air transport properties at 1 atm - total thermal
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Figure B-5¢. Comparisons for nitrogen transport properties at 100 atm - viscosity
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Figure B-7d. Air transport properties predicted in this work - viscosity.
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APPENDIX C

CALCULATION OF TURBULENT FLOW

In the calculation of turbulent flows, the shear stress T is composed of
a laminar part and a turbulent part. By defining an eddy viscosity for turbu-
lent flow which is analogous to the kinematic viscosity of laminar flow, there

results

e g au

T =¢(v + €) ay (c-1)
where v = kinematic viscosity

eddy viscosity

™
]

fluid density

=}
]

g% = mean velocity gradient in the direction normal to the wall

Similarly, the heat flux g is composed of laminar and turbulent contri-

butions yielding

r (C-2)

Qll o]
|5y

k £E
am- (&4 5)
cp Pt

where k = thermal conductivity
cp = specific heat at constant pressure
Pt = turbulent Prandtl number
%% = mean enthalpy gracdient in the direction normal to the wall

In the Watson and Pegot model (Reference C-2}, the eddy viscosity is
calculated by using Prandtl's mixing¢ length hypothesis,

= p2.9U -
e=1 | (C-3)
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where £ = mixing length. For flow in smooth pipes, the mixing length was found
by Nikuradse (Reference C-1) to be independent of Reynoclds number for values of
Re > 10%. Nikuradse's equation for mixing length is given in Equation (C-4):

£ 0.14 - 0.08(1 - %)2 - 0.06 (1 - %)b (c-4)
where
R = pipe radius
y = distance from pipe wall

In correlating data, Watson and Pegot (Reference C-2) found the Nikuradse mix-
ing length did not provide good agreement, and reduced it by a factor of two.
Thus, in the Watson and Pegot model, Ew = % EN. This assumption gave much
better correlations with low-pressure arc data.

With regards to heat flux calculations, the Watson and Pegot model as-
sumed a turbulent Prandtl number of unity. While this is true in the vicinity
of a wall, it is not true near the center of a pipe. However, no correlation
prot .ems in this regard were noted by Watson and Pegot. Since recent investi-
gations have found the turbulent Prandtl number deviates considerably from
unity near the axis for flow in'ducts, a turbulent Prandtl number given by

P, = 0.95 - 0.45 (%{-)2 (c-5)

was used in ARCFLO Version 2.

Mixing length formulations which exﬁlicitly treat the presence of a
rough wall do not appear to be available in the literature. One of the prin-
cipal ambiguities associated with this problem is the definition of the actual
wall location as seen by the flow field when the wall is rough. A second dif-
ficulty involves determination of the equivalent sand-grain roughness height
associated with a peculiar roughness geometry (such as segmented constrictor
walls), a necessary step since most empirical correlations based upon experi-
mental data for wall heat flux and shear augmentation are expressed in terms of
equivalent sand-grain roughness.

Order-of-magnitude calculations carried out for the flow/wall conditions
of interest here indicated that the roughness-dominated regime is approached.
This means that the equivalent sand-grain roughness height is of the same order
of magnitude as the laminar sublayer thickness that would exist if the wall were
smooth. For fhis case, the friction-factor and velocity-profile data available
for low-temperature, incompressible flow (see, for instance, Reference c-3),
can be used to show that the mixing length at the wall, i.e., at the tops of
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the roughness elements, is some fraction of the mean roughness elemént height.
Using this result for guidance, it was decided in this work to model wall rough-
ness effects by evaluating the wvan Driest mixing length formula discussed in
Section 5 at "y + Ks“ rather than "y", where y is the distance from the wall

and Ks is the equivalent sand-grain roughness height. At the wall, y = 0,

this then gives £ < 0.4 K, which is consistent with the aforementioned low-
temperature experimental data base.

The presence of wall roughness also influences the turbulent Prandtl
number near the wall. The available experimental data (e.g., References C-3
and C-4) indicate that for Reynolds numbers of 10° wall roughness serves to
augment wall shear by a factor which is up to three times the corresponding
augmentation of the wall convective heat flux. This is due to the fact that
the form drag associated with the roughness elements has no heat conduction
analog. This alsc suggests that th could be as large as 3. In addition, the
detailed profile measurements carriec out in the study described in Reference
C-4 involving wall injection and suction were used to show that the Rotta cor-
relation, Egquation (C-5) above, is quite valid away from the wall. However,
for y/R < 0.05, Pt
and occasionally exceeded even 3.0. Based upon the calculations described in
Section 6 for air arcs, in which rough wall effects were studied parametrically,

was found to increase sharply as the wall was approached

the recommended value for P, was determined to be 3.0. For the region
¥/R < .05, a linear interpclatiorn between 3.0 and 0.9%49%, the value given by
Equation (C-5) evaluated at y/R = 0.05, was used.
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APPENDIX D

CONSTRICTOR ARC DATA

As discussed in Section 6, 270 data points were gathered from six
different constrictor arcs in order to select the most appropriate data for
code validation. A compilation of this data is given on the following pages
along with material for the identification of each constrictor arc facility.
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Arnold Engineering Development Center (AEDC)
Tullahoma, Tennessee

No. Cu;;ent, Vol t}atge. cg?;;;:g:‘:r 0 _'Nl'gf';t;: Lie:cg;ehs, Ai'{a: e].o‘" Ma;nst-rll\av]eprya?e Pre:::lre. Effl::.z::?.
ps voits inches 1.ia:::eh:sr’ 1bm/sec Btu/1bm P
1 521 2080 0.934 0.215 18.50 0.055 6403 26.3 34.3
2 427 2080 0.934 0.215 18.50 0.058 6024 26.0 41.5
3 591 2120 0.934 0.215 18.50 0.055 6989 26.2° 32.4
4 475 3300 0.934 0.215 18.50 0.120 5326 53.2 43.0
5 370 3360 0.934 0.215 18.50 0.121 4588 51.0 47.1
5 575 3300 0.934 0.215 18.50 0.116 5963 53.7 38.5
7 477 4230 0.934 0.215 18.50 0.187 4663 77.6 45.6
8 561 4465 0.934 0.215 18.50 0.192 5270 84.4 42.6
9 602 4830 0.934 0.215 18.50 0.260 4448 102.0 42.0
10 682 3544 0.934 0.215 18.50 0.136 5886 64.0 34.9
11 529 3016 0.934 0.215 18.50 0.112 5140 46.0 38.1
12 543 3285 0.934 0.215 18.50 0.123 5084 52.9 37.0
13 635 3050 0.932 0.215 18.50 0.100 6340 43.9 34.5
14 525 3460 0.934 0.215 18.50 0.120 6025 55.4 42.0
15 554 4980 0.934 0.215 18.50 0.253 4256 101.5 4.2
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Air Force Flight Dynamics Laboratory (AFFODL)
Wright-Patterson Air Force Base, Ohio

o Gt oase, ISIICT Thoet g M SR b, rrictony,
P inches inches ’ 1bm/sec Btu/1bm P
1 1600 15,000 3.0 1.00 . 9.0 5.0 2450 97.28 53.3
2 2000 14,700 3.0 1.00 96.0 6.0 2300 103.40 49.5
3 2400 14,000 3.0 1.00 9.0 6.1 2400 106.80 46.0
4 2000 5,700 3.0 2.00 72.0 3.8 1550 25.85 54.5
5 2800 11,700 3.0 2.00 96.0 7.0 2500 48.30 56.3
6 3600 6,000 3.0 2.00 72.0 4.2 2800 31.97 57.4
7 4000 9,900 3.0 2.00 96.0 6.6 2950 55,78 51.9
8 5700 9,000 3.0 2.00 96.0 8.2 2950 59.18 49.7
9 2000 7,800 3.0 1.00 45.0 3.0 2800 54.08 56.8
10 2000 10,300 3.0 1.00 72.0 4.55 2300 77.55 53.6
N 2400 13,000 3.0 1.00 72.0 5.5 2800 103.40 52.1
12 2800 8,100 3.0 1.00 45.0 3.6 3050 65.31 ° 51.1
13 2800 8,100 3.0 1.00 45.0 3.6 . 3050 65.31 51.1
14 4000 3,000 3.0 1.00 45.0 1.7 3800 34.35 56.8
15 4400 2,700 3.0 1.00 45.0 1.55 3400 31.97 46.8
16 4800 2,700 3.0 1.00 45.0 1.87 3300 35.37 50.2
17 2800 12,300 3.0 1.00 72.0 5.3 3400 95.24 55.2
18 2800 12,300 3.0 1.00 72.0 5.3 3400 95.24 55.2
19 3200 10,000 3.0 1.00 72.0 4.5 3050 83.67 45.2
20 3200 10,000 3.0 1.00 72.0 4.5 3050 83.67 45.2
21 3600 6,500 3.0 1.00 72.0 3.6 3300 67.35 53.6
22 3600 6,500 3.0 1.00 72.0 3.6 3300 67.35 53.6
23 1200 6,050 3.0 1.00 45.0 1.9 2200 28.57 60.7
24 1200 11,200 3.0 1.00 72.0 4.1 1600 61.56 51.5
25 1600 9,600 3.0 1.00 45.0 3.5 2800 57.82 67.3
26 1600 12,000 3.0 1.00 72.0 4.7 2000 74.83 51.6
27 2000 11,000 3.0 1.00 45.0 5.4 2650 93.88 68.6

1"Downst.ream electrode length (Huels-type arc heater)
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Sandia Laboratories
Albuquerque, New Mexico

S
P inches ehas lbm/sec  Btu/7bm P
1 709 2467 1.0 0.333 36.75 0.065 10,300 15.2 40.4
2 529 2180 1.0 0.333 36.75 0.052 9,700 n.7 46.1
3 1003 2309 1.0 0.333 36.75 0.064 12,980 14.5 37.8
4 352 2376 1.0 0.333 36.75 0.064 5,890 n.s 47.7
5 961 2427 1.0 0.333 36.75 0.065 13,970 14.3 4.1
6 960 1745 1.0 0.333 36.75 0.034 17,600 8.0 37.7
7 778 2417 1.0 0.333 36.75 0.065 12,430 13.8 45.3
8 753 1775 1.0 0.333 36.75 0.034 15,540 7.8 4.7
9 551 2427 1.0 0.333 36.75 0.065 9,290 13.3 47.6
10 566 1780 1.0 0.333 36.75 0.034 12,920 7.4 46.0
N 413 2503 1.0 0.333 36.75 0.065 8,190 12.4 84.3
12 377 1768 1.0

0.333 36.75 0.034 9,520 6.9 51.2
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National Aeronautics and Space Administration - Johnson Space Center (NASA-JSC)
Houston, Texas

Nozzle ,
Constrictor Air Flow Mass-Average .
Diameter, Throat  Length, Pressure, Efficiency,

Current, Voltage, Rate, Enthalpy,

No.

amps volts inches Diia;eht:; » inches 1bm/ sec Btu/1bm atm percent
1 1984 5700 1.5 2.2% 122. 0.237* 15,749 5.17 35.1
2 1940 4950 1.5 2.25 93. 0.252 15,670 5.16 43.4
3 1836 4180 1.5 2.25 93. 0.238* 11,557 3.86 35.7
4 2000 4_620 1.5 2.25 93, 0.239* 15,235 4.97 4.6
5 1506 4850 1.5 2.25 93. 0.239* 12,891 4.83 45.5
6 1500 4940 1.5 2.25 93. 0.290 10,900 4.13 45.0
7 1068 5840 1.5 2.25 93. 0.290 10,500 4.90 51.5
8 1064 5790 1.5 2.25 93. 0.290 12,300 4.73 61.1
9 1960 4880 1.5 2.25 93. 0.303 13,050 5.03 43.6
10 496 5200 1.5 2.25 79. 0.499* 2,509 5.21 51.3
n’ 920 3930 1.5 2.25 79, 0.199 9,397 2.98 54.6
12 498 3820 1.5 2.25 79. 0.193 5,617 2.20 60.1
13 492 3430 1.5 2.25 64. 0.494* 2,233 4.16 68.9
14 500 3450 1.5 2.25 64. 0.633% 2,030 5.20 78.5
15 . 998 3850 1.5 2.25 64. 0.594* 3,235 5.09 52.7
16 1516 4715 1.5 2.25 64 .- 0.632* 6,194 6.78 57.7
17 1500 £220 1.5 2.25 64. 0.591* 4,925 6.19 48.5
18 1920 4460 1.5 2.25 64. 0.628* 5,785 6.86 443.7 .
19 496 3380 1.5 2.25 64. . 0.627* 1,774 3.76 70.0
20 996 3960 1.5 2.25 64. 0.582* 3,357 5.10 52.2
A 470 3540 1.5 2.25 64. 0.620* 1,949 4.01 76.6
22 940 4010 1.5 2.25 64. 0.580* 3,872 5.48 62.8
23 1004 4500 1.5 2.25 64. 0.400 6,790 5.24 63.4
24 1956 4700 1.5 2.25 64. 0.390 12,200 6.60 54.6
25 500 3580 1.5 2.25 64. 0.384 2,576 .74 58.4
26 1000 4170 1.5 2.25 64. 0.384 6,067 5.17 59.0
27 1504 4250 1.5 2.2% 64. 0.384 8,583 6.01 54.4
28 2000 4440 1.5 2.25 64. 0.382 11,0M 6.70 50.4
29 1880 4400 1.5 2.25 64. 0,336 12,877 6.49 55.2
30 1948 4365 1.5 2.25 64. 0.330 12,694 6.33 52.0
3 1390 3530 1.5 . 2.25 64. 0.256 13,867 4.05 76.3
32 1810 3490 1.5 2.25 64. 0.251 12,506 4.4 52.4
33 940 3300 1.5 2.25 64. 0.251 9,960 3.54 85.0

*Flow indicated is that through arc heater alone. Total flow through nozzle is higher due to additional
gas injection in plenum.
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NASA-JSC (Continued)

P inches inchas | 1bm/sec Btu/1bm percen
34 1466 2750 1.5 2.25 §7.5 0.332*% 6,654 3.61 57.8
35 600 3140 1.5 2.25 57.5 0.255* 2,730 3.23 30.4
36 1550 3640 1.5 2.25 57.5 0.405 8,602 5.92 65.1
37 1980 3070 1.5 2.25 57.5 0.242 13,460 4.83 56.6
38 1542 3070 1.5 2.25 57.5 0.241 11,993 4.38 64.6
39 1258 3000 1.5 2.25 57.5 0.240 10,096 4.03 67.9
40 1562 2650 1.5 2.25 57.5 0.220* 12,01 3.14 67.3
4 1044 2630 1.5 2.25 57.5 ) 0.220* . 8,007 3.06 67.6
42 1966 2620 1.5 2.25 57.5 0.215* 15,160 3.40 66.8
43 634 2450 1.5 2.25 57.5 0.210* 4,983 2.14 na
44 488 2280 1.5 2.25 57.5 0.147 6,065 2.07 85.0
45 906 2235 1.5 2.25 57.5 0.147 7,898 2.34 60.8
46 1214 2480 1.5 2.25 57.5 0.147 " 12,593 2.82 65.0
47 900 2450 1.5 2.25 57.5 0.147 9,959 2.58 70.2
48 1210 2310 1.5 2.25 57.5 0.147 9,531 2.38 52.9
49 1240 2460 1.5 2.25 57.5 0.147 12,651 2.81 64.4
a0 eGo - 2180 1.5 2.25 57.5 0.146 7,283 - 2.1 57.4
5 1212 2320 1.5 2.25 57.5 0.144 10,525 2.29 59.3
52 448 2000 1.5 2.25 57.5 0.144 4,379 1.65 74.3
53 2000 2290 1.5 2.25 57.5 0.143 14,854 2.71 49.1
54 972 3560 1.5 2.25 50.0 0.228* 9,158 6.19 63.7
55 566 2910 1.5 2.25 50.0 0.228* 4,579 4.18 66.8
56 800 3022 1.5 2.25 50.0 0.398 2,626 4.39 45.7
57 1960 3579 1.5 2.25 50.0 0.397 9,643 5.80 57.8
58 1480 3500 1.5 2.25 50.0 0.394 7,290 5.20 58.6
59 1226 990 1.5 2.25 36. 0.053 12,320 1.0 57.3
60 918 960 1.5 2.25 36. 0.053 10,675 0.90 68.4
61 710 930 1.5 2.25 36. 0.053 8,168 0.80 69.7
62 510 790 1.5 2.25 36. 0.040 5,601 0.16 58.7
63 508 785 1.5 2.25 36. 0.040 5,584 0.16 59.1
64 508 780 1.5 2.25 36. 0.040 6,318 0.16 67.3
65 508 7890 1.5 2.25 36. . 0.040 5,391 0.15 57.4
66 1500 4200 1.5 2.25 79. 0.300 . 10,212 5.03 68.4
67 1500 4530 1.5 2.25 79. 0.400 9,919 5.85 61.6

*Flow indicated is that through arc heater alone. Total flow through nozzle is higher due to additional
gas injection in plenum.
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NASA-JSC (Concluded)

s Nozzle .
No. Cu:;::t ’ Vo:of:latgse '_ ng;;:;gﬁ?r‘ 011;2‘:‘?:“ Length, Ai{atre]:’” Maés:{t:\a\']epl}a’ge Pressure, Efficiency,
inches Inches fnches Tbm/sec Btu/Tbm atm percent
68 1510 . 4490 1.5 2.25 79. 0.320* 13,029 5.17 64.8
69 1808 4500 1.5 2.25 79. 0.329* 13,701 5.44 58.4
70 1980 4200 1.5 2.25 79. 0.232* 16,406 5.07 48.3
n 1980 4550 1.5 2.25 79. 0.261* 16,419 6.15 50.1
72 1992 4750 1.5 2.25 79. 0.359* 11,866 6.22 47.5
73 1960 4830 1.5 2.25 79. 0.348* 12,983 6.53 49.5
74 1992 4900 1.5 2.25 79. 0.351* 12,405 6.67 47.0
75 1882 5100 1.5 2.25 79. 0.411* 11,920 6.80 53.8
76 1620 5700 1.5 2.25 93.3 0.364* 12,986 6.29 53.9
77 1990 5570 1.5 2.25 . 93.3 0.335* 14,831 6.65 47.3
78 1982 5590 1.5 2.25 93.3 0.337* 14,396 6.68 456.1
79 1990 4650 1.5 2.25 93.3 0.239 18,950 5.54 51.6
80 2006 4670 1.5 2.25 93.3 0.201 18,740 5.64 50.9
81 1512 4870 1.5 2.25 93.3 0.20 15,890 5.28 54.9
82 1006 5150 1.5 2.25 93.3 0.241 12,935 4,78 63.5
83 1800 5725 1.5 2.25 93.3 0.372 18,070 6.94 68.8
84 1806 5650 1.5 2.25 93.3 0.288* 15,301 6.37 45.7
85 1988 5380 1.5 2.25 93.3 0.284* 15,746 6.08 44.2
86 1988 5380 1.5 2.25 93.3 0.285* 15,339 6.05 43.1
87 1988 -5340 1.5 2.25 93.3 0.285* 15,428 6.18 42.9
88 1986 5450 1.5 2.25 93.3 0.300* 15,843 6.12 46.3
89 1986 5630 1.5 " 2.25 93.3 0.304* 16,269 6.49 46.7
90 1960 4700 1.5 2.25 93.3 0.241 17.430 7.54 48.1

*Flow indicated is that through arc heater alone. Total flow through nozzle is higher due to additional
gas injection in plenum.
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hational Aeronautics and Space Administration - Ames Research Center (NASA Aces, 6 om)

Moffett Field, California

No, Current, Vo}t]age . cg?:;::;:?" ) ¥g§;:: Lienghth' M;a{;“’" Ma;:;:av]el;;'ge Pressure, Efficiency,
amps volts inches 1::;:;::;, nches 1bn/ sec Btu/1bm atm percent
1 1847 1855 2.362 1.50 47.0 0.833 1,600 4.44 1.1
2 3610 2597 2.362 1.50 47.0 0.828 4,000 6.99 37.3
3 3696 2873 2.362 1.50 47.0 0.811 4,700 8.90 37.9
4 3465 2513 2.362 1.50 47.0 0.778 4,600 6.73 43.3
5 1771 1750 2.362 1.50 47.0 0.768 1,500 4.15 39.2
6 3850 2805 2.363 1.50 47.0 0.610 6,800 7.61 40.5
7 3388 2395 2.362 1.50 42.0 0.595 4,900 5.84 37.9
8 3619 2444 2.362 1.50 47.0 0.580 5,500 5.51 38.1
9 EX) B 2307 2.362 1.50 47,0 0.514 5,900 4.80 41.9
10 3466 2384 2.362 1.50 7.0 D.496 6,700 5.06 82.5
n 4087 2727 2.362 1.50 47.0 0.478 8,800 6.75 39.8
12 3773 2296 2.362 1.50 47.0 0.460 7,400 4.583 41.5
13 3685 2423 2.362 1.50 47.0 0.418 9,500 4.76 47.0
14 4154 2447 2.362 1.50 47.¢ 0.402 9,900 5.76 4.4
15 4623 2253 2.362 1.50 47.0 0.388 10,100 5.04 39.8
16 4439 2194 2.362 1.50 47.0 0.297 11,000 3.81 35.4
17 5002 1852 2.362 1.50 47.0 0.292 10, 300 3.78 33.7
18 6164 1521 2.362 1.50 47.0 0.285 14,509 1.82 45.5
19 6432 1630 2.362 1.50 47.0 0.265 17,400 1.83 46.6
20 5628 i614 2.362 1.5C 47.0 0.181 14,700 2.25 30.9
21 1020 2070 2.362 1.12 93.7 0.103 6,175 1.94 .8
22 976 3040 2.362 1.12 93.7 0.179 6,300 3.26 40.1
23 954 3817 2.362 12 93.7 0.262 5,857 4.63 44.5
24 974 2205 2.362 112 93.7 0.108 6,030 2.04 32.3
25 1500 1957 2.367 1.12 93.7 0.104 7,685 2.06 28.7
26 1440 3310 2.362 1.12 93.7 0.239 7,200 4.58 381
7 1400 3770 2.362 1.12 93.7 0.293 6,585 5.61 38.6
28 1440 4326 2.362 1.12 93.7 0.357 6,660 6.88 40.3
29 1430 4930 2.362 1.12 93.7 0.485 6,170 8.42 1.1
30 1650 1895 2.362 1.12 93.7 0.100 6.970 2.05 23.5
3 1612 2760 2.362 1.12 93.7 0.180 7,160 3.57 30.6
32 1685 4124 2.362 1.12 93.7 0.331 7,320 6.76 36.8
33 1620 5350 2.362 1.2 93.7 0.491 6.640 9.80 39.7
3 606 2280 2.362 1.12 93.7 0.103 4,400 1.81 34.6
35 613 3450 2.362 1.2 93.7 0.184 4,830 3.12 44.3
36 596 4430 2.362 1.12 93.7 0.265 4,480 4.4 47.4
37 587 5400 2.362 1.12 93.7 0.338 4,700 5.51 52.9
38 355 1657 2.362 1.12 93.7 0.050 3,120 1.19 28.0
3 560 1700 2.362 1.12 93.7 0.066 4,060 1.15 29.7
40 amn 1640 2.362 1.12 93.7 0.07M 4,880 1.28 21.5
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NASA Ames, 6 cm {Continued)

Current, Voltage, Constrictor #::::: Length, Air Flow Mass-Average ... .o Efriciency,
No. ™ amps volts ~ Dlameter, o eter, inches ,rates Enthalpy, atm percent
inches fnches 1bm/sec 8tu/1bm
L] ma 1537 2.362 1.12 93.7 0.073 4,985 1.37 22.5
42 1494 1500 2.362 1.12 93.7 0.073 5,810 1.43 20.0
43 1770 1473 2.362 1.12 93.7 0.070 3,730 1.46 10.6
43 2040 1500 2.362 1.12 93.7 0.074 4,050 1.52 10.3
45 2363 1524 2.362 1.12 93.7 0.073 4,570 1.56 9.8
46 861 161 2.362 1.12 93.7 0.072 3,31 1.33 18.3
47 877 1644 2.362 1.12 93.7 0.073 | 3,916 1.35 21.1
48 860 1683 2.362 1.12 93.7 0.073 3,981 1.35 21.4
49 854 3460 2.362 1.12 93.7 0.199 6,579 3.68 46.7
50 888 3436 2.362 1.12 93.7 0.206 5,967 3.82 42.5
51 901 3542 2.362 1.12 93.7 0.212 6,252 3.92 43.8
52 846 3466 2.362 1.12 93.7 0.209 5,316 3.89 40.0
53 768 3622 2.362 1.12 93.7 0.217 4,91 3.98 40.5
54 778 3728 2.362 1.12 93.7 0.219 5,411 4.02 43.1
55 786 3834 2.362 1.12 93.7 0.224 5,887 4,08 46.2
56 778 3864 2.362 1.12 93.7 0.227 6,066 4.09 48.3
57 1070 3265 2.362 1.12 ) 93.7 0.200 7,173 3.87 43.5
58 1085 3394 2.362 1.12 93.7 0.212 7,382 4.07 4.8
59 1083 3449 2.362 1.1é 93.7 0.217 7,440 4.13 45.6
60 1046 3551 2.362 1.12 93.7 0.223 7.127 4,23 45.1
61 1050 3552 2.362 1.12 93.7 0.225 7,066 4.27 45.0
62 2899 4362 2.362 1.12 93.7 0.414 7,988 8.62 27.6
63 996 2202 2.362 1.12 93.7 0.107 5,762 2.09 29.7
64 1647 2075 2.362 1.12 93.7 0.110 7,676 2.30 26.2
65 kLY 2052 2.362 1.12 93.7 0.109 9,569 2.48 15.6
66 517 2461 2.362 1.12 93.7 0.101 4,401 1.77 3.9
67 1003 2207 2.362 1.12 93.7 0.102 7,652 1.98 37.2
68 1469 2057 2.362 1.12 93.7 0.108 7,949 2.19 30.0
69 1994 2029 2.362 1.12 93.7 0.109 9,292 2.29 26.4
70 2465 1973 2.362 1.12 93.7 0.109 8,763 2.34 20.7
n 2950 2075 2.362 1.12 93.7 0.112 10,607 2.43 20.5
72 2954 2890 2.362 1.12 93.7 0.205 10,259 4.47 26.0
73 2443 2924 2.362 1.12 93.7 0.206 9,131 4.37 27.8
74 2055 2987 2.362 1.12 93.7 0.205 9,069 4,29 31.9
7% 1534 k1 F3l 2.362 1.12 93.7 0.205 7,853 4.10 35.5
76 1065 3346 2.362 1.12 93.7 0.205 6,760 3.89 40.8
77 537 4019 2.362 1.12 93.7 0.204 4,683 3.44 46.7
78 649 5122 2.362 1.12 93.7 0.310 5,392 5.27 53.0
79 1029 4438 2.362 1.12 93.7 0.313 6,494 5.79 47.0
80 1491 3972 2.362 1.12 93.7 0.299 8,322 5.9 44.3
81 1978 3804 2.362 1.12 93.7 0.298 8,359 6.16 34.9
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NASA Ames, 6 cm (Continued)

No. Current, Voltage, cg?:;;:::?r :l:g‘z_:;: Length, M;at:'?"’ MaEs:t-r.:\avr;;?e Pressure, Efficiency,
amps volts inches Diameter, inches Tbn/sec Btu/1bm atm percent
inches
82 2478 3739 2.362 1.12 93.7 0.300 8,981 6.33 30.7
83 2979 3620 2.362 1.12 93.7 0.300 9,120 6.52 26.8
84 2888 4333 2.362 - 1.12 93.7 0.391 11,210 8.4) 36.9
85 2460 4418 2.362 1.12 93.7 0.391 8,485 8.28 32.2
86 1995 4541 2.362 1.12 93.7 0.391 7,990 8.05 36.4
87 2938 5052 2.362 1.12 93.7 0.505 8.451 10.50 30.3
88 509 1972 2.392 3.3 92.5 0.080 2,450 0.85 20.6
89 510 2536 2.362 3.36 92.5 0.116 2,90 1.20 28.3
90 490 2601 2.362 3.36 92.5 0.124 2,260 1.26 23.2
91 1012 2193 2.362 3.36 92.5 0.126 4,216 1.46 25.2
92 1512 2030 2.362 3.36 92.5 0.128 5,198 1.55 22.9
93 1518 2037 2.362 3.36 92.5 0.128 5,179 1.56 22.6
94 m 2215 2.362 3.36 92.5 0.114 4,196 1.25 29.5
95 1010 209 2.362 3.36 92.5 0.116 4,658 1.33 27.0
96 1513 1962 2.362 3.36 92.5 0.118 5,954 1.43 25.0
97 2003 2028 2.362 3.36 92.5 0.131 7,365 1.65 25.1
98 2514 2032 2.362 3.36 92.5 0.135 7,080 ° 1.74 19.8
99 2515 2712 2.362 3.36 92.5 0.216 7,484 2.79 25.0
100 201 2755- 2.362 3.36 92.5 0.216 6,465 2.70 26.6
101 1500 2885 2.362 3.36 92.5 0.218 5,614 2.60 29.8
102 1022 Nna 2.362 3.36 92.5 0.218 4,376 2.42 31.5
103 767 3279 2.362 3.36 92.5 0.218 3,474 2.29 3.8
104 773 4258 2.362 3.36 92.5 0.313 4,050 3.23 - 40.6
105 1003 3920 2.362 3.36 92.5 0.311 4,512 3.44 37.6
106 1508 3580 2.362 3.36 92.5 0.309 5,914 3.66 35.7
107 2010 3390 2.362 3.36 92.5 0.308 6,621 3.81 31.6
108 2500 3306 2.362 3.36 g2.5 0.306 7,216 3.87 ¢8.2
109 2482 3836 2,362 3.36 92.5 0.406 6,230 5.12 28.0
10 2002 4038 2.362 3.36 92.5 0.402 6,178 4.94 32.4
m 1513 4166 2.362 3.36 92.5 0.406 5,068 4.72 34.4
N2 785 2286 2.362 3.36 92.5 0.124 3,614 1.3 26.3
113 1515 2802 2.362 3.36 92.5 0.218 5,567 2.54 30.2
14 1512 8N 2.362 3.36 92.5 0.218 5,575 2.54 29.5
115 1502 2810 2.362 3.36 92.5 0.217 5,07 2.54 27.5
116 1519 2823 2.362 3.36 92.5 0.217 5,308 2.52 28.3
"7 1510 3462 2.362 3.36 92.5 0.300 5,322 3.49 32.2
118 1515 3579 2.362 3.36 92.5 0.314 5,555 3.69 33.9
ne 1516 3594 2.362 3.36 92.5 0.314 5,515 3.69 33.5
120 1512 3563 2.362 3.36 92.5 0.314 5,305 3.67 32.6
21 769 2476 2.362 3.36 92.5 0.135 5,035 1.49 37.7
122 1017 2405 2.362 3.36 92,5 0.142 5,391 1.64 33.0
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NASA Ames, 6 cm (Concluded)

o, o g R T v ML D e e
P inches inches ' lbm/sec  Btu/lbm perc
123 1509 2244 2.362 3.36 92.5 0.147 6,312 1.79 28.9
- 124 2012 2054 2.362 3.36 92.5 0.138 6,244 1.74 22.0
125 2495 1734 2.362 3.36 82.% 0.109 5,556 1.39 14.8
126 2970 1768 2.362 3.36 92.5 0.109 6,657 1.43 14.6
127 m 2364 2.362 3.36 92.5 0.132 3,435 1.42 26.0
128 1511 3572 2.362 3.36 92.5 0.312 5,592 3.70 34.1
129 1503 3570 2.362 3.36 92.5 0.310 5,500 3.63 33.5
130 1509 3544 2.362 3.36 92.5 0.310 5,416 3.65 33.
LK) 1507 3549 2.362 3.36 92.5 0.310 5,408 3.63 33.1
132 1515 3553 2.362 3.36 92.5 0.308 5,541 3.65 33.4
133 1506 3582 2.362 3.36 92.5 0.309 5,605 3.64 33.9
134 1505 3590 2.362 3.36 92.5 0.308 5,619 3.62 33.9
135 1518 3559 2.362 3.36 92.5 0.308 5,625 3.64 33.8
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Martin Marietta Corporation, Denver Division (MMC}
Denver, Colorado

No. Cu;;ent, Voltage, Cgri\:;;ti:::c:r }l:::;: Length, Ai'{at:]:’" MaEs:;':\av]epr;la’ge Pressure, Efficiency,
ps volts inches Diameter, inches 1bm/sec Btu/1bm atm percent
inches

1 350 263 1.0 0.397 6.55 0.011 4,920 1.07 62.0
2 530 4160 - 1.0 0.397 35.48 0.198 5,134 25.6 48.6
3 800 5507 1.0 0.397 49,85 0.190 8,127 29.9 37.0
4 900 6176 1.0 0.397 64.15 0.147 10,037 24.76 28.0
5 1600 1295 1.0 0.397 28.33 0.030 14,200 5.24 21.7
6 1200 243 1.0 0.397 6.50 0.006 11,206 0.95 24.3
7 400 492 1.0 0.397 13.95 0.065 2,020 0.345 70.4
8 1000 375 1.0 0.397 13.95 0.009 15,175 0.055 38.4
9 1350 2658 1.0 0.397 57.00 0.082 14,572 0.833 35.1
10 650 5511 1.0 0.397 57.00 0.264 7,367 2.29 57.4
1 700 4255 1.0 0.397 57.00 0.141* 8,420 3.63 42.1

*
Total flow 0.560 1bm/sec; 0.141 1bm/sec through arc, balance introduced in plenum.
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APPENDIX E

USER'S MANUAL FOR ARCFLO, VERSION 2

This appendix provides the information reguired to operate the ARCFLO
Version 2 computer program. Sections E.l and E.2 provide input instructions
and output descriptions, respectively. _Section E.3 provides a global flow dia-
gram and FORTRAN listing of the code. Section E.4 presents a sample problem
(the MMC test point discussed in Section 6) which was run on a CDC 7600 com-
puter. For the sample problem, a listing of the input decks and a few typical
pages of the output are included.

E.l INPUT INSTRUCTIONS

Input to ARCFLO consists of two decks, Deck A and Deck B. Deck B con-
tains thermodynamic, transport, and radiative property data of air at six dif-
ferent pressures. Deck B is to be viewed as a permanent deck and no changes
are to be made.

The following are instructions to assemble Deck A.

DECK A (Called from Routine BOUNDC)
Card l1: FORMAT (l1l2a6) TITLE

Title for the particular run, used for identification of printed out-
put. Columns 1-72 are punched with the desired title (alphanumeric).

Card 2: FORMAT (3I4) KMAX, KINC, KTAB

Field 1 (Columns 1l-4, RIGHT JUSTIFIED)
KMAX — Maximum number of axial stations (should not exceed 5000)

Field 2 (Columns 5-8, RIGHT JUSTIFIED)
KINC — Axial station interval for printing output, usually set to
a value in the range 30 to 120.

Field 3 (Columns 9-12, RIGHT JUSTIFIED)

KTAB — Flag to print out input property tables (Deck B) and correspond-
ing internally-generated tables with finer resolution, leave
blank for no output, set to 1 for output

Card 3: FORMAT (2I4) NMESH
Field 1 (Columns l-4, RIGHT JUSTIFIED)

NKMESH - Number of radial increments from center to wall, usually set
to either 13 or 25
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Card 4:

Card 5:

Card 6:

Card 7:

Card 8:

FORMAT (I4) ITURB

Field 1 {(Columns 1-4, RIGHT JUSTIFIED}

ITURB ~ Flag for selecting turbulence model, set to 0 for Watson and
Pegot model, set to 1 for model described in Section 5 of this
report

FORMAT (I4) ISTART

Field 1 (Columns 1-4, RIGHT JUSTIFIED)
ISTART — Flag reserved for restart option (currently not used, leave
blank) . ’

FORMAT (4rF10.0) AMPS, WS, TRCL, P(l)

Field 1 (Columns 1-10)
AMPS — Input current in amps

Field 2 (Columns 11-20)
WS — Inlet mass flow rate in kg/sec

Field 3 (Columns 21-30)
TRCL — Transpiration cooling flow rate in kg/secdm2

Field 4 (Columns 31-40)
P(l) — Inlet pressure in atm

FORMAT (7F10.0) DIA, THETA, HW, ZCRIT, ZMAX, RKS, TPRW

Field 1 (Columns 1-10)
DIA -~ Diameter of the constrictor in meters

Fielé 2 (Columns 11-20)
THETA — Nozzle divergence angle in degrees

Field 3 (Columns 21-30)

HW — Wall enthalpy in joules/kg

Field 4 (Columns 31-40)

ZCRIT — Axial distance after which current is turned off (i.e.,
AMPS = () in meters

Field 5 (Columns 41-50)
ZMAX — Maximum axial distance in meters for which solution is desired

Field 6 (Columns 51-60)
RKS — Equivalent sand-grain roughness height for constrictor wall in
meters (0.0000889 m for the MMC arc, 0.000127 m for AEDC arc)

Field 7 {(Columns 61-70)
TPRW — Turbulent Prandtl number at the constrictor wall, generally set
equal to 3.0 for high-pressure arcs

FORMAT (4F10.0) FZ0, EX, EXX, EPS
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Field 1 (Columns 1-10)

F20 — Length of first axial increment divided by the characteristic
length ZO, usually set to F2O = 0.0001 (multiplied internally by
1.0E-06)

Field 2 (Columns 11-20)
EX — Axial distance increment factor, usually set to EX = 1.05

Field 3 (Columns 21-30)
EXX — Stability factor, usually set to EXX = 0.16

Field 4 (Columns 31-40)
EPS — Maximum allowable relative discrepancy of the mass flow rate,
usually set to EPA = 1.0 (multiplied internally by 1.0E-04)

Card 9: FORMAT (6F10.0) 221, 222, Zz3, Zz4, DD2, DD3

These parameters are associated with a code option designed to treat

variable-area constrictors. This option has not been checked out and
should not be utilized. Set all Z2's equal to ZMAX and set all DD's

egqual to DIA.

Card (set) 10: FORMAT (BF10.0) H(l,J), J = 1, NMESH

Field 1 (Columns 1-10), Field 2 (Columns 11-20), etc., eight to a card
H(l1,J) - Inlet total enthalpy profile in joules/kg (multiplied inter-
nally by 1.0E+07)

card (set) 11: FORMAT (8F10.0) U(l,J), J = 1, NMESH

Field 1 (Columns 1-10), Field 2 (Columns 11-20), etc., eight to a card
U(l,J) — Inlet axial velocity profile in meters/sec (relative values
only, corrected to satisfy global mass continuity)

DECK B (Called from Routine NTAB)

Permanent deck cards continue.

E.3 OUTPUT DESCRIPTION

The ARCFLO Version 2 code prints a detailed output block for each of the
first three axial stations. Then, as the axial marching is continued, addi-
tional output blocks are provided at every KINCtDP axial station. Note that KINC
is an input parameter.

Each output block occupies two pages and contains both input parameters
and quantities which are calculated for the current axial station. The top of
the output block contains the title of the problem which is supplied by the user
for identification purposes. Various input parameters then follow, including
diameter, current, flow rate, wall injection rate, number of radial nodes, and
axial stepsize and stability parameters. The various calculated quantities
appear next. These include global parameters, such as bulk enthalpy, and local
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parameters, such as the enthalpy, velocity, and mass flux at each point in the
flow field where a node is located. In general, the value of each parameter is
provided in both English and SI units. '

The quantities LOC and DW shown on the output require some explanation.
The guantity LOC is the number of pressure iterations required to satisfy the
total mass flow rate at each axial station. The quantity DW is the error in
the total mass balance, i.e.,

m - .
DW = calc input

minput

where ﬁ is the mass flow rate.

Towards the bottom of the first page of the output block, the current axial
distance, mass average enthalpy, wall heat transfer rates by molecular and turbu-
lent conduction and radiation, voltage, and efficiency are printed out.

In one version of the code, a set of diagnostic information is included
as the next to last entry on the first page of the output block. The code au-
thors at Aerotherm should be consulted for interpretation of this information.

The final line of output on the first page contains the input wall turbu-
lent Prandtl number and equivalent sand-grain roughness height, and the calcu-
lated wall radiation fluxes for the two individual wavelength bands described in
Section 3. ) :

The second page of the output block contains radial distributions of tem-
perature, TEMPERATURE; mean absorption coefficients for the two bands, Kl and K2;
emissive power, BEE; heat flux potential, PHI (= j'K dT) ; electrical conductivity,
SIGMA; gas density, DENSITY; viscosity, VISCOSITY; mixing length, MIXL; diver-

gence of the radiative heat flux, DIVQR (= - % %E (rqr)); divergence of the mole-
cular conduction heat flux, DIVQC (= - T 3% (rqc)); divergence of the turbulent
conduction heat flux, DIVQCT (= - % 3¢ (¥de)): radial convection, RADCON

(= pv %%); axial convection, AXCON (= pu 5%0; ohmic heating, OHMIC HTG (= cEzz):
and radial mass flux, RHOV (= pv).

E.3 FLOW DIAGRAM AND CODE LISTING

Figure E-1 presents the flow diagram of the ARCFLO Version 2 code. The
functions of the various subroutines are briefly described on the flow chart.
A Fortran listing of the code is presented in Figure E-2. The Fortran variables
list is given in Reference 1 and hence is not reproduced here.
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ARCELO BOUNDC kY
(Man; Reacs nput cata sLca as inlet s
pressure, total enthalpy and »
ax1al velocaty profiles, diame- [N

ter of the constrictor etc. Com-
putes flow conditions at first
and seconc axial statvonn, cal'ls
STATEP, W07, OUTPT, ENERGY, ITER.

BYIA.
Step Increrented?

NOZZLE

Calculates draneter of nczzle
for supersonic case

!

ENERGY

Solves energy equation for total
enthalpy

ITERS

lterates on the pressi-e to satisfy
the integratec continuity equatson in
the suoersonic porti~~ of the nozzle.

FLOW
SJPERSOMIC?

ITER b ]
Iterates on the pressure to Solves the axial momentun
sat1sfy the 1rtegratec cortiry- eqaatior for axial velccity
1ty equaticn 'n tRe subsoric praf+le
portion of tne nozzle

L)

Obtains the density distri- [
bution from the stored
tadble Corpuzes the total
mass fiow rate.

B i 4

Obtains density from the
stored property table

HTAB

Reads coarse input property table
and sets up fine table or first
STATEP call  Provides table lookup for

Obtains state properties from all subs t calls
store¢ table. Calculates di-
vergence ¢¢ radiative ‘lux

distribution. RADFLX

Corputes total radial radiative

flux orofile

CLTPT CYLFLX
Ffrints co.puted resalts in Enn- Computes spectral radial radia-
1ish and SI umts tive flux

Figure E-1. Flow diagram of the ARCFLD code, Version 2.
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:losn;u ARCFLOCINPUT.OUTPYT,PUNCH, TAPESWINPUT, TAPESSOUTPUT, TAPETS
1PUNCH

CONMON/COMT/ Ko KINCo KMAXe LOCs Lo My NCHOKE, NERR, NFILE, WX,
INMESH, NNN, NTAPE

COMMON/COM2/ DIAM, DIA, OP, DRDR, DR, DW, 02, EPS, E, EX, EXX, FZO

COMMON/CON3/ HAVE, nnnv!o Me HWALL, AMPS

COMMON/COHG/ PHI, mHIN, P, GR, O, RCAP, RHOAY, RHO, RHOU, RROU, R
CONNON/COMS/ RUN, RIGMA, THETR, TRCL, Up vI3C, Wy, WW, I, THETA}
COMMON/COMB/ 2CRET, TMAX

C GET INIVIAL CONDIVIONS AND COMPUTE FIRST AXIAL STEP

CALL BOUNDC
Hin HwalLl (1)
FNMESH & NMESH
REWIND 8

RUMI = RUM
RUUS = RUU

110 FORMAT(1HO,2X,10HAxTAL DTS, 5K, $64HAVERAGE ENTHALPY,9X, J0HHTR = CON

10912%X, 11HHTR » TCONDy §3X,9HHTR « RAD, 9N, THVOLTAGE 16X s SHEFF,
/92Xy SHMETER, 3X, AHINGH ) 3X,8HJOULE /X G2 aX ¢ SHBTU/LB 2K, 10HWATYS/Ha e,
31X, IIHBTU/PT228EC ) 1 X  JOMNATTS/Maad, 1X, L INBTUZFT2a8EC, 1 X, 1ONNATTS /M

COMMON/CONTY/
COMMON/COMG/

COMMON/COM10/ DIVAR(S0), OHLOS(SO}

1TURB
RVNRAD(S0) s RHOV(S0)  RUMAX(S0Y,DIVOC (50),DIVOCT (S0

COMMON/COMI2/ PRES

COMMON/EBAL /
COMMON/HOAL /
COMMON/HFLX/

COMMON/NOZEOM/ DD1, DDR, ODS, 221, ZZ2, II3,

8MZC, §MRC,OMNN, RADG, CONG, TCONG, 078
SMMIC, SHMRC o wIMR, DPDZ, THINR

RWY

Zla

COMMON/RADCOM/ BEE (503, YVY(30), TMY(50), P:H(sos. rip(%0)
COMMON/RESCOM/ RUNT, JITART

COMNON/ PRPEOM/ f!u!. ORAD- RKki, Rx2
COMNON/TITLE/ZTETLE Y

COMMON/ENGCOM/ ncug(so;. RCH2(50), RCH3(S0),
COMMON/MOMCON/ RCPY (SO
COMMON/BSTER/ 028

COMMONZNALLY

RCHA(30), TE(S0)

RCP2(50), RCPI(50),s RCPA(SO), RUPREV(S0)

'KI.AH!XL(SO’.YPRH

COMMON/QBAND/ GRB(

DINENSTON vtnvtsois

OIMENSTON ulnntsooq).vtsoon SE(5000) ,MWALL (30003,

o PHI(S0).SIGHA(S0),RCAP(S0),VISC(SO

+RHO(S0),R(50),RHOV(S0), .

JRROULS0) ,H€2,50),Uf2,50)

FIRAY = 1,0
LOCsO
KPUN =2 7

98 CONTINUE
TABREVeD
VOLTS = 0,0
NN s @
NS = o
NKa0
=0,
P {3 o .0
R{1) = 0,0
'LBS!I0.0
ACONVE0,0
RCONVRO,0
AMEY » 0,0
RHCYV = 0,0
WPRC = 0,0
FOROP#0,0

onn

S100
500
%000
510

READ TITLE CARD

READ(S,9983 TITLE

998 PORMAT(12A8)

Figure E-2,

Qae2, 1%, 1IHBTU/FT2«8EC, 3X,SHVOLTS)
¢
€ MAIN LNOP FOR cOMPYTING EACH aXIAL STEP

{IERO w 0
D0 6 K1 ® 3,KMAX
K s K of

NN = NN » |
OSAVE » DIA
TAVE » T
LSAVEL
M3AVEN
NIAVEmN
RUHSVaRUH
Lr {11}

RALA

¢
€ MAINTAIN AXIAL STEP SIZE LESS THAN STEP 3128 FOR INSTABILITY

CONSY & ,02

ZOLEL » CCDIA » DIA/G,) & AHOUC2) o H(M,2)/7(PHIC2)))

IOLWs ((DI1AeD]A/G, 3 aRHOUCNMESH) 4K (M, NNESH) 7 (PHT (NMESH) ))

OIMCL (loL:LI(I.n ¢ (CONSY & ZOLCL)/OIA)) & (EXX/(FNMESHen2))
OZMH= CZOLN/ (1,04 (CONSTAZOLMIZDTA) ) ( EXX/CFNMESHan2))
DZMAXSAMING (DIMCL o nZMHY

FOR ZERO CURRENT, SEY AMPS w O AT AXJAL LOCATION 2 EQUAL YO ZCRIT

IF (I1ZERD) ?oo.S|oq.s|u
IF (Z=2CRIY) 510,510,500
TZERpway
ANPSR0,994ANPS
1r lAnpa-n 1} S000.510,510
AMPSE0.0
l!!lu-l
CONTINUE -
IFIDT=0OZMAX) 4a0,82,42

0% a EX#DZ

28 ¢02

CALL NOZZLECZ,2C,DIA,THETA,NSS,Hu,AMPS, TRCL,EXX )
DIANIK}uDEIA
HMALL (K)uMN
OR = DIAZ(2,00FLOAT (NMESN=1})
DRDR = DRADR
DD 2000 J = 2, NMEgHN

Fy =
REJY = (FI « 1,%) « DR
RCNNESHPY = 0,30 & DIA

FORTRAN 1isting of ARCFLO Versfon 2.

BALA
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c
(4
c
<

nee on

aoNn oo

INCREASE IN FLOW RATE FROM TRANSPIRATION COOLING
W W o DZn3,14816enTARTRCL

ALTERNATING STNRAGE LOCATION FOR AXIAL STATIONS

EVALUATION OF THE ENTMALPY AT NEXT AXTAL 3TATION FROM ENERGY EQUATION

CALL FNERGY
OELTAH = AAS(H(M,1) = WIL,1))
HERROR s ARS{OELTAW /7 NiM,1))

IF(NERROR _LE, 0,02 ,OR, DELTAH «LE, 1,0E+0S) GO TO 999

02 = D2 7 2.0
I = 2I8avE
OIA s DIAVE
MaNSAY
LeLSay
WEWIAVE
GO 10 a2

999 CONTINUE

CHECK FOR SUPERSONIC OR SUBSONIC FLOW
IFINSS) 60, 50,06

CALCULATION UF VELOCITv 4T NEx? $vA YHAU ITERAYION « SUBSONIC FLOW

60 CALL YTER
GO YO a8

CALCULATION OF VELUCITY AT NEXT STA THRU ITERATION » SUPERSONIC FLOM

66 CALL IVERS

CHRECKX FOR CHOKED FLOM
1F CHOXED AND SUBSONTC., sTART DIVERGING NOZZLE
Ir CNOKED AND SUPERSANIC, GIVE ERROR READING AND EX]Y
68 IFINCHOKE) a,8,70
70 IF(NSS) T8,71,%
71 IFCIABREY) 72.72-!
72 NS =
NNeKINC/10
MsL
KCeKe 1
K 8 Xnj
2 s I=D2
€ & 2
DO 751 = {,NMESH
75 RHOUCJ) = RAQU(Y)
RHOU(1) = RHOU(2)
o= 0P
QR = QRP
RUH = RUnP
MAVE = MaVEP
HRAVE = WRAVEP
NHESHPuNMFSH +1

Figure E-2,

aon

"o

U{H,NMESKP)RQ,0
CALL OQUTPY

UCM,NMESHPIRO,0 =1j(M,NMEQH)

N a 3ef

X = Kel

1 @ 7402

NK = |

CALL NOZZLEC2,2C,01asTHETA, NS, Hu,AMPY, TRCL,EXX

OR 8 DIA/Z(2,04FLOAT (NMESH=1))
ORDR s nn-on
DO 80 Js2,NMEN
F

JaJ .

80 R(J)u(PJe}, 5)eDR
NMESHPRNWESH+ ]
RENMESNP)SDIA/2,0
DIANIK)=D]A
HNALL (X)sMu

caLL ITERS
NK & 0

GO TO o8
3 WRITE(G,202) RyDW,y(M,2)
€0 T0 8
a oP s 0
GRP & OR
RUNP = RUM

HAVEP = MAVE
HRAVEP & HRAVE
CALL STATEP
VOLTS » VOLTS ¢ E(x)abl
WL 038sW| 033+ {RADGecONQs TCONG) 2DT
ACONVEACONVOSHTICD2
RCONVERCONV¢SMRC DY
AMCY =3 AMCYV o IMNZpeaDl
RMCY = RMCY ¢ SMMReD
WFRCoWFRC S (WIHRSTASHR) 4D 2Z
FOROP & FDROP ¢ DFnZen2
RUMA = RUM/M
EFF » 0,00
IFCaMP8 ,LE, 0,00) GN 7D 73
EFF & (RUN « RUNI)/(VOLTI+AMPS)
PINSVOLT3sAMPS
73 CONTINUE

{4 wﬂzssung TON LON FOR GAY YTaBLES, EX1Y
IF(P(X)=,001ES) 74,740,706
74 CALL OUTPT
60 YD 8

WRITE OUY VALUES FOR EVERY (XINC)TH aXJaL STATION
1" IF(NN) S,5,6
S NNsKINC
TP (NSS) 6n1,001,002
802 NNaKINEC/10
801 CALL OUTPY
WRTTE(6,110) .

THIS 3ET OF EQUIVALENCES 18 FOR CMANGING UNITS

Continued.
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091

NaAanrAnon

XInla39,37
lRUNllﬂUNAQl.!O!EUQI
XQuQ#3172,1/3800,E400
IGYBIGYO'!I1!.ll!bq0.!00l
XQR=0RA3172,1/3600, E408
ARUHARRUHAD,9
AXRUHASXRUNA®D,9
CRUHABSRUHAL, 08
CXRUHASXRIIHA®] 4,08
AVOLTS = VOLTS#3;1?
CVOLT8sVOLTS#1,38
WRITECo,111) ToXToAUMA, XRYHA,Q,2Q,Q0TB,XAT8, R, XQR,VOLTS,EFF
i1 FORHA'(ll,g!.l.ll.‘,ﬂl.ﬁ’.!.ll.!’.!.!l.!'.!,il.!”.l-!l.!'.lo2!.
LED, Bo3X,E9,5,2X,E9,3,3XsFQ,3,3X,0PP4,3)
WRITE(6,L12)ARUNA, AXRUHA,AVOLTY ,
112 FORMAT(BX,1ONATIR YALUED,qX, E9,3,3X, E9,3,61X,0PF9,3)
WRITECS, L13ICRUNA,CXRUNA,CVOLTS
113 FORMAT(BX,30HC02 VALUES,OX, E9,3,3X, £9,3,61X,0PF9,3)

CHECK GLOMAL ENERGY BALANCE

WRITE(6,800) RUN,RUHSY,RUNI,RUY,RUUL,DT

800 FORMAT(/,5X,6MRUM ] 2E12.592X, THRUHP u ,E12,5,2%,THRUH] ® ,E12,5,
12Xy ONRUU m JE32,%,2X,THRUUT = ,E12,5,2X,SHDZ & .E12,9
CONQTuCONBYTCONO .
EAROR = 3MZC ¢ SMRE = (OMMH ¢ RADG ¢ CONGT)
WRITEch, A12} ONZC, SMRC, OMMH, RADG, CONOT, ERROR

812 FORMAT(2X, LOMAX CONV w , E£12,5, 1X, 10HRD CONV = , £12.9, 81X,
19HONM MY ® , E32,5, 1X, BNOMRAD » , E12,5, 1X, 9HQWCOND = , E12,5,
21X, GNERR n , E12,%)
ERRORuP IN4WL OS8vACONVRCONY
WRITE(6,701) PIN,sWLO83,ACONY,RCONV,ERROR

701 FORMAT(SX,3SHPORER IN ® oE12,5,1X,14HWALL LDS3EY = ,E12,3,1X,
(OHINTZC = ,E[2,8¢1X.BHINTRC w oE42,8¢1X/OHERR » ,E12,8)
ERROR = SNMIC ¢ SMMRC o DFDZ = NAHR=TWIHR
WRITECL,818) 8SMMIC,BMNRC,DPDZ,WSHR, TWIHR, ERROR

015 FORMAT( SX,8HSMNZE u ,E12,5,2X%,6H3MMRC = ,E12,5,2X,THOFDZ » ,
1EL2,9,2X, THWAHR & ,E12,9,2X,0HTNOHR & ,E12,5,2X,6HERR o ,E12,%)
ERROR @ AWMCY ¢ RMCy w§PRC = FOROP
WRITEC6,817) AMCV,RMCY,HFRG,FDROP,ERROR

817 PORMATC Sx,THANCYV & ,E12.9,3%,THRNCV = ,E12,5,2X,THNPRC = 12,3,
12X,8HFOROP & ,E12,5,2X,0HERR & ,E12,%)
WRITECo,818) TPRW,RKS,0RB(1),0RB(2)

810 FORMATC/oSXoTHTPRM 8 ,212,5:3X,30K8 m ,E12,5,TH METERS,
|:§.1uona|.- eE12,5.11H WATTS/Ma02, 2%, THORBZ & ,E12,5,11H HATTS/Has
2

NRIYE (e, 820} .

820 FORMATCIHE /7o 9Xod (HTENPERATURE Xy 2HK1 ) 12X 0 2HK 3, 13X, SHBER, 1 1 X, 3HP
THE, L2X, SHITOMA, 10X, THOENSTTY, SX,QHVISCOITY, /9 AXs11H  KELVIN
20X, AHY /CM, 40X, AHT 78M, 9% JOHHATYS /M ad, SX, THWATTS/N, 0K, THI/0HNaM,
39K, THKG/Naa3 o SX, 10NN DEC/Mned, /)

NMESHP » NMEBH 4 |
0D 831 J » ‘. NMESHP
JNRITE(6,830) TENPCIY.RKI (I} RRRCIIFBEECTD,PHICSS o STBNALIY, RHOCI),

1v29ced ,
830 FORMAT(8(Z15,3})

831 CONTINUE
WRITE(6, 8a0) -

840 FORMATC/Z, X, AHMINL, 11X, SHOIVAR, 10X,5HDIVAC, 9X,6HDIVOCT, 9%, SHRADCON
1o 30X SHAXCAN, BX,9HNHNIC HYGo7Xy BHRHOV, /76X, 6HMETERS, TX,
210MNATTS/Man3,SX, 10HWATTS /Ma a3, 5X, JOHWATTS/Hee3, SX, (OHWATTS/Maas,
35X JOHNATTE/Man3, 3K, tOHNATTS/Ma a3, SN, FHKG/S Hin2,/)

NMESHP = NMESH & |

DD 8ay J = §, NMESHP
WRITECO,830)AMIXL (I} DIVRR(JII,OIVECTI),DIVOCT(I)sRYHRAD(J) ,RUMAX LS
1) yOHLOB (J), RHOV(J)

841 CONTINUE

IF(Z .GE. IMAX} Stop

CONTINUE

REWIND NTAPE

CONTINUE

LAgTS}

202 FORMAT({Mn, jJBHFLOw CHOKED AT K = , 14, joX,

1 20HFLOW RATE FRROR I8 ¢« 2PF12,7) (ON PERCENTY
2 18 McL VELOCITY = ,0PF10.1, 8H M/3EC )

s8Tap

END

L X 1 J

Figure E-2. Continued.
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SUBROUTINE BOUNDE
COMMON/COML/ Ko KINCs KMAXs LOCs Lo M» NCHOKE, NERR, NFILE, WK,
INMESH, NNN, NTAPE

COMMON/COM2/ DIAM, DIA, DPs DRDR, DR, OW, DZ, EPS: E, EX, EXX, FID
COMMON/COM3/ HAVE, HRAVE, H, HWALL, AMPS

COMMON/COMQ/ PHI, pHIW, P, GR, Q, RCAP, RWOAV, RHO, RHQU, RROU, R
COMMON/CUMS/ RUH, SIGMA, THETA, TRCL, Us VISC, W, W, 2, THETA{
CUMMON/COMS/ ZCRIT, IMAX

COMMON/COMT/ [ TURS

COMMON/CONG/ HBOLD, WBYLK, RVHBLK

COMMON/COMa/ RVHRAN(30),RHOV(50), RUHAX(50),01VAE(50),01VOCT(S0)
CommOn/COM 2/ PRES

CONMON/COME 3/ KTAB .

COMMON/ENGEOM/ RCHy (303, RCH2(S0), RCH3(S0), RCHALSO), TE(SQ)
COMMON/MOMEOM/ RCPY(S0), RCP2(S0), RCP3(SO), RCpa(s0), RUPREV(S50)
COMMON/RADCOM/ BEE(50), YY(50)s TMU(S0), FIM(SO0§, FIP(S0)
COMMON/RESCOM/ RUHT, TSTARY

€OMHON/ PRPCOM/ TEMP, GRAD, RK1, RK2

Caumon/NOZCOM/ DD1, DD2, DO3, 221, 222, 223, IZa

COMMON/COM1 0/ DIVAR(S0Y, OHLOS(SD)

CUMMON/B3YEP/ DIB

COMMON/NALL/ RK9, AMIXL (50}, TPRW

OIMENSION TEWP(S0j, QRAD(S0), RK1(50), RK2(30)

DIMENSION DIAM(300q),P(3000),E(5000),HWALL (5000)
o#PHI(S0),5I1GNACS0),RCAP(S0),VISC(50),RHO(30),R(50),RHAUISO),
«RROULS0),HC2,%0),Ut2,%0)

UP MAGNETIC TAPES

FIRSY & 1,0

READ (S, 100) NFPILE , NTAPE

MAX ALLOWAHLE AXIAL STATIONS AND INTERVAL RETWEEN PRINTOYY

INPUT OATA

READ(S, 100} KMAX, XINC, uTAB
FORMAT(314a)

READ(S, 100) NMESH

READ(S, 100) ITURB

READ(S, 100) ISTARY

READ(S, 101) AMPY, WS, TREL, P(1) BALA

FO!HA'(SF!Q-O' .

PCLY) = PUI) o 1, 013E0S

READ(S, 102} OIa, YHETYA, HN, ZCRIT, ZMaX, RXS, YPRW

THETAY = THETA

THETA = THETA & 2,0 ¢ 3,101%9 /7 360,0

READ(S, 1n3) FZo, FX, EXX, EPS

001 » DIA

READ(S, 102) 221, 2Z2, 2Z3, 224, DD2, DO3

P20 & F20 « §.0Ew04 BALA

EPS w PPS o §,0E=da BALA

READCS, 102) (HC1s J}s J = 30 NNEOH)

READCS, 102) (Utl, 43, J = 1, NMESH)

FORMAT(8F10,0)

DO $03 J m §, NMESH BALA
Figure E-2.

C
c
[4
c
[
c
€
[
€

103 Hlty 49 ® HC1s ) o 1,0E07

BALA
NEW CARDS END MERE

FOR RESTARY CASE ISTART » 1y READ IN AXIAL DISYANCE AT WHICH PROFRAM T0

8E 3TARTED, I, PRESSURE DROP. or,

IFCISTART [EQ. 1) a0 TO S0

AND CALCULATED MASS PLON RATE, ww

EVALUATE THE REMAINING PROPERTIES AT THE PIRST AXIAL STATION

NMESHP s NMESH ¢ §
00 | g = 1,NMESH
RHO(J) = 0,0
RROU(JY = 0,0
UC2,J) & ULled)
RVHRAD(J)u0,0
RHOV(J)=0,0
RCHLCJ 0,00
ucuz(ai 0,00
RCHI(J) » 0,00
RCHa(y 0,00
Rcr1(a¥ 0,00
RCP2(J} w 0,00
RCPI(Y 0,00
RCPACY 0,00
CONTINUE
UL1,NHESHPY & 0,0
Rnuucuntlugi B 0,0
U(2,NNEBHP) = 0,0
RYMRAD(NMESHP)nQ, 0
RHOVINMESHP}u0,0
Nwo,0
RHO(NMESHPY o 0,0
¢ =0,0
N3S » o

Kmij
CALL NOZZLECZyZCiDIASTHETA,NIS,) HW/AMPY, TREL JEXN ]
DIAM(K)wDSA
HNALL () oMy .
OR = DIA/(2,0¢FLDA} (NMESNel)}
DROR = DRapR
Ley
Hey
Ie 0,0
CALL srtaveP
CALL wpOT

c
€ ADJUSYMENY FDR PROPER FLON RaTE

CNF & NS/NN
00 2 Jwi,NNESH .
Ulled} = CuPalLi, g
Vid,J) @ ull,J
CALL wOOY
LI ]

[
€ SEY THE INITIAL AXIAL INERENENTAL DISTANCE EQUAL YO F2O4CHARACT, LENOTH

Continued.
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20 » WaH(1,237(PHI(2)93,1a18)
0Z = PzOsZ0
CALL QuTP?t

¢ .
€ CALCULATE THE PROPERTIES FOR THE SECOND AXIAL STATION
Me @

el
CALL NDZZLECZ)ZC,0lA,THETA, NI, HW,ANPS, TRCL ,EXX

DIAMIK)EDIA
HMALL (K) HW )
DR 8 DIA/(2,06FLOAT (NMESNel))
DROR » DRaDR
DP & 0,0 .
P(K) = P(Kal) ¢ OP
CALL ENERGY
RHOA = RMDAY
CALL spOY
OP aWaWe(RHOAVRNDAY /7 (((RHOARS, 18160DTARDIAI 708,00 002)
CALL ITER
CALL 8TATEP
CALL outPY

C 100 FORMAT(]1Q)

C 101 FORMAT(ELN,3)

€ 102 FORMAT(SEL0,3)
60 10 s25

$00 CONTINUE
c CALL RESTAY
925 CONVINUE

LABTHY
RETURN
END

SUBRDUTINE ENERGY
COMMON/COML/ Ko KINC, KMAX, LOC, Ls-My NCHOKE, NERR, NFILE, NX,
INMESH, NNN, NYAPE * !
COMMON/COM2/ DIAM, D1A, DP, DROR, DR, DN, DZ, EP3, €, EX, EXX, FI0
COMMON/CONS/ HAVE, HRAVE, M, HWALL, ANPS
COMMON/COMa/ PHI, PHIW, P, QR, O, RCAP, RMOAV, RNO, RMOU, RROU, R
COMMON/COMS/ RUMy SIBNAy THETA, TRCLs Uy VISCy Wy WW, 2, THETA{

) COMMON/COMY/ STURB
COMMON/COMS/ RVHRAD(SO] s RNOV(S0),RUHAX(50),0IVac(90),DIvacT(S0)
COMMON/ENGEOM/ RCHL(SQ), NCHZLSO), chstso‘. Icaltso‘. T2(%0)
COMMON/EBAL/ SMIC,8MRC, ONNN, RADO,CONG, TCONG,0TB
COMMON/B3TEP/ D78
GOMMON/ZNALL/ axs.An;xL(sos.vrnu
DIMENSION DIAM(3009),P(5000),E(3000),HWNALL (3000} .
2?PHI(S50))91GMA(SO0),REAP (503, VISC{SO),RHO(S0),R{S0),RHOU(SO0),
+RROU(SO0),H(2,30),U¢2,50)

€ CALCULATE THE ENTHNALPY AY THE NEXT AXIAL 8TATION
FIRST = 1,0
DRYT = 0,0
RAOWDIA/2,0
NHESHPONMESHe 1
TVIaP = 0,0 -
TE(2) = ulL,2)000L720/72,0
TEC1)nTE(2)
AR W nllngxoljnzlnﬂ(n-:)l¢nlln(K)nnlln(K))
DUDR® t0,0%u(L,NMESH)§ /(0,8sDR}
WALLBHueYISC(NHESHP ) «DUDR
AMIXL(NMESHP) WO, Qs Krntl.o-EXP(-RKatluHYGHALLSN.aNUCNHElHP))l
l(ib,u-vl!ttun!ln?’gi
SHIC = 0,00
SMRC = 0,00
DRUYS®=0,0
D0 40 Juw2,NMESH

KX
RCJ) & (PJe],5HaDR

ORP = R(Je1) = R(J

ORN & R{J) ® R{Jel

ROR=RCJ) eDR

DA = 6,2332+RDR

IF (JuNMESN) 2000,1000,1000
$000 CLu0,0=(RCIS1)2(PHT(J+1)wPHICJIII/DRPeO,Sa (RCIIOR(I=1))# (PHE(J)

LoPHICIe1 ) ) ZDRMIZ7CR(J) 2DRM}

G0 TO sQ00 »
2000 CL w 0,00 « (0,50 / ROR) « CCRCJo1) o REJID & C((PHICI#1) = PHICSY)

1/ DRPY = (REJ) ¢ ReJe1ddn (LPHICJ) » PHI(Je1)) , DANY)
3000 CONTINUE

IF(ITUR® _GY, 0) 6D YO i10 BaLA

TVISMRTVISP

THLP = 0,1 @ RAD = 0,08 » (CREJ) + R(Je1))/2,0)0a2 /RAD

. v 0,06 ¢ ((RCJ) @ ROJ*133/2,0)%00/ (RAD#a3)

IF (NMESH « J) 80,480,882

80 TMLP=D,0140,02%5340,%
TMLPETHLP#0,S
TVISPERHO(J4 1) aTHLRTHLP4ABS( CULN, J)sULs Jo1))/DRP)

Figure E-2, Continued,
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TVIIP=TVISPa0, 52 (RuB(JI¢RHD(Je1))/RHO(J*1)
OTBETVISPa(H(LoJ)=H(L,J*1})/DRP
GO0 T0 112

82 THLP s THLP » 0.5
TVISP = ({RMOCJ) o RMOCJ#1))/72,0) o THLP & THLP « ABS ((UIN,J) e BALA
e UtLsJel1))/DRP)

0 70 112 BALA
110 CONTINUE BALA
TVIgMRTVISP

IF (AMIXL (NMESHP)=(0,0752Rsh) 900,800,800
800 THIXLmAMIX| ENMESHPY
G0 10 a7
900 WAVGE » 0,50 & (RCJ) ¢ R(J+13)=RKS
TPXP = = (RAD o RAVGF) & (SNATIWALLSH 2 RHDINMESHP))) / (26,0 o

I VISC(NMESKP)) .
TMIXL = 0,80 o (RAD « RAVGE) o (1,0 = EXPCTPKP)) BALA
IF(TMEXL = 0,07%0 « RAD) 87, 87, 88
88 THIXL s 0,0750 » RAD aaLa
87 IF(NMESH « J) 90, 90, 92 BALA

90 TMIXL=AMIXL (NMESHP)
TVISPaRHOC(Je 1) o THINL « THEXL #ABS(CUCL,J)=UI(L, J*1) ) 7DRP)
TVISPeYVISP/TPRY i
UTBaTVISPa(H(L,J)=N(L,J¢1))/DRP
G0 10 112 ]
92 TVISP & ((RNOCJ) o RHOC(J#1))/72,0) o TMIXL o TNIXL « ABSCCU(L,J) = BALA
1 U(LeJel))/0RP)
CORRECY FNR NONUNIYY TURBULENT PRANDT{ NUMBER
tF (RAVGE/RAD=0,95) 7000,7000,8000
8000 TPR=(20,04RAVGE/RAN=19 0)a(TPRW=0,9a9)00,%9a9
€0 10 Q006
7000 TPRs,95=,a54(1,«RAVGE/RAD]re2
9000 TVISPRTVISP/TPR
112 CONTINYE RALA
ANIXLEJe 1 )aTHINL .
IF (J=NHESH) 5000,4000,9090 i
4000 TCL=0,0e(1,0/R0R)a(=R{J¢+1)2QTB=0,50(R{JI¢R{Jal)jeTVISNa(N(L, J)e
1H(L.Jw1))/DRM)
60 70 6000
9000 CONTINUE .
TCL & 0,0 = (1,0/RDP}al
((RC{Je1) ¢ REJII/2,0) » TVISP .
(CHELedol) = HEL,J))/0RP)
ef(R(JY & R(J=1})72,0) & TVISM ¢
ttHeLed) = HIL,J=1))/0RN) )

8000 51 = CL ¢ TCL
AL = RCAP(J) )
OW & (E(K=1)231CHACJ)) » E(K=1)
TECIo1) 3 UL, Je1)aU(L,Je1)/2,0
TeP ® UCM,J JAUCMd /2,0

4

C CORRECTION FNR RADJAL CONVECTION
DRUDZ= ¢RHNI (J)*RROUCIY ) /028
RORUDZSDRIDZAR(I) enAM
ORUTSDRUT=RDAUDZ
RHOV(J§SORUT/R(J) .
RVHRAD(J)maQ 5% (H(LeJI @ TECJI oH(LoJn 1)+ TECS~]1) )2 (DRUT=QRUT)/
SCREIIADRM) & (DRUT (HIL ) JIPTECT) ) oDRUTSR(HIL,Jal)¢TELJel)))/

Figure E-2,

2(R(J)sDRN)
DRUTSaDRUY
RADCONB=RVHRAD(J)epZ
IF (KeQ) 20,20,22
20 RADCON®O,0
RVNRAD(J)m0,0
RROUC IV =REOUC IS
22 CONTINUE
WM. J) ® H(Ly3) ¢ (DJe(ON=SLORL) ¢ RADCON)oCRROU(J)/
1 tnuou;J)-nuouta ) oTEP @ TE())
RURAXCJ)aCHEMp J e TR (S Y oL o ) »TEP) « (RHOUC) ) *RMNOUC IS ) 7 (DZSRROUCJ) )
SNICESMZC+DALRUNAX ()Y
SMRC = 3MRC ¢ DA = RYHRAD(J)
0IvOCtJYaetl
0IVaCT(J)matelL
40 CONTINUE
HEN, 1) » MM, 2)
AMTXL(2)8ANEXL(Y)
ANIXL(1)mAnTXL(2)
OHMH & E(R=1) & AMPS
RADQ @ « QR & 6,2832 ¢ RAD
CONG = = § o 6,2032 &« RAD
TCONGuaQTRes, 28324040
LAST = 1
RETURN
€nD

Continued.
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SUBROUTINE STATEP

COMNON/COMI/ Ko KINC, KMAXe LOCs» Ls My NCHOKE, NERR, NPILE, NK,
INMESH, NNN, NTAPE

COMMON/COM2/ DIAM, DIA, DP, DRDR, DR, DW, DI, EPS, E, EX, EXX, PI0
COMMON/CON3/ NAVE, HRAVE, My HWALL, AMPS

COMMON/COMA/ PH1, PHIW, P, OR, O, RCAP, RMOAV, RHO, RHOU, RROV, R
COMMQN/CONS/ RUM, SIGHMAs THETA, TRCLe Us VISC, We WW, I, THETA}
COMNON/ PRPCOM/ TEWP, QRAD, RKi, RK2

COMNON/COMY/ RVNRAH(!OEIIHDV(SO)

COMMON/CONL0/ DIVOR{S0), OHLOS(S0)

DIMENSION DIAMCS000),P(5000),E(S000),HWALL (5000}

¢PHI(S0) s SIGHATS0) ,RCAP(S50),VISC (50) ,RHO(50) ,R(S0),RHOV(S0),
JAROULSO),NE2,S0 WUL2.50)

OINENSION YEMP(SO0), GRAD(S0}, RK1(50), RK2(30)

[
€ EVALUATION OF THE GAS PROPERTIES AT THE WALL TEMPERATURE
FIRSY » §,
PRES » P(K)/1,013C8
CALL NTAB(PRESHWALL(K}) PHIW, 3N, VW, RX{1W, RK2W, TW, NERR)
NERR » NERR
R(1) » 0,0

% 0,0
DO 30 Jui,NMESH

C EVALUATION OF YTHE GA§ PROPERTIES AT EACH RADIAL JTATION
CALL NTABCPRES,H(N,J),PHI(J)-028MACIY,VIBE(JI), RKICI), RKR2(J),
ITEMPLI)y NERR)
NERR » NERR
IF (NERR} 10,10,40 )
10 IF (Jel) 20,30,30
20 Frdsy L
R(J) o (FJwy, B)aDR
ROR ® RLJ)nDR
DA & 6,29329R0R
DHA ® DAsH(N,J) |
D39 ® DAaSIGNALY
DHRA » Dﬂltlﬂﬂ(i
¢ 00R @ DAsRCAPLS
HA ® HA ¢ DHA
83 » 38 ¢ D99
MRA u NRj & DMR)
QR m QR 4 DOR
30 CONYINUE

NMESHP § NMESH ¢ §
PHE (NMESHP ‘ s PHIN
c .PHICNNESHP § g 2,Q¢PNIN = PHIINNESH)

. RENMEBHP) ¢ DIAZE,0
HEMoNNESHP) & NpALL(K)
¢ VIBCINNESHP} u 2,00VN = VISCENMESH)
VIIG(HH‘INP . VN
SIGHA(NKESHP) » oW
TEMP(NNEBHP) w TH

Figure E-2.

BALA

BALA
BALA

BALA

BALA

BALA

i BALA
RK2(NMESHP) » RK2W BALA
4
g COMPUTE RADIATIVE FLUX DISTRIBUTION
CALL RADFLX(DIA, DR, NMESHW) BALA
4 COMPUTE DIVERGENGE OF THE RADIATIVE MEAT FLUX

RCAP(1) = a,0 » GRAD(2) 7 DR
RCAP(2)s(R(S)eR(2)i#CORAD(SI +ORADC2) )/ (A, 00R(2) DR}
DO!Itl],NH!H :
RCAPCJ)=CCR(J*1)¢R(IIIatORADCI*E)¢QRADCII ) eCREIIIREIS1) )4 (QRADCI )
10RADCJ=1)) } /(0 00R(J) eDRD

31 CONTINUE
RCAP(NMESH)m (R(NMESHP ) «ORAD (NMESHP Y a0, 294 (R(NMESH) SR(NMESH=1)) s
1{QRAD (NMESH ouRAD(N“!!N'lg))I(ltNHE!HI-nR)
RCAP(NMESHP) a (R(NMESNP) ® QRAD(NMESHP) = R(NMESH) ¢ QRAD(NNESH))
1 / (RCNMEIHP) « 0,50 & DR}

c
€ CALCULATION OF THE VOLYAGE GRADIENT, AVE ENTHALPY, AND HEAT PLUXES
E(K) = AMP§/33
OHLOS(1) = (i(K) ® SJGHMA(1)) » E(K)
OHLOS(NMESHP) = (E(K) o BIGMA(NMESHP)) & g(K)}
D0 32 J & 2, NMESH
32 OHLOSCY) = (E(K) » SETQMA(SY) » E¢X)
00 33 J m 1, NMESHD
33 OIVOR(J)s=RCAP(J)
HAVE w HA/(3,{816eD1AeDIA/4,0)
HRAVE®R unnl(s.lalo-gxnnnlaza.o)
¢ OR & OR/(3, JagbeDIA
QR = QRAD(NMEJHP BALA
Qu2,0#(PHI (NMESH) spHIN} Z0R
Q0 LAST o |

Continued.
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SUBRUUTINE WDOT SUBROUTINE ITER

COMMON/COME/ Ky KINC, KMAX, LOC, L, M, NCHOKE, NERR, NFILE. NK, COMMDN/ZCOME/ Ky KINCo KMAX, LOC, Lo My NCHOKE, NERR, NFILE, NK,

{NMESH, NNN, NTAPE . INMESH, NNN, NTAPE

COMMON/COM2/ DIAM, DIA, OP, DROR, DR, DW, DI, EPS, E.» EX, EXX, FI0 COMMON/COM2/ DIAM, DIA, OP, DRDR, DR, DN, DX, EPS, &, EX, EXX, FI0

COMMON/COM3/ HAVE, HRAVE, H, HWALL, AMPS COMMON/CONS/ WAVE) HRAVE, W, MWALL. AMPS

COMMON/COMA/ PHI, PHIW, P, BR, O, RCAP, RHOAV, RNO, RMOY, RROU, R COMMON/COMA/ PHI, PHIW, P, GR, Q, RCAP, RHOAV, RMO, RHOU, RRQU, R

COMMON/CONS/ RUMy SIGMA, THETA, TRCLs Us VISCs Wy WW, Zp THETAL - COMMON/CONS/ RUM; SIGMAs THMETA, TRCLs Us VISC, We WM, Z, THETAL

COMMON/HFLX/ RUY DIMENSION DIAM(300g),P(5000),£(5000),HNALL(5000)

OIMENSION DIAM(3000},P(5000),E(5000),HWALL (5000} +¢PHI(S0),81GMA(30),RCAP(S0},VIIC(50),RHD(502,R(50),RHOUCSD),

«2PHI(50).SIGHACSO) ,REAP(S0),VEISCLS0),RHOIS50),RI50),RHOU(SO)Y, «RROULS0),HER,505,Uc2,.%0)

+RROUESY, H(2,50),U¢2,50) ¢

c C ITERATION TD CALCULATE THE VELOCITY AT THE WEXT AXIaL STATION = SUBSONIC
C EVALUATION OF THE FLOW RATE, AVERAGE DENSITY, AND ENERGY FLUX c VELOCITY I8 FROM MOMENTUM EQUATION

FIRST = 1,0 - K c ITERATE UNTIL THE MASS FLOW I8 CONSERVED

LU ] FIRSY = 1,0

RA = 0,0 IND w 0

RUU = 0,0 NCHOKE = o

RUH = 0,0 DPINT = OP

PRES = P(K}/1,013€E% DOP ® DP

00 30 Jui,NMESH IPCABS(DP)e,001) 21,28,22
CALL NRHA(PRES, H(M,J), RHO(J), NERR) BALA 21 DDPaeS,
NERR = NFRR 22 CONTINUE
RHOU(J) » RROUJI*U(H,J) P(K) » P(Ket) ¢ OP
IP(I=1) 20,30,20 Loc = 0 .
20 ROR = R{J)+DR i NNN & 0
DA ® §,28324R0R 00 15 Nat,?S BALA
HN » WK o RHOU;J)'DA LOC w N
DRA = DARMO(J CALL MOM
RA = RA & DRA NKN = |
DRUH & DA®H(M,J5*RHOUCJ) CALL wbO? .
RUH s RUN ¢ DRUR DN & (WW o N)/W
RUU 8 RUN o DAARHOUCJI&U(N,J) IF(ABS (DN} « EPS) 20,141
30 CONTINUE . i IF(ON) 3,20,9
RHOAV = RA/(3.1416%01A%D2A/4,0) ] IF(IND; To7,8

NMESHP 3 NMESH ¢ $ ODP & DDP/2,0

CALL NRHOCPRES, M(Ms¢ NME3HP), NHD(NMESHP), NERR} 7 oP = pP ¢ DDP

LASY » PE(K) s P(x=1) ¢ DP

RETURN IPEPCKIY 17,1718

END . 9 CONTYINUE

OP ¢ OP = pOP

PIK} o B(Kel) ¢ OP
.l

15 CONTINUE

17 NCHOKE ® §
0P g DPINY
LASYT » §

20 CONYINUE
RETURN
IND

Figure E-2. Continued,
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SUBRNUTINE ITERS
COMMON/COM1 7 Ko KINCs, KMAX, LOC» L, M, NCHOKE, NERR, NFILE, NK,
INMESH, NNN, NTAPE
CONMON/COM2/ DEAM, DIA, DP, D3DR, DR, DW, D2, EPS, E, EX, EXX, FZ0
COMMONZCOMY/ HAVE, HRAVE, M, HWALL, aMPS

COmMON/COMa/ PHE, pHIW, P, GR, Q, RCAP, RHOAV, RHO, RHOU, RRQU, R
COMMON/COMS/ RUM» SIGMA, THETA, TRCL, U, VISC, Wo W, Z, THETAL
DIMENSION DIAM(5000),P(5000),E(5000),HWALL(5000)
2 #PHIC50) e SIGMA(SO) ,RCAP{S0),VISC(50),RHN{S0),R(50),RHOU(50),
JAROUCSD) HI2,50),U02,50)

ITERATION YO CALCULATE TME VELOCITY AY THE NEXT AXIal STATION = SUPFRaANIC

VELOCITY 19 FROM MOMENTUM EQUATION
ITERATE UNTIL THE Ma8S FLUW I8 CONSERVED
FIRST = 1,0
IND 2 0
NCHOKE & 0
DOP = NP
P(x) = P(Kk=1) ¢ OP
LoC = o
NNN & ¢
00 15 N&1,150
Lo = N
CALL MO
NNN 8 |
cALL wDOY
D & (WW » W)/v
IF(ARS (DW) « EPS) 204141

~ Wt -

tF(DH) 9,20,%
trctnnd 7,7,5
DOP = DDP/2,0
oP = pP ¢ DDP
P(K) s P(Kel) & DP
IF(PIK)) 17,17.15
pOP a DDP/2,0
DP s NP = pOP
P{K) = P(Ks1) ¢ DP
IND = |
CONTINYE
NCHOKF » |
LASY & {
CONTINUE
RETURN
€dp

Figure E-2,

COMMON/COM1/ K, KINC, KMAX, LOCs Lo M, NCHOKE, NEPR, NFILE, NK,
INMESH, NNN, NTAPE

COMMON/COM2/ DIAM, DTA, DP, DRDR, DR, D4, DZ, EPS, E. EX, EXX, F20
COMMON/COMY/ HAVE, HRAVE, M, HWALL, AMPS

COMMON/COMG/ PHI, PHIW, P, QR, 0, RCAP, RHOAV, RMO, RHOU, AROU, R
COMMON/COMS/ RUH, STGMA, THETA, TRCL, U, VISC, w. We, Z, THETAL
COMMON/ZCOMTZ 1TURB

CAMMON/HMOMECOM/ RCP1(S0), RCP2(S0), RCP3IIS0), RCPU(S0), RUPREV(50)
COMMON/BSTFP/ D28

COMMON/RANMSY/ RVDYDR(S50)

COMMON/MBAL/ SMM2C,SHMRC, wSHR,DFDZ, TWSHR

COMMON/WAL L/ AKS,AMTIXL (5090 TPRW

OIMENSION DIAN(Soogi.P(5000).EISODOJoNhlLL(SOOOJ

st PHICS50), ST1GMACSO),RCAP(50),VISC(50),RHN(50),R(50),RHOU(S0),
+RROUCS0),H(2,50),U¢2,50)

FIR3Y = 1,0

4
C CALCULATE THE VELNCTIY AT THE NEXY AXIAL STATION

NMESHP = NMESH o
RAD2D14/2,0
TVISP = 0,0
DUDR=(0,0«(L,NYESN) )/ (0,54DR)
WALLSHE=VISC (NMESHPY aDUDR
IF(NNN ¢ NX) 10,10,20
10 DRUY = 0,0
DRUTS20,0
UCL,NMESHP) = 0,0
AR = DIAM{K=L)*DIAM{K=1)/(DIAM(K)e«DIAN(K))
DO 30 J=2,NMESH
RUPREV(J) a RAUUCJ)
RROUCJ) = RHMI(J)

CORRECTION FNR RADTAL CONVECTYION

DRMER( J)=R(J=1)

ORUDZ2(RROII(JI)»RUPREV(J))/DZB

RDRUDZ&ORUDZ*R(J) spRM

DRUT=DRUTeRDRUNZ

RVOUDR(JI a0 SaqU(LsJ)eUCLsd=1))#(DRUTeDRUTS)/(R(JIDRH)

14 (DRYUT#ULL, J)=DRUTS*UCL ,J=11)/7(R(J)aDRM)

DRUTSsDRUT

IF (Kea) 42,42,30
a2 RVOUDR(J)=N,0

RUPREV(J)=RROU(J)
30 CONTINUE

UCM.NMESHP) &8 0,0
20 34M2Cx0,0

SHMMRC 20,0

AREARQ,0

00 50 Jad, NMESH

DRE = R(Jei) o R(J)

ORM = R(J) = RCJI13

ADRER(JY*NR

DA = 6,2h32%RNR
IF (J=NMESK) 2000,1000,1000

Continued.
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1000 viso, 0=(R(Iel)aVISC (1)UL, Je1)mU(LsJ))/0RP=0, 250 (R(JI4R(JI=1) )1

l(vISC(J!OVISC(J-l)S-(U(L.J)-U(L J-l))/DHH)I(R(J)-onH)

GO 10 3000
2000 VL ® 0,0 = (1)0/RDR)a( 30
CERCJe1) o REJ)IZ2,004((VISC(JO1) o VISC(JI)/2,0)0e

(CUCEL,Jel1) = UIL,J))I/DRP)Y
=((UJ) atJOIJ)IE 0)s(CVISC(J) ¢ VISC(I=13)/2,0)¢

(tUCLeJ) = U(L.J-l))/DRHl 3

& Wiz

35000 CONTENUE
IF(ITYRB ¥, ©0) 6O TD 11a AALA
TVISH=TVISP
THLP = 0,10 &« RAD = 0,08 « ((R(J) ¢ RCJO1))/2,0)022 /RAD
= N, 06 # ((R(J) ¢ RCJ+1)1/2,0)0ea/ ¢ulo--!)
IF (NMFSH < J) 80,40,82
80 THMLPZO,01%0,025420,%
THLP=TMLPag S
'V|5’=“"U(J'l)'T"LF‘YH;PlABS((U(Lle-U(LoJ0|))IDHP)
TVISPaTVISP 40,5+ (RHOC(JI*RKI(I¢1)) /RHC(Jo )
THALSHZTVIRPa(UCL, 1heU(L,J41))/DRP
61 Y0 112 .
82 TMLP = THIP ¢ 0.5
Tvise = ((aHu(J) ¢ RHQ(Je1))72,0) & TMLP & THLP % 4BY C(U(L,J) =
« UtLsJe1)2/0RP)
GO 70 112 . RALA
110 CJUNTINDE AALA
TVISMzTVISP
IF CAMIXL (NHMESHP) =n,0T7S5#RaD) 900,800,800
800 V4IxL=aAMlX) CNMESHPY .
GD TQ A7
900 RAVGE = 0 50 « (RCY) ¢ R(Jel))~RKI
TPXP 3 = (RAD = RAVGF) ¢ (SORT(WALLSH % RMU(NMESHP))) / (28,0 =

1VISCIMnESHRY) .
TUIXL = 0,80 = (RAp = RAVGE) * (1,0 = EXP(TPXP)} RALA
IFCTHIXL =~ 0,0750 & RAD) 87, A7, B8
88 TYIxXL = 0,0750 e RAD AALA
B7, IF(NBESH = J) 90, 90, 92 RALA

90 TMIXL=ar[X] CNNESHPY
TVISPapuNl 141 ) nTMIXLaTHIXL#ARSC(U(L s JI=ULL,J+1))/DRP)
VAL SH2TVIGPa (UL, J)=ti(L, J¢1) ) /DRP
69 Y0 112
92 TVISP = ((RHD(J) # PHN(J*1))72,0) » TYIXL « TMIXL * ABIC(UCL,J) = RALA
1 JIL,J+1)V/DRP)
112 CunTINUE RALA
IF (J=NMESH} 5000,3000,9090
~000 TvLa0,0=(1 OINDR)-f-ﬂ(J'l)'TﬂALSH-o SA(HCJIIR(J=l))2TVISKa(U(L,J)=
IU(L.J-I))IDRH)
G1 1O &s00n
5000 CUNTINUE
TVL = 8,0 = (1 0/RDR)(
((R(Jel) & R(J))/72,0) » TV]SP L}
(UrL,Jet) = H(L,J))/0RP)
«((R(J) & R(J=1)1/2,0) # TVIS4 »
(UrLsJ) = UtL,J=1))/PRN) )

2wl A es

©000 SvL = VL ¢ Tvi
RADCUNZ=RVNUDR(J) #4pZ
DELII = NP 4 DZ4SVL = RADCON
UM, J) = (L, J) « DELU(RUPREV(J)/(RINULIIaRRNU(JY))

Figure E-2. Continued.

SHMZC = 8SMMZIC = DELU2DA/D2Z
SMMAC & 3JMNRC ¢ DASRVDUDR(J)
ARFA = ARFa ¢ Da

CUNTINUE
WSHRaeh , 28120 RADSNALL SH
THSHRE =5, 28320 RADATAALSH
OFNZ a =DPaAREA/DI

UtH, 1) = (N, 2)

LASY = 1

RETURN

END
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[a X alal

ana

SUBRGUTINF QUTP?T

COMMON/COMI/ Ky KTINEs KMAXS LNC, Ls ¥y NCHNKE, NERR, NFILF, NK,
§NMESH, NNN, NTAPE

CumnnNNsCO¥e/ DIAM, D14, DP, ORDR, DR, DA, DI, FPS, €, EX, EXX, FI0
COmmON/CIMY 7 HAVE, HRAVE, W, MWALL, AMPS

COMMON/COMG/ PHL, BHIA, P, BR, O, RCAP, RWOAV, aun, RuQuU, RROU, R
COMMpr/CNMS /7 RUM, STGMA, THETA, TRCL, Us VISC, w, WW, Z, TMETAL
CONMON/CUMLI27 PRES

COMMON/TITI EZTLITILECL2)

COMMEN/ZERAL/ SMIC, WAL, UHMH,RADR, CONG, TCONA,uTR

QIMENSION DIAM(500Q),P(5000),E(5000),HHALL(5000)

o PHT(S0),8T1GHA(S0),RCAP(S0),VISC{50),RHN(50),R(50),RHOULSO),
+RRNUCS0),H(2,50),Ur2,50)

DIMENSICN XR(S50),XanNU(50),

1Xd(2,50),%1¢2,50)

NFILEaQ

FIRAY = 1,0

NHESHP a NMESH »f

UTEQeQRe¢QTR

RUHA » RUM/W

PRAD = OR/NT #«100,0

PRES = P(X)/1,013ER

WHITE YITLF CARD

WRITE (6,99A) TITLE
FORMAT(IM1,12067 3

THIS SET NF EQUIva) ENCES 13 FOR CHANGING ywIts

XO1AvaDlAM(K)*30,8Y

XZa2039,37

XENE(K) /39,37

Knans2 205

XQT=OTa3172,1/73600 2400

KYRCL=TRCL 40,2008 )
KAWALLEHWALL (K} 28, ,302E=04
XHAVESNAVF ad  302E=nd

KRUHABRUMASU ,302Eena
XHRAVEWHRAVE*0,908%€=n3%0, 308800},
00 200 Jui,NHESHP

XR(J)ar{J)a39,37

XH{M, JYuH(M, J)*a, Sn2F =00

XYM, 33I2UCH, J) 53,201
YAHOUCI)eRHOU(JS) 00,2048

U30BR=0,0

D4 10 KKel ,NMESH

RDRuUR (KK ) «NR

DAus,283240DR

UBARR (RHOIRK I SUCM KIS U{M, RX}2U(M,KK)2DA)/(2,0)
USOBREUSQHReUBAR

useasyIQBR/w

XJS0BsUSOReQ , 302E=n4
USORASRUMA+USQB

Xu3nBABXRIHAS XUSGB

Figure E-2.

[4

[}
298 Fuawatcgnn,

SO1 FORMAY (1N, 18X, 8MRADIUS, 26X, BHENTHALPY, 18Y, 101 VELOCITY

‘(')l'DI‘"lZ!‘N’Sl'TﬂL(K)"'lfl'H,HY.THCL,

ARITE(6,c99) ’“lDrH‘lLL(KiaKNHALLoPRE!.NHESH.Loc-rln.Dh.!Ps,

t NFILE,EX,THFTAL,Fyx

WRITE (69 29R)HAVE s XMAVE , RUHA, XRUHA ,iRAVE , XMRAVE , (JSORA, XUSGRA
WRTTECO)3NY) (R(JI,XR(I) g NN d), KM, 0, UC(u, J) s xUTH, J),RM0U(TY, XA
10ULS), Jal, NME SHP)

300 FORwarT()Y,

1 {SHAXIAL STATION = s 12 ’ 16%,

3 SOH DC THERMA] aRC wITH AXIAL GAS FLOW »

2 ISHDIANMETFR » + E10.3, 0% MEYERS /
11014, E10,3,104 INCHES /

1 1%y 1SHAXLAL niaY L] o F10,% 10H “ETFRS ’
2 S0x, 1SHCURRENY L] ¢+ E10.3, 104 AMPS /
116X, E10,3,10H INcHFY ’

1 1%, 1SMVOLYAGF GRAC = e ELO.3, 0% vOLTS/™ ¢
2 SOX, ISHFLNW RATE ] » E10,3, 1OM XG/SEC /
1tex, EL10,3,11H v TS/1NCH,0aX, F10,3,10M | B/SEC ’

2 1%y VSHWALL YFAY FlLUxs ¢ E10,%,224 waTTg/vea2 .

238X, 1SHTRANS COOLING & , E10,3,12H KG/3ECadan2/
3leX, €10,%,12H BY/FT2eSFC,
363¥, EN0,%,11H LR,/FT2a3EC)

299 FORMAT(IM ,

ISHRADIATYION LUSSS s F10,4, 104 PERCENT N

2 SOX, I1SHWALL EMTHALPY &, E10,3, 10H JOULES/%G 7
21011, E10_3,10M ATU/LA 4

2 1%, (SHPRESSURE 8 , FEl10.3. 10H ATMOS R
? S0X, 15HNYESH s, 10 v

H 1%, 15%L0C &, 14, 1ex,

2 Sov, 18HF20 = , Ej0,¥/

2 1Xs 15%0w =, Etn,3,10x,

2 S0x, 1SHEPS n , E10,% ¢

2 1¥, 1SHFILE &, 19,b8K,15mFX : ,E10,37
2 fa, JSHTHETA " ,0PFS,1,8X,3MDEG,

3 SaX¥, ISHEXX ] e E19,)

| 20MSPACE AVERAGE rMTHALPyY = ,E15,5,100 JOULES/xG,ax, 2H0)R,E15,5,
174 s8tusLAs

21X, 20K A9 AVERAGE ENTHALPY
274 aTusLe/

31X, 2AMAVERAGE ENERGY DENSITY 8,E15,5,12H JOULES/™e4e3,2X,2MCR,E15,5
30134 RTUZINCHESYZ

QIN,QBWTOVAL ENTHALPY w Avg,
aTH BTysL8) '

5,£1%,5, 104 JOULES/XG,ax,2uLn, (15,5,

® E15,5,10M0 JOILES/XG,aX,2HCR,E15,5,

e @3%, 10K
t4ASS FLUX/

q1K,6X, 10N METFRS +3Xo104  INCH .
SOX,10M JOULES/NG,aX, 104 BTUAQBD ,
eTX, 100 m3 A%, 10H FY/8EC
TSXe 10N KG/g Mea2d,5y,)lW LA/FT2=SEC//
9(B(E15,5) )

NFILE o NFTILE ¢ 1

LASY » 1

RETURN

£nn

Continued.
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[aXaXal

10
12

SURAROUTINE MOZZLEC7+ZCoDIas THETA,NSS, HA, ANPS, TRCL,EXX)
COMMON/NOZLON/ ODL, ND2, ND3, 21, 222¢ 213, 114

FIRSTay,0

IF(Q,5-2) 2,2,4
TRECLEQ,Q

IF(NES) 6,6,8

IF(N838) 6,6,8

ODIATEDIA

DIAea,0eNTAT

IFEz - ZZ1) 12, 12, 13
IF(Z « 222y 14, 14, 1S
IF(Z = 27%) 16, 16, 17
IF(Z « 224) 18, 18, 19

SLOPE = (PD2 « DOLY /7 (2.0 & (222 = 221))
OIA = DD1 & SLUPE & 2,0 = (2 = 2Z1)

6u YO 12

014 = nD2

G0 1O 12 .

SLOFE = (NN = ND2V 7 (2,0 » (2Za = Z73))

OJA = DD + SLOPE o« 2
60 TN 2

0IA = nb3

GU 10 12

DlA-DlAlo; 00 (Z=ZCi*TANITHETA)
lF(DlAL-ulA) 10,10,12

DIASDIAN

LAST=])

RETURN

END

W0 (2 - 22D)

2000

106

102
701
To2
104

c
1100

O oW~

Figure E-2.

SUBRDUT INE NTAB(P, M, PHI, 3JGM4, VISC, RK1, RK2, TFMP, AERR)Y RALA
INTEGER HwxP

COMMON/TARLEZ HDC10)oDHCTO) oHMN, INX, TTX HAT(300),TaT(h,300),
1PRAT(b, 300, VHAT(H,300),R KAT(6,300),SIGAT(6,300),PHIT(6,300),
an|A'(g.3nn).HK311fg.300) PATCT), IPHMAX, IPMX],IPS,PSV,DELP
COMMON/CUMI3/ KTAB

COMMON/ZCFR/Z AINC7,75),4107).4207),43(7), ln(1)."l(15)-x|.K2.Js
DIMENSION TAR(IS)

DATA IR/O/

NERR = 0

IF ¢IR)Y 2,1.,2

READ IN THERMDDYNAMIC AND TRANSPORT PROPERTY DATA

1P=0

IPaIPe1

fayg

J=y

READ(S,701) PAT(IP}

IF (PAT{IP)) 2000,100,100

I1PMaAK=IP=?

[PHgL2IP=?

IPS=y

P3vz0,0

GO Y0 2 B

READC(S, 701) AINCLot ) HACT ) aTNC2, 1) QA INCS, )0 AINCA, 1), ATN(S, 1)
IF(KTAR) 102, 101, 102

WRITE(6o702) AIMCL, DY MACT)AATINCR, ), AINCS, TD,ATNCa,B)ATNLS, 1) RALA
FORMAT(BEEN,3)

FORMAT(30X,9E10,3)

Iete]

IF (AINCE,I~1)) 3,%,100

READ(S.701) TAR(JI),AIN(E,J),AINCT, )

IF(xTan) 1na, 103, 104

WRITE(6,702) TARCJ},alN(s,d),AlNCT7, D)

JaJet

IF (TaatJ=1)) 4,8,%

IRey

IMaAXaL=2
JMAXEJa2

IF (IP=1) 1700,170n,1701

SET UP INDLPENDENT VARIABLF ENTHALPY ARRav
HMAXEZ, 0
00 S fal1.]1S

IF (HA(IMAX)=MHMAK) B,0,7
OHiaHMAX/100,0
HMXPEINT(HALIMAX) /NHE)
HMXuFLOATEHMEP) 4 DHY
GO Y0 &
HMAXE|0,00HMAX
CONTINUE

1s0

Talsy
HO(L)aHMAax/10,000]
OHEIY=uDI1) /10,0

IF (HDC(])eHA(1)) 10,10,9

I0x=1

Continued. '
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ane

1701

194
23

a5
1702

1704

£ 1]

Jag

HAT (] JaMmX

I3%e4

HAT(])sHAT(Ia1)=DH(T)
VSAYS(MAT(I)=HD(J)II/7CHAT(TYI+NHD(I))
IF (Ve0,00001) 12,012,101

SIGAT(IPo ] ual(S)4a2¢S)oHATCIIOAT(S)oHAT2440(5) aHATS
IF (SIGAT(IP,1)) 1705,17,17

1705 SIGATCIP,1)m0,0
17 CONTINUE

PHIT(IP, 1)u0,SaTAT(IP,1)*RKAT(IP,1)
00 170 1a2,11x

170 PHITCIP, IV aPHITCIP, Tu])¢0, 50 (RKAT(IP, 1) oRKAT(IP, 1=1))a(TAT(IP, )w

IF (JetDX} 18,1%,1% 1TATCIP. I 1)
JuJet S8EY UP DEPENDENY VARIABLE RAODIATION PARAMETER ARRAYS
GU T0 11 FETT
$Txal Jss=0
00 1S I=g, 17X Ki=p
Jalrxetsl Kiny
TATEL,T)=HAT(J) 00 2602 l=mq,JMAX
00 16 131,T17X €602 HA(Y)RTAR(Y)
HATCIImTATLL,]) DO 26 Ywi,Tx
SET UP DEPENDENT VaARTABLE TEMPERATURE, PREISURE/DENSITY, VISCUSITY, JsJ3
THERMAL CNNDUCTIVITY,ELECYRICAL CONDUCTIVITY,AND HEAT FLUX 31 IF (TATCIP, 1)eTaARCIY) 28,27,27
POTENTIAL ARRAYS 27 IF (Je(IuAX=t}) 271,270,270
J9=y 270 J9=JMAXeQ
J3g20 60 710 282
Kimy - 271 IF (TATLIP,1)eTARCJ*1)) 29,30,30
(11 30 JaJet
00 {7 Isf, 17X GO T0 11
g 28 IF (Je2) 280,280,281
IF (HAT(I)=NACJ)) 19,18,18 280 Jss2
IF (JetIMAX=1)) 18¢,180,1800 60 Y0 262
IF (HAT(T)=HACIMAX)) §B01,1800,1800 281 IF (TAT(IP,1)eTARL)>t}) 32,32,33
TATCIP, TYmaAINUL, INAX) 32 Jajes
PRATCIP, [YRAINC2, IMAX G0 Y0 3t
VAATCIP, T)uAINC3s INAY 29 J3ay
RKATCIP, TYmAIN(CA, InAX} GO 10 262
SIGAT(IP, I mAIN(S, tHAX) 33 JSuJ=y
60 10 17 262 IF (JS-J38) 2601,2500,2001
JOBINAY =R 2601 Jasags
G0 1O 252 CALL ¢FC
IF (HAT(T)=HACJON)} 20,21,21 4600 TAT2uTAT(IP,1)aTAT(IP,])
JeJel TATIRTAT2eTAT(IP, 1)
60 10 22 ABCOKY -Al(6)oAz¢binIAt(IP.li-Al(oi-VAVZoAaco)-tAr;
IF (J=2) 190,190,501 REIATCIP, 1) » ABICABCOK] BALA
Jam2 ABCOK? SALCTIOA2(TIOTATCIP, 1) 0AS(TIOTAT24AG(T)eTATS 8ALA
60 10 252 . RK2AT(1P, 1) = ABS(aBCOK2) BALA
IF (HAT(I)=HA(J=1)} 23,23,28 . IF{KTAG) 103, 26, ;os .
Juget 109 WRITE(cs,702) HAT(l),Ta CIPs 1) PRAT(IP, 1), VHATCIPo 1) RKATCIP, 1),
GO 10 22 ISICATCIP, 13, RXIATCYP, 1), RR2ATCIP, 1), PHIT(IP,I)
J9s) 26 CONTINUE
GQ 10 252 80 10 1000
JimJey c LINEAR INTERPOLATION QN LOG OF PRESSURE
IF (J5=J88) 1702,1704,1702 2 IP=1Pa .
J88eJs IF (P«P3V) 2010,2011,2010
CALL CFC 2010 PSVap .
HAT2uHAT(} aHAT (1) IF (PePATC1H) 2001,2001,2002
HATISHATReHAT(]) 2001 Ipwmg
TATCIP, TINALCE)4A2CL I *HAT(TD4ASC1) PHAT204G (1) #HATS GO 10 2008
PRAT(IP¢ 1)mAl (2)#A2(2)0HAT (LI 4AS(2)0HATR040(2) #HATS 2002 IF (PePAT(IPMAX}) 2007,2003,2003
VMATCIP, TymA(3)eAn( -HAttlloAs¢: AHAT24AL(3) eHAT) 2003 IPw]PNAXet
REATCIP, RIRALCAYGARCA)AHAT LTI ¢ASCA)4HATR4AG(A) 2ATS G0 YO 20008
Figure E-2, Continued.
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<007
2008

200%
2009

2908
€01t
35

36
»

IF (P=PATLIP)) 2004,2005,2005
IPs]P=]

60 10 2007

IF (P=PAT(IP#+1)) 2408,2009,2009
IPslPey

60 10 2007

IPSalpP . )
DELPRCALOG(P)=ALOG(PAT(IPI) )/ CALOG(PAT(IP+1))=ALOCIPAT(IP)))
LINEAR INTERPOLATION ON ENTHALPY
IF (HonuMX) 35,35,35

Ielrtx

Go 1q 37 .

}f (HeMAT(1)) 38,3a,39

u

PHIs(PHITC(IP+1,1)«PHIT(IP,T)) «DELP4PHIT(IP,])
SIGMAR(SIGATCIP#Lo1)wSIGATCIP, T))4DELP+SIGAT(IP, 1)
RKISC(RIIAT(IP#],T)RKIATC(IP,[)JADELPRKIAT(IP,T)
RK2uCRKATCIP¢1,1)wRK2ATY(IP, I) YADELP+RK2AT (1P, 1)

VISCS (VMAT(IPed, [)aVMAT (IR 1)) oDELPoVNATCIP,S)

TEMP (TATCIPe1, 1) =TAT(IP, 1) )eDELP+TAT(IP, 1}

RETURN

00 40 si,10X .

IF (HeWD(I}) 40,80,41
TLaINT((HaKD (1)} /DUCT)) ¢ (1DX=1) 09041

GO 10 a2

CONTINUE i

nsLu-(n-nnrtlt)sltnnrtlL'.:-unv(:ti;

PHEISDELHA(PHITC(IP, IL41)opHIT IR IL)I¢PHIT(IP IL)
FNIEID!LHG(PN[;(IP.].lLOli-FM!T(!POl,IL)!OFHI'(!’OltIL)
PHIS(PHI2=PHIL ) DELPOPH]IY
SIGMAISDELHa(SIGAT(IP,IL#J)eS1GATCIP,IL))+3TIGAT(IP,IL)
llGHIEID!LNI(SIGAT(l’OI-!L'I)'SIGA'(IPOI-lL))oSlGAT(lPolvIL’
llGHA-(llBHAI-SIGNlli-o!kPOSIGHAl .

A1 mDELHS CRRKIATCIP TL1)=RKEAT (TP, IL JORKIATCIP,IL)
RK12sDELHO (RRIATCIP41, L1 )oRKIATCIP41, ILYJORKIAT(IPO1,IL)
RKis(RK12=RK11)¢DELPeRK1Y

RK2180ELHe CRK2ATCIP, TL1 JeRNZATIIP,IL) ) oRK2AT(IR,TL)
RKZ28DELHACRKAT(IPe1, IL o1 ) ~RKZAT(IP+1, IL) ) ¢RR2AT(IPe], IL)
ﬂxz-(ﬂlz!-nuzl)nDEL’ORKI;

VISCISOELHe (VMATCIP 2L o) JaYMATCIP L)) OVMAT(IP, IL)
VISC28DELHa(VHATCIPe 1, ILo1 ) aVMATCIP#1, SLI)oVMAT (TPe1,IL)
VISCe(VISC2=yISC1)aDELPVIICE

TEMPImDELHe (TATCIP L4 ) =TATCIP, IL) ) e TAT(LP,IL)
TENPREDELHa(TAT(TP41, ILe1)oTATCIP¢ L, ILYYeTAT(IPs1,IL)
TENPE (TENP2TEMP| ) o DELPOTENPL

RETURN

END

Figure E-2.

1703

SUBRQUTINE cFC .
COMMON/CFR/ AINCT, 753, A (T),A207),ASCT).AQ(T),HALTS) K1, K2,J8
H213HA(JB)aHA LI} |
HIgoHA(JS 1) uHA(J3nl)
HA1nHA(JSe2)wHA{JSa1)
HA2BHA(JS=1)eHA(J31)
H2128HA (IS ) sHA( JS) eHA2
H312aHA(J8et) aHa (IR0 )oMA2
HaL2aHA(IS42) eHACIS 02 ) «HA2
HASEHA2aHA(JSwt)
HREImNA LIS 423 ,0=HAY
HIT3BHA(JSel)end, 0aHAS |
HeIoHA(JNs2)vwl, 0eHA}
H312PaH312=H2122H31/H2Y
HE12PsHA ] 2=H2 1 28N /H2]
M313PaN31Y=HZ2 1 3aHS 1 /H2)
HG13PaNd13=H2 1 Janay /H2Y
MPPEHAO|3PwH3 1 3IP#HA{2P/H31 2P

00 31708 Ksxi, k2

FiISAIN(K,JS=1)

F2sAIN(K,JS)

FIsAIN(K,J8¢1)

FamAINCK,J842)

F21sF2+F1

Fitaf3eFl

FaisFas-Frti

FIIPaF3jaP2ieHS|/HaY
FaiPsraferienay/uay
FPPaFaspeF3ipeHal 2p/u312P
AQ(K)eFPP/HPP
ANCK)o(F31P=HI13PARQ(K))/H312P
AQ(K)u(FR1aH213aAU(K)oH2120A3(K) ) /N2Y
Af(K)F [mAGLK) AHASaAS(K) SHAZ=AZ(K) eHA(JSe})
CONTINUE

RETURN

(L1)]

Continued.
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197
109

v s & A -

~l

SURRQUT INF NRHO(P,H¢RHO) NERR) RALA
COMMOM/TARLE/ HRCL1A) o DHEEO) 4 HMX, TOX, 1T X MAT(3001,74T(A,300),
$1PRAT(b,300),vMAT(o, 500),RuAT(H,300),51GA7(6,300),PHIT(6,300),
ENKIAY(G,!hn),RKZAT(h,‘QO),PAY(T),IDNAI,lPMl‘,lFs,BsV.DELP
LINEAR INTERPOLATINY NN LOG NF PREISURE

NERR s ¢

PPEPe101325,0

IPeIPs

IF (PabSV) 101,100,101

PYyep

IF (PoPAT(1)) 102,402,103

1Pz}

Gy 10 108

IF (PePAT(IPMAX)) 105,104,100

1P IPuaX=] "

G) 10 108 .

IF (P=PATITPY) f0A 107,107

IPx1Pet

6y T0 105 .

IF (P=PAY/TP+{)) 10B,1n9,109

1PaIPsq

Gn TQ 105

1PSElP i
DELPR(ALOGIPI=ALNG(PAT(IP) ) )/ (ALNGIPAT(IP41))aaLOGI(PAT(IP)))
LINEA® INTFRPOLATINN ON EnTHALPY

IF (H=H"X) 2,1,1

IstvX

G0 10 3

IF (HawAT(1)) 4,a,%

1=y

RHO2PP/CIPRATCIP+1, T)=pRAT(LIP, ) Y4DELP4PRAT(IP,I))

RETURN

DO & I=1.,1DX

IF (HeWDCT)) 6467

ILINT((HeRD(T2)/DH(T) )¢ CTDX=])aQ0¢}

GO YO &

CONTINUE

DELHE (HeHAY(IL) ) ZLuaT(ILO 4 )=HATLILY)

PRAISDELHA(PRAT(IP, IL¢1)=PRATCIP, ILY)4PRAT(IP,IL)
PRABDFLHe(PRAT(IP41,IL¢1 ) oPRAT(IP41,IL))ePRAT(IPe1,1L)
RHO2PP/(({PRA2~PRA|VSDELP+PRAL)

RE YURN

€ND

Figure E-2.

SUBROUTINE RADFLX(NIA, DR, NVESH)
COMHMON/RADEOM/ REE?S0), YY(S50), THU(SO0), FIM(50)s FIP(50)
COMMON, PRPCOM/ TEMP, QRAN, RN, AK2
COMMON/QBAND/ QRB(2)
DIMENSION TFMP(50), QRAD(SN), RX1(59), RK2(50)
DIMENSTON SUM{S0)
DIMENSION MNUMAXC23. XNUMIN(2), XMUK(2, S0)
HMCx = {,4IA8
4 INPUT DATA

STEFC a S,h0BTEOB
NBAND & 2
ENUUINCL) & 1,0
ANUMAX (L) = 8,4363¢¢04a
ANUMINCE2) = 3,U303F¢08
ANUMAY(2) = 1,935888408
NMESHP & NMESH o |
MGAM & NMEQWP » 2
YY(1) = 0,0
YYC(NMESHPY s (DIA ¢/ 2,0) « 100,0
00 40 JJ = 2, NMESN
SuM(IJy = 0,0
FJm 1J

10 YY(LJ) ® (FJ = 1,54} s DR « 100,0
SuM(1) = 0 00
SUMINMESHPY = 0,0
00 11 1J = 1, NMESKP
XMUK(1, 1JY = RXLCTS)
XMUK(2, T.Jy = Re2(10)

11 CONTINUE
DU 12 NB = |, NBANP

[4 WE SELECY A BAND

IMAXT = HECK & XNUMAX(NG)
TMINT 3 HCK ® XNUMTN(NB)
00 14 JJ = 1, NMESKP
TGA9 a YEMP(IJ)
BEE(LJ) = QTEFC » TGAS 2 &+ 4
THU(IJ) = XBUK(NB, 1)

18 CONTINUE .
CALL CYLFLX(NMESHP, MGAM)
OU 18 1J = 1, NMESWP
TGAS 3 TEMP(I))
IMAX a ZMAXTY / TGAS
ININ = IMINT / TGAS
BNGT & WGT(ININ} » WY (ZMAX)
IF(BuGY LLE. 0,000) BwcY = 0,0000
SUMCTIJ) & SUNCIJY o (FIP(1J) = FIMCLIJ)) = BNGT

18 CONTINUE
QRB(NB ) SUNINMEIHPY

12 CUNTINUE
00 20 1J = 1, NNESWP

20 QRAD(IJ) = SUM(1J)
QRB(2)uCRAD(NMESHP <RI
RETURN
END

Continued.
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22
20

32

33

SURRUUTINE CYLFLX(NY, NIC)

CUMMON/ RANCOM / REE(S0), YY(50)}, TMU(S50), FIM(S50), FIP(50)
DIMENSION EX(S1). NY(S1), TAUT(S1), THUR(S1), XIM(S51), XIp(51),

11In0(51)s XIPOLS1), YSQLS1), ELN(S1)
8 = 1,25

Pl = 3,1015926530

NYM 8 NY » §

INITIALI2E BEE, FTM, FIP

00 10 [ s {4 NY

FIx(l) 3 0,0

FIP(I) = 0,0

COMPUTE THUR DISTRIBYTION

DD 20 I = 2, NY

¥YSaCl) = vv(I) = Yv(1)

ELNC]) 8 ALOGCBEE(T) /7 BEE(I=1))

v = TMYCI) /7 THU(Ia1)

Vi s v e 1,0

IFCABSE(VIY ,GY, a,010) GO Tn 21
RATIO a 1,0 ¢ Vi & (0,50 ¢ V1 /7 24,0 « (V] = 2,0))
6u To 22

v = A O0GrV)

RATIO = v1 / V3 .

THURCI) = RATIO ¢ tvu(lel)

CONTINYE

D0 30 I w 2, Ny

DY(1) w BR o (YY(I) = YY(1=1))
TAUT(TY 8 TMURCI) » DY(D)

XIMOCNY) = BEE (NY)

I = NY

Oy 32 11 ® 2p NY

TFCTauT(lY LGE, AB.0) TAUTII) = 88,0
EXCI) » EXP(e TaUT(I))

DEN ® TAUT(I) = ELN(Y)

VUM s BEECT) « EX(1) o AFE(lel)
A[MOCT=1) = XIMOCIY & EX(I) e VUM / DEN « TAUT(D)
13 let

ALPO(L) = XIMNOC1)

DO 33 I = 2, NY

OEN = ELNC]) ¢ TAUT(T)

Vus s BEE(T) « RFE(I=1) = EX(1)
X1PU(I) = XIPO(I=1) « EX(I) ¢ VUM /7 DEN 2 TAUT(I)
CONTINUE

FIM(1) = XtHO(})

FIP(1) s XIPO(1)

0D ag J = 2, NIC

Iy s J

RJ2 = v30(01Y)

IYP = 1Y ¢ |

PLOLD = 0,0

00 42 [ = IYP, Ny .

PLNEW s SRRT(YSQ(]) = RJ2)

DY(1) » SA » (PLNEW = PLOLD)

TAUT(I) ® YHUR(1) « DY(I)

PLOLD = PLNEW

ATMINY) 3 REE(NY)

I = Ny

00 aa 17 = (YR, WY

IF(vAuT(ly LGE, AA,0) TAUT(I) = £A,0

EX(I) & ExP(= TAUT{IY)

OEN = TAUT(]) = ELN(I)

VUN = REEC(I) » EXCTY » BEE(I=})

:IH({-I) ® XIMITIY & EXQI) = VUM /7 DEN &« TAUT(])
] -

XIP(IYY o XIM(lY)

DU a8 ! = [YP, NV

DEN = ELK(T) ¢ TAUY(L)

VUM £ BEE(I) = HEEfI=1) o EX(])

KIPCIY = XIP(I~=1) & FX(Y) & VUM / DEN » TaUTC(]}

CUNTINUE

FAC = 0,50 o (YY{IV) @ YY(IY = 1))

00 %0 ! =m Y, NY

FIMCI) = FIMCI) ¢ FAC 7 Yy(]) o (X]INM(]) ¢ xIsn(])

FIPCIY) = FIPCI) ¢ rpAC 7 vy(I) & (XIP(I) o XIPN{])

XIPO(IY = XIP(I)

XIun(r) = xIMcl)

CUNTINUE

RETURN

END

Continued.
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FUNCTINN 4GT(ZETA)

Pl
coe
Ci
c2
cs
Ca
cs

]
[3
]
[ ]
]

3,1015927

u1S.0 / Pl & & 4
0,3331333333
0,1250

60,0

Snao,n

2T2160,0

IF(ZETA 6T, 1,00)

FOP THE RANGE 2 LF93 THAy OR EQUAL TU 1,6

Z2 o ZETA « ZETa

I3 = 22 o« 2874

24 2 23 o 7ETA

I& = 7% o 23

WGl £ 1,0 « COEF & Z3 & (¢l = ZETA o C2 ¢ Z2/CY = 20/ca » 18/C5)

RETURN
100 CONTENUE

FOR THE RANGE ZETA GREATER THAN 1,0

SUM = g,0

o0 200 M =1, 4

X 3 M

XMZ 5 xM o 2EVA
200 3UM um SUM ¢ EXP(=XNI) & ((C(XMZ ¢ 3,0) & Xu2 ¢ 6,0) o XMZ o §,0) /

1% & » &

WGY = COEF ¢« SUm

RETURN

ENp

Figure E-2.

Concluded.
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E.4 SAMPLE PROBLEM

This sample problem is the solution provided by ARCFLO, Version 2,
for MMC Test Point 80b (Run 16 of Section 6). A listing of the input cards
for this problem is shown first. 1Included are both Deck A, as described in
Section E.l, and Deck B, which is the permanent properties deck for air. Then
follows several pages of sample output. Output is illustrated for the first
three stations and, in addition, for station 483 {(z = 10.89 inches) and sta-
tion 1683 (z = 67.12 inches). The solution was carried out to station 2500
(z > 100 inches), and the total computer time requirement for a CDC 7600 com-
puter was 31 seconds (compilation plus execution).
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wMe TEST POINT a0B

2%00 120
I § ]
1

0

Y00,

0,0254

2000¢

3.0

3,0

o415

9% ,73

19,.7a

1,000E+00
2100404
2150004
W 200404
2250400
«300¢04
23504008
«300¢04
«4S0404
2500404
«550¢04
«400404
20650404
« 700404
« 750404
+800¢00
«850¢04
«900¢04a
«950¢04
0100003
«105¢05
v110¢05
«115405
1204085
|‘2s'°,
130408
2135405
o12040%
2185008
2150408
1855408
o160408
«165¢0S
170008
0175008
01080408
0185005
«190409
+199+08
200408
o 205405
s210008

« 7760006
137407
201407
«276¢07
«3R3e07
+ 554007
«Ta6407
«8R2+07
101008
2119408
149408
«197408
«2h2008
2 329¢00
.319008
2012408
«236408
857408
2480008
WSN6e08
«939408
«5A0¢08
0631408
892008
« 766408
«052408
« 948408
«105409
«116409
2127409
136409
«185¢09
2153009
o 160409
«163¢09
0170409
2 174¢09
« 177409
+ 180409
«183409
+ 186009

0,0
929400,
[ T3 1Y
1.0

+ 288406
8324006
576006
« 723000
NLIIY])
0109407
«133407
.15“007
-!,5'01
2198407
228007
2269407
2%24¢07
«383¢07
«836¢07
«a79407
817407
|552007
2588407
Yzl
670007
718407
«T74¢07
|Q!l'°1
«91%¢07
+998¢07
«J09+0d
320008
n!:l'ﬂ'
1182008
«150008
.!65'00
0175008
«§8ae08
193408
202008
0209008
217008
220008
02'1005
«237008

.ﬂo‘-ﬂﬂ
«582=048
«063=00
«775=04
+8682204
«990=04
+ 1003
121203
o‘!!'“!
1 143=03
2+ 155«03
o 169=03
187203
2 205+03
22103
+235=03
2 286=03
.255-03
226303
«267=03
|2°"°3
«267=03
1260203
128903
+233203%
«213«03
«190=0%
.lbb-o!
185003
."1-03
+962=04
278404
1639408
32800
« 35«04
«36708
« 317208
+279«048
25204
123104
121708

0254
50
2095
59,2t
9,21

1654001
.970-0l
1126400
1189¢00
1396400
«650400
«5348400
+558400
+«821¢00
1133001
221001
324401
13674018
« 306901
213401
157001
180401
«184d401
«160401
0182001
1208001
235401
2634001
1288001
I310¢01
:326401
03!6001
+33%001
1337408
13290018
+319¢01
+308¢01¢
.!96001
1284208
12784018
273001
2700018
1270401
272401
276001
2020018

+0000889

« 0254
25

ar.37

1108023

a79e1¢
(103408
J411=03
L21-01
4359400
252401
Jesso01
L277¢02
206402
J22¢03

L]
1109+08
Yi11e08

12
23,68

2219008
2220408
1225405
230408
2235408
1240005
« 245408
+ 250405
» 255405
21260405
1265405
2270405
.375005
2280405
1285405
2290405
« 295405
1300005

1,000E¢03
2,000E403
J,000E¢03
h,000E¢03
$,000E¢08
$,000€¢03
1,000E¢03
€,000E+03
Y.000Ee03
1,000E+04a
1,100E+04
1,200E¢04
1,300€¢04a
1,800€00a
1,5008¢04
1,600E¢04a
1,700€+08
1,8008¢08
1,900E+04
2,000E40a
2,100E+00
a.aoo!’ol
2,300Ee04
2,400€¢00
2,500€¢00
2,000E400
2,700E+00
2,000E+08
2,900E400
J,000E¢00

1,0008¢01
100008
2180403
+200400
1880008
«J00000
+350008

+188409
« 191409
«194409
«197009
201409
«205409
210409
215409
2222409
«230409
.239009
« 250409
261409
274409
»2A7409
302409
« V14409
«331¢09

7,600E401
a,000E+01
2.,800F¢01¢
2.200E¢01
1,600E401
1,300E401
1,050E+01
8,200E¢00
5,200F+00
§,800E¢00
$,000E000
$,200£400
3,800E400
3,600E400
2.000F400
2,700E¢00
2,000F400
1,800E+00
1,700F¢00
1,500E+00
1,400E400
8,000E=01
1,1SNES00
9,000E~01
1,250E+00
7,200Ea01
6,000E=0)
S, 4300E=01
4,900E=01
q,200E«014

«TT6406
+137¢07
205007
272407
«350407
odbhs07

200408
291408
2357408
22608408
2271408
2278408
-glﬁ'o‘
2295008
304408
V14408
124408
1336408
2 %4908
11624008
2377908
0392008
«007408
8423408

‘.!60!‘05
l.'gOEoos
2-650!-0!
8,990E=0S
'..90[-05
2.000E€=04
2,540€=04
3.500E=00
7,070€=00
!.0000-03
g.loo!-oa
6.’“0!'0“
b.lootcoa
7.300804
4,700E=p4
4.990E-08
6.200E=04
WIS
!.GQOE-O‘
S.800E=00
5.040Ew04
I.IQOE-oﬂ
4,800E<00
a,770€«04
I.!got-ﬂ‘
G,0n0E=0Q
Q.Ogﬂ!-o'
3o8p0E=08
3.000E=04
3.200E=04

1388406
1832406
+«876406
721006
l!’l'ﬂ‘
2108007

120604
.19900ﬂ
«190=04
219104
218804
.lBS-on
«18204
«178=00
17204
1006=04
+158<04
«150e04
«1081=08
1322048
d22004
11308
«105%04
2970=0%

2308208
+582<04
563204
77504
+881904Q
2988004

289001
297401
307401
«117e01
+ 328403
+339¢01
3504018
360401
+ 369401
377201
R LITY ]
«390¢01
+395401
1900401
«305e01
1410001
1415408
A219001

26%3a01
«969%=01
124000
s 361000
209200
027400

J114005
116408
4118405
120405
121408
J122¢08
123005
«123405
4123408
«123¢408
J22008
1121005
J119¢05
J18405
W11790%
116405
(115408
.11a40%

J22e2a
15110
132506
130003
708002
120000
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+200¢08
«850+ 00
500000
«550¢00
20000040
+0350¢00
«700+08
« 750008
0800004
«850+00
«900¢08
2950200
«100¢08
105005
«110¢0S
2115005
2120008
125005
« 130405
2135409
0100408
«145¢08
2150008
«155¢0S
160405
2165405
170205
2175005
+180+05
«185¢0S
190405
195405
200909
205405
210405
2215008
2220408
225405
« 230409
«235405
200405
« 28505
+250¢05
« 255908
260405
+ 265405
1270405
«275405
«2R0¢0S
1285005
+29040S
+ 295005
«30040S

2019407
o TRQ#OT7
919407
«105¢08
« 120408
2142408
«173408
0217408
2271008
«327s08
376408
«d10¢08
+883408

AT 408,

«0R0408
«51P408
«337e0R
RIYIY 1
259908
«637408
N LIRY Y
« 731008
o TAAME
«852+08
0921408
«9% 08
« 107409
« 115409
124009
0132409
o« 139409
+ 186409

1534097

» 159209
2 165409
«170¢09
. 178407
178009
2122409
«1RAC0D9
«180+09
192009
o 196409
199409
«2N2409
2205409
02N409
«213409
« 217409
272409
227409
233209
200409

-120007
.|¢boo7
.160007
"00'07
-?‘?'07
"0007
:12007
o‘l“‘O’
+305¢07
221407
0675'0’
522007
R60007
02407
«A39007
ATTe07
«715¢07
« 75707
+A02407
«R51407
905407
29t4e07
.103000
.1|nooo
lll”ﬂo
«127¢08
+1%6¢08
.100005
15600!
.nooo!
-'76’98
.|ﬂ6000
«176408
+206¢08
2215408
223408
232408
280008
2« 2URe0Q8
255008
243408
.370006
,,77000
_,unooe
awjool
+329408
.\1&00“
.110008
«121408
«129¢08
«T1A408
«t47¢08
«156¢08

1,000E¢03 1,850E403 |,7a00=08
2,000E¢03 1,zsnr003 3.149E=04
3,000E+03 3,200F+02 5,6n0E=08

-IO%'O!
0120=03
«13003

. el@1=03

15203
«163203
117503
+190=03
22006003
-22!-03
|2,°.°3
25803
«26b=03
27703
2285203
292%03
2298203
.30!-0!
-!o"ol
1299203
-290'03
286203
227503
«261%03
« 24503
22703
« 20803
2188403
+169=03
«151=03
13403
.118=03
«10U=03
«92%=04
«B23=08
« 7308204
N IYET 1]
«b08=04
256004
,521=08
<U90=04
236500
2044040
.“26-0¢
«815-04
Ji04«04
+394-04
< 38bw00
«378=04
2 370=04
+362-04
+ 35208
«342=04

«5884+09
590000
681400
863400
12101
17301
2834014
«310e08
340001
« 316001
.200001
211001
.18S¢+a1
2179001
18801
«205401
1227001
«2%4d001
282001
31201
343401
1 372¢01
2400e01
2425401
4a6e01
dhteol
»877401
LUBTe01
493001
1896401
20974018
0897401
497401
«398901
497001
2399001
502401
507401
913001
«521001%
5314018
541001
+954de01
507401
«SA1e01
2597401
013401
629401
«6d6401
0663001
679401
095401
710401

INPUT — SAMPLE PROBLEM (Continued)

4965400
4450901
Jda1402
snlooz
‘592002
125008
20600!
!20003
Sllool
62000!
,|z1ooa
J8as00
asocon
laooon
!13000
Lae8e0a

L DU3400

L2008
597408
JJ73¢04
‘HHOOOA
J2ae08
007004
JJ07+08
llﬂoos
|20005
lzeoos
‘132'05
137405
.lﬂZ'OS
‘IHTOOS
151008
155005
,150005
102005
|uooos
160905
172005
|1500§
4178405
181005
lOBtOS
.gneoos
(189408
191005
19!005
195005
197005
190005
I°°005
200005
200005
200005

.000!00! 2. JTONEsa2
3,000E¢03 1, OTnEOOI

.OOoEoo! 1. ooncooz
7,000E403 8,900F¢01
8,000£¢03 7,100E+01
¥,000E¢03 6,000E401
1,000€¢0a 6,200E+01
1.100Ev0a 5,800F¢01
1.200E000 S G0NE¢O1
1,300E¢0a 3,600g¢01
1,300€¢00 2,850E¢0t
1,500E+00 3,000F¢01
1,600€00a 2,.650E¢01
1,7008¢08 2,350F+¢01
1.800Es0a §,850E¢01
l +900E¢0a 1,600Ee01
.ooo:oou 1,850F+01
2,100E¢0a 1,300E¢01
2,200€404 1,300F001
2,300E¢0a 1,400E401
2,400E¢0a 9,800E+00
2,500E00a 1,050F¢01
¢,600E¢0a B,500F+00
2,700E00a 7,300E+00
2,800E+00 7 !ongooo
2,9008¢08 &, Ya00Fe00
3,000Ee0a o.!ooeooo
3,000€¢01
«100404 « 776008
o150608 137407
200004 2201407
« 250404 271407
+300008 348407
350404 Ja03007
2400408 55807
450008 693407
500404 «8%48407
«9550%0a «hne07?
2000004  ,110¢08
2650008  ,125+08
2700¢00 180008
750408 ,170408
+800%0a  ,2n3408
.850¢04 «285408
«900004  ,291408
950404 « 341008
100405  ,3AS5+08
«105405  ,422408
«11040%  ,393408
115005 479408
21120405 :5n2008
125405 525400
« 130005 .500408
135005 «57a408
2180405  ,6n2408
2185408 2633408

1.900E«)3
!.290!-03
S.314€=0}
T4100F=03
Te9v{E=03
9.840E=03
l.ln&!-oz
1,030E~G2
14200E=02
24 OnﬂE-ol
2.9905-02
3|500E-02
$.800E=02
a.303Ew02
a.bnaE-oE
a.bnOE-n!
3070"5'02
9,8p0F=02
a.!nat-oz
.lgot-o!
4,300E=02
!.VnOE-oa
!.Qnot-oa
348ANEwp2
3.800E=02
3.Ta0F =02
3,800Ew02

388408
«032406
8576406
e 721406
WRATe06
102007
l'ZO'O'
.c39007
161007
2183407
.gonoo1
327407
1233007
0)53007
.glvoo7
163+07
+413407
1867e07
«S19¢07
S07007
vA11207
452407
491407
'TZ°'°7
.161007
«RO0T4Q7
«Ad8e¢07
+A93e07

#0804
+582=04
663204
#T75=04
.B81e08
2982=02
«108=03
«118=03
o'Z"O!
«139e03
«150+03
o|°°'°!
«171=03
2183203
« 19603
«210«0%
22603
»202-03
«258«0%
272%03
.285-0!
«296=03
«305-03
.!I!-o!
-!Zo-o!
32503
«328+03
«329-0%

«650ep1
96901
«128400
«153000
«208000
«310¢00
« 456400
«560¢00
1013400
e714800
« 929400
123401
s162¢01
212001
26060018
«310e01%
« 326001
o310¢01
«2The01
2233401
12238¢01
219401
2227001
«243¢01
2bbe01
«29G401
',26’0|
360401

(486%20
.671-]]
135206
JS82-04
J16=02
JSaae01
(5100

226401
11900]
20)002
n!aooz
!l!oo!
1!7003
21700!
!zvoos
aaa.o:
7!500!

‘llIOOE
Jdda8e0a

231000
llooon
svvoon

\avgoon
,589+08
092¢08
JJ97e04
4905¢04
.101+05
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+150¢08
2395408
2160408
0165+0S
+17000%
0175408
+180%08
1183408
2190009
2195409
2200405
0203408
2210008
2215405
«220+08
225408
21230408
2235405
« 280405
« 245405
250408
«25540%
2260408
1265405
2270405
2+ 275405
1280408
285405
« 290405
«295+08
«300¢0S

1,000E+03
€,000£40)
3,0008¢03
4,000E¢03
9,000E403
©,000E+03
7,000E+03
8,000E¢03
’.000!003
1,000€e000
1,100E+00
1,2008¢00
1,300€+00
1.,400E+08
1,500€40a
1,600E40a
1.700€404
1,800E408
1,900E¢00
2,000E0048
2,100€004
2,200E+00
2,309E+04
i.ﬂooEOOI
2,300€408

667408
JT0a408
«Tase08
« 792408
841008
+895498
« 951408
0101409
2107009
eJ1a009
120409
o 127409
o 133009
«100409
186409
« 192009
0157409
01062409
« 167409
172009
177009
o 181009
« 18509
2 §89409
192409
0196409
0200009
« 203409
2 207009
« 210409
210409

2,10nE+03
2.100E+03
24100E+03
2,100E+03
1,920E+03
1,800E¢03
1,700F¢03
§.500E+03
4,500£%02
3,50nfF¢02
3.250Ee02
2,USnE+02
2,3S0E¢02
2,000E402
1,980E+02
1, SS0Ee02
1,300£¢+02
14290E002
9,100E01
8,000E40)
8,200E+0)
T, 300E+01
6.200E+01
S,800E+01
a,60nF¢01

2930407
-200007
e§0a408
.1!000!
|!|700°
.;2!003
131008
.1!8009
«§06408
195008
-150005
173408
21082408
2191008
200408
«210408
0219408
«228408
«237¢08
«345408
025500.
262900
270008
«278¢08
2286408
«393¢08
2101608
«%99+08
oR1b6¢08
«V24408
+«131008

2.000F =08
S.!gﬂ!-ol
2.200E=0}
6.800E=03
I-7gnE-02
!-390!‘02
S 200E=02
T.200E=02
9,609E«02
1.1%0E=01
8,0n0F=02
9,8p0E=02
1.890E=01
2.,600E=01
Q,300E=01
S.800E=01
7+200E=01
T.600E=01
1,050E400
1.080E400
9.600E=01
1.000E400
‘|'9°E.°°
9.000E=01
9,1n0E=0}

32803
«326=03
«321=03
«318=03
«305=03
29003
228203
o068=03
225303
.2!!-0!
22203
220703
o 192=03
o178=03
o168«03
«152=0%
180203
I'!o-o!
J21e0%
«J113u03
10603
+ 9972048
«943=04
«097=g8
.857=04
o822<04
«7193=04
«768=04
«730=04
127=04
«710=04

«395401
332401
« 369001
505001
«580001
570001
2605401
«033401¢
1659401
2682¢01
702401
1720401
s 736001
«T49001
W762¢01%
77301
788004
RALITY]
806401
.510001
831901
.884401
858401
1878401
890401
1908001
«927¢01
2947401
968401
«989401
2101402

INPUT

112008
128408
o 130408
145008
2155005
(165408
175¢05
2184405
«193408
4201005
208408
215405
222408
(228008
«233¢05S
«238408
243008
238405
2252405
254008
260405
263405
(207405
1270005
4273408
1276008
279405
202008
12085408
287405
.28990S

2,600E408
2,700E+04
2,800E+040
2,900E+04
3,000E+0a

$,000E+02
+100004
«150004
200404
250404
- +300¢04
«350¢04a
1800000
450404
«500¢083
«350¢03
«600+00
+680¢008
+700¢08
«750¢00
800008
«8%0+00
900000
«950¢08
2100405
1105005
0110405
1115408
|l!°'05
0125405
«13040S
+13%5408
1100005
«105+05
150408
185405
2360408
2169408
«17000%
0175405
2180¢0S
2185003
0190405
.195005
1200405
«205¢03
«210¢08
+«215¢03
0220408
«229405
+23000S
2235408
«260405
205408
+250¢0%
«255+0%

4,900E+01 8,890E=01
8,900E401 9,200E=01
8,400E+01 8,5q00Ex01
G,000E+08 8,000F=01
S.B00E+01 8,1n0Ew01

2 776406
« 137907
«201407
271407
34707
«4%0407
338007
062007
o 198407
928007
o 106408
2119408
+136408
2157408
«1RG408
«218408
258408
«303e08
«32R08
390408
Ja27%08
2458¢08
«385408
+5N9408
«532¢08
2356408
«5R0408
607408
«435+08
564408
«TIN0408
«737¢08
« 170408
021008
«868¢08
a917¢08
« 969408
« 102409
« 108409
» 118409
2120409
«126009
« 131009
137009
+183¢09
189009
« 154009
« 159009
168009
2169409

« 308406
132406
576006
0721406
1556000
-!02007
018407
37207
0158407
«179¢07
0290407
0223407
«247407
273007
106407
+143407
188407
«837407
+g89+07
53107
oS89407
«hlas0?
078007
1115007
02384007
279307
«AS2407
oAT3207
19‘5'07
981007
|!°|00.
0106408
e111408
117408
0123008
«130208
137408
SLLLT L
0152408
e§60408
.306008
.!76900
«185408
.1'“'0'
.ao!toa
0212408
« 320408
«229¢08
1238408
."1.0'

-ﬂol-nl
.SGZOOH
066308
« 775048
881008
«981=08
.|00-03
ei18e0)
2128203
«139003
n‘ﬂ’ios
« 15903
«170203
101203
219303
0206e03
«220<03
« 230003
025203
+267e03
«281203
2294°03
2305+03
«31503
« 32303
«330=03%
0336003
«320<03
«342+0)
34303
«342e03
«339=03
« 33403
«328«03
2320=03
311003
1500'03
«288e03
a275=03
226203
« 28803
2340}
-22!-03
2208=03
+»195¢0}
«184e03
«173e03
«162=03
+153003
«100<03

658001
296%e01
«12de00
+152400
+195s00
1277400
«400¢00
520400
594400
2678400
881000
110401
21461001
181001
227004
2748401
«309401
321401
«309¢01
284401
259401
285401
.240'01
«239¢01
267001}
292401
1322401
« 356401
«393¢01
«833401
874401
«Slbs0t
558401
«500401
081001
«681001
« 718401
794401
« 7870014
817401
«845¢0})
871008
«8%a401
«Ftbe01
« 9364098
954001
4972401
2989401
«101402
0102002

JJebs2a
47911
103206
Jt1e0a
22302
<385=01
J22¢00
Joae0y
458301
157402
Jare02
(862402

114403
181003
273403
2300403
388403
363403
(J28e08
185008
(257404
4343400
(339404
5434040
4855¢0a
WJ72408
0895+08
4102405
1115405
428005
<J141¢05
2155405

o
311405
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2280409
«265405
«270409%
2275408
2280005
« 205008
2290405
«295¢08
«300¢08

1,000E+08
2,000E+03 7
3,000E+03
“.oooe.o!

|°°°!'°!

1000500!

7,000E+03
6,000E03
9,000E+03
1,000E+04
1.,100E¢04
1,200E¢04
1,300E+04
1,800E+00
1,500E+08
1,000E¢00
1,700E¢00
I.Coo!ooa

1,900E¢04
2.oootool

1100!'05

2,200€¢00
2,300E¢00
2,800€008 |
2,500E+00
2,600E408
2,700E%04a
2,800€+0a
2,900E¢04
3,000E+0a

1,9500€¢02
«100¢08
150404
o R00404
«250¢00
»3004048
3500048
2800004
« 850004
+500¢0a
+5%0¢040
«600¢04
+650404
2700404
o 75004
800008

173409
«178009
« 182009
« 188409
2190409
« 198009
« 197409
+201009
2208409

7.000£403
7.000E¢03
T74000E#03
7,000g¢03
z.ooo:oos
24200F403
2,200¢003
2. OnE0S
14000E+03
6,800F¢02
6.000:002
6,200E002
4,500E002
8,000E202
3,800E¢02
3.300E002
2,800E¢02
2,800E¢02
2,300F002
2,200E¢02
l;‘oﬂ!.oa
1,5008¢02
1,800£¢02
14100E¢02
14000E¢02
I.oSn:ooz
1,000Ee02
1.100€002
9.400E¢02
8.600E901

776006
2137007
2805407
«271¢07
« 306007
831007
«530007
26474007
« 775007
« 904007
«103408
2116008
«132¢08
«150008
«174008

4355408
0200408
.?72+OO
«280408
0288408
+396408
.\00#00
«%11408
« 119408

| 0n0£-0!
2.700!-03
6-700!'0!
1.5 1E~02
3.]‘0!-02
b.la!E-oz
1.150€=04
|.7llE.0|
EISQQE'O‘
3.147€w01
2.080E01
2-!90!'0!
4,200E=0}

-lnﬂ!-ol
ln!ﬂOEQOO
I.OnOE'OO
2.5@0!000
3.000E400
3|59°E’00
’.'Qos’oo
3.590!000

Q°9°E.°°
a4,1908¢00
l.OnOEOOO
3,790E+00
3.8n0E400
3.950E+90
3.990E+00
3.100€400
3.300E+00

« 388406
e332¢06
576406
. 720008
«ABL406
2102407
« 118407
-|!6007
.156007
.177007
0498407
022007
.:ﬁ!fo7
0369407
2299407

«137=0})
0130=03
«12G03
-lll-o!
211803
«109=03
+106=03
010203
2995+08

«308-04
-Slz-oﬂ
266304
«775«08
+881=04
«981=08
+108=03
«118=03
«128=03
13803
«13803
«159=03
16903
+180e03
.191-03

104402
+106002
«108002
2110002
1112402
2118002
116002
2118002
121002

263401
96901
123400
«151400
«191000
262900
«371400
2389400
575000
0653000
«796400
2102401
131001
01606401
1207401

INPUT — SAMPLE PROBLEM (Continued)

315408
JI"OS
323005
!26005
.3!0005
sssoos
ssa.os
139408
« 342408

‘bﬂl-zl
39111
usn-or
SSGOOI
|u:-oz
lIS-OI
aoaooo
l!bool

.lsloOl

134402
301002
562002

.IOIOO!

1162403
285003

8500048
« 00004
+»9%0¢04
2100408
2105008
2110005
« 115005
e120008
«125008
2130¢0S
« 135405
«180405
« 145405
+15040S
2155405
2160008
2165405
+17000S
0175408
1180408
2385008
190405
«199408
+ 200005
+ 205405
2210005
«215405
1220408
1225005
.330005
+23540S
2200405
» 285005
+ 250005
255405
2260405
1265405
«270¢0S
«275408
« 280009
1205005
2290405
s 295¢09
+300008

.oooEoos
10005003
3,000€+03
4,000E+0% ¢

|.0005003

.ooozoo:
00005003
.000!00!
9,000E+03
1,000€+04
1.100€¢08
1,200E+00

« 2084008
« 280408
«2R2s08
326408
«309¢08
230A+08
«382408
«872408
« 398408
2522408
«54%408
2569408
«5%408
«020008
«b4Re08
«&T79408
« 712008
708408
«TAT+08
«8328408
«873¢08
919008
«96R408
o 102009
« 107909
«113409
118409
124009
«129409
« 135409
180409
o186409
«151¢09
« 156409
« 161409
« 166409
« 170609
+ 175409
« 179009
« 103009
«1A7009
191409
¢195+09
« 199009

6,000F+03
6,000E+03
1 oonEoos

.ooneoo!
3,000g+0%
2.700E003
2,600E+03
2,500F¢03
! 100E+03
2.2005003
1,000E+03
8,300Ee02

133007
370407
0220407
.971007
«K23¢07
WBT3007
20407
008007
7006407
.145001
«78a007
oR23¢07

AB3P07°

200s07
.001007
.00?007
clOl'OU
.|0900!
.vlaoo!
.120000
-126005
0132408
.lsvool
100000
1153408
v361008
-1h9003
177400
o|5500°
2193008
«202408
211908
-"’003
2208408
0237008
28508
+250¢08
.ab!ooB
2270008
«379408
.g!?oon
¢ 395408
+103¢08
st 1008

1e lnﬂE-ﬂ!
3.700E=03
110005'02
!'500!'02
S, 6005-02
l-ﬂ%ﬂ!-@l
1.980E04
34,200E=01
a, !nOE-ol
S.800E=01
% IoOE'OI
G.OnOE-ol

2208203
21703
1232'03
20703
2263203
1275‘03
2910}
304203
.Slﬂ-os
«320e08
«332-03
«33%«9}
v 30Ge0}
.33803
v355=08
035103
.!5!-0!
«32803
«3J0Ge3
«339=03
«332=03
«323=03
«310=-03
+303=03
«292+03
«280=03
2267=03
+255«03
+22=03
«230=03
21803
.207-03
196203
+186w03
o176=03
«16803
»16003
«152=03

" aibepl

«140=03
+»135203
«130-03%
oi26=03
al22e03

252401
v2914¢01
« 315001
318401
030301
2080401
262401
250401
257401t
271001
2293401
321001
+ 3350018
392001
833001
«477201
«522001
+568401
61501
06062401
« 7084018
753001
7960014
837401
876401
«912401
2 940¢01
978401
101002
«103¢02
«106402
+308¢02
11002
13002
0115402
117002
119002
p121002
123402
126402
128402
«130e02
133002
:135¢02

357403
5!5003
1!700!
,looooa
159002
225¢%08
!0600!
1401404
S06s00
622000
745000
L875+04
4101008
||s.os
,llooos
J18000%
«15940%
‘170005
(109005
203005
21700!
.2!!005
(200408
2256405
.267005
278408
2!0005
200005
306005
318405
4321405
320005
‘!!noos
380009
‘!usoos
«350¢0S
ssaoos
,359005
303005
~367405
(370405
374405
311005
!Gooos
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1,300E¢08
1,800E¢00
1,500E+0a
1,600€¢04
1,700Ee00
1,800€+02
1,900E%08
2,000E+0a
2,100E+0a
2,200€904
l.!OQEOOG
2,800E¢04
2,500€+040
2,000E¢00
2,700E+0a
2,800E000
2,900E+0a
3. 000E8¢08

2,0008002
1100008
2180008
1200004
230403
300008
1350004
«90008
1850¢00
1500008
+550¢04
+600¢04
1650008
«790e00
«750¢02
80008
1080408
+900¢04
930400
+500405
0105¢08
0310009
115008
«12000%
«325008
1130005
1135005
«180¢03
145008
0150008
«185005
160008
165408
«170¢0%
175408
2180409
1105008
+190¢08

7,200 402
8,100E¢02
6.800E¢02
7.900E402
a,500E«02
3,906F¢02
3,800E¢02
3,800 ¢02
3, A0NE 402
2.500E+02
2.,4308¢02
2,000E¢02
1,750E402
|\500E002
14800E402
$.800E¢02
1.300E+02
1,230F402

o 776406
137407
«201¢07
« 271407
0385007
+129407
23525407
« 037007
701407
888407
103408
118408
129408
147408
« 168408
196408
229908
« 268408
310008
1352408
«393008
2829408
2361408
2888400
514400
«537408
+561408
2565¢08
010908
037408
20606008
2697408
2730008
2 T66408
204¢08
«08%5e08
888408

7-‘@0!-01
1+150E¢00
!.SQOEGOO
3.000E¢00
I.QQDEQOO
5200400
T+500E¢00
7.200E+00
Te6n9E¢+00
8.000E+00
?.OQUE*OO
l-lgocool
8,290E+00
84800E+00
D-OQOEOOO
7-.90!’00
6.530E+00
S.8n0E+00

308406
2832406
-576006
« 720406
66400
02407
18¢07
3S¢07
$5+97
1S+07
Y6¢07
18+07
g1+07
66407
« 29407
327407
+365+07
0009407
458407
809407
560007
009407
h5ae07
897407
«238¢07
177407
aRiTHOT7
oAS6¢0T
«096¢07
«938407
«981407
010’.05
.10700.
.gl!toi
118408
Ji3epl
129408

+ 80804
+582e04a
2663204
« 17504
«881=04
981004
e 108=03
0118003
012803
«138<03
«188=03
.ISO-OS
« 16803
e 179903
0190=03
.202-0!
221503
.229-0!
« 20503
026003
«2735=03
.!U'-Ol
o 302003
«310e03
032020}
.3”'0!
¢34003
2346203
«351w03
»355<03
.337-0!
«358«03
«337=03
0355¢03
381203
.3!5-03
«339=03

«058e01
+ 96901
2120000
0150400
«188¢00
+ 253000
s 353000
366400
0558400
038400
« 767e00
«978¢00
0125008
« 157401
« 194001
«236¢01
1276401
0306401
+ 318401
Itte0s
293401
1276401
+26S¢01
+265001
12750018
«29089001
321008
+ 354401
+ 392401
«8334001
«37901
.5!6001
+S76401
:0264001
«677401
« 728001
« 778001

INPUT — SAMPLE PROBLEM (Conciuded})

195408
1200409
205405
«210005
121505
2220408
+ 225405
1230403
1235008
.2‘0.05
1245405
+ 250009
1255403
«26040%8
«205¢08
2270408
+275408
+200¢03
« 285408
. 1290408
50620 . +295405
JS¥aely +3004+0%
J26m07
«291=00 1,000E¢03
«158+02 2,000E¢03
W 273501 3.000€¢03
1230400 S,000E¢08
118401 94000E+03
Ji29+01 ©.000E+03
119402 7,000€403
271402 8,000E¢0%
530402 9,000E+03
926402 1,000€400
4139403 1,100E¢04
4226403 Je200E004
330403 1,300E+0a
373403 1.,400E+00
10708403 1,500E+04
981403 1,000E000
J1a2¢08 1,700E¢04
(203400 1,800Ee0a
(279408 ' 1,900E¢0a
371400 4,000E004
(476000 2,100E¢0a
J93e04 2,200E000
1J19v03 2,300E+04
854004 2,800E04
4997404 2,300E+04
(115408 2.600E¢04
J13000% 2,700E¢08
146408 2,000E+04
02008 2,900€+04
178408 - 3.000E008
4194405
4210408 *1,000E400
1226408
.291408

734408
1408
s103e09
«INA09
«113¢09
119009
120409
« 129009
135409
180009
0185409
150409
0155409
W 160409
2165009
160409
173409
« 178409
182409
1849409
2190409
«19440%

8,000F¢03
8,000F«+03
8,000E+0)
8,000E903
Q,000E+Q3
3,700E+0Y
3,600E¢03
3,500E¢03
3,300E¢0}
1,250E¢03
1,400F+0}
1,100E+03%
8,900E002
9.000Es02
8,200E+02
8,100E402
S.000E*02
S 100Ee02
8,300E*02
S.000Ee02
a,.100E+02
3,000E¢02
33000002
2.000E'0!
1.600!00!
24100E902
24100E¢02
2,900k« Q2
1,90nE+02
1.700E402

»135¢08
182008
e149008
356000
010!00'
.17|’°°
«§79¢08
«187¢08
0195408
« 208408
0212408
0221008
.e?..o’
028008
236408
1259008
2263400
271408
2270408
238008
«236408
oX00de 08

2.100£03
5.8n0F=03
1,390E=03
3.500Ew02
7.4p0E=02
l-ﬂgot-ol
2.790E'°|
'-7QGECO|
6a800Ee]
l.aeﬂ!-o‘
6.2n08<01
2,890E=01
9. 80001
14800E400
2..90!000
4,0n0E¢00
5.800F000
71'90!000
14000E¢01
taln0Ee0l
1.290E¢01
l.SgOEQOI
$46n0E001
1ebpnEeol
||’§°!.°|
1.600E¢01
1:6n0E+08
1.690€001
|0290[0°l
1+200E401

«33103
032203
v312°03
30103
«290=03
W 279-0%
026703
+255-03
-2“.'03
.!!2-0!
«221%03
21103
201003
+192%03
2188003
o176=03
« 16803
s 162=03
«156003
15003
«145=03
18103

«827+01
2878201
09194014
« 982001
2100002
« 103002
.Ioaooi
oille02
1414002
117002
+120002
0122402
0125002
o1R%7402
+ 130002
0132002
o 135402
1137002
e100e02
o 182002
« 165402
« 187002

256405
270405
1 2083¢05
296005
307405
318405
1328405
337008
4306005
353408
360405
307408
373¢08
378405
383005
(388408
393005
(397405
J01¢08
2803405
L808¢0S
211008
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MHE TEST POINT BOB
ARTAL STATIDN 8 3

OUTPUT — SAMPLE PROBLEM

AEDC-TR-75-47

OC THERMAL ARC WITH AXIAL SA8 PLOW DIAMETER [ : J500E=02 wETERY
.oou!ooo InENES
AXlaL DIsY L] a. ::’:;s CURRENT u 9.000E402 AVPY
CHES . .
VULTAGE GRAD s l.ll!!oon vOLTS /M FLOW RATE ® 6 0B0F02 NC/AEC
-'H'FEODI vOLTS/INCH ' LB/BEC
WALL MEAT FLUXe a nTs:'Og HATI§/Hen2 TRANS COOLING = KG/8ECaneed
S.T0SE40Y BTU/FT2=8EC ) LA/FT2a3EC
RADIATION LOSS®  99,617a PERCEN" WALL ENTHALPY & JouLEs/mG
- 8TyU/LE
PHESSURE % 2,876F00¢ ATHDS NMERM ] . t
Lie = 0 rzn 5 1,000E=i0
[ s 0, Py » }4000Ew0a
FILE = Q Ex B 1,0502¢00
™ETA B .0 DEG [ 41] 8 1 h00E=0]
SPACE AVERAGE ENTHALPY = 2.26111€%06 JOULES/%G or 9, 727300402 BYUALA
MASS AVERAGE ENTMALPY % 2406432E406 JOULES/KG R 8,08070E¢02 BYL/LA
AVERAGE TVERGY OFRSITY = Qe JOULEB/Masl QR (-9 BTUZINChRSY
TLTAL ENTHALPY AJaVG, = 2.08502E+06 JOULER/KG nR [ ua!vetooz BTU/LB
RADIVS . ENTHALPY VELDCIYY .. MARS FLUX |
HMETERS INCh JOULEB/NG atu/Le us8 rFY/SEC KG/) Maa? LE/FT2a0EC
0. 3,00000E¢07 te29060E¢0a 1.09G32F vQ2 3.590a7E+02 &,7]8SAEC0} 1,375552401
5,29167E=0¢ 2 ua:):¢ooz 3,00000E407 1,2906C0E404 1,09332E42 3, 59nayE+D2 b, T71450E¢08 1,37585¢8901
1:58750E=03 b 20%98E=02 2400000E¢c? 8,00ap0Eeq3 9,S7547E409 !.ll|1olooz 7,B0300Ee0! 1.99806€401
2.b4583F =023 1,04164€=0} 1,00000€8«07 a,30200E¢03 8,207 €001 2,69295F¢02 1.l|c|sz~ol 2,27360E08
3.700)1% a3 1,|§n13r.o‘ S.00000B¢08 2.,151008+03 6,P3995E+09 3420039E«0> 145%0868E+02 3.19210E+018
A.76250Ewg3 187500801 2450300800 1,67950€+0) 5, 4T219E+01 1, 795a3F¢02 2,020718402 A,14562E401
5.082083E=93 2.29104Eep] 1.25000E+0¢ 5.37750E+02 d leaa3Erol l‘\Iettloo’ 2.55006E¢02 5.2217SE+01
6.07917C=03 2+70031Ex01 1.20000E¢00 S,162a0E+02 2.73850L 001 R, 07520k 908 1,751A2F402 3.50732F 481
T.93750€=03 Jel2u9aFa0y 1,15702E¢08 &, 96T30E+N2 2.2821YEe0t T.OBLAGESD] 1,50623F002 3.08aT6F 001
8,99583¢~0) 1.52164ke01 1,1C00%F 08 &,732p0E402 1,82406Een] 5,984 750404 1,20030E402 2.34032E¢01
1,00522€+02 !.Qsas‘F-01 1.05004E %08 84,5173 0F #02 1.52025E¢01 [ DB?!;!.O] 1,072388 402 9%
1411125€02 4,37893E=01 1,00000E0¢ q4,30200E¢02 1,21683E 001 ! J¥I0EeR) &, MOSIAT D)
$.217DAE=82 & T9160E=01 9.50000E40% 8.08b90ke02 1,065%aEe0} !.ntofezoel 8,059052401
1.27000Ew02 4,99996E=01 9,29800€ 405 3.9991a€002 0, 0, '™ N
MeC TEST POINTY 80B
AX1AL STATION & 2 DC THERMalL ARE NITM AXTAL £a$S FLOW DYAMETER B 2.SciE=p2 METFRS
1,000E400 JACWES
AXLAL DIST u ¥,78Qf«08 PETERS CURRENT s 9,000E¢02 ANPS
3.0692=07 INCHES .
VOLTAGE GRAD ® lel:oﬂg vOLTam FlOw datE B 4,0808=02 KG/BEC
71640y VDL T871NCH 1,473E=01 L8/8EC,
WALL MEAT PLUXD ,QT6E+0& WATIS/Nwa2 TRANS CONLING s 0, KG/SECoNaAZ
S, 100!1:1 RTU/FT2=3EC [ 2 LB/FT2a8EC
RADIATION LOBSE  9%,604q PERSENT WALL ENTHALPY ® 9,204E¢05 JOULES/KG
3,999E+02 BTU/LD
PHESSURE 5 2,874E907 ATHOS NWE BN s {3
Lbe LI . ric 8 | 4000E=10
[ 13 a3, a70EeD? (1] 8 1,000E=08
rFlLe . EX 5 1,0506000
™ETA & 0,0 143 EXX 5 L,400E=0}
SPACE AVERAGE ENTHAL®Y 3 2.26114E406 JOULES/KG [LL] 9,72741E402 BYU/LE
HASS AVERAGE ENTHALPY = 2.060832E¢0s JDULES/KE nR 8.80072E902 BTUSLY
AYERAGE ENERGY DENSTIY & §,22494Ee0b JCULES/hen} DR 2.20910E¢62 BTUZINCHe»3
TUTAL ENTHALPY M AVG, & 2.065025+06 JGULES/KG DR $.80372E+02 BTU/ZLR
Radlu ENTHALPY VELDETTY Hag8 FLUX
HETERS INCR JOULES/KG BTUZLB 48 F1/3EC KG/8 mes} La/PT2ebtC
O 0 B 3,0001688¢07 129068E¢0a 1,09a32E¢02 3,5%0a7Ee02 5, T1823F 408 1.37%40E 0!
5,29167Ee04a 2.08134EnD2 3,00018E407 1,29048F 00 1,09432E492 I.SOOITE'OE b,75623E401 1.37548¢€+01
1,587%cE€=n3 $a24992E=02 2.0000bE¢D7 8,00027E¢03 9,57557E¢01 3.18171F¢02 7.80283E+01 1.,59802€00)
2.64583F-03 Le0a1baK=01 1,00000F+07 4,)0202E403 8,20771L¢01 a.oazosrona 1411018E¢02 2,27159C008
3+T041TEwp) l.l!l!l!-e] s.nnoonl'ut 2e15100E003 6y03995€40) 2,200819E+02 1,55008E¢02 3,19218Ee 0}
&,T0250E=p) 1+8750aE=¢1 2.50000E¢0b 1.079S0Ee03 5.47219E001 1.7#5:!!-0; :‘oau:s:ooa &, 10562E¢01
5.82083E~03 2.29168E-01 3+25000F +0¢ 5,3778)E+p2 Q,10843Ev03 1, 308A8E002 :.ssnutzooz S.El!?lEoOl
6,87917Ean) 2.70833£a01 1.20000E+06 Su162a0Ee02 2.73552E¢01 0.97525Fe0y 1,75162E+02 3,58732E 01
7.93750E=03 3.120%ekap] 1,15000E426 €,98730E002 2,20037E+0L T,9B100E40] 1508238002 ! 0BaTHE+O1
8,09583£=p3 :.SIIbAE-01 l.losnetooh &,73220E002 1,82400E001 'y BLLLLILITY 1,20830€¢02 2.54032E¢01
1,00502¢82 9583 1,05000E4006 a,51730E+02 1 520!5:-9[ &, 087930404 1,07218E+02
1e31125E=02 1,00000E408 a4.302p0E¢02 l.!l&ls:ooi 3,99110F00) 3,B3519E401 919 1
1.21748¢€e02 0} 9, 50000805 4,08690F¢02 1,0639aE001 :.00010:001 8,05%0SE+D1 1,65009C001
1:27000Ew02 2,9999afep] 9.29600E 405 3.,9095ake¢02 n. q, [N .

181


http://www.abbottaerospace.com/technical-library

AEDC-TR-765-47

OUTPUT — SAMPLE PROBLEM (Continued)

BNC TEST POINT @B

AXIAL 8TaTION = 3 DC THERMAL ARE WITN AXIAL GAS FLOW DIAMETER L] a;s-o:-nz METERS
1.0008e08 INCHES
AITAL D1sY ® 1,588€=0p METERS CURRENT ® 9,000E¢02 ANPS
6.250F=07 INCHEg .
VULTAGE GRAD = §,ubdE40% VOLTS/o I FLOW RATE ® 6,000Ee02 NG/OEC
3.716E03 YO, TS7INCH $473Ee0) LOs8EC
WALL MEAT FLUX® 6,080E+08 WATTS/Mwa2 TRANS COOLING ®» O XG/0ECoMao}
!.1IGEOO| BTU/Fr2=8£C . 04 L8/FT2s2EC
RIDIATION LDS3n  99,533a PERCENT NALL ENTHALPY » 9,204E+40% JOULER/KG
. 3.9002¢02 BTUALD
PRESBURE u 2,a%6E+07 ATHOS NUERH s 13
ivg s - rio ¥ 1,000€=10
2;L! Rs7,287E007 EPS 8 {,000Eebd
a g X » 140506000
™ETA s 0.0 0EG Exx » 1.600€e03
SPACE AVERAGE ENTHALPY & 24261176006 JOULES/XC [ L] 9.72753€¢02 BTUZLA

MA8S AVERAGE ENTHALPY & 2,00433£+08 JOULES/NG a9 8,808074F«02 BTULZLD
AVERAGE FHERGY DENAITY B 8,220950¢086 JOLLES/Man] QR a.znv:o:ooz BYUZINChws3
TUTAL ENTHALPY N AVE, & 2+06503E406 JOULES/KG R 8.88374E¢02 BTUsLE

RADIUS N ENTHALPY . vELOEDTY .. upss FLUx

METERD INCH JouLES/KG BTU/LE ns8 FY/8EE *O/8 N2 LE/FYResEE
(B o, . 3.00036E¢07 1.2907SE408 1.ovnszzooz .soo-y:oo: 6,7j%9%08e01 1237303401
S, 2914 7E=Du 2,08331FE02 3,00030F207 1,2907SE+0A 3.590070402 6, 71590740} $.37542E+ 00

1.58750€e03 6.28%%La02 2,06013E+97 8,60855L403 vol 3, 181716002 1.R0268F ¢} 1 59790E 401
2.646563Ea03 1.08164Ea01 1.00001E+07 4,30203E403 B.207?1%e01 2,6929SE002 1,11015€¢02 2,273I5AE40)
3,70417E=03 1,4523%E=0) Se0000CE408 24151 00E+0) 6,83995E¢0) 2,2au19k402 1,35860E¢02 3,1921BE001
u,76250E=03 1,8750AER01 2,50008E 006 1,07550E403 5.-12:1:..1 1,7984%E002 2,62823E¢02 4,1a582E001
$,82083E=03 2,29164601 1,25000E+06 S, 377526402 4,30833E¢01 1,33b60E¢02 24550052402 5,22370E901
6,87947E«a) 2.70833E=01 120000E¢06 S.162a0E902 2,73553£001 8,07526E40] 14751628002 3,50732E90)
7,917S0E-23 3,128%0F 0] 1. 15000E+ 08 u,94730E002 22803701 T ARIN0E+0] 14506230 002 3.08576E 501
8,99583Eac] 1,5416a%=01 1210009E+ns 8,73220E%02 1,82a07E+01 5,98876€00] 1428a30E402 ?,50032E 01
1.,00502€=02 3.9583xE=01 1.05000E+0¢ 9.51710Ce02 1.520255001 3Ee01 1,07239E+02 241062 !oo;
12311258 =02 4.374%nFany LoD00DCE*DS a,302¢0Ee02 1.21843E+08 1Ee0g £,88519E401 1.01969E40

1s21T0REwC2 u,7916nE=01 %,50000E+05 0,086%0E¢02 1,0039aE¢01 3,49080E¢01 8, NI l.t!lsoiool

1.27000E=02 8,9999al~01 9,29600€40% 3. 0, 0. os .

AXlay DIaY AVERAGE EMTHALRY HTR « cONE kTR = ICOND HYR » AAD VOLTAGE (144

METER  IACWM  JOULE/XG BTU/LG WATTS/MraZ BTU/FT2=3EC WATTS/Men2 BTY/FTIe8FC WATTS/Mea2 BTU/FT2eSEC  VOLTY _ |

000 2000 2,06uE+06 B.BBIE+D2 2,G75E+03 2,181E=01 4,167E¢02 3.6726=02 6.0512405 5,08aE¢01 001 «289
Rikh 5 | 3TAQTE«SS pleP 5 |, 31ae1£ous RUHT & l.lruvrioos AUG 8 2007819Fe00 RULT 8 2.0YBI0E600 DZ & & 1311sfu0®

AX COMY s 1,31831E¢06 0D CONV = OWM HT »  |,316A3E+08 QWARAD » =5, |:1aa;‘o- OWCOND 3 »2,30729E+02 ERR & »1,08530Ew0]
POYER IN & 1,07062E400 RiLL Lnssss = «8,20009E=00 :uvlc " {,07031Ee00 !Nrnc . B, ERR = »1,317026E=bd
SMMIC = 3,0L1156400 SMMPC ® G, 0F0Z ® 3,95329E401 WSHR m «7,13832Es02 TWANA a oS, ana)n:-nl ERR & 2)36700Ee13
AMCY = 3,2008)E=0T RMCY 3 D, WFRC & al,003udEeD® FOROP = 3,21864Ee0Y fRR = 0.
TERN & 3,00000E400 K8 . &,89000E«05 METERS ORBI & 1,94477E«40 MATTS/Merd 0RB2m  4J0510aEe05 MATTS/Naed

TEMPERATRE L1y %2 BEE PHI _Strma DENSTTY VISCOSITY
KELVIN 171 1/¢¢ WATTa /Man2 WATTS/N 1/0HMaR KG/ree} N QEC/nMeng

8, T1509E 403 2.06823%402 5.89330E=02 3.27078E408 8.23B42E¢03 ,?!nzlzona 8,1370aE=01 ?.22306E=00
8,71509E410) 2.06823E402 5.89330E~02 3.2707BE+02 8,23082E¢03 7 23R20E+03 a.livolz-ol Ro22)bbEwda
7.68045E¢03 8.92127E402 4,32932Fe02 1.97256E408 5,00162E¢03 2,98082E402 8,10B41E=01 1.90262E+04

Sen9030Eenl3 $.0782¢£403 1.66605E~02 5,151 00E207 1.55775€¢403 2‘52016!001 1 435257F+00 1.30625F 00
3,76338E«03 +03 !.!IT.QE-A! 1,08430E407 S.0738AE40R 1,008a5¢=)1 2.27!19!000 1,02152E=00
2,15303E003 1,6097xE403 1, 73776E008 1.72005E¢02 0 3, 8901 2E¢0Q T,82005E0%
1280169E403 1.9093aE¢0} 2.10821E005 #,00150Eeny 2,08280Ee08 6,21439E000 S, 14773E =08
1.36032E¢03 1.9197a£203 ) 1.%4167€008 S.62B0eken1 2 1nn|or-ot 6,00320E4 06 5,06002E~83
1:31870E«03 1,92974E+03 2+5422QE04 1,71821C405 S,26420E001 3 IVOQIF-D. 6, 00820E200 Q,93047C«0%
1.27685E40) 1.9393xE003 247722608 1.50076£405 4,90797E¢01 l.BRTIIE-OQ 6. 82155€+00 A ,03978E=0Y
1e23478E403 1.908%¢£403 2,3919BE=pu 1:31269E405 4,56093E401 4,022240=08 7.05402F 000 a T?!lll-ﬂ!
Let9284ke03 1295730€e03 2+30580E=04 1410013E405 A,2220UE+D: a,000ARE~CS 1|!nlJZFoon by 2 %

1.19984E¢03 1,96504E03 2,21782E=04 9,71052E¢04 3,89391E401 3,70202E08 7, 5T4T1E400 =08
1¢13285E¢03 l.'bBQnEODD 2.18120€=00 9.32318E¢04 3.763095E¢0] 3.8%2a0E=08 T.09133F000 I!l-e!
mIkL blvaR 21vOC bIvecT RADCON _AXEnN, OWNIE MTG SHOV, .

METERS WATTS/umal HATTS/Meed WATTB/Nen} NATTS/Use} waTT8/uen3 MATTS/Nse) KG/8 Need

%,52500€=00 «4,T8723E409 O, ¢ LB [N 19092013 ¢,

9,5256nE=na 0 =S, 77899E¢00  «2,h8216E411 [N 1,521058¢1) 1.50921€013  b,18433Ew01

9452500f =Nl  «2,55t216406 »2.)7301E¢09  a),5)1]QuEe1L 0a 6,28423E+12 5,39021E012 8,07461E«01

9.52%00E=0d =S, 3uh03F 408 1.33427E+09  «2,12knBE¢10 Dy S PO009ES1Y s.lo:l!Foli 1,87908E400

9.S2900Eend =1, 5T303Ee07 . A,bI6IDECDE  «2,17773E409 0, 2,13985E900 3870682409 &, 199020400

$,52500E=04 7.9n280k08 1.550a6E¢03 2,37443E409 [ 2, ‘537278400 o, . 9.50001E400

9.52500E=04 E,13837E08 €,72606E407.  T,00174Ee10 0, 7101080E410 Q,01513E404 1.45%05€00}

%.525nck=pd 2120835406  =403§1aTF40% 2252998408 0 ?.25575E+00 S, 971 RE vl

8.52504E~04 1.20267E406  #3,56137€+05  »1,76208E¢08 [ =1 75282¢+08 7.23380E400

8,52500F=04& 7.33370€405  =2,85381E405 3.00780E 428 [N 3, (012778400 A,Aaalozonn

9,5250.E=04 4 75S1EeLS  ~2.42E75E405 2,b1994E+07 <, 2 451R5E007 A bLOARTF4DA

8, 51E12E=0u 3.23207C¢35  =1.92401E+05 ho20131E408 S 6,2038AE¢0A 8,57a2TE+04 3258088E01

4,5C372E~04 1433554E406 1,60807E%05 9.76907E¢0? 04 ,9!051!001 7.!3!50!00: =0,0826

SeUTRTRE=00 LaTbl0aE40d 0, O (8 0. 7.87308E408 0.
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OUTPUT — SAMPLE PROBLEM (Continued)

HNC TEAT pOINT 808

ARTAL BTATION » &b} OC YMERMAL ARZ WITNM AX)AL GAS FLOW DIavEYER s ?,5q0E=h? PETERS
1,000E+00 INCWES
AXLAL DI8Y " : 751:-0- MEYERS CURRFNT ® B,000E¢02 arPy
0B9LY0Y TNCKWEY .
VULTAGE GRAD = 1.!!1:003 vOLTa M PLDW RATE & b,600E=82 KG/AEL
«015E903 VOLTS/INCH 1,873E=2] LB/OEC
WALL WEAT FLUXE z 1l|!001 SATTE N2 TRANS COOLING & O, KGC/SEConneaR
2,389C04 nvu/rra-lzc 04 LO/FT2=8EC
RADIATION LOSSE  ©3,7414 PERCENT WALL ENTMALPY & §,206£¢05 JOULES/XS
. 1, 990€402 BTU/LS
PEERBURE ® 2,MTE207 ATHDS AMESH s 13
Loc s 1 . F20 ® 1,000E=10
o s 7,80872=0s [ 1.1} ® 1,000E=02
FILE . €x » §0SCEe0q
T™ETA a 0,0 JEC Exx ° a 1,80CEe0t
SPACE AVFRAGE ENYHALPY B 1,80616E¢07 JOULES/XG ar s 22136E40) BTULR
WABS JVERAGE ENTMALPY B 1,330T1E¢07 JOULES/KG neR 4,9C734E¢03 ATU/LR
AVERAGE ENERGY DENSITY m 1e8{30aE+0T JOULFS/mael pR 3¢T083CE402 BTU/INCHas]
TUTAL ENTMALPY M.AVG, = 1.38121E+07 JOULES/ZRG -] A,909E7E403 BTU/LE
RaDIUIS . ENTNALPY VELOCIYY . MA3S FLux
METERY INCH JCULEB/KE BTu/La L7 ] FYsaec RG/8 Mend LB/FT2e0EE
[ O . 6,46336E407 2.78054¢04 1.57782E¢02 S i76RaF¢03 a,a3036F 001 9,06T33ITE+00
5,2%916TEeca 2,08331Fa02 6,863306¢07 2.T0054E 008 1,5TT82F w02 S, |Vblllooa 4,030%6Ee0) 9,07137E+00

14587508 =p) 642099¢E=02 S, 75709007 2o3THTHC+ 0L 1q51888E% D2 4,972 Fe02 Ta523F 0} 9,80815E400
2.04503En0) 1,0816aF=0) 4, 51101E407 1.9U080E4GE 1.,43778E¢02 ﬂ‘1|7!1Ec02 < DE3AGEO] 1,237 78E+014
3,7041TEwN] 1.45831E01 31.38R27E+07 3.05783E002 1.!55!0:.02 a8,847018002 To51277F <01 1.53081E+01
8,76250€=23 I.l?!og(-Ol 2.56320E+07 1.10271E+04 1427451E¢02 8,10067E202 8 7a3%2 1,790863E¢0)
5.820R3E=p3 2.29)84E=0y 1957006k ¢07 A,a2)nskeg) La19856E ¢ 02 3,9250%F 0> ] !snnn .0y 22181PEe81
8.87917Fep} 2.70833C=n] 1.50080EeQT (LI 1T} } 10122536082 3, 65Y00F 402 T ouannEonz 2.74B70E ¢Dy
7,93750E-03 3,124%E=01 1.17295EeC? 5,04597€403 1, 053SSEe02 ! aSHeoE+03 122u068F 002 2.54091E001
8,99583Een3 !.Snlha?-pl 9,33877E¢us A,01754E00) 9. 9n6%4Ewn1 3 ?sn-!rnog 1,81871F+02 2.90552E401
1,005428w02 l.‘!l!gl-bl 7.6800uE208 3.303058+0) 9,339478+ 01 !.otnan:.ea ;.ﬁvuaoroaz 31.235061E401
1e11125€002 4.370% €01 6.52318E+08 2.80627€003 8,779278401 2 M006AF e S obT266E 482 1.42%60E401
1.,21708E-02 a,79164E<01 S.38835E+08 2,100n0E+03 7.T778AE+ 01 2,55192E+02 1,08858¢ 002 3,05828E¢01

1.27000C002 I..O'QQ L} 9.20800E¢05 3,9991dE¢02 0, [ N [ 0.
AXTalL 318t AVERAGE EATHALSY kTR = COND HTF = TCNMD FTR = AAR VDL TaGE €FF
BETER INCH  JOULE/XG BTU/LY  WaTTS/V¥eed RTU/FTIeSEC #aATYS/Mead BTU/FT2=8FC -azrs;-.-z 8TY/F12-3€C yoLTY N
o277 10,893 1.1a1E407 a,907F+0Y 9,SA0Ee05 8,802F 01 6,92SE¢05 o,101E¢0) 2.502E¢0T 2,200E¢0} 1309,257 «530

Ry = 1.0!005!005 SUKP 3 7,60983E405 RUMI ® §,3TBRTEiDS AU s ) S56132F400 RLUT m  2,07A19Ee00 DT m 4. 213322803

CoNv & 1,11A83Fe06 B3 CONY & 3, 1752BE+0% OWF WY 8 3, 590uTEe06 QWRAD 5 =7, 0200aF4Db AWENNG 5 of,30U8SE«05 FBR & =4, 30280E~06
POYER IH - 1,17833F 4ne KALL LOSSES = =6, 176676905 INTIC @ 6,91986L «0S INTRC = «2,87264Ee0)

SPMIC & | ,018L0Ee0L BuMAL ®  &§,12007E~0) DFDZ & 1,42038E¢DL wSHR B »5.20031F=0 2530400 ERR & 5 T0530€e13
ANCY B S, 1TASSEe00 RPZV B =B,08931E=01 WPRC B od,6buisEm01 FORDP & 3,83508Fe00 ERA & B.S2451E=15

TPAw & 3,00000£¢00 K8 w 8,89008E-05 METERS GRBY & 1 ,64353Ee30 WATTS/Nee2 QRBZ B 2.54212F¢07 WATISZMaeQ
TEMPERATURE Ky K2 BEE Pl Sigua DINSITY vrecnsrty
KELVIN 176N 1Y {14 NATTS/Man2 nATTS/N 1/0Nnan KC/Men} N SEC/men2

1,02216E+04 1,25020E402 2,230306=01 2,31220F 409 2.2a09{Ee00 Q VIRLQE +aY 2, N07A9FeD} 1,152A3Eena
1,02216E004 |.zsoznsnna 2,23032€e0] 2.31288E409 z.aunnnsonn 9, 37AUGF ¢y 2,857R9F =01 1.15283E=00
1,31439E+04& l!’lv!oci 148C101F=D] 1,69902€¢0¢ Q95nEenn 71318760 3,15870F =01 Y 10619E=08
1.00103Le0a ? 07641802 S.12883F=02 7.20878EeL8 l. 220%E e pa 2,91b61HF00% 4,20389F =01 2,77807¢E=08
9,096 75E¢03 a.|1lnvr-az b,49355E=02 € S,ab13aEen3 1,00977F+0) 5,59291F=01 2,380k

q,9

8,29193E403 PO3Le02  5.22394Ee02 6,B516UE+03  5.02675Ee07 a.aia|nr-on 2,00509Ea04
Tob247%E00} 9,039a3E402 a,20247E=02 1.91605E0nB &,85537C 03 2,N5820€+02 8,2319%8F04 1.02700Ea04
0.92923E 003 9,9583ake02 3,35841E=02 1.306AdE+0B 3.30227E¢03 1.52!115053 9,785a3F=01 1.70913E«04
6.10528€en} 1,08082F003 2.330089€~02 7.87000Ee0? 2.12391E+03 b, 14508E¢0] 1177425000 1,52936F =04
S5.23884E403 1,09a587E403 1,00891E.02 4,263458007 1537736 e0} L, 8E9A0F e D1 1,832058+0) 1,3a202E=04

Aep3147€003 1e1P174E40) 8,TueIRE=03 2.80832E407 1.00213Een3 4, 27937E¢00 I.b'lﬁ?!ono 1.21782k=04
8,285%2AE+03 1+2554nEe03 $.01020E=03 1.808120E¢07 T.TR211Ev02 1,39057€«0n 1,90520€E+n0 1.13897E00
3,8 01TE0} 1,31 723E03 3,034a%90¢03 1.,22785€+07 §,66248€002 3,2037PE=01 2,171028400 1,052256~00
$913285Ee0) |.Oblz;!-¢! 2.17998E=p4 9.32316E¢04 3.76)a|Een) 3. 29082E=0p T.6020TEw0 £,00923Ew0%

(1118 0lvaR -24-14 plvnly RADCON AXCEN OHMIC MIG L
HETERS NATTS/mes) NATTS/Man]d [YSf VLITS Y WATTS/Mnw} NATTS/Mee) WATYY#Mee) KG/S Weed
9,32500Ew0a  w1,22000K0)) 0. N €. [ .8 1.408871 11 0, -
9,52500€0pd  =1,097aAEe)] =5,J0119E¢0% @3,4702)Ee80 1.5258AF=n5 =7,0SAT0F+0A 1 =3,12821E=02
9.52500E~nu =5,5588ate1¢ =2.8374aE000 =4, 7C0A4Ee)O 2.95504E¢08  wu,93906E¢0R 14171482518 =T, A0T38E-02
9,52550E«04a =2,07824E410 0,2950QE+07  =2,&7205Ee}0 9,65217F 08 2,1R139F+DR L OSO9BELD ®1,17%4F=0]

9,525¢NE=00  «8,42) YoE40Q 2.212797908  «5,80152F¢0% 1,31390E+99 8, 27TV e0N 1,81350F¢1C  =1,03516Ee01
9,82500F=na .5,o|1n,r.pn 9.,973a7€¢07  ~g,%00p0E008 13308aF 000 1.32502E400 8,03205F409  «2,13923fe01
9.32307E=n0  =2,80984K¢00 1.0817¢Fe0” 1.115578e00 1.252S2Een0 1,72301Fe0n 0,58111Fe0Q =), 0PARpEa0DY
9.52500E=08 =i, 53116400 1,47187E 08 2,026311409 1,11950Fen® 2,7 V452E09 2,634P5F 400 =3,02303E=0!
9.52502Ew0n  wo, 52uBAEe%E 2,73260E 408 2,525 302409 8.2315% 0 2,295:7Le00 A,A2082F408  =2,092TuEeD|
9,5250GEm0a =i, A321nEeNp 2.718auFe08 2,79387E400 5,75940€408 2,.58121E¢09 2. 5AR15F 408  =2,05R52E01
9.52900k=08 =a,01770ET 1,00229E408 2,98151E409 3,22619E 008 2,78715E+09 6.83036F¢07  «1,9169¢CEe0}
6,82225Ex08  =8,78183500b =7.7003LF %00 3,072u4Ee 09 4, TL2TSE*Qd 2,90300£409 2427240E«0T  »1,85375Es8)
4,580 1 Eedd 4, FAS69E.0T o 9034bE 0B 3,81501Ee 00 Q,8u021E 07 2, 71802E400 S,119S8Ee0d «3 70894k 02
1.09103Ea05 3.200%3€40b [ [ [ o, 5.59106L¢01 0.
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OUTPUT — SAMPLE PROBLEM (Concluded)

NNC TEST POINT 208

AFlAy ATATION w3ad) DC TWERMAL ARC WITH AXJAL GAS FLOW DIAMETER = 2,300Ee02 VETFRE
1,000E400 INCHES
AXlsL DIST = l.705£00n ®FYERS CURRENT » 9,000E¢02 AMPY
#,712F¢0} INCHES
VOLTAGE GRiD = 3 SeBEedY VOLTS/M FLOW RaTE & 6,080F=02 KG/IEC
9,003E¢05 VDLTS7INCH WA73Ee03 LA/IEC
WALL WEAT FLuxm 3.5!05001 WATTS/Mea? TRANS COOLING ®» o, KG/BECeMral
3,387E401 ATU/FT2eSEL . . 18 LB/FT2e8EC
RADIATION LCOSa  08,Tuba PERCENT WALL ENTHALPY o 9,294E¢05 JOULES/G
- 3,999E402 BYU/LD
P¥ESSURE B 2,431B407 ATHOS NMESH = {3
Lo [ . r20 8 1,000Ex10
[ =a}, 82780k EP3 n 1, 000E«04 .
FILE = ex w {,050E+00
TRETA = 0.0 [ 144 £xx 2 1,600E=01
SPACE AVERAGE ENTMALPY = 2.3062TE+0? JOULES/XG nk 9,92159E+03 BTU/LE
RASS AVERAGE ENTWaLPY 3 2:352C0E+0? JOULES/KG L] 9,008064E¢03 BTU/LR
AVERAGE ENERGY DENSIYY = 1,648B2E+D7 JOULES/Mex3 DR A,L2850E¢02 BTUZINCHeeS
IDTAL ENTHALPY MJayG, = 24,30452€+07 JOULES/KG oR 9,91405E+03 BTU/LE
RADIVS . ENTHALPY VELOCITY HA8S FLUX
METERS INCH JOULES/KG BTu/LB nss FT/SEC XG/S Hasd LB/FT2e8EC

0 0. SJ06121E+07 2.47113E 404 2.57%PE002 B4 BAY30E 0 Q,20075F 01 1.,BOY42ES01
Se29167Ee0u 2,06331€-02 S.012)E+07 2.37733E 404 2.57382E+02 B8, 88739E4¢7 q 26515!001 1,89742E+01
1.50750E0) o.znOOnl-o: 4,37652Ev07 1488278E 00 2.5160uE+02 8,25513Ee02 1 \07e38Fe02 2,25057E902
2,60583¢a03 1,0016a 3,79%04E«07 1,63a52E4040 2,43952€+02 A NOGOSED2 1,20665E¢02 2,07122E+01
327043 7Ew0) |.u§l)1€-o1 3435209E207 1.88213L 204 2.35093Fen2 7, 713UAE4D) 142081 7€e02 2.65455E40%
U, 76250F=} 1,87500601 3,00231F¢07 1,2915% e08 2.25331Een2 7 !v!iltha 1. 35785802 2,7B3817E+01
S.82081E-23 2291645 =01 2.7179sE407 1.16927E400 2.128%2Fen2 7 PABAKSE+D2 1,39386E+02 2.AS46LEY)
6,87917E-03 2,7083110] 2,08120E+07 L,08781E+08 2.03699F+02 6.hB33BES02 1,40933E002 2.8R631F401
7.83750E=03 3, l!ﬂOnz-tl 2,28098¢+02 Q,0127AE+0) 1,%200dE+02 &,29986E902 1007228402 288194801
8,99503E-03 3.581648e2; 2410084Ee 0T S.07385E¢03 L 79005E 422 S A9930E 402 143001LE002 2.80487E+01
1,00502E=p2 !-’5!!1!-01 1.98162E997 8,4308AE+0) 1.07182E402 S$.00391€072 1.35532F¢02 2.77570E401
lej1125€=p2 A,3749qFe0] 1.82299E0Q7 ?7.8251E03 145303nEs02 $,02092£402 1,30270E¢02 2.656792E001
1,21708E=02 4,79104E=01 1,%9300E«07 6,853306E+03 1.25043E002 8,12230E402 1,16753E002 2,39411E+01
1.27002Ea02 4,99%9qF ¢ 9.29600805 3,994 uEv02 0. 0, N 0.

AXTlal ©I8Y AVERAGE ENTHALEY HTR = COND HTR =.TCOND HTR = RAD VOL TAGE (144
FETER  INCW  JOULE/XG BYU/LB  WNATTS/Maad BTYU/FT2e8EC WATTS/Mes2 BTU/FT2e3EC WATTS/Nen2 TU/FT2-3EC VRLTS
Le765 87.123 2.303€407 0,G0TEe03 4,732E404 S,9320¢02 S ZO1E406 4,b8NFe02 2 bb3Fes? 2,320E403 452,17 G2a8

RUM = § S3AP7E¢06 oiMP m  1,57810E«0c RUNI & {,37897E¢0S RUU = 1 217SQEe0i RUUT ® 2,07819E600 DI & 1. 19134g=03,

AX COVY ®  1,17432E4C5 o0 CONV @ 2,88718E404 DHM NT & 3,21107E+06 9WR4D » =2,J0858E406 GWCOND © =5.5AGS0E+05 ERR B w204 74Ew0S
PCAER IN & §,A159SE.Qb ~ALL LOSSES = =q,ub206E+0s INTIC 8 1,31238E406 INTRC & q,62051E40d ERR E =3,33078800)
SW4ZE & B.70ZLuE0s SUMRC s04289E w0l DFDZ & 1,20670E+01 WSHR ® =8,dP92%€=01 TVSHP = =1,05893E+01 ERR & 5,11593Eei3
AHCV u  1,030T6C+31 RMIV 3 »3.37276E=0l WPRC » =1,334)7E¢0! FDROP = 2,33140E401 EAR » =8,00322E-12

TPRW »  3,00000E+0C K8 3 8,8900CE=dS METERS ORABY &  2,54377C«30 WATTO/MNeed DROZ 5 2,84250E+0T7 WATTS/Haad
TEMPERATURE < X2 BEE PHI _8I6MA DENSITY vISCOSTTY
KELVIN 1/r% 1/CM HATTS/Man? waTTIS /M 1 70mMan KG/Fanld N BfC/Hen2

1.17680f¢08 1,60765Fe02 6,053arE=02 1,0871TEe00 1.,S6042E40q a.AITP8F 0 3.60037Fe01 2,99178E«08
1e17680E004 |.su7o- 02 62053a0E«02 1,0871TE4 09 1456042E 908 a,81725€401 :.tuotvs-ol 2,99170E08
1,03061E402 2.10580E 02 Selo571E~02 ©,50560E408 1.27099E+04 !.!l!!!!oﬂ! a,28908E«01 2.,71007F=008
9,53031Evd) 2. 17283Ee02 4. T0260802 4,8921 30408 1.0793SE+ 04 1, &5867E+DY 4,936200=01 2,893 10E=0a
9,05322E403 2.1780cFeg2 6.34933F=02 3,80799E408 9,381 TRE+03 0,10!15:00: 1303E=01 2.31555E«00
8.707000403 2.62024E402 $.7933CE=02 3.259%a€+00 8,23605€+03 T.23¢52E+02 2601801 2.22272E-00
8,03557E¢0) 3970528002 S.37202Ew02 2.0T0)2E0k 7.33817E403 5,72770F 902 $825FaD 2.t320En04
Se20319E003 S.LT8T €002 5.03017E=52 2:50094E+08 b,58371€00) A,685R1E+02 8,91872E=D] 2. lil!l!-ﬂl
7.998236403 6oB6aBAES02 G472270EwC2 2.31636€08 $.93400E4¢3 3.93163E¢02 7432008F=01 99533

7 2 04,80105E=p2 2.10073E408 5.36561E403 3,30280E+02 v 1:!59!-01
A,19199Ea02 1,91518E+08 Q,80997E*0} 2 ﬂil!lttna l,lol!l!-ll ]
3.9S0TEE=02 1.T3M% H IN039E+0) ‘gltlniouz 8,51266E=01 l.ll!ll!-ll
Te ] 3.50635E=02 14325582408 3460022E¢0) 1,76787E+02 9,29204E=01 1. 74571En04
1:432a5Ee03 1.965anC¢03 20175126=04 9,32308E¢04 3.78131E¢01 3.5235AEw0b 7. Jsso2ee00 4,00922E08

ny p1vaR BIvac olvger RADCON AXCRN PHHIC WTR ANQY
NETERS NATT8/une} WATTS/Man) WATTS/%ea) NATTS/Man} NATTS 7hnn} HATT3/Heed KG/3 Mas2
9,52500La08  ®1,01737E¢10 [ [ [H 'R 8,13303F410

. . . 04 .
S.S2500Ew0t w1 ,96237L410 «5,1765)F¢09 &, 19837F410 7,62939E=08 -l:lbva|!oel 5413383010 22,027500=02
9,525000and  #5,3599:E410 wb,05022E408 =3,89626€410 §oUb3IRES08 =0, Y2aT0E+D8 Sc2¥ablbetn o) A0540Ee0?
9,5250nE=08 @l 0090,E010 «1.15010E¢08 =7,7188RE09 1.0827TE¢08 <2 QATASFI0N 14852007410 *8 30SSNE=02
9,52500€=00  «8,86331E409 =R, 69757407  =3,52602E+09 1.632200908  w=113c207E408 1,znnasro|n »0,a5319E002
9,52500E=nu -o.v-zn::-no =18 3u4F¢#0? =2,02187Eed9 1.3b6321E+00 1 nblﬂann! 9, 2131CEe29  wii, | 5005E«02

¥4 52%00E=0u Se0354nEe09 =S89250E 04 29569E 09 9.50269E w07 2,5200&!00! ‘il!leEOOQ w3, 767806002
9,525006=00 -a,7025 9 ®2,T88pTF¢ 3377E¢08 7.0a035€+07 3, 30SPAE408 96E+ 09 o3, 1 8A96E=02
9,52500£208 «3,98062E409 3.38432 ses3IEenh 4.97030Ee07 3,775108+00 s 005528409 «2,.51M27E«02
9.52%500E=04 *3.399a 2 S5.38877E+0¢ +&3582E408 3.,29090E 487 l.l?!?l!onl .!!!iﬂ!ODC ], 00274E02
.525000e0d =2,915% 9 «=2,811d3E¢0T7 eJ,0b2p2Ee08 1. 90a93Eea? 3750176000 3 6UDA0E209 #1509 TLERDR

8,82227E=0a8 =2,245 9 e}, 2731T7Eeud @) ,04206E408 1,00097€¢07, 3,45201E¢00 3,103256009  4,85023En%
Q,58828Ewpa -l.iDISQ 08 =5,98505E¢09 8,05453E009 2.93'095000 !;i'ilslodl 24 250!1!'00 1.73231Ee03
1,70583Ea05 =g, IbllIIOGT 0. 0, 0. 0, .Ilin!!ool ¢,
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OUTPUT - SAMPLE PROBLEM 1

Sample Problem 1 P = 150 atm I = 1500 amps Dfa. = 1.75 inch

AXTAL STATION =
AXIA| DIST L]
VOLTAGE GRAD =
WALL HEAT FrLUXm
RADIATION LOSS3a
PRESSURE
LocC

ne

KINC
THETA

SPACE AVERAGE FNTY
MASYS AVERAGE ENTH
AVERAGE ENERGY DE
TOVAL ENTHALPY M,

RADIYS
METERS

00000

196302%03
11389102
12315102
132011~02
101672=02
150932«02
«60193~02
69453002
«78718=02
+87973=02
9723002
«10649=01
«11576=01
+12502+01
11302809
+10358=01
1 15280-01
o 16206-01
«17132=01
« 1805801
210986=01
«19910=01
«20834<08
W 21762-01
2222501

DC THERMAL ARC WITH AXIAL GAS FLOW

0,000 METERS
0,000 INCHES
1,506908 VOLTS/N
4,023402 VOLTS/INCH
S.376407 WATTS/Hean)
4,737+03 RTU/FT2=SEC
99,9909 PERCENT

1,500402 ATHDS

9,000
30
0 DEG
HALPY & 30312007 JOULES/XG
ALPY = 030499407 JOULES/XG
NSITY & +00000 JOULES/Ma
Ave, = +18505407 JOULES/KG
ENTHAL
INCH JOULES/KG
«00000 +30000408
0182290} «30000408
295064701 +30000408
«91106a01 30000408
«J2700400 «30000¢08
16206400 «30000+08
22005200 «26100408
23678400 «22250408
«27383400 «11590¢08
«30990¢00 293000406
+34635400 293000206
«3R241 400 +93000406
«91927400 +93000+08
285573400 «23000408
«89219400 «930004¢00
«S2RKE400 «93000406
«36S510400 «93000406
060156400 «93000+406
003802400 +93000¢006
«67338400 93000906
«T1093400 « 93000406
278739400 293000406
« 78385400 293000906
«82n31400 «93000406
85677400 293000006
+87500400 92960408

OR
Or
*3 OR
OR

PY
BYU/LB

+1290640S
012906405
012906405
012906405
212906+05
+12906405
e11228+05
295719404
+ 89660404
+830009403
+80009+403
230009¢03
+80009+03
«80009403
280009403
080009403
.8000940%
+80009+03
+80009403
«300094+0)
«20009+03
« 80009403
220009403
«30009403
«30009403
39991403

«14761404 ATUZLE
+ 79588403 BTU/LB

DIAMETER
CURRENT
FLOW RATE

TRANS COOLING
WALL ENTHALPY

NMESN
FZ0
EPS
EX
EXX

«00000 BYU/INCHa#3

o 79607403 ATU/ZLE

YrLOCITY

"sg

111273003
«1127340%
«10812¢03
« 98638402
«J0RT1402
«RAaSa2402
W 75726002
070452402
262203402
56168402
89222402
«822748402
34617402
28181402
«25Ta7402
225885402
«19783402
«18788402
W 17222402
o 15656002
« 14090402
«12525402
11742402
230960402
50631401
200000

FT/3EC

«3698600%
« 36986403
«30183403
232363403
29815403
27738403
120836403
«23115+0%
«2080940%
«18493+0Y
«16150+03
13870403
«1135A403
92461402
«88975¢02
« 77051402
«64776+02
61682402
«56505+02
«51388402
286231402
»81095402
38527402
235959402
« 17920402
200000

®  4,045<02 METERS
1,750400 INCMES
5 1,500403 AMPY
& 1,362¢00 KG/SEC
3,003400 LB/SEC
s 0,000 KG/9ECoMan2
0,000 . LB/FT2eSEC
8 9,296405 JOULES/KG
3,999402 BTU/LB
. 2
= 1,000008
e 8,000w03
B §,100000
® 1,60001
MASS FLUX
KG/S Man2 LR/FT2«8EC
38891003 « 79648402
«38691403 o 79648402
35922¢03 «73568402
«34029+03 269692+02
«31350403 68208402
229167403 +59733402
28902403 «59376402
430238403 $61927402
433005403 88075402
«26256400 «5377240%
422929404 «38958+03
19692408 «00329+08
(16126¢08 433025403
213127400 «268A5403
«11993¢04 228562403
«10940+04 222800403
191966403 1 18835¢03
«B7516403 017923403
0223403 «$16430¢03
«7293040% «18936403
65636403 +13002+03
458338403 «11939+03
453699403 +31202403 -
451052403 «10856403
«25008403 «52118402
«00000 200000

Lv°SL-H1-2d3av
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) Sample Problem 1

AXTAL STATION »
AXTAL OI8Y L]
VOLTAGE GRAD =

OUTPUT - SAMPLE PROBLEM 1 (Continued)

P =150 atm I = 1500 amps Dfia. = 1.75 inch

1.8
5.6
1.5
a,0

DC THERMAL ARC WITH AXIAL GAS FiLOw

33=05 METERS
42=08 INCHES
90408 VOLTS/M
39402 VOLTS/INCH

WALL HEAT FLUXS S, 357007 WATTS/Mes
8,720408 RTU/FT2~8EC

RADIATION LOSS® 99,9999 PERCENT

PRESSURE = 1,500002 ATHUS

Loc » 1

ne a1 el 00103

% INC s 30

THETA s L0 DEG

SPACE AVERAGE ENTHALPY @ +38288407 JOULES/KG OR

“AS3 AVERAGE ENTHALPY w +38518¢07 JUULES/KG or

AVERAGE ENERGY DENSITY = 189159408 JOULES/Ms=3 OR

TOTAL ENTHALPY M AVG, = +185243407 JOULES/KG oRr

RADIUS ENTHALPY
MFTERS T JOULES/KG BYU/LB

+00000 «00000 «30005+08 212908405
296302403 +1R229R01 +30005408 « 12908405
«13891=02 v50n87=01 +30006408 «12909+0S
«23151=02 «Tl186e0] .300006408 912909405
32811 =02 12760400 +30007¢08 12909405
201672=02 16406000 229971408 +12890405
50932202 «20052+00 126112008 +11233005
e60193=02 +23698¢00 22150408 95291404
259353202 227304400 11388408 38993 4+0q
«7AT18=02 230970400 76991408 817206903
«8797a=02 30838000 293000406 «30009+0%3
297238402 +«30281¢00 93000408 «80009¢03
«10649=01 .01927400 930004008 280009403
+11576=01 +35573+00 293000006 +800094+03
212502=01 «39219+00 «93000008 o80009¢03
«§3828=01 «528634+00 93000406 +80009+03%
+14354=01 «56510400 «93000408 «80009+03%
+15280=01 60156400 «93000406 «80009+03
a156206=01 «63R02400 193000406 «30009+03
1713208 26T868+00 93000408 «80009¢03
1805801 « 71093900 «23000406 000009+¢03
+ 1898001 +74730¢00 93000406 200009403
+19910=01 » 78385400 +93000¢006 ¢80009+03
22083609 +82031+00 93000406 ¢80009+¢03
021762«04 285877400 293000406 +80009+03
2 2222%=01 +87500400 92960400 +39991403

»14734404 BATU/LB
79664403 ATU/LB

DIAMETER
CURRENT
FLOW RATE

TRANS COOLING = 0,000

WALL ENTHALPY

NMESH
F20
EPS
EX
EXX

«13203408 BTUZINCHARS

279690403 BTU/LE
VELOCITY
M/8

«11270403
011270403
+10817¢03%
s 98661402
+ 90926402
«Ra565402
« 75805402
270454402
« 82173402
256338002
1219226402
s 022608402
« 30046002
+ 28253402
225761402
«23079402
« 19792402
218802402
217282402
« 15678002
+18117002
212560402
«11773002
030985402
55373008
«00000

FT/3EC

«36978+03
236978403
234179403
«32371403
«29833+03
«27706403
220872403
231156403
+20399¢03
«18085+03
« 16151403
» 13867403
211367403
292698402
84522402
77035402
«H3939+02
261689402
.55570902
51040402
«A6317¢02°
« 11208402
238627402
436023402
218168402
+00000

& 0.385-02 METERS
1750000 INCHES
E {.,500403 AMPS
& 1,362400 KG/SEC
3,003400 LA/SEC |
KG/SECoMan2
0,000 LB/FT28EC
8 9,29640% JOULEI/KG
3.999¢02 BTU/LE
s 25
8 §,000-08
s 8,000+03
s 1,300¢00
s $,600001
MASY FLUY
KG/S MaeQ LR/FT2+SEC
138877403 179619402
38877403 o 79619002
«35933403 « 73591402
34032403 069697002
131563403 00232402
429196003 59793402
29013403 5931 R402
303364038 W62127402
213502403 289380402
425477404 052177203
«22930+00 186961403
«§9687:08 «00320¢0%
16139400 33052403
J3161+08 126953403
412000404 20576403
10937¢00 +22399+03
72197403 «18882403
87582403 « 17937003
80316403 «16839403
173032403 «34957+08
«65758403 «13367¢03
«5R505403 «11982¢03
150840403 31231403
«S51172403 .10880+03
425793403 32826002
200000 «00000

LP-9L-d4L1-0Q3Y
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TENPERATURE

KELVIN

W 97061908
« 97061408
197081408
770062¢040
97062408
97022404
« 92588408
287535008
58223408
«11670¢+08
11329408
«113294040
«11329400
+11329¢08
«13329404
11329404
« 11329404
011329408
W11329404
a11329404
« 11329404
211329004
113290086
W11329904
«1132908
211326404

K1
t/CN

122249404
+22209+08
22239400
22209404
022209404
+222454¢04
«21501¢08
«21R39+00
«26450¢04
60000+00
60000408
«60000+08
«60000+00
80000408
50nvoena
«60000+08
«6N000¢00
«00000404
«60000404
+60900+04
260000404
«60000+00
«60000+08
+60000+04
+60000+08
«60000+08

K2
1/CH

«52351400
252351¢00
32352+00
52352400
2352353+00
292289400
485902400
280125400
213990400
116335=02
215664«02
«15660a02
c1566U=02
+15668=02
«15668=02
1500802
1566802
« 1566802
156060802
«1506de02
+15664<02
«]1506a=02
.1566!-01
+156648=02
+15668=02

9 15687=02

OUTPUT - SAMPLE PROBLEM 1 (Continued)

REE
WATYS/Mre2

«50310409
«50310409
50512909
50312409
v50513¢09
250230409
81652409
33281409
«96435+08
»10513+¢06
93383405
« 93383405
93383405
2 93383+085
«93383+05
293383409
93383405
«93383+05
193383405
293383405
« 93383405
W 93383+0S
1 93383409
93383405
293383405
93270405

QRAD

NIVOR

WATTS/Mae2 WATTS/Mend

200000

«10500008
230281+08
275624408
s11115+09
0187634009
217517409
«18759¢09
2172485009
«15170400
«13570409
12276400

«11206409 °

210308400
93822408
+88825+0R
+83079408
270029408
W 73557¢08
109568408
«065988¢08
«82758¢40R
+59828408
157158408
«34716408
253571608

«22670¢114
709108411
66163411
«70968¢11
o 73316411
+68922411
«50086+11
«27804411
«50ah6+10
«,2h5RA1409
»,2AAS8+08
«,254813+08
-, 22958+08
w,20951+08
«,192R14+08
=, 1TB4540R
», 16653408
=, 15595+08
v 06465+08
=, 13839+08
=, 13106408
=,124394+08
= {1850408
= 11314+08
* 81159407
«,52923+407

€

QCOND
WATTS/Han2

70778408
90773408
490777408
90777401
«70779+04
«90652408
176753000
«82102+00
20693404
481825402
239252402
a39252¢02
239252402
«39252+02
39252402
«392%2¢02
439252402
139252402
439252402
39252002
139252402
39252402
4 39252¢02
439252402
«39252¢02
«39227402

Ly-SL-H1-0Q3Y
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OUTPUT

Sample Problem 1 P = 150 atm I = 1500 amps Dia. = 1.75 inch

AXIAL STATION w» 123 DC THERMAL ARC WITH AXIAL GAS FLOW DIAME
AXIAL OISY a 3,306»02 METERS CURRE!
1,695¢00 INCHES
YOLTAGE GRAD = 1,S573404 VOLTS/M FLOW
3.996402 VULTS/INCH
VALL HEAT FLUXE 6,830407 HATTS/Hee2 TRANS
S.006¢03 BTU/FTR3EC
RADIATION LN38n . 99,9922 PERCENT WALL
PREIJURE s 1,500¢02 ATMOS NMESH
Loc L | Fl0
oW 2 «f,016-0% EPS
wINC s 30 Ex
THETA s L0 DEG BxX
SPACE AVERAGE FNTHALPY » ;!05!0007 JOULES/KG OR 216583408 BTU/LS
ASS AVERAGE ENTHALPY & +24788+07 JOULES/KEG OR 210668004 ATU/LB
AVERAGE ENERQY DENSITY » +»55258408 JOULES/M#a3 OR +18841908 BYUZINCHenY
TOTAL ENTHALPY M,AVG, = 228790407 JOULES/XG ar 2106686404 ATU/LD
RADIUS " ENTHALPY YELOCITY
METERS INCH JOULES/KG BTU/Le n/s FY/3¢EC
« 00000 +000ON 62502408 « 2608808405 82881402 227193403
236302=0% «18229-0¢ 252502408 «260888+0% 282881002 «27193¢03
13689102 »508687«01 qqzaaaooo v18347+05 +B00BSe02 126276403
2R3151002 711860018 232428408 «139%0405 + 76691402 25162403
«32011202 «12760400 225190408 «10837+405 72967402 23941403
40167202 216806400 «197354+08 «8a899+04 69069402 22661403
« 50935202 20052400 ‘lSlbbfol «06537¢040 «6511%¢02 021360403
160193=02 «23698+00 12098408 52046408 268223002 220087403
069453=-02 «27%48400 «94799+07 + oA0783+04 «375006402 88468403
« 7871402 +»30990+00 74576407 232083¢04 «50013+02 17722003
«87973=02 « 386135400 258848407 - 1253106¢08 «50738402 2166437403
2 97234=02 +38281400 26586407 +20041408 oAT4T1002 «15641403
1068901 21927400 + 37112407 «15965+04 +08809¢02 212702403
o 11376=01 +355734+00 129897407 2120062¢00 82149402 +13829403
212502=01 229219400 20471407 +10527¢00 «39876402 21301840%
1302801 52864400 200206007 287872403 0 37360002 012260403
«§035a~01 «36510000 17432407 o 78991+03% +35199%02 «115489:03
+15280-01 50156400 +15226407 165502403 33162¢02 210801403
01620601 +63802+00 «13007007 «58538403 231247402 +10252¢03
21713201 +67888400 112027407 +534614+03 229452402 +968631002
+18058+01 +71094400 31581407 24902240% +27780402 71148002
«18982%01 276739400 10929¢07 «87017403 026048402 285063402
219910=0% « 78385400 210383007 288066403 423948402 « 785461402
22083401 8203100 99415406 102768403 21068402 «69125¢02
21782=01 +85677+00 96111006 81347403 215672402 «51420¢02
222235=01 87500400 292960400 139991403 200000 200000
AXTAL DISY AVERAGE ENTHALPY HTR = COND . HIR =R
METER INCH JQUL!IKG gTu/sLe WATTS/Mae2 BTU/FT2e8EC NATTS/Mea2 BT
¢ #0083 1,098 2,87%:08 1,066¢03 $,000003 4,34701 6,830007

TER " 8,48502 WETERS
1,750400 INCHES

NTY % 1,50040% ANPS

RAYE » 1,362400 KG/SEC

3.003%00 LB/SEC

COOLING = 0,000 KG/SFEC=Mra2
0,000 LB/FT2«8EC
ENTHALPY ®»  9,296405 JOULES/KG
3,999+02 BTU/LE
a 2%
" 1,000=-08
s 8,000-03
s 1,100400
s 1,600-01
K HASS FLUX
KG/S Uaa2 LB/FT2e3¢C
«J 3613403 « 28220402
13813¢03 «28290+02
20341003 «41650¢02
24829403 30891402
20639403 «S867a002
32233403 «66013402
35957403 273641002
(20903408 83759402
47018403 097111402
450218+0} 11104003
250686403 12829408
67196403 «13702403
470592403 «15277¢0%
02591+012 +16915¢03
90377403 « 18509403
« 97413403 +19950¢03
110338404 «21172¢03
110781 +04 22080403
411047404 22628403
211133404 22801403
11097402 22685403
210813+08 2213%40%
10313408 2i121¢03
273600403 39149403
T1315¢+03 «18605+03
00000 00000
AD VOLTVAGE EFF
U/FT2=3¢8C YOLTS ,
S.060403 770,117 «7%9

L¥-9L-41-0Q3V
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TEMPERATURE

KELVIN

«15091+0S
215091405
v11266405
2 79805¢04
« 31059408
01983404
o+ 76094400
05665908
03567086004
«238878+08
232586404
36850404
«J1540a400
20916404
223107404
20239400
1179465404
016229408
2189248404
«13957904
013256004
«12710008
0 12250+04
11870404
211595¢04
«11324008

SIGMA

1/70HM=N

«11771008
2117714085
«26068%5¢08
«10767¢04
97547403
«33098403
2177884083
1 70501402
«18210¢02
237867401
163061400
»71300=01
«28183=02
«00000

00000

200000

«00000

200000

xi
1/CM

69190403
209190403
«90020403
21750400
21277004
23317408
«25580404
26233404
«26538404
.330Ra+04
92R10000
263801404
+607514+08
«50005+08
60005402
+560005¢04
60005404
«6000S5 400
260005¢+0a
+80005+04
200005400
200005404
160005408
10000308
260005+048
60005404

DENSITY
KG/mael

160066401
21860b+08
25399401
32002401
+392A3¢01
«36668401
255222¢01¢
«06R0T40)
«82056+01
.loo‘ﬂ.oa
11901402
218096402
016687902
219595402
222779402
+26070¢02
229370+02
32581402

Ke
1/7CM

51829401
.51429+01
78311000
458290400
«A0639400
236225400
«27145¢00
«16305¢00
L84775e01
.G9800-01
«309a5=0%
«19024=0%
«11680=0%
7353802
+50581=02
«37930=02
(30511=02
2595302
,22956=02
#20901~02
«19a71=02
«108382002
«17473-02
«16738=02
«16165=02
. 15655202

vISCOSITY
N SEC/Mwe2

23485903
«34859-03
+28498+0)
«20636=03
.22126-01
120423=03
1823703
01623703
«J8188=03
.12578%03
1133603
J0877=03
.7123a=08
(8163104
«73479=04
S66BaRe0
0151004
237208208

OUTPUT - SAMPLE PROBLEM ¥ (Continued)

BEE
WATTS/MAea

229397410
129397410
291318409
2« 56245609
+ 39663409
28197409
219005¢09
211193409
5877R+08
232353408
s18hU5408
130452408
«56125¢07
29750007
116328407
95112406
259042406
139322406
1 2A124406
+21512406
17503406
218795406
12765406
11278406
110246006
93270408

OHMIC LDSS
WATTS/Man]

29138413
29134413
106043012
026048412
«10203+12
181916¢18
238025+11
17A49+1 8
2«A5069¢10
92729409
«15855409
«17636¢08
09750406
+00000

«00000

00000

100000

«+00000

PIVAGR

RACOND

WATTS/Man2 WATTS/Maad NATTS/Man2

200000

« 92805409
87778400
248776409
039049409
« 32722409
2279548409
220035409
220853409
18352409
s 16377409
212786400
213080409
«12390409
«11864409
2106568409
s99T60408
+936884+08
288306408
+83511408
79210408
« 75330408
271841408
168606408
3656703408
264300408

«350084)3
« 13829413
«30389442
« 75007411
«3904S¢1}
«2M2BB+11Y
280112¢10
222007410
=,16606409
«,51995¢09
», 02159409
-, 20093409
=, 17926409
*.11156409
w, 72745408
w,510RA+0OR
=,384R6+08
=,30490+08
»a25557408
=,21987408
-y 19390+08
~e173854+08
w,15761¢08
=, 10431408
=, 10053408
«,64197+07

25131405
425131405
13755405
99510404
73385404
S52917¢04
W36511¢08
«23218¢09
414501404
96711403
165255403
«84317403
231053403
.22080640%
J 6805403
12918403
«10196403
83116402
. T0NABe02
60992402
258770402
150140402
(06374002
A3417402
L81250¢02
«39227¢02

LY¥-SL-H1-003V
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28667307
28108908
21258108
1068708
01503305
¢19198«0S
+18501 0§
113330+08

« 35353402
+37802¢02
+39803402
181581002
243072402
+08027402
0 45505+02
1305066402

+34008=09
«51523=08
+ 3968804
146242204
+47008=04
42599804
«45232-08
0419504

OUTPUT - SAMPLE PROBLEM 1 (Concluded)

16505002
220560403
+31138¢03
«363%1+003
238198403
237613403
«35888¢03
+32992¢03
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E.5 SAMPLE PROBLEM 2

The second sample problem presented is identical to the first sample
problem except that the distributed mass flow (transpiration cooling) option
is utilized. A transpiration cooling rate (TRCL) of 1.00 lbm/ft2sec is assumed.
Other operating conditions being equal, comparison with the previous run shows
the effect of distributed mass addition on the enthalpy and velocity profiles.
At an axial distance of 1.695 inches away from the entrance, the efficiency of
the arc increases from 0.739 to 0.791 due to mass addition, and the center line
temperature is reduced by about 365 degrees Kelvin.
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INPUT - SAMPLE PROBLEM 2
(Deck A Only)

'SAMPLE PROSLEM 2 P w (S0 ATH [ 3 1500 AMPS DIA = 3.75 INCH

3000 30

— 28
1500,0 1.3620 n,.88n81S 150,0
n,04a15p 0,0 9,29600E405 3,0

—1+0000E=08 3400 160— — B,0000E~03
3,0000£¢07 3,0000E¢07 3,0000E+07 3,0000E¢07 3,0000E407 3,0000E407
2+6100E407 2,2250E+07 1,1590E+07 9,3000E405 9,3000E+05 9,3000E+0S

—9.3000F0" vBOO0E40S—0  J000E405—
9.3000F¢0S 9,3N00€+05 9,3000E+05 9,3000E¢+05 9,3000E+05 9,3000E+05
9,3000E¢405 .

—fi1.a82 2 Ie682— 28 500 %4.472 33,60 34260
28,000 26,050 2%.000 20,844 18,2000 15,631
12,800 10,820 9,520 83,6836 7.3000 6.9468

—h, 3670 ___S 7890 8240 0. 6313 [ IALAS 2.05a34
2,020
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QUTPUT - SAMPLE PROBLEM 2

Sample Problem 2 P = 150 atm I = 1500 amps Dia. = 1.75 inch

AXIAL STATION &=
AXTIAL DIST [ ]
VOLTAGE GRAD =
WALL MEAT FLUXS
RADIATION LOSSe

PRESSURE €
L0g ]
ow [
KINC [ ]
TYHETA -

SPACE AVERAGE ENTHALPY
“A8S AVERAGE ENTHALPY
AVERAGE ENENGY DENSITY
TOTAL ENTHALPY KH,AVG,

RADIYS
METERS

20000

«35302=03
+136891=02
+23151-02
201802
167202
«50932=02
+50193-02
¢ 09453=02
« 78718202
«87970«02
«97236=02
«10649=01
«11576=01
«12502=01
»13428=01
v13350=01
«15280-0¢
01620601
21713201
«18058«01
« 1A938=01
»19910=01
+20836=01
«2t762°01
«2222S~01

DC THERMAL ARC WITH AXIAL GAS FLOW

0,000 METERS
0,000 INCHES
1.584¢0a VUOLTS/M
3,026+02 VOLTS/INCH
S.376407 WATTS/Meas3
Q,737+0% BYU/FT2=8EC

29999 PERCENT

1,500402 ATHOS
[}

OR
OR

PY
BTU/LD

+12906¢05
«1290640S

T 212906405

0 12906¢05
012906405
212906405
« 11228405
195719+04
239860004
+80009+03
«830009403
080009403
«80009403
«30009¢03
«200094¢0%
«830009+08
+40009+03
«30009¢03
« 80000003
«20009403
280009003
+80009403
«30009¢03
«H0009403
+80009+03

0,000
30
0 DES
] «30312¢07 JOULES/XE
» «18499407 JNULES/KE
= «00000 JOULES/Menl DR
L] 218505407 JOULES/KG
ENTHAL
INCH JUULES/KG
00000 30000408
218229-01 « 30000408
«50687-0] +300004+08
«71106-01 30000408
J2760400 «30000+08
+16006400 230000408
+20052+400 «263100+08
«23498+00 «22250+08
227308000 «11590+08
230990400 «93000¢00
«30635+00 193000406
2 382R1400 293000400
«21927400 «93000¢006
+85573400 493000406
239219400 (73000+0b
«528h4400 93000406
+56510400 293000406
«60156900 2930004006
«83RD2400 «93000+08
067308400 «93000406
«710%4200 93000406
2 TE7%9+00 493000406
«TA3RSH00 2930004046
282031400 «930004+06
85677400 +93000¢06
«87%500400 92960406

039991403

«147461 408 BTU/LB
279581403 ATU/LB

DIAMETER
CURRENT
FLOW RATE

TRANS CNNLING & 4,.887+400

WALL ENTHALPY

NHESH
FI0
44
EX
Exx

000000 BTUZINCHe#3

o T960T¢03 ATY/LB-
vELOCITY
M/8

«1127300%
«1127340)
210012403
298638402
« 90871402
280582402
W 15726402
W 70652402
262203402
250368402
»A9222402
s322708402
38617402
«2818%402
285747402
223085402
W197a3402
218788402
17222402
215656402
210090402
»12525402
111742602
110960402
+506314014
200000

F1/SEC

J36986403
236986403
36163403
232363403
29815403
227738403
«24R8640%
+73115403
420309+03
+«184934+03
216150403
«13R70403
11358403
«92061402
288075402
«T70S53¢02
68776402
161682402
56505402
+5136A8202
26231902
+21095402
«IAS27¢02
«35989¢02
17923402
200000

T 8,085202 MFYFRS
1.750400 INCHES
% 1,5004D3 AMPS
3 £,362400 KG/SEC
3,003¢00 LB/SEC .
KG/SECeMan?
1,001¢00 LB/FT2=SEC
2 9,296405 JOULEI/KG
3,999402 BTU/LB
. 25
® 1,000e08
u 8,000°03
®  1,100400
T 1.400e01
MASS FLUX
KG/S Maad LA/FT2=8FC
138891+03 « 79648402
30891403 «T96UR40H2
135922403 73568402
230029403 69692402
31350403 «88200+02
129167403 «5973%402
«209924+08 59376402
A 30238+03 61927402
43005403 «BROIS+02
26256408 «S3772+03
22929+04 26958403
219602408 «80329403
416126404 +3302540%
113127408 26883203
11993404 28562403
«10940+08 «22403¢03
91966403 «18835+03
87516403 217923403
180223403 «16430403
« 72930403 «13935403
65636403 13032403
58346403 11909+03
25869940% «11202¢03
5105203 +10856403
425348403 «S2318¢02
00000 200000
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Sample Problem 2

AXTAL STATION @
AXTAL DIST a
VOLTAGE GRAD =
wALL MHEAT FLUXE
RADIATION LNS3w
PRESSURE
Lnc

hl

KINC
THETA

SPACE AVERAGE ENT
MASS AVERAGF FNTH
AVFRAGE ENERGY DE
TOTAL ENTHALPY M,

RADIUS
METERS

«00000

«36302=0%
o13891¢02
a23151=02
« 32411202
201672-02
15093202
2801193a¢2
s69453«02
«71A714=02
28797402
«972%0<02
210689«01
«11576=01
«12502-01
+13428=01
1835801
»15280-01
o 1620601
21713208
+18058«01
21898301
119910=04
20830601
0 21762=01
12222501

P = 150 atm

2

OUTPUT ~ SAMPLE PROBLEM 2 (Continued)
1 = 1500 amps Dia. = 1.75 inch

DC THERMAL ARC WITH AXIAL GAS FLOW

1.033~05 HETERS
$,6a2<04 TNCHES
1,590900 VOLTS/NM
4,039¢02 VOLTS/INCH
5,.357407 WATT8/Had2
a,720+03 BTU/FT2=8EC
99,9999 PERCENT

1,500402 ATHDS

|
1,061=03
30
.0 DEG

HALPY » +30208+07 JOULES/KG or

ALPY 2 «38518+07 JOULES/XG OR

NSITY a 289159408 JOULFS/Maal OR

AVG, = 218524907 JUULES/KG OR

ENTHALPY
INeH JOULES/XG Bru/LB

+00000 <300054+08 +12908+40S
« 1822901 «300054+08 «12908+05
«S0AAT=0] 30006408 212909409
10401 +300064+08 +12909+05
« 12700400 «30007¢08 412909405
16408209 229971408 212896405
« 20152400 26112408 211233408
«236498400 122150408 295291400
«2734d$00 11388408 LA8993400
«30090009 76991406 W91726403
« 39685900 «93000+06 +30009¢03
«38281400 «93000+08 «30009203
41927400 93000406 +30009403
+45573400 93000406 280009¢03
39219400 93000400 00009403
«52Ah8400 «93000406 200009403
256510400 293000¢00 «3000940%
280156400 93000408 +80009403
+B3IAN2400 93000006 «80009+03%
+67aaB8%00 4930004086 230009403
271098400 +930004006 +300094+03
2 78759+00 «93000406 280009403
2 TH3A5+00 293000406 «3000%9903
82081400 93000006 «30009¢03
+8%5677+00 93000906 »30009+¢03
«87500+00 0929560008 +39991003

«14734408 BYU/LS
«79564+03 RTU/LS

DIAMETER
CURRENT

FLOM RATE
TRANS EDNLING
WALL ENTHALPY
NMESH

215203404 RTU/ZINCHanY

«79690+03 ATU/LA

VELOCTTY
M/8

011270003
«1127040%
«10817¢03
+«98661+02
0909268002
+88565+07
.7580%402
270858402
«862173402
050338402
49226402
32268402
238646402
028253402
25781402
223079402
«39792402
«18R024¢02
217262402
15678402
214117402
«12560402
11773402
+10985402
«55373e001)
200000

FY/3EC

«3697840%
«36978+08
+38179403
-!2!,‘003
«29AR33403
«277a640%
«28R72403
+23116403
«20399+0%
«18485+03
o 16151003
«13867403
«1136740)
« 920690902
2RASR2002
277035002
68930402
«616R9402
«56570¢02
251880402
+86317402
21208402
+38627¢02
«36083002
»18168¢02
200000

METERS

e 4,085=02
1,750400 INCHFS
w 1.9500+03 AnPS
s 1,362400 KG/SEC
3.,003¢00 LA/SEC
= 8,887¢00 KG/SECoMan2
1.,005900 LB/FT2-8EC
2 9,296405 JOULES/KG
3,999+02 ATU/LB
] 2§
s 1,000e08
s 8,000-0%
»  {,100000
s 1,600001
MASS FLUYX
KG/8 wes2 LB/FT28EC
JABTT+03 «79619+02
31077+03 279619402
.!59!100] «73591+02
230032403 49697402
231363007% 068232402
29198403 5979302
229013403 59418402
30336403 52127402
2436424013 289380402
25477400 5217703
22930408 +86963¢03
A196AT7400 120320403
J16139400 33052403
13161000 126953403
12000408 28576¢03
10937408 222399403
«9219740% JRBA2+0}Y
87582403 17937403
480314403 6809403
73032408 18957403
«85758+03 13387403
4585054013 11982¢0%
450830403 11231401
«S1172+03 108480603
« 25795403 52826002
200000 200000
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TEMPERATURE

KELVIN

97061400
« 97061404
« 97061408
97062408
297062408
W 97022¢08
«92544+08
+87535+04
W58223¢04
o311670404
31329403
11329404
« 11329404
11329400
31329408
»11329+00
11329404
«11329¢040
11329400
113294040
»11329¢00
«11329+04
111329+08
«11329400
011329404
011326408

1/cM

0222089+04
+22209404
022249404
»2220894:00
122209e08
«22235¢04
221501404
«21839+04Q
26050408
20000408
160000400
50000408
80000408
50000404
h0ONN0E
500004008
80000008
260000404
«600004+04
1560000400
+80000¢04
«60000+00
260000¢00
+50000+08
«60000408
«60000¢00

K2
1/cm

32351400
52351¢00
«52352400
.52352400
252353200
452289400
245942400
«30125+00
«13990+00
216335=02
215664202
L15668-02
2 15608=02
»15066aw02
«15664=02
«15664=02
1566002
«15684=02
L15664=02
<15664=02
J566a=02
+15608=02
+15068=02
« 15664002
a1566am02
a15657=02

OUTPUT - SAMPLE PROBLEM 2 (Continued)

REE
NATTS/Hee2

250310009
«30310009
«50312409
+50312409
250311409
50230409
«81652009
33281409
W76435008
||DSIS'°°
+9338340S
« 93383405
+93383405
«9338%+405%
« 973383405
« 93333405
+ 93383405
«933831+0S
+93381+05
93381405
093383405
«93383+05
293383405
« 93383408
093383¢03
« 93270405

OIVOR

HATTS/Men2 WATTS/Maal

« 00000,

«10500408
«20281408
75620408
o11115¢09
«10763209
17517009
.10759000
017285409
«15170009
213570409
012276409
»11206409
«105084+09
«950224+08
«38825+08
+83079+08
+7802%+08
«73557+08
+6956084+08
«659884+08
262758008
39828008
57158408
234716408
253571008

22676411
27091661}
66163411
270068811
o 7I%16411
268922411
50886411
270064118
+50065410
», 20581409
=,28838+08
®,25013+0R
27951408
*,20951+08
=,19201408
v, 17865¢08
=, 16653+08
-, 15595408
*, 10665408
-, 13039408
=,131044+08
-, 12049408
o, 11853408
w, 11314408
w 81159¢07
-, 52923407

QcoND

WATYg/han2

«90774+04
90774408
490777404
90777408
«90779¢04
\P0452404
«76753404
82102404
120693404
31825402
439252402
439252¢02
139252402
439252402
«39252402
139252402
39252402
139252402
039252402
139252402
439252402
439252402
139252402
139252402
39252402
39227402
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Sample Problem 2 P = 150 atm

OUTPUT - SAMPLE PROBLEM 2 (Continued)

I = 1500 amps Dia. = 1.75 inch

AXIAL STATION = 123 DC THERMAL ARC WITH AXIAL GAS FLON O1AME
AXTIAL DISY a 0,306e02 METERS CURRE
1,695¢00 INCHES
VOLTAGE GRAD m ],6R6408 VOLTS/M FLOW
9,182:02 VOLTS/INCH
WALL HEAT FLUXZ 5,.932¢n7 WATTS/M#e2 TRANS
$,227+0% BTU/FT2-3EC
RADIATION LO39w 99,9933 PERCENT MALL
PRESSURE m 1,500402 ATHOS NMESH
Loc ] 1 P20
L] = §3,752+0% EPS
KING = 30 EX
THETA a0 DEG EXX
SPACE AVFRAGE ENTHALPY & .37030007 JOULES/KG nr «16273404 BTU/LA
»ASS AVERAGE FNTHALPY = 28780407 JOULES/KG OR 2106060404 BTU/LE
AVERAGE ENERGY DENSITY » 254950408 JOULES/M##3 OR +1875940Q BTUZINCHN#Y
YOTAL ENTHALPY M, AVG, = 228786407 JOULES/KG OR | 210663404 BTUZLA
RADIUS ENTHALPY VELOCITY :
METERS INCH JOULES/KG BTU/LB /9 FT/3EC
100000 200000 60575408 226059405 «86277¢02 +289604¢03
24630208 118229=01 200575408 26059405 88277402 .28960403
1389192 «S4687a01 .32518408 18291405 88882402 27850403
«23151=02 291 186=01 32301408 213896405 80919402 26509403
J2451w02 12760400 225010408 «10759+08 JT6881402 225159403
«01672«02 216206400 19502408 83896404 272321402 223728403
«50932=02 «20052¢00 «152008+08 205425+08 87952402 2a22295¢0%
16019302 22369R 400 «11809408 50973400 263693402 20898003
59053=02 27348400 .92606407 «39839+08 459558402 219574403
JTBTIU=02 +30990400 W 72708407 W31279¢08 55897402 18360403
187974=92 2033415400 «57271407 224638404 52398402 17192003
197234=02 «382R14+00 445274407 019477404 «39139402 216123403
1068901 41927400 « 36030407 2 1550a+04 461103402 «15130¢03
J157e=014 22557300 229020407 o12UBa4+04 205318402 «18211¢03
12502018 239219400 «23747407 2102106404 180719402 «13360+03
«13428=01 +52RKA400 «19823207 «852784+03 « 38306402 « 12568403
118354=0) 256510400 16928407 2 72826+03 «36052402 11829403
11528001 250156400 10806407 063496+0% 233902402 11136403
«16206=04% 203802400 13258407 257037403 + 319863002 «1080R7¢03
«17132=01 67288400 «12138¢07 52217403 230806402 98777402
«1805R=01 «711093400 .11341407 288790403 28361402 293051402
,18984=01 s 14739400 210732407 285169403 26511002 JAL9R2402
«19910=01 « 78385400 210229+07 »88004+03 28178402 « 79328402
2083601 «82051400 2783684006 «82318+0) +20828402 68337002
2 81762=01 «85677400 295480406 «4107640% 210493402 227553402
12222%=01 287500400 292960406 +«39991+03 200000 «00000
AXTAL DISY AVERAGE ENTHALPY HTR = COND . HIR = R
METER INCH JNJLE/KG ATU/LB NATTS/Maa2 BTU/FT2«SEE WATTS/Han2 BY
2043 1,695 2,378+06 1,066403 3,975+03 3,503=0% $.932:07

TER " 4,085-02 METERS
14750400 TNCHES
NT s 1,9500403 AMPY
RATE 8  §,393400 KG/SEC
3,074+00 LB/SEC |
CONLING & 0,A87400 KG/SFCuMan?
1,001+400 LR/FT2=3EC
ENTHALPY = 9,296+05 JOULES/KG
3,999202 BTU/LB
a 25
o 1,000=08
3 8,000=03
" 1,100400
8 1,800=01
MASS FLUX
KG/3 Muw2 LB/FT2e8EC
«15213+03 31160402
15215403 «31160e02
21623403 248283402
426301403 «53965402
430258403 261969402
430019403 69871402
237990403 77803402
03209401 BBSTI402
450178403 +10275403
57210403 11747403
15380a+03 213083403
470675403 +18074403
470865903 16069403
(8809640Y 17778403
900204013 4194203403
410211408 20912403
(10824404 22167403
11267408 123075403
211518408 223590403
A 11578404 23711403
11360400 23871403
JJ11149+08 +22R33403
110525404 21554403
193224+03 119092+03
56252403 213549¢03
00000 .00000
AD VOLYTAGE EFF
U/FT2=8EC voLts . .
§,227+0% 782,993 o791
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TEXPERATURE

KELVIN

a1072740S
«1872740S
011246405
990594040
291238404
+«83613¢00
2 154906404
«05Ha2+00
2 9S5R T4 0Y
«48157408
«41909¢048
36160004
«J0A%4 404
a26318+04
«2205Us00
«19792404
«17573404d
«I5893404
o14nd0e0d
«13718+02
1305604
«125448208
«12120008
«11787404
«115019040
« 11326400

SIGuA
1/70HM e
« 10732408
«10732405

26361400
110642+04

. «3h534e03

32204403
216907403
0602386402
«15690¢02
23135701
251090400
25273901
«17191e02
+00000
«00000
+00000
«00000
200000

1/7CH

«712R0403
«T12R0+03
290874403
« 21801408
«21232¢04
23478404
«25419400
26298408
26570408
2352004008
2 SURST+08
6198400
Jb0a51 +08
«60008+08
260008+04
NYTLLYTL
LT LLEYY]
00008400

200008404

+6000R+08
«6000R+N8
«b000A 400
2 60008+04
+60008408
«60008400
«6000n84+00

DENSITY
KG/nwad

017215401
«17215+01
«25a74+01
032505401
«39ah0401
207039201
«95907+01
67902201
88109401
1026202
o 12192402
» 14343402
« 17015402
« 20041402
023292402
« 26656402
«30022402
«33195+02

k2
1/CH

,43142401
23142401
79364400

57767400
,9a385400
.358294+00
«26800400
.15500400
8001201
287238=«01
229214201
117891201
«10907=01
6937602
.47991=02
«36263=02
.29412-02
.25150-02
W22338=02
.20408=02
«19368=02
1805302
1721602
16562202
416078+02
21565402

VISCOSITY
N SEC/M*wn2

+34588=03
+3u588~03
.2604803
«20600=03
12206303
42002503
«16108=03
1607203
21397203
12431203
<11181=03
21004103
.89923.04
+803a6-08
.72300=00
.65818<04
L56056804
,56008«08

OUTPUT - SAMPLE PROBLEM 2 (Continued)

BEE

HATTS/Hen2

2466T7+10
26667910
« 9706856409
35918409
+39281+09
127706409
218415409
«106%42+09
195249408
«30486+08
17487408
98963407
51640407
27196207
«18930¢07
85984406
54056406
«JS16B+06
«26040406
«20076406
«16869¢06
«12037400
12231400
010982406
210057406
93270405

OMMIC LOSS
HATTS/Men}

«29090+13
29090413
«T14S1412
«28R45¢12
+15351¢412
B7289¢18
45826011
17411411
«82527+10
80992409
«13848409
+18295+08
«86596¢06
«00000

O0000

100000

«00000

«00000

DIVQR

Qcono

NATTS/Man2 MWATTS/ManY WATTS/Mwe2

00000,

«420UB84s09
«38382+09
«33520409
«35u06409
29988409
«25728409
122187400
19222409
«16921 409
«15102409
« 134637400
+12038409
+1142B409
«10575409
98410408
«92027408
«36422408
281461408
« 77039408
«73072¢08
269292408
266206408
+53290+08
260585408
«59317¢08

29167082
«11729+13
+ 31520412
JTJRROT#1Y
«A0330411
«20930¢11
884708410
«22077%10
*, 93617400
08160009
e, 36000409
©, 28704409
*,15547+09
w,97122¢08
»,63742+08

" =, 45081408

=,332n7¢08
-, 27437408
=, 22903408
=,19808408
., 17522+08
» 1575508
»,14330408
., 13176408
*,92153907
»,59042+07

23733405
«23733¢08
13703405
.99055¢0a
472728404
252030004
435501404
22350400
<13945400
97736403
(62377403
J23a1403
429697403
221530003
416088403
412355403
077566402
479660402
67329402
«58640+02
53049402
4A8768402
«453%3402
482726402
«80803402
« 39227402
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13023906
2907 3R=08
o 13093=05
+1507d=05
«1584205
«15031=05
1029605
«13331=0S

e J60t6002
«3RuHTe02
«AN110802
L02056402
24380402
«347%R%02
A5712002
+B65A2002

.53282=04
.509)0=04
.39159=04
247799204
B6h5Ae04
+45756=08
.450R5=04
L,80U95-00

OUTPUT - SAMPLE PROBLEM 2 (Concluded)

«819894+02
«26A9R03
23465724038
200857403
«01855+03
240781403
238749403
«36130¢03
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LIST OF SYMBOLS

constant used in the exponential kernel approximation, a = n/4
throat area
constant used in the exponential kernel approximation, b = 1.25

specific heat at constant pressure

constrictor diameter

constrictor diameter

cylindrical exponential integral function of order 2
emissive power

universal constant = 32.174 ft-lbm/lbf-sec?
angqular directional radiative flyx

mixture enthalpy per unit mass (Section 4)
heat transfer coefficient (Section 8)

mean enthalpy per unit mass

mass—average enthalpy per unit mass

asymptotic mass-average enthalpy per unit mass
centerline enthalpy per unit mass

correlation enthalpy per unit mass

sonic-flow enthalpy per unit mass

radial index

current
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LIST OF SYMBOLS (Continued)

Iv spectral intensity of radiation

3 radial index

K mixture total thermal conductivity
2 mixing length

L constrictor length

m fluid mass flow rate

N total number of radial nodes

P congtrictor pressure

Pt turbulent Prandtl number

é wall heat flux

ar wall radiant heat flux

q, spectral radiative flux

r local radius

R constrictor radius

t thickness of constrictor disk

T temperature

u mean fluid velocity in axial direction

v voltage

Vcorr .. correlation voltage

w wall condition

Xy mole fraction of species i in mixture
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LIST OF SYMBOLS (Concluded)

Yy path length along projected line of sight (Section 3)

y distance from constrictor wall (Section 5)

z distance along constrictor axis

Greek

a angle between line of sight and plane perpendicular to the axis

of the cylinder measured in plane parallel to cylinder axis

Y angle in cross-sectional plane from radial direction to pro-
jected line of sight

[ eddy viscosity

c axial voltage gradient

n efficiency

8 argle

u spectral absorption coefficient (Section 3)
U mixture viscosity

v kinematic viscosity

p mixture density

c mixture electrical conductivity
T optical depth (Section 3).

T shear stress (Section 5)

At incremental optical depth

0 solid angle
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LISTS OF SYMBOLS FOR APPENDICES

APPENDIXY A
a constant used in the exponential kernel approximation, a = n/4
b constant used in the exponential kernel approximation, b = 1.25
Bv Planck black body spectral intensity
Dn cylindrical exponential integfal function of order n
E emissive power
G angular directional radiative flux
i radial index
I\J spectral intensity of radiation
3 radial index
L index on the spectral band
m total number of bands
N total number of radial nodes
p pressure
q, spectral radiative flux
r,r',r" local radius
R constrictor radius
s path length along the line of sight
W local band weighting funétion
y path length along the projected line of sight
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APPENDIX A (Concluded)

angle between line of sight and a plane perpendicular to the
axis of the cylinder measured in a plane parallel to the cylin-

der axis

angle in the cross-sectional plane from the radial direction
to the projected line of sight

spectral absorption coefficient
wave number
band width
3.1415927...
Stefan-Boltzman constant
optical depth
incremental optical depth
solid angle

APPENDIX B
constant in Equation (B-50)
constant in Equation (B-50)
molar specific heat of species i
mean diameter for hard-sphere molecules i and j
electronic charge

mixture Helmholtz free energy, Equation (B-15}
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Yy

AH

APPENDIX B {Continued)

partial molal Gibbs free energy (chemical potential) of species

j in mixture

Gibbs free energy of pure species j at standard state {1 atm)

relative velocity between colliding molecules

mixture

heat of

mixture

enthalpy per unit volume

reaction per mole of reaction &, Equation (B-42)

enthalpy per unit mass; Planck's constant

molar enthalpy of species j

total number of base species i

ionization energy of specie j in zth ionization stage

reduction in ionization energy of specie j, Equation (B-7)

base specie index in Section B.l; general specie index in

Section

B.2

total number of base and nonbase species j

nonbase

mixture

mixture

mixture

mixture

specie index in Section B.2

total thermal conductivity, Equation (B-33)
translational thermal conductivity, Equation (B-34)
internal tgermal conductivity, Equation (B-35)

reactive thermal conductivity, Equation (B-36)

equilibrium constant for reaction forming specie j. Equation

{B=-5)
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APPERDIX B (Continued)
Boltzman constant
total number of independent reactions in mixture

correction factor for equilibrium constant to account for
lowering of ionization potential of specie j, Equation (B-9)

independent reaction index
mixture molecular weight
mass of molecule j

represents molecule in Section B.l; total number of species in
Section B.2

number density of species j in mixture

mixture total.pressure, Equations (B-6) anc (3-20}
mixture thermal pressure, Egquations (B-20) and (B-27)
partial pressure of species j in mixture, Equation ({B-26)
pressure correction due to Coulomb interactions, Equation (B-22)
partition function for specie j in zth ionization stage
universal gas constant

mixture entropy per unit volume

mixture entropy per unit mass

temperature

mixture internal energy per unit volume
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Greek
ij

2 (o
ij

APPENDIX B (Concluded)
mixture total volume
mixture specific volume per unit mass
mole fraction of species 3 in mixture

charge number for species j; 0 for neutral atom, 1 for singly-
ionized atom, 2 for doubly-ionized atom, etc.

constant depending on ratio of masses of molecules i and j,
BEquation (B-39)

collision integral parameter, Equation (B-38)

mixture viscosity, Equation (B-32); reduced mass, Equation
(B-48)

mixture mass density
mixture electrical conductivity, Equation (B-37)

collision integral for collisions between molecules i and j,
Equation (B-43)

APPENDIX C
specific heat at constant pressure
mean enthalpy
thermal conductivity of the fluid
mixing length

Nikuradse mixing length
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Greek

APPENDIX C (Concluded)
Watson and Pegot mixing length = 1/2 EN
turbulent Prandtl number
wall heat £flux
constrictor radius

mean velocity in axial direction

distance from constrictor wall

eddy viscosity
kinematic viscosity
fluid density

shear stress
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