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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 pressure 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 damonstrated 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/ib 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 

• o 
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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. In most cases, additional details are given in a series 

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

5 MWand 40MW 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 i) 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 i) predictive procedure was selected as 

the baseline for the present study. 

For high pressure predictions, the phenomenological modeling employed by 

Watson and Pegot (Reference i) 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 

• Ultraviolet bands and band systems 

• 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 prediction~ to be low, while the transport model will cause these 

.q,. -. 
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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 N2, dissociated and ionized 

• The pressure is limited to 1 < p < i0 arm 

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

• Transport properties do not employ the most recent cross sections 

and 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 to 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. 

i0 
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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 i. 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 restr$ctions 

for the applications envisioned in the present study. 

Consider a unit area at Point C (Figure 1) situated at an axial distance 

z and a radial distance r. Let A-C-B represent a ray having spectral intensity 

I 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., 

qu(r) = /I 

fl 

c o s  e d f l  (1 )  

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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",,, • !0 AXIAL ANGLE o< 
(1"r/2 < o< <-11-12) 

~_.~ CYLINDER~__~WALL ,,,,/ / (0< ~< 211') 

Figure l .  Cyl indrical geometry and coordinate system. 
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D 2 (x)  = a e x p ( - b x )  (2)  

This approximation a11ows an analytic integration of Equation (1) over the 6 

variable and results in 

qv( r )  -- q+( r )  - q : ( r )  (3) 

where 

~T/2 

± f * qv(r) = cos 7 G-lr,T) d¥ 

o 
(4) 

and where the angular directional fluxes G±(r,7) 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 ri~ N = R and the axis of the con- 

strictor tube at ri= N = 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 logrit.hmic variations for 

p with r and for E with =. The angular directional flux can be represented 

by a recursion formula which allows significant simplification, i.e., 

I ~Ti,i±l, j 
-ATi,i± 1 j + Ei, ~ e G: j = e ' e[±l,j.+ - Ei±l,~ 

' 1 + 1 £n 

~ti,i±l Ei±l,j 

where the ATi,i±l, j are the optical depth increments. Equation (5) includes 

the effect of self-absorption explicitly. 

(5) 

With known values of spectral absorption coefficients p(Yi,j), the 

optical depth increments ATi,i_l, j are generated. Starting at the wall, i=N, 

from the known or assumed wall boundary condition, values of G~,j are calculated. 

Due to the symmetry in the geometry, we have G~,j = G~,j. Invoking this sym- 

metry condition, the G + i,j are then computed starting at the axis of the con- 

strictor, i=l. With these calculated quantities, the local spectral radiative 

flux q~(r i) may be found from Equation (3) cast into proper computational form 
(Appendix A). 

13 
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N 

r| 

Yi j" I , e - -  
"JB I 

N • )m/2 Yi-I,I (r21-1-- r2j 

Figure 2. Radial mesh distribution. 
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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 

calculated 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) and D2(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 D2(x) , whereas, the values a = 

5~/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 Eeston. 

RADIATIVE PROPERTIES 

The radiative properties of high temperature air were treated on a band- 

model basis. The spectrmu was divided into two gray bands as shown in Figure 4. 

Absorption coefficient data for various pressures CI-200 arm) 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. In contrast, the optically thin approximation of Watson and Pegot 

(Reference i) 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 an~ Pegot (Reference I) 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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Figure 3. Comparison of radiant f lux p ro f i l es ,  R = 0.1 f t .  
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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. Indeed, 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 i00 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 i) 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 ~he computational 

procedure: 

Thermodynamic - p, h, X i 

Transport - ~, K, a 

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 Peqot (Reference i) is that they extend 

up to only i0 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 i 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 ii, 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 
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procedures but cannot be used as input to solve the flow field equations in the 

500 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. Furthermore, 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 

validated 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. 

THERMODYNAMIC 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 arm and 1000°K 

T ~ 30,000°K. The ACE code was modified to include the Debye-H~ckel correction. 

(The details of this modification are discussed in Appendix B.) The Debye-H~ckel 

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 

0 and h was within 1 percent, while agreement was always within 5 percent for 

the mole fractions of the significant species. 
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The new calcuIations of p and h were also compared with the values at 1 

and i0 arm 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 i0 arm values. It follows that high-pressure properties 

determined in this manner can be in substantial error, expecially when the 1 

and i0 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 base~ 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 H~rm (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 24,000OK. The new model then agreed well with the one-atmosphere results of 

Capitelli and DeVoto (Reference 14). Comparisons were also made with the I00 

arm 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 = 15,000OK, where the latter calculation was ter- 

minated. For electrical conductivity, the present calculations are 20 percent 

higher than the results of ¥os (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 also compared with the i00 arm 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 I) at both 1 and i0 arm. The 

Watson and Pegot properties are based partially upon the work of ¥os 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 arcs. 
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SECTION 5 

TURBULENT FLOW MODEL 

For the arc conditions of interest in this study, it is expected that 

the flow wall be turbulent. The Reynolds number based on cold flow properties 

and tube diameter is approximately 2 x 106 , a value which far exceeds the usual 
transition value of 3 x l0 s . 

By using an eddy viscosity model for turbulent flow, the equations for 

shear stress, T, and heat flux, q, can be written as 

dU 
= o ( v  + ¢) ~ -  (6)  

The eddy viscosity, c, i h given by 

c'71 

where £ is the mixing length. At the wall, the mixing length should satisfy the 

boundary conditions (Reference 30) 

lim £ = 0 

and 

y÷ 0 

A~ 
lim ~ = 0 

y * 0 

(9) 

In the Watson and Pegot study (Reference i) a modified form of Nikuradsets mix- 

ing length equation (Reference 3) was employed (see Appendix E) which satisfies 

the first boundary condition but gives dE/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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i /-Y 'wgc/ w 
(10) 

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 m~xing 

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: 

/-Y 4Twgc/Pw 
£i = 0.4 y - exp~ 26 v w for Yo -~ y ~- Yc 

£o = 0.075 R for Yc -- < y -- < R 

(11) 

where Yo is a small distance from the wall and Yc is obtained from the continu- 

ity of E. A comparison of the mixing lengths due to Nikuradse, Watson and Pegot, 

van Driest, and the one given in Equation (ii) 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 

/R /2 Pt = 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 s distance 
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of 45 inches in axial length, the mass-average enthalpy was changed from 5200 

Btu/ibm (Watson and Pegot turbulent model) to 7200 Btu/Ibm (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}. In both the above formulation 

and that of Watson and Pegot, for a smooth wall the mixing length £ and, hence, 

the eddy viscosity c are zero at the wall. In 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 (11) above 

at "y + Ks" rather than "y" , where K s is the equivalent sand grain roughness 

height. This means that at the wall, y = 0, the mixing length £ will be finite 

< 0.4 K . It follows that turbulent components of wall shear and convec- and £w -- s 

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, Ptw was varied parametrically and the optimum value was 

determined to be Ptw = 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 i) designated here as ARCFLO Version i. 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 

The 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 that 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 

i0 for the various experimental data. Lines of constant H~ are also shown in 

Figure i0. 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/Ib 

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 and 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 

Data Source 

Arnold Engineering Development Center, 
(AEDC), Tullahom, Tennessee 

Air Force Flight Dynamics Laboratory, 
(AFFDL), Wright-Patterson Air Force 
Base, Ohio 

Sandia Laboratories, (Sandia), 
Albuquerque, New Mexico 

National Aeronautics and Space 
Administration - Johnson Space Center, 
(NASA-JSC), Houston, Texas 

National Aeronautics and Space 
Administration - Ames Research Center, 
(NASA-Ames, 6 cm), Moffett Field, 
California 

Martin-Marietta Corporation, Denver 
Division, (MMC), Denver, Colorado 

Constrictor 
Diameter 
(inches) 

0.934 

3.000 

1.000 

1.5000 

2.362 

1.000 

Constrictor 
Length 
(inches) 

17 

45-96 

37 

36-122 

47-94 

7-65 

Pressure 
(at.) 

26-102 

25-107 

7-15 

I-7.5 

1-9 

O. 06-30 
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Hcorr = 4. 818 , Btu/ib (13) 

Vcorr = 294 m°'~ (L)'~p 0"165 , volts (14) 

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): 

Hsf = 280 (A,m--'p)-2"mg , Btu/ib (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 Ii, were the best, although excel- 

lent correl~tions 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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TABLE 2 

EXPERIHENTAL DATA FOR CODE VALIDATION 

Run ~nps Volts Dia. Length Flow R Pressure 
inch tnch lbm/sec Btu/lbm atm 

i 

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 0.115 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 

11 529 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 ]0,037 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 i00 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 

AP~FLOW Version 2 predictions for both bulk enthalpy and voltage drop at the 

oonstrictore~it. The comparisons indicate that the discrepancy between the 

Version 2 prediction of bulk enthalpy and the corresponding experiental value 

for a developing arc exceeds i0 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 ~4C arc (Run 16), the wall roughness parameter K s was parame- 

trically varied from 0.0 to 0.010 inch, and K s = 0.0035 inch was found to pro- 

vide the best combined prediction of ~V and H when compared to the experimental 

values. This value of K s agrees with measurements and estimates made at Aero- 

therm. For the AZDC arc, K s = 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.* In 

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 i predictions are substantially too high. Zn 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 i0 atm property tables to negative property values. 
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TABLE 3 

SUHHARY OF CONPARISONS BETWEEN ARCFLO VERSION 2 PREDICT[ONS 
AND EXPERINENTAL DATA 

Run No. 

Heasured 

AV ~" AV 
(vo1 ts ) (Btu/] bm) ( volts ) 

3 2120 6,989 1722 
-18.8Z 

4 3300 5,326 2596 
-21.311 

5 3360 4,588 2642 
-21.4~ 

8 4455 5,270 3565 
-20.2Z 

15 4980 4,256 4176 
-16.1~ 

15 6176 10,037 6253 
+ 1.2Z 

ARCFLO 
Verstoo 2 

Prediction 

(Btu/lbm) 

6201 
-13.3~ 

4791 
-IO.OZ 

4384 
- 4 . 4 %  

4574 
-13.2[ 

4380 
+ 2.911 

9850 
- 1.9Z 
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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 arcs are characterized by enthalpy profiles which are 

sharply p~aked 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 i. 

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 qersion 1 is due to the fact that the visible, infrared, and ultraviolet 

lines and the ultraviolet continuum are not included in the Watson and 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 I. 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 1~, 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. In contrast, further 

increases in H in the ~C facility cannot be realized by simply lengthening 
the constrictor. 

42 



J ~  

W 

X 

~m--° 3.5- 7-=E 
K 
u 
w 

~ 2.5 
F-- 
m 

V ~ 2 

W 

,~ 1.5 

19 
_z I' 

A 

X 

a 

- W  2 

W 
X . 5 -  
_J 
. J  

~ O -  

I 
0 > 

m 

- ~  S 
m 

_ IX 5 
g 

I -  

tLI 

- <  2 n,. 
tlJ 

° L 
U) 

o - , ~  o o 

PREDICTED RADIATIVE 
\~. . . . .  HEATING RATE 

MEASURED H,~~" 

PREDICTED TOTAL C O N V . ~  "] 
HTG. RATE (K "O.O05"~MEASURED 

PREDICTED 
PREDICTED 

VOLTAGE 
DROP ~ q  

PRI'D. MOLECULAR 
CONVo HTG. RATE 

2 4 6 8 I0 12 14 16 18 

AXIAL DISTANCE, E (IN) 

Ftgure 15. Axial distr ibutions predicted by ARCFLO Verston 2 for Run No. 8. 

m 

0 

UI 



~ o 3 . 5  - 14 - 
i 

X 

U 
tu 3 

2.5 
::D 
l-- 
m 
"-" 2 

1.5 

--I 
- I  

o 

-'o 
m 

>( 

(/) 

m 
_I 

12- "~ :::) 
l -  
m 

-~, lo 
0 :> 

- W  4 

o 2 
> 

- 0 

- I z  

1 4 -  

1 2 -  

I0 

I -  

_z~ S 
MJ 
tlJ 

- ~  4 

~> 21 
(/) 

oL 
0 

\ 

PREDICTED RADIATIVE 
HEATING RATE-~ 

MEASURED R 

PREDICTED R 
MEASURED V - ~  

co,v,. 
PREDICTED V 

~ ~ H T G .  RATE (K_s-__O.O035) 
_ ...- ----" --"'"~'~P'R'E"DT MOLECULAR 

CONV. HTG. RATE 

12 2 4  36  4 8  6 0  72  

AXIAL DISTANCE, ~ (IN) ~ - , o ~  

), 

f )  

- n  

, , j  

Figure 16. Ax|al distributions predicted by ARCFLO Version 2 for Run No. 16. 



AEDC-TR-75-47 

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. Zn contrast, for the MMC case where both 

bulk Reynolds number and wall roughness are smaller, the wall convection is 

approximately equally divided between the molecular and turbulent contributions. 

The nature of the radiative and convective wall heat flux predictions in t~e 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/ibm. 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 field. 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. In both runs, this temperature spike persists past the 17-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 

al~owed 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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S~-CTION 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 An Section 8. 

The data used for the scaling study were obtained fr~n 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 

• A±r Mass Flow Rate: 0.125 to 4.0 lhm/sec 

• Diameter: 0.75 to 2.039 inches 

• 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. 

Zn 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 optimA- 

zation presented in Section 8. They should not, however, be used to 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. 

1 

2 

3 

4 

5 

6 

7 

8 .  

9 

I0 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

Current Air Flow Pressure Diameter 
amps Iblsec atm inches 

15DO 

2000 

IO00 

1500 

2000 

100O 

2000 

2500 

600 

700 

500 

600 

2500 

2000 

500 

I 
1500 

3 150 1.75 

4 

2 

3 

0.5 

I 
1.O 

0.25 

0.50 

2 

0.25 

0.125 

Z t o 3  

200 

80 

150 

200 

80 

150 

80 

200 

150 

80 

200 

150 

1. 544 

2. 039 

1.75 

I 
D. 934 

1.25 

1.75 

I 
1.50 

2.00 

1.50 

1.25 

0.75 

O. 934 

1.75 

Comments 

- Did not run 

- Distributed 
flow injec- 
tion 
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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/d, and relatively independent of constrictor diameter, 

pressure, air mass flow rate, or current (Figure 19). For values of Z/d greater 

than 15, the enthalpy-length curve can be approximated by 

Z 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 Z/d of 51. At this length, H/H--~ = 0.99. 

Correlation equations of the ARCFLO Version 2 results were obtained 

using a multiple regression statistical technique for mass-average enthalpy, 

constrictor wall heat~transfer rate, arc voltage, and efficiency. The equa- 

tions, for a given value of Z/d, are: 

= ~1 \~ X const , Btu/ibm (17) 

{ p°-" = (~)\~/ X const , Btu/ft2sec (18) 

I)°'2s ~0.3s pO.2S x const , volts V= (19) 

n = -- p-°'35 X const 
\d2/ 

(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 -°'2s x const ; Btu/lbm (21) 
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TABLE 5 

SUMMARY OF ARCFLO VERSION 2 CALCULATIONS AT Z/d = 51 

Case No. qwall Voltage 
(Btu/Ibm) (Btu/ft2sec) (kV) 

1 5275 5,441 33.4 

2 5960 7,648 27.8 

3 4677 3,854 32.8 

4 5149 5,119 33.6 

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 6,953 29.2 

10 4499 3,763 37.9 

l l  6141 8,406 24.7 

12 6434 9,537 26.5 

13 5500 4,672 17.6 

14 5850 5,440 17.0 

15 5100 3,800 18.5 

16 5000 3,580 23.9 

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 

22 6325 11,239 27.7 

23 6888 10,042 25.8 

24 6073 8,869 23.3 

25 6260 8,063 27.2 

26 6610 7,704 27.3 

27 . . . . . .  

28 6421 10,098 28.6 

29 6999 9,421 23.1 

30 5480 6,337 13.1 

31 6110 6,000 12.7 

32 4730 5,300 20.0 

Current 
(amps) 

1500 

2000 

1000 

1500 

2000 

1000 

2000 

2500 

600 

700 

500 

600 

2500 

2000 

I 

2000 

I 
60O 

I 
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 

i0,000 Btu/ft2sec. Thus, it should be possible to attain the "average" 

design goal of 7000 Btu/ibm at 175 atmospheres, providing the constrictor 

diameter is less than one inch.* 

Practical considerations, as discussed in Section 8, limit the general appli- 
cation of this conclusion. For instance, a 40 MW arc heater should have a 
constrictor diameter larger than one inch. 
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SECTION 8 

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: 

• Total mass-average enthalpy: 6000-8000 Btu~Ibm 

• Chamber pressure: 150-200 atm 

• Minimum operating time: i0 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 follows: 

Parameter 

• Arc current, amps 

• Arc voltage, kilovolts 

• Input power, MW 

5 MW 40 MW 

750 2000 

I0 30 

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~- an indicator of overall arc 

heater performance 

• Constrictor wall heat flux, q - 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, C - 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, CI - an indicator of the local constric- 

tor column energy loading 

• Input power per unit volume, VI/(~d2L/4) - an indicator of the over- 

all constrictor column energy loading 

• Constrictor mass flux, (PU)av e - 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 i. 

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 

H~, Btu-atm~/ibm 52,800 * * 

q, Btu/ft2sec 4,620 10,000 5,000 

I/d, amp/cm 638 638 638 

C, volts/cm 115 175 115 

~V, volts 79 I00 i00 

CI, kw/cm 210 210 210 

VI/(~d2L/4), kw/cm 3 15.2 40 15 

(PU)av e, lb/ft2sec 167 250 200 

Even the minimum performance goal of 6000 Btu/ibm at 150 arm 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, q - requires high efficiency cooling, 

optimum design constrictor disks 

Axial voltage gradient, C - requires thinner constrictor disks to 

maintain the voltage gradient between adjacent disks, ~V, at accep- 

table levels 

Minimum design goal 74,000 (6000 Btu/ibm at 150 arm); maximum design 
goal 113,000 (8000 Btu/ibm at 200 arm). 
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TABLE 6 

OBSERVED OPERATIONAL LIMITS OF VARIOUS ARC HEATERS 

AEDC 
Constrictor 
Arc 

AFFDL 

ALL 

H~ ~ Ild C eVav e cI 
Btu-atmh/lbm Btu/ft=sec amp/cm volt/cm volts kWcm 

48,400 4620 250 ]15 79 64 

33,200 3900 748 . . . .  210 

52,800 4620 638 115 79 210 

YI/W~ I" (PU)av e 
kw/cm 3 lb/ftZsec 

15.2 55 

4.4 i67 

15.2 167 
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• Input power per unit volume, VI/(~d2L/4) - requires high efficiency 

cooling, optimum design constrictor disks 

• Constrictor mass flux, (PU)av e - 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. In 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 following basic configurations: 

Configuration Variable 

Constrictor diameter, in. 

Constrictor length, in. 

Constrictor disk thickness, in. 

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

Arc Heater 

5 MW 40 MW 

0.70 1.75 

25.5 75.0 

0.12 0.20 

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 

presented 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 (q = i0,000 

Btu/ft2sec) and the recommended conditions (q = 5000 Btu/ftZsec) 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 ARCFLO Version 2 
code presented in Section 7; it should not be utilized for performance pre- 
d£ctions outside the range of parameters of the scaling study matrix presented 
in Table 4. 
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Power 
Level 
{MW) (Btu/ft2sec) 

C) .40 5,000 
B 5 s,ooo 
~,  40 10,000 

A 5 10,000 10,000 

~ 6,000 

, 4,000 
I n  

2,000 
40 60 80 100 200 

Pressure, p, atm 

300 

Figure 21. Ha'ss-averege enthalw as a function of 
chamber pressure for 5 HW and 40 HW 
arc heater destgns. 
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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 MH. 

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., q = 6200 Btu/ft2sec vs. 5100 Btu/ 

ft2sec) 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 radiative flux is by far the domznant 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. 

i-- 

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 reco~ended conditions (q = 5000 Btu/ft2sec 

and 150 arm) is presented below: 
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Design Goal, Constraint, 
Parameter 5 MW 40 MW or Recommended/Maximum 

H, Btu/lbm 5,900 5,150 6000 to 8000 

p, atm 150 150 150 to 200 

m, lhm/s~c 0.25 4.0 -- 

q, Btu/ft2sec 5,000 5,000 5000, 10,000 

v, kv 9.9 26.3 i0 or 30 

I, amps 600 1,500 740 or 2000 

d, in. 0.70 1.75 -- 

L, in. 25.5 75.0 -- 

C, volts/cm 131 133 115/175 

~V, volts 66 88 i00/i00 

H~, Btu-atml/2/ibm 72,300 63,100 -- 

I/d, amps/cm 338 338 638 

CI, kw/cm 79 199 210/210 

VI/(nd2L/4), kw/cm ~ 37 13 15/40 

(PU)av e, ibm/ft2sec 94 240 200/250 

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. Also, operation at the condi- 

tions presented in Figure 26 up to flux levels of i0,000 Btu/ft2sec and 200 

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

parameters. 
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SECTION 9 

CONCLUSIONS 

The conclusions derived from the program and the recommendations for 

additional effort are summarized below. 

CONCLUSIONS 

• 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 approximations 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 ~ore 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 

NONGRAY, 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-l, 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., 

dI 
V 

= ~v(Bv - I v ) (A-l) 

where B v is the Planck black body spectral intensity, I v is the spectral in- 

tensity traveling along a ray s and ~v is the spectral mass absorption coeffi- 

Cient corrected for induced emission. 

The spectral radiative flux qv(r) at any radial location r may be ex- 

pressed as: 
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qv(r) = / I  v cos 8 d~ (A-2) 

where 8 is the angle between the ray and the outward normal to the cylindrical 

surface and ~'is the solid angle. The cylindrical geometry and coordinate sys- 
tem are shown in Figure A-I. 

Equation (A-l) may be formally integrated and substituted into Equation 

(A-2) to yield for qv(r) (References A-3, A-4) 

qv(r) = 4 / cos 7 By(RID 3 ( ~(yldy + ~(y)dy) 

o o o 

/(R2--rZsin27)I/z /° y / cos y 

+ B~(y)g(y)D 2 ( ~(y')dy' + ~(yldy) dy 
o o 

where 

r cos 7 r cos 7 I 
+ Of Bv(yl~(y)D 2 ( /y ~(y')dy') dy d7 

~/2 I / R2-r2sin2¥) I~ 
- 4 [ __ cos 7 Bv(R)D 3 ( ~(y)dy) 

~o r cos 7 

÷ B~(y)~(y)D 2 ( ~(y')dy') dy d7 
r cos ¥ cos 7 

y : (r ,2 - r2sinZ7) lh 

y, : (r ,,2 _ r2sinZ7} IA 

(A-3) 

(A-4) 
(A-5) 
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and 

1 

o zn-1 Dn(X) = exp(- Z)dZ (A-6) 
~- Z2 

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) (x} , n > 1 (A-?) ~'~ D n = _ Dn_ 1 

and 

Dn+l(X) = /Dn(X)dx 

X 

(A-8) 

It is common practice in radiation analyses involving either plane- 

parallel geometry or cylindrical geometry to introduce the exponential kernel 

approximation. Accordingly, following References A-4 and A-5, we have 

• -bx 
D3(x} = a e (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 = ~/4 (A-10} 

and 

b = 5/4 (A-ll) 
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The local spectral radiant heat flux qu(r) is written as 

q~(r) = q~(r) - q~(r) (A-12) 

+ 
where qv(r) as 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,7), i.e., 

~/2 

of q~lr) = cos 7 G ±(r,7) d7 (A-13) 

where 

G +(r,7) = E (R) exp{-[T([R 2 - r2sin27]*h) + T(r cos 7)]} 

+ 
T ( [R2-r2sin27] */2 ) 

E (t) exp {- (t + T(r cos 7))} dt 

+ 
T (r c o s  7) 

fo E~(t) exp {-(~(r cos 7)- t)} dt (A-14) 

G-(r,7) = E (R) exp {-[T([R ~ - r2sin27]IA)- T(r cos 7)3} 

[ (R 2_r z sin27) */2 ] 

+f(  Ev(t) exp{- ( t -  T(r cOS'7))} dt 
r c o s  7) 

where T (y) is the optical depth defined as 

(A-15) 

Y 
~(y) = b ~(y')dy' 

Jo 
(A-16) 
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and 

E (y) = ~B u (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-l). 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-I radial subdivisions. 

The wall is located at ri= N = R and the axis of the constrictor at ri= 1 = 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,7), G-(r,7), 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 7i, j be the angle 

between the radius r i and the plane. In evaluating the optical depth T, follow- 

ing Nicolet (Reference A-6), it is assumed that the spectral mass absorption 

coefficient ~ at any value of y may be written as 

Y-Yi, 

r~ (Yi+l, ~ )lYi+l, J-Yi, j 

 cyl --  cyi0j  L  cYi,J  J (A-18) 
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where the quantities Yi,j and Yi+l,j are given by 

= 2)IA 
Yi,j (r~ - rj 

Yi+l,j (ri+l j 

(A-19a) 

(A-19b) 

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

and (A-18) 

~i+l,j - Ti, j = ATi+l,i, j = b~(Yi,j)(Yi+l,j " Yi,j ) 

[ ~(yi+l'~) 11 
x L - 

~(Yi+l,~) (A-20) 
&n ~(Yi,jJ 

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- 

rectional fluxes. At any value of j 

I ~i,i_l,~(Ei e G~ -dTi'i-l' J G[_I, j ÷ '~ l,j = e 

dTi,i-l,j 

~i,i-l,j 
- mi_l, ~) 

+ En Ei,j 
Ei-l,j 

(A-21) 

and 

G- 
• -i', j 

-STi,i-1, j =e G- ~,j 

ATi,i-l,j) 
- &Ti,i_l,~(Ei,~ - El_IF ~ e 

ATi,i_l, j - &n Ei'j 
Ei-l,j 

(A-22) 

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

G[,j_ can be calculated. To evaluate G ÷ i,j the cylindrical symmetry condition is 
invoked. Equations (A-21) and (A-22) may be substituted into Equation (A-13) 

to yield the following equation for the directional spectral fluxes: 
J 
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÷ J=N IG~. ~ +2G~',~-I)(sin Yi,j 7i, j q~(r i) = ~ ' - sin _i ) (A-23) 
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 i00 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) = / qv(r) d~ 

o 

(A-24) 
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Under the band model assumption the total radiative flux may be written as 

m 

qR (r) = ~qE(r) 

E=I 

(A-25) 

where m is the total number of bands (in this study m = 2) and qE(r) is the 

radiant flux contribution from the E th band to the total flux which is given 

by 

£ 
qE[r] -- J qv(r) dv 

Av E 

where Au£ is the band-width for the E th band. 

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

(A-26) 

£ 
WE(r) = J E~(r)dv/aT ~ (r) 

Av E 

(A-27) 

Equation (A-27) may be re-written in terms of a fractional function of 

the first kind (Reference A-10) once the band limits of the £th band are speci- 

fied. Note that the local band weighting function W£(r} has numerical values 

between 0 and i. Combining Equations (A-27), (A-14), and (A-15) and substitu- 

ting into Equation (A-26) leads to the necessary equation for the flux from 
the £th band. 

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-f1). Chiba used a value of 

a = 1 and b = 5/4 in the exponential kernel approximation for D2(x), whereas, 

in the present study a = 5~/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 cf 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 coordinates. 

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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APPENDIX B 

THERMODYNAMIC AND TRANSPORT PROPERTIES 

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-I) pressures of 1 and i0 arm 

were considered. Version 2 of the code accepts up to six constant-pressure 

tables, and in this work pressures of i, 10, 50, i00, 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.I THERMODYNAMIC PROPERTIES 

The thermodynamic properties p, h, and X i are calculated using the Aero- 

therm Chemical Equilibrium (ACE) computer program (References B-2, B-3), modi- 

fied to include the Debye-H~ckel correction. This subsection presents a brief 

summary of the ACE formulation for equilibrium gas mixtures. Also, incorpora- 

tion of the Debye-H~ckel corrections into the ACE formulation is described. 

Finally, the resulting predictions for p, h, and X i 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, j = i, 2 ..... J. In this system there will 

exist, in the general case, a set of independent equilibrium reactions. The 

number of such reactions is usually equal 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: 

~ji "~i ~ Nj "'{B-I) 

i=1 
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where the summation is over the I base species N i, i = i, 2, ... , I, and the 

u.. are sto~chiometric coefficients of the formation reactions. The number of J~ 
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-l) is the equilibrium constraint 

Gj = ~uji Gi (B-2) 
i=1 

If 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 

Gj = ~j + RuT in pj (B-3) 

Equations (B-2) and (B-3) can be combined to give an expression for the 

equilibrium constant for each independent reaction specified by Equation (B-I): 

I 

in = in pj - ~vji 
Kpj i=l 

in Pi (B-4) 

where 

I 

In Kpj (T) = R~I (-~j + ~Jii=l ~i) (B-5) 

Equation (B-4) can be written for each of the J-I 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 = '>--~Pj (B-6) 
j=l 

The remaining I-i equations required to complete the formulation for closed- 

system gas mixtures are obtained from element conservation equatiQns. 

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 collis~ons 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 thls work, particle potential energies are im- 

portant because charged particles are present. The Debye-H~ckel 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. In 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 (microscopically) by solving 

Poisson's equation for the potential in the neighborhood of an ion surrounded 

by electrons (Reference B-6). In either case, it is found that the reduction 

is a function of the temperature of the gas and the charged species number 

densities: 

J 

AIj = 2(zj + i)e' <k~) *A (n e + ~z~nj) 2A 

j=l 

(B-7) 

Equation (B-7) is written in cgs units, and zj = 0 for neutral atom j, 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 

in K L = in K Lj = in pj - ~vji In Pi (B-8) 
Pj Pj 

i = l  

Assuming the base species I are comprised of the neutral atoms and the free 

electron, the correction factor takes the form 

in Lj = (zj + z~) e' 

(~po) I/2 J 

(Xe + ~z~xj) ~/~ 
(kT) 2 j=l 

(B-9) 

Equation (B-9) can be derived by starting with the Saha equation, which relates 
st z+l the number density of the jth specie in the (z + i) ionization stage, n~ , 

th z J 
to the number density of the same specie in the z ionization stage, nj, and 

the number density of the free electrons, he: 

z+l 2 z+l /2~mekT\3/2 

3 

(B-IO) 
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If it is assumed that the lowering of the ionization potentials of the jth 

specie in the z th and (z+l} 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~ - 

~I~, with ~I~ given by Equation (B-7). Whe~ Equation (B-10) is generalized J JtO 

the base specie formulation on which Equation (B-4) is structured, by writing 

• z+l z+l nZ+l 
(n e, n~ = ~ nan j 

m o nj nj z 
(B-f1) 

with each term on the right-hand side of Equation (B-II) given by Equation 

(B-10) with IZj - dI~j in place of I~, the correction factor given by Equation 

(B-9) falls out. 

The Debye-H~ckel 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: 

= ¢o + bc (B-12) 

Thus, the internal energy per unit volume is given by 

U = U o + U c (B-13) 

where 

J 
U =-e 3 i_~ / \ (~)'/2 |Po|3/2 

j=l 

(B-14) 

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 - TS = F + F (B-15) 
o c 
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and, since 

one can write 

S = - ~ v,nj (B-16) 

~F 
= c _ 2 

F c U c + T ~-~ 3 Uc (E-17) 

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

S = S O + S c (B-18) 

where 

1 i U. 
S c = ~ (U c - F c) = ~ ~ (B-19) 

Also, the pressure correction is given as 

P = Po + Ap (B-20) 

where, since 

(Fv) 
P = - V~-V---- T,nj (B-21) 

one can write 

~(FcV) ~Fc 1 
dP = - ~-~ = - F c - v ~-~- = ~ F c = ~ U c (E-22) 

since F c is proportional to v- ~ (see Equations (B-17) and (B-14) and note that 

XjPo/kT = v-l). Finally, the correction to the mixture enthalpy is given as 

• H = H ° + H c (B-23) 
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where, since 

it follows that 

H = U + p (B-24} 

4 
H c = U C + Ap = ~ Uc (B-25) 

In Equation (B-20) above, Po is the so-called "thermal" pressure. Since 

Ap is directly proportional to U c and U c 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-HSckel 

correction into the ACE code are the mole fraction definition, 

xj = [i 
Po 

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

The mixture equation of state is 

J 

Po = ~Pj 
j=l 

(B-26) 

(B-27) 

Po Ru 
- T (B-28} p 

and the conversions from per-unit-volume to per-unit-mass are 

H c S c 
. . . . .  (B-29) hc p , s c p 

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 

÷ h c ÷  Jc' h : h O = (hjo : 
j=l j=l 

(B-30) 

Combination of Equations (B-29), (B-28), (B-25), and (B-14) gives 

*/2 J 
4 e s (~Po) ~ I/z R 2 

hjc = 3 k 2 T (~_~z~X 9) uZj (B-31) 
j=l 

The above coulomb corrections have been incorporated into the ACE code. 

Predictions of p, h, and X. from the modified ACE code were then compared with 
z 

the calculations in References B-8 and B-9. In the ACE calculations, eleven 

species were considered: 

N2, N, N +, N ++ 

02, O, O +, 0 ++ 

NO, NO* 

e 

Tables B-I through B-3 present a portion of these comparisons. Table B-1 in- 

dicates good agreement between the unmodified ACE predictions and those of 

Hilsenrath, et al., at 2000°K and 1 arm 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 arm, 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-H~ckel 

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 X i- 

Figures B-I 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 i0 atm and the extrapolated values 

at 200 arm used by Watson and Pegot (Reference B-I). 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 I0 atm are very close to the ACE 

values, but their extrapolation to 200 arm is up to 25 percent lower than the 

ACE values. 
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B.2 TRANSPORT PROPERTIES 

The transport properties p, K, and o 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.I. 

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.I}: 

= 0ixi, xj,L~' 

i=l ~ j=l /J 

K = Ktr + Kin t + K r (B-33) 

.[ /.~ \1 
Ktr T k (B-34 } 

i=l L ~=l / j  

. r,c,. 
,,.. o. jj 

K r = k R~ / ~ (v&iXj ~£jXi) 6(11 

(B-32) 

(B-35) 

x_, x c. 1 
o =(~ ", ~ ~=i j ej (B-37) 
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where 

A!q.) F 21T,,m, 7 ~/2 
z3 = Cq kT(m: 2 mj)J "ij 

8 16 
C1 = 3" ; C2 = T 

(B-38) 

(i - mi/m~)(0.45 - 2.54 mi/m~) 
a.. = 1 + (B-39) 
~3 (I + mi/mj)2 

In the above expressions, N is the total number of species present {equal to J 

in the nomenclature of Section B.I). 

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 = I. 

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-II): 

e + N+--~N 

2N-~N 2 

20-~O 2 

Equation (B-36) is based upon the formulation of Butler and 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 Equation (B-36), the summation over £ is a sum~uation 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.I. The 

stoichiometric coefficients in Equation (B-36) are written for reaction £ in 

the balanced form: 
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N 

~9£i Ni = 0 
i=1 

(B-40) 

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

I 

~Uji Ni + ~jj Nj = 0 
i=l 

(B-41) 

where j in Equation (B-41) represents £ in Equation (B-40) and ~jj = -i. Cor- 

responding to Equation (B-40), the heat of reaction per mole of reaction £ in 

Equation (B-36) is given by 

N 

AH£ = ~£i hi 
i=1 

(B-42) 

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

In Equation (B-37), the prime on the summation sign denotes summation 

over all species except the electron. 

In Equation (B-38) the collision integral T~!P 'q) has the physical • Ij 
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). 

(B-43) 

where 

~, (p,q) = z~ 
ij 

[ni(P'q) ]rigid sphere 

•P•q• •••e I•• ••q•• o(P) ij v~,~j -ij d7 
o 

(B-44) 

iB-45) 
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13 rigid sphere=~ " 1 - ~ , 1 + p rdij 

~2kT 

(B-46) 

(B-47) 

-- mim~ 

m i + mj 

and the gas-kinetic cross-section is given by 

(B-48) 

(P) / 
Qij (g) = 2~ (i - cosPx) cij (x,g) sin X dx 

o 
(B-49) 

where cij 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. In 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 ~d~ if the two particles are actually rigid spheres. ij 

Evaluation of the gas-kinetic cross-section given by Equation (B-49) re- 

quires 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, Equation (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 = q = 1 and 

p = q = 2 are required. 

References B-10, B-ll, 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 ~!q'q) for 
13 

all collisions except the coulomb collisions revealed that 

in ~Q''~3 " = ~j in + m3 (B-50) 
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to within the scatter of the data, where Aq. and Bq. 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 ¥os were found to be too high by a fac£or 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 H-18). Table B-4 summarizes the constants A~j_ and m~j_ 

for all but the Coulomb collisions. Constants for collisions between a neu- 

tral particle and a second ion were not considered, since the number densities 

for these two species are never simultaneously significant under conditions of 

interest. 

The Yos collision integrals for Coulomb collisions were based on the 

Gvosdover cross-section multiplied by factors 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 H~rm (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 potential with Debye-length cutoff. The Liboff 

expression is (cgs units) 

~(1,1) = i j  ~(2,2)ij = ~ A 2 [ln (~)-0. 577] (B-51) 

where 

e 2 = ziz# 

kT (B-52) 

and the Debye length is 

h2= kT (B-53) 

4~e2n 
e 

The Debye-length assuming screening by electrons only is used, as recommended by 

Capitelli and DeVoto (Reference B-14). The Coulomb collision integral for col- 

lisions involving an electron was corrected using a single multiplicative 
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factor, as outlined below. All other Coulomb collision integrals, i.e., for 

collisions between various ions, were obtained directly from Equation (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-6 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 I00 

atm. 

The following facts were considered in establishing the validation 

procedure: 

a. From a transport property point-of-view, an N 2 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 N 2 than there are for air 

c. There exists a recent, thorough calculation of N 2 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 N 2 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 i00 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 h~gh uncertainty in many of the 

collision-cross-sections, especially those for Coulomb collisions where the 

shielding process is not presently well quantified. In this work it was found 

that the only collision integral correction required was for the Coulomb colli- 

sions involving an electron. 

Figure B-3 shows the comparisons for the transport properties of an N 2 

plasma at one atmosphere. The frozen thermal conductivity is defined as Ktr + 

Kin t (Equations (B-34) and (B-35)). The experimental data for electrical con- 

ductivity were considered to be th___ee 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 N 2 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 O ++ and N ++ 

c. All Coulomb collision integrals multiplied by 0.6; with 0 ++ and N ++ 

d. Only Coulomb collision integrals involving an electron multiplied 

by 0.6; with 0 ++ and N ++. 

Several features of the comparisons for N 2 are evident. 

a. Inclusion of N ++ is necessary for T • 22,000°K. 

b. The frozen and total thermal conductivities and the electrical con- 

ductivity are quite 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 E 16,000°K, since the second and third iterations 

(b. and d. 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- 

parison 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 collisions. 
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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.N 2 experimental electrical conductivity data to within i0 percent over 

the entire temperature range considered. In addition, deviations of the pre- 

dictions of the new model from the N 2 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 N 2 viscosity within the scatter of the few data points available. 

For the N 2 plasma, the new model generally compares quite closely with 

the rigorous kinetic theory calculations of Capitelli and DeVoto, being within 

I0 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 

14,000oK ~ 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 i0 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 i0 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°E 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 H~rm, 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 N 2 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 ~ • 9000"K. 

Figure B-5 presents a comparison of the new model with the calculations 

of Sherman for an N 2 plasma at i00 arm. 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 N 2 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 arm. 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 arm 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-N 2 collision integral than that used by Peng and Pin- 

droh. At 8000"K and i00 arm, the mole fraction of N 2 is 0.48, so that e-N 2 

collisions are dominant. At I arm and 8000°K, the mole fraction of N 2 is only 

0.06, so the e-N 2 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 arm, 

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 ~ 8000"K, while a strong pressure-dependence is ex- 

hibited by the total thermal conductivity for temperatures as low as 3000aK. 

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 ~ "cross-over" region below which 

property values decrease with increasing pressure and above which they in- 

crease with increasing pressure. 
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HOLE FRACTIONS 

TABLE B-1 

COMPARISON OF PRESENT CALCULATIONS WITH HILSENRATH, ET AL. 

T = 2000°K, p = 1 arm 

ACE Hi lsenrathp e t  a l .  

p, gm/cc 0.1764 x 10 -~ 0.1762 x 10 "3 

h, cal/gm 479.1 474.1 

N 2 0.78 x 10 o 0.78 x 100 

02 0.21 x 100 0.21 x 100 

NO 0.82 x 10 "z 0.83 x 10 "2 

0 0.30 x 10 "~ 0.33 x 10 "~ 

N 0.84 x 10 "g - -  

e 0.29 x 10 -z~ - -  

N + 0 . 2 0  x 10 " ~  - -  

0 + 0.29 x 10 -=  - -  

NO + 0.29 x 10 "z° - -  

TABLE B-2 

COMPARISON OF PRESENT CALCULATIONS WITH HILSENRATH, ET AL. 

T = 15,000°K, p = 1 arm 

MOLE FRACTIONS 

ACE Wtth D-H ACE Without D-H 
Correct ion Correct1 on Hi l senra th  e e t  a l .  

p, gm/cc 0.7793 x 10 "s 0.7788 x 10 "s 0.7796 x 10 "s 

h, cal/gm 27,504 27,268 27,429 

N 2 0.3555 x 10 "s 0.3796 x 10 "s - -  

02 - : "  . .  . .  
NO . . . . . .  

0 0 .8015  x 10 "z 0.8258 x 10 " l  0.74 x 10 "z 

H O. 2258 O. 2344 O. 19 

e O. 3465 O. 3410 O. 35 

N + O. 2870 O. 2828 O. 30 

0 + 0.5741 x 10 "1 0.5614 x lO "z 0.61 x 10 "z 

NO + 0.'4097 x lO "s 0.4120 x 10 "s - -  
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TABLE B-3 

COMPARISON OF PRESENT CALCULATIONS WITH HILSENRATH, ET AL. 

T = 15,000°K, P = 200 arm 

! 
HOLE FRACTIONS , 

1 

< 

ACE With D-H ACE Without D-H 
Correction Correction 

p, 9m/cc 0.2281 x 10 -2 0.2286 x 10 -2 

h, cal/gm 34,447 14,243 
_2 

N 2 0.6697 x lO 0.6928 x 10 -2 

02 0.3203 x lO "~ 0.3286 x 10 "~ 

NO 0.9241 x 10 -3 0.9520 x 10 -3 

0 0.1935.  0.1967 

N 0.6937 0.7080 

e 0.5037 x 10 "1 0.4146 x 10 - l  

N ÷ 0.4267 x I0 "z 0.3513 x 10 "z 

0 + 0.6706 x lO -2 0.5498 x lO -~ 

NO + 0.2934 x lO "3 0.2439 x 10 -3 

Hi lsenrath~ e t  a l .  

0.2281 x 10 "2 

14,440 

0.687 x 10 -2 

0.193 

O. 693 

0.500 x 10 "1 

0.425 x 10 "z 

0.684 x 10 -2 

0.327 x 10 -3 
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TABLE B-4 

CONSTANTS FOR EQUATION (B-50) 
(ASSUMING. ~ i j  IN X 2 AND T IN °K) 

Specie i 

N 2 
N 

N 

e 

e 

N 

0 

O 2 
0 

0 

e 

e 

N 

0 

N 

~2 
0 2 
0 

NO 

N 2 
0 

N 

NO 

e 

N 2 

N 2 

tl 2 
N 

N 

N ÷ 

N ÷ 

O 2 

O 2 
0 

0 ÷ 

Specie j A~j 8;j A~ "lb 

N 2 -0.2739 3.434 -0.2613 3.597 
N 2 -0.3128 3.262 -0.2739 3.434 
N -0.3098 2.996 -0.2817 3.091 

N 2 0.2870 1.841 0.2870 1.841 

N 0.0000 1.609 0.0000 1.609 

N + -O.lOlO 3.970 -0.3568 3.726 

0 -0.2601 2.955 -0.2632 3.140 

02 -0.1503 3.296 -0.1166 3.434 

02 -0.2389 3.153 -0.2219 3.314 

0 + -0.0860 4.159 -0.3657 3.645 

0 0.6?59 -0.5547 0.6759 -0.5447 

02 0.4?48 0.9083 0.4?48 0.9083 

O+ -0.3979 4.094 -0.3999 4.007 

N + -0.3979 4.094 -0.3999 4.007 

0 -0.3424 3 .091  -0.3327 3.243 

02 -0,1549 3.367 -O.I120 3.497 

NO • -O.1549 3.367 -0,1120 3.497 

N 2 -0.2872 3.329 -0.2722 3.512 

NO -0.1461 3,307 -0.1359 3.512 

NO -0.1859 3.367 -0.1383 3.497 

NO -0.2529 3.243 -0.2074 3.384 

NO -0.2048 3.219 -0.1679 3.367 

NO + -0.1259 4.291 -0.3979 3.750 

NO 0.5322 1.308 0.5322 1.308 

N + -0.3128 3.262 -0.2739 3.434 

0 + -0.2872 3.329 -0.2722 3.512 

NO + -0.1859 3.367 -0.1383 3.497 

02 -0.2872 3.329 -0.2722 3.512 

NO + -0.2048 3.219 -0.1679 3.36? 

02 -0.3979 4.094 -0.3999 4.007 

NO -0.2048 3.219 0.1679 3.367 

0 + -0.2389 3.153 -0.2219 3.314 

NO + -0.1549 3.367 -0.1120 3.497 

NO + -0.2529 3.243 -0.2074 3.384 

NO -0.2529 3.243 -0.2074 3.384 
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Source 

Capitelli and 
DeVoto (B-14) 

Sherman (B-15) 

Hansen (B-Z0) 

Peng and 
Pindoch (B-11) 

Yos (B-IO) 

TABLE B-5 

THEORETICAL CALCULATIONS FOR TRANSPORT PROPERTIES AVAILABLE IN THE LITERATURE 

Co__~osiUpn 

Nitrogen 

Pressure. Temperature Date 
Ra,nge. ~atp.) Ra_n.g.e__.~K) Published Comments 

Nitrogen 

Air 

Air 

Air  and 
Nitrogen 

1 1000 - 30,000 1973 

10 -~  - 10 ~ 1 0 0 0 -  1 5 , 0 0 0  1965 

10 "~ - 102 1000 - 15,000 1959 

lO:S~p/po ~ 10 s 1000 - 15,000 1961 

1-30 1000 - 30,000 1963 

Most recent, best validated calcu- 
lat ion avai lable; higher order 
kinet ic theory; accounts for I.P. 
lowering. 

No comparisons with experimental 
data; higher order kinet ic theory; 
thermodynamic properties not 
described. 

Stmple mixture rules; many c o l l i -  
sion integrals now outdated; does 
not account for I.P. lowering. 

Improved co l l i s ion integrals 
re lat ive to Hansen; higher order 
kinet ic theory; does not account 
for  I.P. lowering 

Charge transfer collision integrals 
too high; Coulomb co111sion In- 
tegrals need updating; does not 
account for I.P. lowering; species 
mole fractions and thermodynamics 
properties taken from different 
sources (not consistent) 

), 
rn 
0 
n 

~n 
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TABLE B-6 

EXPERIMENTAL DATA FOR TRANSPORT PROPERTIES 
AVAILABLE IN THE LITERATURE 

Source Property 
Measured 

Schretber, et al .  (B-21) u 

Schrelber, et al. (B-23) K, o 

Hennann and Schade(B-24) K, o 

Morris, et al .  (B-25) K, o 

Asi'novsky, et al .  (B-26) K 

Schreiber, et al. (B-22) o 

Aslnovsky, et al. (B-26) K, o 

Pressure Temperature Composition 
Range (arm) Range (°K) 

Nitrogen 1 10,500-12,250 

Nitrogen 1 10,500-12,250 

Nitrogen 1 6,000-24,000 

Nitrogen 0.5-2.0 8,000-14,000 

Nftrogen 1 11,500-16,500 

Air  1 8,000-12,000 

Air  I 2,000-14,000 

Date 
Publi shed 

1971 

1972 

1970 

1970 

1971 

1973 

1971 

%" 

~> 
m 
(0 
C) 

~0 

.m 
4~ 
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Figure B-3d. Comparisons for nitrogen transport properties at 1 atm-  v~scostty. 
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Ftgure B-4c. Comparisons f o r  a t r  t r a n s p o r t  p r o p e r t i e s  a t  1 a t a  - f rozen  t h e r m l  
conduct1 vt t y .  
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Ftgure B-5a. Comparisons f o r  n t t rogen t ranspor t  p roper t ies  a t  100 arm - t o t a l  
thermal conduc t i v i t y .  
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Figure B-Sb. Comparisons for nitrogen transport propert|es at 100 arm - frozen 
thermal conductlvlty. 
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Ftgure B-5c. Comartsons for nttrogen transport properties at 100 at~ - v iscosi ty.  
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Figure B-6a. Comparisons for a i r  transport properties at I00 atm - electr ical  
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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 

d~ 
= p(~ + E) a~" ' (C-1) 

where = kinematic viscosity 

c = eddy viscosity 

o = fluid density 

d~ 
dy - mean velocity gradient in the direction normal to the wall 

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

butions yielding 

q =- + ~-~ , (C -2 )  

where k = thermal conductivity 

Cp = specific heat at constant pressure 

Pt = turbulent Prandtl number 

d~ 
- mean enthalpy gradient in the direction normal to the wall 

dy 

In the Watson and Pegot model (Reference C-2), the eddy viscosity is 

calculated by using Prandtl's mixing length hypothesis~ 

c = ~2 id~ , (C-3) 

. o o 

| 
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where E = mixing length. For flow in smooth pipes, the mixing length was found 

by Nikuradse (Reference C-I) to be independent of Reynolds number for values of 

Re > i0 ~ . Nikuradse's equation for mixing length is given in Equation (C-4) : 

where 

o . ,  - - - o . o o  - ' 

R = pipe radius 

y = distance from pipe wall 

(C-4) 

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, £w = ½ ~N" 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 

proE .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 

Pt = 0.95-0.45 IR~I 2 (C-5) 

was used in ARCFLO Version 2. 

Mixing length formulations which explicitly 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 this 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 element height. 

Using this result for guidance, it was decided in this work to model wall rough- 

ness effects by evaluating the van Driest mixing length formula discussed in 
ii Section 5 at "y + K s rather than "y", where y is the distance from the wall 

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

< 0.4 K s which is consistent with the aforementioned low- this then gives Ew - 

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 106 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 also suggests that Ptw could be as large as 3. In addition, the 

detailed profile measurenents carried out in the study described in Reference 

C-4 involving wall injection and suction were used to show that the Rotta cor- 

relation, Equation (C-5) above, is quite valid away from the wall. However, 

for y/R < 0.05, Pt was found to increase sharply as the wall was approached 

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, 

the recommended value for Ptw was determined to be 3.0. For the region 

y/R < 0.05, a linear interpolation between 3.0 and 0.949, the value given by 

Equation (C-5) evaluated at y/R = 0.05, was used. 

C-I. 

C-2. 

C-3. 

C-4 ° 
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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. 

. ° 

7 
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Arnold Engineering Development Center (AEDC) 
Tullahoma, Tennessee 

Nozzle 
Constrictor Throat 

No. Current, Voltage, Diameter, Diameter, 
amps volts inches inches 

Length, 
inches 

Air Flow 
Rate, 

11~pJsec 

Hass-Average 
Enthalpy, 
Btul1~ 

Pressure, 
arm 

Eff iciency, 
percent 

l 521 2080 0.934 0.215 18.50 0.055 

2 427 2080 0.934 0.215 18.50 0.058 

3 591 2120 0.934 0.215 18.50 0.055 

4 475 3300 0.934 0.215 ]8.50 0.120 

5 370 3360 0.934 0.215 18.50 O.121 

6 575 330D 0.934 0.215 18.50 0..116 

7 477 4230 0.934 0.215 18.50 0.187 

8 561 4465 0.934 0.215 18.50 0.192 

9 602 4830 0.934 0.215 18.50 0.260 

l0 682 3544 0.934 0.215 18.50 0.136 

l l  529 3016 0.934 0.215 18.50 0.112 

12 543 3285 0.934 0.215 18.50 0.123 

13 635 305D 0.934 0.215 18.50 O.lO0 

14 525 3460 0.934 0.215 18.50 0.120 

15 554 4980 0.934 0.215 18.50 0.253 

6403 

6024 

6989 

5326 

4588 

5963 

4663 

5270 

4448 

5886 

5140 

5084 

6340 

6025 

4256 

26.3 

26.0 

26 .2  

53.2 

51.0 

53.7 

77.6 

84.4 

102.0 

64.0 

46.0 

52.9 

43.9 

55.4 

101.5 

34.3 

41.5 

32.4 

43.0 

47.1 

38.5 

45.6 

42.6 

42.0 

34.9 

38.1 

37.0 

34.5 

42.0 

41.2 
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Air Force Flight Dynamics Laboratory (AFFDL) 
Wright-Patterson Air Force Base, Ohio 

No. Current, Voltage, Constrictor Nozzle 
amps volts Diameter, Throat 

inches Diameter, 
inches 

Length,* Air Flow 
Rate, 

inches Ibm/sec 

Hass-Average 
Enthalpy, Pressure, Efficiency, 

Btu/lbm atm percent 

1 1600 15,000 3.0 1.O0 96.0 5.0 2450 97.28 53.8 

2 2000 14,700 3.0 1.00 96.0 5.0 2300 103.40 49.5 

3 2400 14,000 3.0 l.O0 96.0 5.1 2400 106.80 46.0 

4 2000 5,700 3.0 2,00 72.0 3,8 1550 25,85 54,5 

5 2800 ll,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 

lO 2000 10,300 3.0 l.O0 72,0 4.55 2300 77.55 53.6 

II 2400 13,000 3.0 l.O0 72.0 5.5 2800 103.40 52.1 

12 2800 8,100 3.0 1.O0 45.0 3.6 3050 65,31 51.l 

13 2800 8,100 3.0 l.O0 45.0 3.6 3050 65,31 51.1 

14 4000 3,000 3.0 1.O0 45.0 1.7 3800 34°35 56,8 

15 4400 2,700 3.0 1.O0 45.0 1.55 3400 31.97 46.8 

16 4800 2,700 3.0 1.O0 45.0 1.87 3300 35.37 50,2 

17 2800 12,300 3.0 1.O0 72.0 5.3 3400 95.24 55.2 

18 2800 12,300 3.0 1.O0 72.0 5.3 3400 95.24 55,2 

19 3200 lO,O00 3.0 l.O0 72,0 4.5 3050 83.67 45.2 

20 3200 10,000 3.0 1,O0 72.0 4,5 3050 83.67 45,2 

21 3600 6,500 3.0 1.O0 72.0 3.6 3300 67.35 53.6 

22 3600 6,500 3.0 1.O0 72.0 3.6 3300 67.35 53.6 

23 1200 6,050 3.0 1.O0 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,O0 45.0 3,5 2800 57,82 67,3 

26 1600 12,000 3.0 1,O0 72.0 4,7 2000 74,83 51.6 

27 2000 11,000 3.0 l.OO 45.0 5.4 2650 93,88 68,6 

Downstream electrode length (Huels-type arc heater) 
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Sandia Laboratories 
Albuquerque, New Mexico 

Constrictor Nozzle 
No. Current, Voltage, Throat 

amps volts Diameter, Diameter, 
inches inches 

Length, 
inches 

Air Flow 
Rate, 

lbm/sec 

Mass-Average Pressure, 
Enthalpy, 
Btu/Ibm atm 

Efficiency, 
percent 

1 709 2467 1.0 0.333 35.75 0.055 i0,300 15.2 

2 529 2180 1.0 0.333 36.75 0.052 9,700 11.7 

3 1003 2309 1.0 0.333 36.75 0.064 12,980 14.5 

4 352 2376 l.O 0.333 36.75 0.064 5,890 11.5 

5 961 2427 1.0 0.333 36.75 0.065 13,970 14,3 

6 960 1745 1.0 0.333 36.75 0.034 17,600 8.0 

7 778 2417 1.0 0.333 36.75 0.065 12,430 13.8 

8 753 1775 1.0 0.333 36.75 0.034 15,540 7.8 

9 551 2427 1.O 0.333 36.75 0.065 9,290 13.3 

10 566 1780 1.0 0.333 36.75 0.034 12,920 7.4 

l l  413 2503 1.0 0.333 36.75 0.065 8,190 12.4 

12 377 1768 1.0 0.333 36.75 0.034 9,520 6.9 

40.4 

46.1 

37.8 

47.7 

41.1 

37.7 

45.3 

41.7 

47.6 

46.0 

54.3 

51.2 
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National Aeronautics and Space Administration - Johnson Space Center (NASA-JSC) 
Houston, Texas 

No. Current, Voltage, Constrictor Nozzle Throat Length, Air Flow Mass-Average 
amps volts Diameter, Rate,  Enthalpy, Pressure, Efficiency, 

inches Diameter, inches lbm/sec  8tu/lbm arm percent 
inches 

1 1984 5700 

2 1940 4950 

3 1836 4180 

4 2000 4620 

5 1506 4850 

6 1500 4940 

7 1068 5840 

8 1064 5790 

9 1960 4880 

lO 495 5200 

11 920 3930 

12 498 3820 

13 492 3430 

14 500 3450 

15 . 998 3850 

16 1516 4715 

17 1500 4220 

18 1920 4460 

19 496 3380 

20 996 3960 

21 470 3540 

22 940 4010 

23 1004 4500 

24 1956 4700 

25 500 3580 

26 1000 4170 

27 1504 4250 

28 2000 4440 

29 1880 4400 

30 1948 4365 

31 1390 3530 

32 1810 3490 

33 940 3300 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1 5 

1 5 

I 5 

1 5 

15 

1 5 

15 

15 

2.25 122. 0.237* 15,749 5.17 35.1 

2.25 93. 0.252 15,670 5.16 43.4 

2.25 93. 0.238* 11,557 3.86 35.7 

2.25 93. 0.239* 15,235 4.97 41.6 

2.25 93. 0.239* 12,891 4.83 45.5 

2.25 93. 0.290 10,900 4.13 45.0 

2.25 93. 0.290 10,500 4.90 51.5 

2.25 93. 0.290 12,300 4.73 61.1 

2.25 93. 0.303 13,050 5.03 43.6 

2.25 79. 0.499* 2,509 5.21 51.3 

2.25 79. 0.199 9,397 2.98 54.6 

2.25 79. 0.193 5,617 2.20 60.1 

2.25 64. 0.494* 2,233 4.16 68.9 

2.25 54. 0.633* 2,030 5.20 78.5 

2.25 64. 0.594* 3,235 5.0g 52.7 

2.25 64." 0.632* 6,]94 6.78 57.7 

2.25 64. 0.59]* 4,925 6.19 48.5 

2.25 54. 0.628* 5,785 6.86 44.7 

2.25 64. , 0.627* 1,774 3.76 70.0 

2.25 64. 0.582* 3,357 5.10 52.2 

2.25 54. 0.620* 1,949 4.01 76.6 

2.25 64. 0.580* 3,872 5.44 62.8 

2.25 64. 0.400 6,790 5.24 63.4 

2.25 64. 0.390 12,200 6.60 54.6 

2.25 64. 0.384 2,576 3.74 58.4 

2.25 54. 0.384 6,067 5.17 59.0 

2.25 64. 0.384 8,583 6.01 54.4 

2.25 64. 0.382 11,071 6.70 50.4 

2.25 64. 0.336 12,877 6.49 55.2 

2.25 64. 0.330 12,694 6.33 52.0 

2.25 64. 0.256 13,867 4.05 76.3 

2.25 64. 0.251 12,506 4.41 52.4 

2.25 64. 0.251 9,960 3.54 85.0 

Flow indicated is that through arc heater alone. 
gas injection in plenum. 

Total flow through nozzle is higher due to additional 
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AEDC-TR-75-47 

NASA-JSC (Continued) 

No. Current, Voltage, Constrictor Throat Nozzle 
amps volts Diameter, Diameter, 

inches inches 

34 ]466 2750 1.5 2.25 

35 500 3]40 1.5 2.25 

36 1550 3640 1.5 2.25 

37 1980 3070 1.5 2.25 

38 ]542 3070 1.5 2.25 

39 1258 3000 1.5 2.25 

40 1562 2650 1.5 2.25 

41 3044 2630 1.5 2.25 

42 1966 2620 1.5 2.25 

43 634 2450 1.5 2.25 

44 488 2280 1.5 2.25 

45 906 2235 1.5 2,25 

46 1214 2480 1.5 2.25 

47 900 2450 1.5 2.25 

48 1210 2310 1.5 2.25 

49 1240 2460 1.5 2.25 

50 900 -2180 1.5 2.25 

51 1212 2320 1.5 2.25 

52 448 2000 1.5 2.25 

53 2000 2290 1.5 2.25 

54 972 3560 3.5 2.25 

55 566 2910 1.5 2.25 

56 800 3022 1.5 2.25 

57 1960 3570 1.5 2.25 

58 1480 3500 1.5 2.25 

59 1226 990 1.5 2.25 

60 918 960 1.5 2.25 

61 710 930 1.5 2.25 

62 510 790 1.5 2.25 

63 508 785 1.5 2.25 

64 508 780 1.5 2.25 

65 508 780 1.5 2.25 

66 1500 4200 1.5 2.25 

67 1500 4530 1.5 2.25 

Length, Air Flow Hass-Average Pressure, Efficiency, 
Rate,  Enthalpy, 

inches lbm/sec  Btu/lbm arm percent 

i 

57.5 0.332* 6,554 3.61 57.8 

57.5 0.255* 2,730 3.23 30.4 

57.5 0.405 8,602 5.92 65.1 

57.5 0.242 13,460 4.83 56.6 

57.5 0.241 11,993 4.38 64.6 

57.5 0.240 10,096 4.03 67.9 

57 .5  0.220* 12,011 3.14 67.3 

57 .5  0.220* 8,007 3.06 67.6 

57 .5  0.215" 15,160 3.40 66.8 

57.5 0.210" 4,983 2.14 71.1 

57.5 0.147 6,065 2.07 85.0 

57.5 0.147 7,898 2.34 60.8 

57.5 0.147 12,593 2.82 65.0 

57.5 0.147 9,959 2.58 70.2 

57.5 0.147 9,531 2.38 52.9 

57.5 0.147 12,651 2.81 64.4 

57.5 0.146 7,283 • 2.11 57.4 

57.5 0.144 10,925 2.29 59.3 

57.5 0.144 4,379 1.65 74.3 

57.5 0.143 14,854 2.71 49.1 

50.0 0.228* 9,158 6.19 63.7 

50.0 0.228* 4,579 4.18 66.8 

50.0 0.398 2,626 4.39 45.7 

50.0 0.397 9,643 5.80 57.8 

50.0 0.394 7,290 5.20 58.6 

36. 0.053 12,320 1.0 57.3 

36. 0.053 ]0,675 0.90 68.4 

36. 0.053 8,168 0.80 69.7 

36. 0.040 5,601 0.16 58.7 

36. 0.040 5,584 0.16 59.1 

36. 0.040 6,318 0.16 67.3 

36. 0.040 5,391 0.15 57.4 

79. 0.400 10,212 5.03 68.4 

79. 0.400 9,919 5.85 61.6 

Flow indicated is that through arc heater alone. 
gas injection in plenum. 

Total flow through nozzle is higher due to additional 
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AEDC-T R.75.47 

I~A-JSC (Concluded) 

Constrictor Nozzle 
Current, Voltage, Diameter, Throat 

No. amps volts inches Diameter, 
inches 

68 1510 .4490 1.5 2.25 

69 1808 4500 1.5 2.25 

70 1980 4200 1.5 2.25 

71 1980 4550 1.5 2.25 

72 1992 4750 1.5 2.25 

73 1990 4830 1.5 2.25 

74 1992 4900 1,5 2,25 

75 1882 5100 1.5 2.25 

76 1620 5700 1.5 2.25 

77 1990 5570 1.5 2.25 

78 1982 5590 1.5 2.25 

79 1990 4650 1.5 2.25 

80 2006 4670 1.5 2.25 

81 1512 4870 1.5 2.25 

82 1006 5150 1.5 2.25 

83 1800 5725 1.5 2.25 

84 1806 5650 1,5 2,25 

85 1988 5380 1,5 2,25 

86 1988 5380 1.5 2.25 

87 1988 .5440 1,5 2,25 

88 1986 5450 1.5 2.25 

89 1986 5630 1.5 2.25 

90 1960 4700 1.5 2.25 

Length Air Flow Mass-Average 
' Rate, Enthalpy, Pressure, Eff ic iency, 

inches lbm/sec Btu/lbm arm percent 

79. 0.320* 13,029 5.17 64.8 

79. 0.329* 13,701 6.44 68.4 

79. 0.232* 16,406 5.07 48.3 

79. 0.261" 16,419 6.15 50.1 

79. 0.359* 11,866 6.22 47.5 

79. 0.348* 12,983 6.53 49.5 

79. 0.351" 12,405 6.67 47.0 

79. 0.411" ]1,920 6.80 53.8 

93.3 0.364* 12,986 6.29 53.9 

93.3 0.335* 14,831 6.65 47.3 

93.3 0.337* 14,396 6.68 46.1 

93.3 0.239 18,950 5.54 51.6 

93.3 0.241 18,740 5.64 50.9 

93.3 0.241 15,890 5.28 54.9 

93.3 0.241 12,935 4.78 63.5 

93.3 0.372 18,070 6.94 68.8 

93.3 0.288* 15,301 6.37 45.7 

93.3 0.284* 15,746 6.08 44.2 

93.3 0.285* 15,339 6.05 43.1 

93.3 0.285* 15,428 6.18 42.9 

93.3 0.300* 15,843 6.12 46.3 

93.3 0.304* 16,269 6.49 46.7 
p 

93.3 0.241 17,430 7.54 48.1 

Flow indicated is that through arc heater alone. 
gas injection in plenum. 

Total flow through nozzle ts higher due to additional 
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AEDC-TR-75-47 

National Aeronautics and Space A~r, in is t ra t ion  - Ames Research Center (NASA A~es, 6 om} 
Hoffett  Fie ld,  Cal i fornia 

Nozzle 
Throat Length, NO. Current, Voltage, Constr ictor Air  Flow Hass-Average Pressure, 

amps volts Diameter, Rate, Enthalpy, D ia~ te r ,  inches atm 
inches inches lbm/sec ) tu / lb~  

Eff ic iency,  
percent 

1 1847 1855 2.362 1.50 47.0 0.833 1,600 4.44 

2 3610 2597 2.362 i.50 47.0 0.828 4,000 6.99 

3 3696 2873 2.362 1.50 47.0 0.811 4,700 8.90 

4 3¢65 2513 2.362 1.50 47.0 0.778 4,600 6.73 

5 1771 1750 2.362 1.50 47.0 0.768 1,500 4.15 

6 3850 2805 2.363 1.50 47.0 0.610 6,800 7.61 

7 3388 2395 2.362 1.50 47.0 0.595 4,900 5.84 

8 3619 2444 2.362 1.50 47.0 0.580 5,500 5.51 

9 3311 2307 2.362 1.50 47.0 0.514 5,900 4.80 

10 3466 2384 2.362 1.50 47.0 9.496 6,700 5.06 

11 4087 2727 2.362 1.50 47.0 0.478 8,800 6.75 

12 3773 2296 2.362 1.50 47.0 0.460 7~400 4.53 

13 3685 2423 2.362 1.50 47.0 0.418 9,500 4.76 

14 4154 2447 2.362 1.50 47.0 0.402 9,900 5.76 

15 4623 2253 2.362 1.50 47.0 0.3T88 10,100 5.04 

16 4439 2194 2.362 1.50 47.0 0.297 11,000 3.81 

17 5092 1852 2.362 1.50 47.0 0.292 10,300 3.78 

18 6164 152! 2.362 1.50 47.0 0.285 14,500 1.82 

19 6~32 1630 2.362 1.50 47.0 0.266 17,400 1.83 

20 5628 1614 2.362 1.50 47.0 0.181 14,700 2.25 

21 1020 2070 2.362 1.12 93.7 0.103 6,175 1.94 

22 976 3040 2.362 1.12 93.7 0.179 6,300 3.26 
23 954 3817 2.362 1.12 93.7 0.262 5,857 4.63 

24 974 2205 2.362 1:12 93.7 0.109 6,030 2.04 

25 1500 1957 2.36~ !.12 93.7 0.104 7,685 2.05 

26 1440 3310 2.362 1.12 93.7 0.239 7,200 4.58 

27 1400 3770 2.362 1.12 93.7 0.293 6,585 5.61 

28 )440 4326 2.362 1.12 93.7 0.357 6,660 6.88 

29 1430 4930 2.362 1.12 93.7 0.445 6,170 8.42 

30 1650 1895 2.362 1.12 93.7 0.100 6,970 2.05 

31 1612 2760 2.362 1.12 93.7 0.180 7,160 3.57 

32 1685 4124 2.352 1.12 93.7 0.331 7,320 6.76 

33 1620 5350 2.362 1.12 93.7 0.491 6,640 9.80 

34 606 2280 2.362 1.12 93.7 0.103 4,400 1.81 

35 613 3450 2.362 1.12 93.7 0.164 4,830 3.12 

36 596 A430 2.362 1.12 93.7 0.265 4,480 4.41 

37 587 5400 2.362 1.12 93.7 0.338 4,700 5.51 

38 355 1657 2.362 1.12 93.7 0.050 3,120 1.19 

39 560 1700 2.362 1.12 93.7 0.066 4,060 1.15 

40 811 1640 2.362 1.12 93.7 0.071 4,880 1.28 

41. I 

37.3 

37.9 

43.3 

39.2 

40.5 

37.9 

38.  I 

41.9 

42.5 

39.8 

41.5 

47.0 

41.4 

39.8 
35.4 

33.7 

46.5 

46.6 

30.9 

31.8 

40.1 

44.5 

32.3 

28.7 

38.1 

38.6 

40.3 

41.1 

23.5 
30.6 

36.8 
39.7 

34.8 

44.3 

47.4 

52.9 

28.0 

29.7 

27.5 

148 



AEDC-T R-75-47 

NASA Ames, 6 cm (Continued) 

Nozzle 
Constr ictor Throat Current, Voltage. Diameter, 

No. amps volts inches inches Diameter, 
Length, 
inches 

Air  Flow 
Rate. 

lbm/sec 

Mass-Average 
5nthalpy, 
8tu/lbm 

Pressure, 
a ~  

Eff ic iency, 
percent 

41 1112 1537 2.352 1.12 93.7 0.073 4,985 1.37 

42 1494 1500 2.362 1.12 93.7 0.073 5,810 1.43 

43 1770 1473 2.362 1.12 93.7 0.070 3,730 1.45 

44 2040 1500 2.362 1.12 93.7 0.074 4,050 1.52 

45 2353 1524 2.362 1.12 93.7 0.073 4,570 1.55 

46 851 1611 2.362 1.12 93.7 0.072 3,321 1.33 

47 877 1544 2.362 1.12 93.7 0.073 3,916 1.35 

48 850 1683 2.362 1.12 93.7 0.073 3,981 1.35 

49 854 3460 2.352 1.12 93.7 0.199 6,579 3.68 

50 808 3435 2.362 1.12 93.7 0.206 5,957 3.82 

51 901 3542 2.362 1.12 93.7 0.212 6,252 3.92 

52 846 3456 2.362 1.12 93.7 0.209 5,316 3.89 

53 768 3522 2.352 1.12 93.7 0.217 4,921 3.98 

54 778 3728 2.352 1.12 93.7 0.219 5,411 4.02 
55 786 3834 2.352 1.12 93.7 0.224 5,887 4.08 

56 778 3864 2.352 1.12 93.7 0.227 6,086 4.09 

57 1070 3265 2.362 1.12 93.7 0.201 7,173 3.87 

58 1085 3394 2.362 1.12 93.7 0.212 7,382 4.07 

59 1083 3449 2.362 1.12 93.7 0.217 7,440 4.13 

60 1046 3551 2.362 1.12 93.7 0.223 7,127 4.23 

51 1050 3552 2.352 1.12 93.7 0.225 7,056 4.27 

52 2899 4352 2.352 1.12 93.7 0.414 7,988 8.52 

53 995 2202 2.352 1.12 93.7 0.107 5,762 2.09 

54 1647 2075 2.352 1.12 93.7 0.110 7,576 2.30 

65 3441 2052 2.362 1.12 93.7 0.109 9,569 2.48 

66 517 2451 2.362 1.12 93.7 0.101 4,401 1.77 

67 1003 2207 2.352 1.12 73.7 0.102 7,552 1.98 

68 1459 2057 2.352 1.12 93.7 0.108 7,949 2.19 

59 1994 2029 2.362 1.12 93.7 0.109 9,292 2.29 
70 2465 1973 2.352 1.12 93.7 0.109 8,753 2.34 

71 2950 2075 2.352 1.12 93.7 0.112 10,507 2.43 

72 2954 2890 2.352 1.12 93.7 0.205 10,259 4.47 

73 2443 2924 2.362 1.12 93.7 0.205 9,131 4.37 
74 2055 2987 2.362 1.12 93.7 0.205 9,069 4.29 

75 1534 3121 2.362 1.12 93.7 0.205 7,853 4.10 

75 1055 3345 2.352 1.12 93.7 0.205 6,760 3.89 
77 537 4019 2.362 1.12 93.7 0.204 4,583 3.44 

78 649 5122 2.352 1.12 93.7 0.310 5,392 5.27 

79 1029 4438 2.362 1.12 93.7 0.313 6,494 5.79 

80 1491 3972 2.362 1.12 93.7 0.299 8,322 5.91 

81 1978 3804 2.362 1.12 93.7 0.298 8,359 5.15 

22.5 

20.0 

10.6 

10.3 

9.8 

18.3 

21.1 

21.4 

46.7 

42.5 

43.8 

40.0 
40.5 

43.1 

46.2 

48.3 
43.5 

44.8 

45.6 

45.1 

45.0 

27.5 

29.7 

26.2 

15.6 

36.9 
37.2 

30.0 
26.4 
20.7 

20.5 

26.0 

27.8 
31.9 

35.5 

40.8 

46.7 

53.0 

47.0 

44.3 

34.9 

,o 
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AEDC-TR-75-47 

NASA Ames, 6 cm (Continued) 

Nozzle 
Constrictor Throat Current, Voltage, Diameter, 

No. amps vol ts Diameter, 
inches inches 

Length, 
inches 

Atr Flow 
Rate, 

lbm/sec 

Hass-Average 
Enthalpy, 
Btu/lbm 

Pressure, 
atm 

82 2478 3739 2.362 1.12 93.7 0.300 8,981 6.33 

83 2979 3620 2.362 1.12 93.7 0.300 9,120 6.52 
84 2888 4333 2.362- 1.12 93.7 0.391 11,210 8.41 

85 2460 4418 2.362 1.12 93.7 0.391 8,485 8.28 

86 1995 4541 2.362 1.12 93.7 0.391 7,990 8.05 

87 2938 5052 2.362 1.12 93.7 0.505 8,451 10.90 

88 509 1972 2.392 3.36 92.5 0.080 2,450 0.85 

89 510 2536 2.362 3.36 92.5 0.116 2,991 1.20 

90 490 2601 2.362 3.36 92.5 0.124 2,260 1.25 

91 1012 2193 2.362 3.36 92.5 0.126 4,216 1.46 

92 1512 2030 2.362 3.36 92.5 0.128 5,198 1.55 

93 1518 2037 2.362 3.36 92.5 0.128 5,179 1.56 

94 771 2215 2.362 3.36 92.5 0.114 4,196 1.25 
95 1010 2091 2.362 3.36 92.5 0.116 4,658 1.33 

96 1513 1962 2.362 3.36 92.5 0.118 5,954 1.43 

97 2003 2028 2.362 3.36 92.5 0.131 7,365 1.55 

98 2514 2032 2.362 3.36 92.5 0.135 7,090 1.74 

99 2515 2712 2.362 3.36 92.5 "0.216 7,484 2.79 

100 2011 2755- 2.362 3.36 92.5 0.216 6,465 2.70 

101 1500 2885 2.362 3.36 92.5 0.218 5,614 2.60 

102 1022 3121 2.362 3.36 92.5 0.218 4,376 2.42 

103 767 3279 2.362 3.36 92.5 0.218 3,474 2.29 

104 773 4258 2.362 3.36 92.5 0.313 4,050 3.23 

105 1003 3920 2.362 3.36 92.5 0.311 4,512 3.44 

106 1508 3580 2.362 3.36 92.5 0.309 5,914 3.56 

107 2010 3390 2.362 3.36 92.5 0.308 6,621 3.81 

108 2500 3306 2.35i 3.36 92.5 0.306 7,216 3.87 

109 2482 3836 2.352 3.36 92.5 0.405 5,230 5.12 

i10 2002 4038 2.362 3.36 92.5 0.402 5,178 4.94 

111 1513 4166 2.362 3.36 92.5 0.406 5,068 4.72 
112 785 2286 2.362 3.36 92.5 0.124 3,614 1.31 

113 1515 2802 2.352 3.36 92.5 0.218 5,567 2.54 

114 1512 2871 2.362 3.35 92.5 0.218 5,575 2.54 

115 1502 2810 2.362 3.36 92.5 0.217 5,071 2.54 

115 1519" 2823 2.362 3.36 92.5 0.217 5,308 2.52 

117 1510 3462 2.362 3.36 92.5 0.300 5,322 3.49 

118 1515 3579 2.362 3.36 92.5 0.314 5,555 3.59 

119 1516 3594 2.362 3.36 92.5 0.314 5,515 3.59 

120 1512 3553 2.352 3.36 92.5 0.314 5,305 3.57 

121 769 2476 2.362 3.36 92.5 0.135 5,035 1.49 

122 1017 2405 2.362 3.36 92.5 0.142 5,391 1.64 

Efftc|ency, 
percent 

30.7 

26.8 
36.9 

32.2 

36.4 

30.3 

20.6 

28.3 

23.2 

25.2 
22.9 

22.6 

29.5 
27.0 

25.0 

25.1 

19.8 

25.0 

25.5 

29,8 

31.5 

31.8 

40.6 
37.6 

35.7 

31.6 

28.2 

28.0 
32.4 

34.4 

26.3 
30.2 

29.5 

27.5 
28.3 

32.2 

33.9 

33.5 

32.5 

37.7 

33.0 
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AEDC-TR-75-47 

KASAknes, 6 cm (Concluded) 

Nozzle 
Current, Voltage, Constr ictor Throat 

Diameter, Diameter, 
No. emps vol ts inches tnches 

Length, 
inches 

Air  Flow 
Rate, 

lbm/sec 

Hass-Average 
Enthaipy, 
Stu/lbm 

Pressure, Eff ic iency, 
arm percent 

123 1509 2244 2.362 3.36 92.5 0.147 6,312 1.79 28.9 

.124 2012 2054 2.362 3.35 92.5 0.138 6,244 1.74 22.0 

125 2495 1734 2.362 3.35 92.5 0.109 5,556 1.39 14.8 

126 2970 1768 2.362 3,36 92.5 0.109 6,557 1.43 14.6 

127 777 2364 2.362 3.36 92.5 0.132 3,435 1.42 25.0 

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 33.1 

131 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 3.35 92.5 0.309 5,605 3.64 33.9 

134 1505 3590 2.362 3.36 92.5 0.309 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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AEDC-T R-75-47 

Martin Marietta Corporation, Denver Division (MMC) 
Denver, Colorado 

Current, Voltage, Constrictor Nozzle Air Flow Mass-Average 
No. amps volts Diameter, Diameter, Throat Length, inches R a t e ,  Enthalpy, 

inches inches Ibm/sec Btu/Ibm 

Pressure, 
arm 

Efficiency, 
percent 

1 350 263 1.O 0.397 6.55 0.011 4,920 

2 530 4160 1.O 0.397 35.48 O.lg8 5,134 

3 800 5507 1.0 0.397 49.85 0.190 8,127 

4 900 6176 1.0 0.397 64.15 0.147 10,037 

5 1600 1295 1.O 0.397 28.33 0.030 14,200 

6 1200 243 1.0 0.397 6.50 0.006 11,206 

7 400 492 1.0 0.397 13.95 0.065 2,020 

8 lOOO 375 1.0 0.397 13.95 O.OOg 15,175 

9 1350 2658 1.O 0.397 57.00 0.082 14,572 

lO 650 5511 1.0 0.397 57.00 0.264 7,367 

11 700 4255 1.O 0.397 57.00 0.141" 8,420 

1.07 
25.6 

29.9 

24.76 

5.24 

0.95 

0.345 

0.055 

0.833 

2.29 

3.63 

62.0 

48.6 

.37. O 

28.0 

21.7 

24.3 

70.4 

38.4 

35.1 

57.4 

42.1 

Total flow 0.560 Ibm/sec; O.141 I bm/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 required to operate the ARCFLO 

Version 2 computer program. Sections E.I 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 ~C 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.I 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 I: FORMAT (12A6) 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 (314) KMAX, KINC, KTAB 

Field 1 (Columns 1-4, 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 (214) NMESH 

Field 1 (Columns 1-4, RIGHT JUSTIFIED) 

NMESH -- 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) 

ZSTART - -  Flag reserved for restart option (currently not used, leave 

blank) 

FORMAT (4FI0.0) AMPS, WS, TRCL, P(1) 

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/sec-m 2 

Field 4 (Columns 31-40) 

P(1} -- Inlet pressure in atm 

FORMAT (7FI0.0) DIA, THETA, HW, ZCRIT, ZMAX, RKS, TPRW 

Field 1 (Columns 1-10) 

DIA -- Diameter of the constrictor in meters 

Field 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 = 0) An 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 (4FI0.0) FZO, EX, EXX, EPS 
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Field 1 (Columns 1-10) 

FZO -- Length of first axial increment divided by the characteristic 

length ZO, usually set to FZO = 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 (6FI0.0) ZZI, ZZ2, 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 ZZ's equal to ZMAX and set all DD's 

equal to DIA. 

Card (set) i0: FORMAT (SFI0.0) H(I,J), J = I, NMESH 

Field 1 (Columns 1-10), Field 2 (Columns 11-20), etc., eight to a card 

H(I,J) -- Inlet total enthalpy profile in joules/kg (multiplied inter- 

nally by 1.0E+07) 

Card (set) 11: FORMAT (8F10.0) U(1,J), J = I~ NMESH 

Field 1 (Columns 1-10), Field 2 (Columns 11-20), etc., eight to a card 

U(1,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 KINC th 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 quantity 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., 

mcalc - minpu t 
DW = 

~nput 

where m 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 transfe~ 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, K1 and K2; 

emissive power, BEE; heat flux potential, PHI (= f K dT); electrical conductivity, 

SIGMA; gas density, DENSITY; viscosity, VISCOSITY; mixing length, MIXL; diver- 
1 gence of the radiative heat flux, DIVQR (= - ~ ~-{ (rqr) ) ; divergence of the mole- 

1 l- cular conduction heat flux, DIVQC - - ~ ~-~ (rqc)); divergence of the turbulent 

conduction heat flux, DIVQCT (= - ~ ~-~ (rqt)) ; radial convection, RADCON 
~H ~H 

(= 0v ~); axial convection, AXCON (= pu ~-~); ohmic heating, OHMIC HTG (= UEz2); 

and radial mass flux, RHOV (= pv). 

E.3 FLOW DIAGRAM AND CODE LISTING 

Figure E-I 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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ARC~LO 
(Haln: 

l _  - 

t YES 

NOZZLE I 
CalcJlates d~neter of nczzle 
fo ~ supersonlr case 

1 
ErlERGt I 

Solves energy equation for total 
enthalpy 

@.. 
IIER 

Iterates on the pressure to 
sat isfy the 1Pie§rated corLIPJ ° 
l t y  equatlcn lfl tne subsorlc 
portlo, nf the nolzle 

IN 

YES __l l 

BOUNDC 
Reees lnpbt Cats Sb:q as ln10t 
pressure, total enthelpy end 
axial velocsty prof | les,  diame- 
ter of the constrictor etc. Com- 
putes f lo~ conditions at f i r s t  
and second ax;al stat.or.~, ca~ls 
STATEP, H~OT, OUTPT, ENERGY, !TER 

ITERS 
]terates on the press'J-e to sat isfy 
the lntegrate~ cont l .Uity squat'on in 
tile supersonic port1 ~ of the nozzle. 

Solves thetex~)v~at ~onientun I 
eQJation for axial ve~ccltYl 
pr3f , le I 

MOOT t Obtains the density d is t r i -  
bution f r ~  the stored 
table C~;putes the total  
mass f l ~  rate. 

t t  
1,21J~ I 

Obtains dens|ty f r ~  the 
stored property table 

I 

STATEP 
Obtains stale properties fronl 
stored table. Ca|cu|ates dl- 
ve~gence o r radiat ive t)ux 
dlStrlbuL|on. 

I 
PrlntS (.O.lauterJ resJlts In [nq* 
11sh and S| units 

qTAB 
Reads coarse tnFJt property table 
and sets up ft~e table or f*rst  
cal l  Provides table lookup for 
a l l  subsequent cei ls 

RADFLX i 
£omDutes total radial -adlat ive 
f l . x  nrnf$1e 

t t 
CYLFLX J 

Conputes spectral radial radia- 
t ive flux 

Figure E-1. Flow dtagram of the ARCFLO code, Verston 2. 
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~J1 

~s 

ere 

PROGRAM ANCFLO(INPIIT.OuTPUT~PUNCHeTAPESuIMPUTwT&PEANOUTPUT,TAPEyR 
|PUNCH~ 
CONHON/COM|/ Ke K|NCB KMAx, ~OCe ~, H# NCHOKEw MERNo N~IL[, NKo 

|NNE$Np NNN, NTAP$ 
COMMON/CONS/ OIAHe O|A, OP~ OROg~ OR e ON, OZ, EPSe [ f  ZXo £XXe PZO 
COMMON/COH]/ HAV|F HRAV[, H, HMALL, AMP| 
COHNON/COHq/ PHI, PHIM, P~ OR# OR RCAPe flHOAVw RHOj RHOUp RROUw R 
¢OHMON/CON$/ flUH; ~|GMAI THEIR; TRCLw Uw Vl|Cp N, RUt Zo THETAI 
COMMON/COMA/ ZCRIT; |MAX 
COMMON/COMT/ ITURB 
COMMON/CON�/ RVHRAB(SO)*RHOV(SO),RUHAX(SO)oDIVOc(So)eoIVOCT(SO) 
CONNOM/COMIO/ OlVOnfSO)e oHLOSfSOJ 
COMMOH/COMIR/ PR[S 
COMNOM/[OALt $MZCpqMRC,OHMM,RAOOeCONRwTCOHO;OT$ 
COMMON/MOAL/ $MM|¢,$MMRCeM|HRjDFOS,TMSMR 
COMMON/MFLX/ RUU 
COMMOM/NOZCOM/ OO|~ DOSe OO]; ZZ|, ZZSe ZZ]w ZZa 
COMMON/MASCON/ O|E(SO)e Yy(SO), TMU(SO), PIM(SO~e PiP(SO) 
COMHONIREScoM/ RUH|e |START 
COMMON/ PRPCOM/ TEMPe gRADe RKI, RKS 
COMMON/TITLE/TITLZ||E). 
COMMON/ENGCOM/ RCHI(SO) o RCHS(SO)m RCM](|O), NCHQ(SO|f TEl|O) 
COMMON/NONCOM/ RCPI(§O|, RCPS(SO|e RCP](SO)e RCp4(SO)e RUPREV(5O) 
COMMON/BSTEP/ OZ§ 
COMMON/MALL/ MKS,AN|XL(SO~TPRM 
COMMON/GRAND/ ORBEd| 
DIMENSION YENPCSO)e ORAD($O), AKl(SO)t RKS(SO) . 
OIMENSIOM O|AM(SOOQ);P(SOOO),E(SOOO)eHMALL|$O00|, 

• PHI(SO)e8IGMACSO),RCAPfSO)fVISCCSO)eRHO(SO),RCsO)oRHOU(SO)e 
.RROU(SO)wH(SISO|,Uf~eSO) 
FIRST • 1,0 
LOC•O 
KPUN • T 
CONTINUE 
|ABNEVuO 
VOLTS •OoO 
HN • 0 
H88 • O 
MK•O 
S • 0.0 
Z¢ • o~o 
R | | |  • Soft 
MLOS$aO,O 
ACONV•O,O 
RCOHVnOo O 
AMCV • 0,0 
RMCV •OeO 
MFRC • O e O  
YOROPwOeO 

NERO TITLE CARD 

READ(|,S96) T|TL[ 
FQRMAT(ISA6| 

¢ BET |NITIAL CflNDZTIOMS AND COMPUTE FIRST AX|AL STEP 
CALL AOUMOC 
HNn HM&LL(I) 
PMNESH 8 NMEIH 

C REMIND 6 
RUH| q RUH 
RUUI • RUU 

i|O FQRMAT(IHOmZXo|OHAx|AL OIsTwSXmI6HAVERAG[ [NTHALPY,�XelOHHTR - CON 
|Oe|2XelIMHTR w TCONDo|]XI�HHTR t RAOtqXoTMVOLTAGEeAXmSH[FFe 
S/fZXeSNM|TENwSXI4MINCH~]X~SHJOULE/KG,4XeiHSTU/LBe2KflOHNATTSIMiiiB 
]tXo|JMBTU/FTS98ECwiXmJSMMATTSIMi*SetXe|IHBTU/FT2.SECwIXelOHMATTS/M 
4**SeJXfSlHETuIFTSesECeSXwSHVOLT9) 

C 
¢ MA|M LflOP FOR COMPUTINO EACH iX|&L STEP 

|ZERO • O 
O0 6 KS • ]eKMAX 
K • K ~| 
NN • NN • 1 
OS&VE • DI& 
|SAVE • Z 
LSAVBL 
MSSV•M 
MSAVEaN 
RUHSVaRUH 
OZBuOZ 

¢ 
C MAINTAIN AXZIL STEP SIZE LESS THAN 8TIP SIZE FOR |NSTAB|LITY 

CON|T • sOS 
ZOLCL • ( ( O I A I  OIAI4,~ I RHOU(S~ I H(HeS}/(PHI(S~)) 
|OLMB(|D|A*D|i/Go)*RHOU|NMZSH)*H(MtMNESH)I(PHZ(NME8M))) 
OZHCL • (ZOLCLI(|,O 4 (COMST * ZOLCL)IOIA)) * |[XX/(FMNESHenS)) 
O|MMa[ZOLM/(leO)(C~NDTeZOLN)/DIA))*( EXXt(FMMESH**S|j 
DZHAXmAH|N|(DZHcLonZMM~ 

C 
C POR ZERO CURRZMTo 8ET AMP8 • S AT AXIAL LOCATION Z SRUAL TO ZCRIT 
C 

IF (IZERO) 50O,SIO~,S|O 
|SO0 IF (Z-ZCRiT| |JouSts,Sos 

|sO IZEROw~| 
AMPSmOeqR*AMPS 
IF |AMPS•O.|~ SOO0~§lO,5lo 

~000 AMPSgO~O 
IZEROeI 

510 CONTINUE 
IF(OZ-OZMAx) NO,aSia1 

aO OZ • EX*DZ 
aS Z • Z ~ OZ 

C 
CALL HO|ZLE(E,ZC,OIA,THETAeHSS|HN~AMP$,TRCLwEXX ) 

OXAM(K~oOIA 
HMAL~(K)mHH 
OR • OIA/fZoOeFLOAT (HMESHw|~) 
OROR • DReDR 
O0 S000 J • Re MMEAH 
rJ • J 

2000 RCJ|  • (FJ  • 1 , 5 )  * OR 
RCNME$MP) • OeSO * DIA 

BALA 

BALi 

Figure E-2. FORTRAN 11sting o f  ARCFLO Verston 2. 
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1,0 

C 
C INCREIIE I~ FLflN HAT[ FROM TRAHSPIRATIOH COOLING 

N • M • OZ*].IRIGenIA*TNCL 
¢ 
C ALVERHATING SYflNAG[ LOCATION FOR AXIAL STATIOH8 

N I I 
L e L  ~ I 
|It (3"L II I * h Z  

I M e l t  
L o t  

C 
C EVALUATION OF THE IrNTHALPY AT NEXT IXTIL STATION FRoN ENERGY EQUATION 

2 CALL FNERGY 
OELTAH • AGSIH(HeI~j w H ILe l ) )  
HEgqOg • ARSIOELTA;4 / H I N , | ) )  
IFINCRNOR - ' L | ,  0 , 0 2  ,ON, DELTAN .LEe l e o [ • o 5 )  GO TO qqlq 
OZ • 01 d F ~10 
l • ZI&vE 
OIA • O i l Y [  
NINSAV 
LILIAV 
"*"fIAVE 
GO TO 02 

qlO~l COHTINuE 
C 
C CHECK fOR SUPERSONIC OR SUSGOHIC IrLON 

IFtMSSI 6 ~ e 6 0 e b 6  
C 
C CALCUL&TiOH UF VELOCITy IT NExT STA TNRU ITERATION .. SU68OHI( FLO4 

G0 CILL IYER 
GO TO b8 

CALCULITIOk OIr VELOC|Tv iT NEvT ITA THOU ITERATION i, SUPERSONIC FLQK 
G6 CALL lYING 

CHECK FOR CI.+OKED FLOK 
IF CtAQKEO AND SUBSOHIC, dTARY DIVERGING NOZZLE 
IF CHOKED AND IUPERSOKICe GIVE ERROR REAOING lNO EXIT 

bS IF(HCHOKE) g;IwTO 
T0 IF(NSS) Tie ?I ~'S 
TI IF(IA§REv) Y2~,T2~ ] 
12 kISS • I 

NMIKINCIIfl 
NIL 

KC•KI I 
K • K,,I 
Z • ZIDZ 
Z C • Z  
DO TSJ • |,HMESN 

15 RHOU(J~I • RROU(J) 
RHOU(I) • NHOU(2) 
0 I I P  
OR • ORP 
HUH • RUMP 
NAVE • HAYER 
NRiV r • HRIVEP 

NHEIHPIIHHFSH ~I 

Figure E-2. 

UIHeNMESHP|ooeO 
CALL OUTPT 

U[NeNHESHP)IO,O -iI(MwNMESH) 
N • ] -L  
N I Nil 
Z • Z~OZ 

CALL NOIIL[I~oIIo01AoTN[TA.qIG,HN,ANFSwTNCL,EXI 
ON • OZA/(2,O*FLOAT (~NEIH- I I j  
ORflR • ORION 
00 IS JI2INH[IH 
FJIJ 

SO f l I J ) I I F J - l ~ S ) * O q  
NHEIHPINNEIHI! 
RCNHEIHF)IDIAS2,0 
OIAM(K)IDTA 
HNALLIN)IqN 

CALL IT[n9 
NR • 0 
G0 TO 68 

3 HR|TE(Ge2Q2) KpONel/(#12) 
GO TO O 

O DP • 0 
DRP • HR. 
RUHP • N U H  
HIVEP • HAVE 
HRAVEP • HRAV~ 
CALL 8TATEP 
VOLTS • VOLT8 * EIK),DZ 

HLOSSIVLOII*IRAOQtCONG~TCQNQ)*GZ 
ACONVeICONvAIqZC*O! 
RCMNVIRCDNVtIHNCeDF 
IHCV • ANCV I 8NqZceOZ 
RH¢V • RMCV t IMMRc*D~ 
NFRCIMFNCo(NSHN~TNSHN)AOE 
FOROP • FDROP • OFflZeDZ 

RUHA • RUH/K 
EFF • O.00 
IFI iHP8 eLI .  Oe00) GO TO T) 

EFF • (HUH - RUHI)IIVOLTS*AqPS) 
PINuVOLTI*AMPI 

TS CONTINUE 
C 
¢ IF PREGIUR~ Trio LO* FOR CAS TI8LE8| EXIT 

IF IP IK) - .oOIE5)  YaeTawT6 
TR CALL flUTPT 

GO TO S 
C 
C MRITE OUT VALUES FOR EVERY (NINC)TN AXIAL STATION 

76 IFINN~ 5wSo6 
S NNIKINC 

IF(NS9~ 6 0 h i O J w b O 2  
t02 NNIKINCII0 
bOl CALL OUTPT 

WR|YEIGoSl0) 
C 
C THIS SET OF |OUIVALENCEI 18 FOR CHANGING UNIT8 

Continued. 
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XZxZ* ]9 . iT  
XRUHAIGUHA*Ge)OIEgQS 
XbO* i lT i . | / ]ASOeE*OG 
XGTBIOTR*3171.|/36~O~[*04 
fOflxOR*31T~.|t3600.[~OS 
IRUHAIRUHI*O.9 
AXRUHAIMRUHAQOeR 
CRUHAaRUHAe|.OS 
CXRUMAIXRI/MAI~eSS 
AVOLT8 • vOLT8*I i I+  
CVOLT8sVOLTS*IeSS 
NRZTE(A+I||~ EeXZeRUNA,XRQHA+O,XO+OTB+XRTB,OR+XRR,VOLTS,EFF 

I l l  FORMAT(IX,PY.]tFOe~e~X,ESe),iX,ESe$,~x,ES.],iX,ERe],]f*EQe|*iX* 
|ES.|+$X,ER~I,iX,ES.],]f+FSe],$X,OPVQ.$) 

¢ NRZTE(A, Lli)ARUHI+IXRUNAeAVOLTS 
¢ I l l  FORMATfSM+|OHA|R VALUES,4X+ ESe$,]X+ ESi ] ,b lX ,OPFq. ]~  
C MR|TE(A, II]|CRUHA,cMRUHA+cfOLTS 
¢ I l l  FORNAT(Of,IOH¢O| VaLUES,Of+ EQ.S,$f+ EQ.$,AIXtOPFSe]) 
C 
¢ CHECK GLOBAL [NEROV BALANCE 
C 

MAITE(A,SSO~ RUHeRIIHSVeRUH|+RUU+RUU|*DZ 
IO0 FORMATIJ,YX,SHRUM • RE||eSelX*THRUHP • wEIE.SwixwTHRUH~ • , E l i • S *  

l iB+ 6HRUU w *EI ieY; i ImyHRuUI • ,EIIeS+EX,SHDZ • * E l l e F )  
¢ONOTaCONO,TCONO 
ERROR • SHY( • RMR~ • (OHMH e RAOO 9 CONOT) 
MR|TREk+ S| l~  8qZCo 8HRC, OHMHm gROg, COROT, ERROR 

811 FORMAT(|f+ IOHAX C~Hy I ; [ l i e S (  IX,  |OHRO CONV x o E l i . Y ,  IX+ 
|SHOHM NT • * t l i . Y e . l X ,  SHOMRAB • , E l i | Y •  IX• QHORCONO • i El~eSl 
i l X ,  &HERR • e [ l i e S )  

ERRORDP|NsNLOSiuICOMVeRCOMV 
MR|TE(A,Tfi l) PIMwMLOSS,ACoNV+RCONYeERROR 

YOI FORHAT(SS+I|MPOMER |M • ,ElleS,ISwIANMALL LOSSES • +E l l .Y , lX~  
liHINTZC • eEIIeS+IMe|HXHTRC I *EII.S+$X*6HERR • * E l | . Y )  
ERROR • SMMZC ~ IM~RC * OFOE - NSHRmTMSHR 
MR|TE(A,SIS) SHMZC~SNMflC+oFOZ,MSMR,TNiHR,ERROR 

I | Y  FORMAT( YXeSHiMMZ~ I ~EIEmS+iXeSHRMMRC I ~El l .Y, i f ,THOFOZ • + 
|EI ioSel f ,THNIHR I , [ l leSl l f+SHTM|Mf l  • ,EI i .S,|XeSHERR I , E l l , Y )  
ERROR • AmCy + RMCv -MFRC " FOROP 
MR|TE(6,SI7) AMCVwRMcV, NF~,VDROP+ERROR 

OfT FORMAT( SX,TMAMCV I eEl leYtlXtYHflMCf • ,EIleStEX+THNFAC • , E l i . F ,  
liX,OHFOROP I RElieS+iX+tHEGN i #Ri leY) 
MR|TEll+SItS TPRH,RKe+ORO(I|;ORB(~) 

i t s  FORMGTf/eSX~THTPRM a +ElleS;YS+SHK8 • , [ l~wY*YH HETERS~ 
ISX,THORBI.w , E I I . S ~ I I H  MATTSlM*eI+IG+THORD| • , [ | I . S + I I H  NATT|/Mo* 
|1 )  

MR|TEI/~ l~O~ H f HP 
i | O  FORMITIIHII//,SXeI~HTEMFEfl&TURE,IX+IMKI+||X*IHM++ISf+] BE[e l l  *$ 

IH|,I|XeSHI|ONA+IOX#THOEMS|TY#YX,SHV|ICOi|TY#I*GX|IIH M|LV|N , 
||XeqHI/CM,IOXISMIleM,qX+IoHMATTS/MIIE~SR~THMATT|/M,~X,THI/OflMeH+ 
]~X~THKSIN**ioSMe|ONN 8 [ C / H e e l , / )  

HHEiHP • NMEIH ~ | 
00 i l l  J R |e NMESMP 
MR/TEIStl$O) TEMPIJ|eRK$(J)+RK|(~|+OEE(J|,PHZ(J)*I|ONA(J)+RHO(J~, 

ivssc(~| 
O]S FOnHITIOIEIS~$)| 

S i t  CONTZNUE 
RRITE(Se eaoJ 

$40 FORNAT(/wTX;GNHZXL~t|XeSHQ|VQR,|OXwSNO|VQC#QX+bHD|VOCT,SM,SHNAOCON 
|*|OX,YHAXC~NISX,QH~MN| C MTG;TX,OHRHOVr/+SX,bHHETERSwTXw 
ESOMHATTS/M*t],SX,IflMNATTS/NiQ]wSX, IONMATTS/HteleSXf|OHNATTS/N*o]. 
]YX,IOHNATTG/M**],YXI|OHH&TTS/H**],YX.SflKG/S f l * * ~ t l )  

NMESMP • NNESH ~ | 
00  Sal J n |+ NNESHP 
MRZTE(A,S$n)ARIXL(.I~D|VOR(3)+OZVOC(J),OIVOCT(J~+RVHRAD(J),RUHAXfJ 

|),OHLOS(J)+RHQVCJ) 
$41CUNT|NUE 

ZF(Z .RE. ZHAM~ 8TOP 
6 CONT|NU[ 
S GEM|NO NTaPE 
S CONTXNUE 

LA8T•| 
iO l  FORMAT(INN, |BHFLQN CHOKED AT K • • (41 |Of f  

| 20HFLON RATE FRROR IS , IPF l l .Tw IOH PERCENT 
I |G HCL VE|.O¢|TY • ,OPF|O~I+ SN M/RE( ) 

SToP 
END 

m 
o 
c~ 

~o 

us 
2, ~j 
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C 
¢ SET 

¢ 
C 
C SET 
C 
C 
C 

I00 

IOl 

102 

SUBROUTINE 8OUNDC 
COMqON/COHll K: KINC, KHAN+ LOC: Lf M: NCHQKE: NENR, •FILE: NK: 

INMESH, NNN, NTAPE 
¢OHMON/CON~/ OIAMo OIA, OP* DRONE DR, OHm Dig EPS: E* ERe ERR, FZQ 
CONHONICON~/ HAVE: NRAVE! H: HHALL, ANPS 
COMHONICOM4/ PHI+ *RAN, P: Qqe Q, gCAPm RHOAV, NHO, RHOU, NNOUt R 
CONMONICUHS/ RUH+ RIGHA* THETA: TRCL* U* V/$C: N: NW, Z* THETAI 
COHHON/COH6/ ZCRIT~ ZHAX 
COMNON/COMT/ |TuNg 
COX~ON/CQMSI HOnLO: HB~LR, RVHBLK 
COMMONIC ON•I RVHRAn(S0):R~QVfS0),RUHAX(S0)gOIVOc(S0)eOIVOCTI50) 
CONNON/COMI21 PriES 
¢ONNONICOMIA/ KTAR 
CQNMONIENGCOMI RCH|(S0), NCHEfS0)f NCH3(50)+ NCHiIS0)+ TEES0) 
¢OMNON/NOMCOH/ RCPI(S0)+ RCPE(S0)+ NCPi(S0), RCPa($0)r NUPREV(SO) 
CQMHONIRA~COMI 6[[(50~+ YY(S0)m TMU(S0)p F|H(S0): FIP(S0) 
COMMON/RERCOM/ RUNT: /START 
CONNONI PRPCQM/ TEMPw gRADe RKto RK~ 
COMHONINOZCOHI DOll ODE: goal ZZil ZZE: ZZ]: ZZR 
CQMNON/COMI01 DEvON(S0), DHLOS(S0) 
CQNNON/BSTEPt DIS 
COMMONIMALL/ RKA,AN|XLISO~+TpRN 
OIM[NSION TEMP(SO~.ORAD(S0), AK|(SOl: RKE(S0) 
DIMENS|0N D|AN(s00~)+PIS000I+E(S000),NNALL(S000I 

*:PHI(S0)+81GMA(~0);qCAPCS0):VISC(S0):NHQIS0)mR(SOI+NHQU(S0): 
~RNOUISOI:HfE:S0),Uf~:50) 

UP MAGNETIC TAPES 
FIRST a | ,0  
READ ($~ 100) NFILE + NTAPE 

MAX ALLONABL[ AXIAL STATIONS AND INTERVAL BETNEEN PRINTOUT 

INPUT DATA 

READER: IQ0) KNAX, KINCw KTAB 
FORHATIilR) 
NERO(S, IOO) NHE8H 
READ(S, tOO) |TARO 
HEROES: tO0) 18TART 
READ(S, t0Sl AMPlp N| w TRcL, PEt) 
FORMAT(SFIs,0) 
P ( t ) •  P e t )  • 1,013E05 
READ(S+ 10E~ DIA: TNETA+ NH, ZCRIT+ IMAM, AKS: TPRM 
TNETAI • TNETA 
TNETA • TNETA • E,O • 3+141S9 / 360+0 
READ(S: |E l )  FZO+ FN: EXXn EP8 
DOS • OZA 
READ(S, IOE) EEl, ZE~: ZZ3o EZRa ODE, 003 
FED •FEO * 1,0E~06 
EP8 • EP |  • JmOEe04 
READ(S: |0E) (HElp J} f  J • I+ NMESM) 
READ(S: JOE) | U ( h  J)+ J m I :  NME8H) 
FOANATIOFIo+0) 
O0 103 J a J: NME|H 

BALA 

BALA 
RALA 

gALA 

Figure E-2. 

I0$ H(|w J) a H(h  J) • I,OE07 
C 
C MEN CARDS ENO HERE 
C 
¢ 
c 
C 
C 

IF(ISTART . [O, I |  nO TO 500 C 

C EVALUATE THE REMAINING PMOPERT|[8 AT THE FIRST AXIAL STAY|0N 
NMESHP • NME|H ~ | 
DO I ~ m |.NHESH 
mHO(J) • o~0 
I|qOU(J) • 0,0 . 
U(~+J) • U f | , J )  
RVHRADIJ)uO,O 
qHOV(J~aO,,O 
RCH|(J~ I 0,00 
RCHE(J) • De00 
RCH](JJ a 0+00 
ACHg(j~ • 0,00 
RCPlCJ| a o,0o 
RCP2(J) • 0~00 
RCP3(j~ • 0000 
NCPR(J) • 0,00 

t CONT|NUE 
U(I+NMESHP~ • 0+0 
NHOU(NME|H~) m 0e0 
U(E,NMEiHP) • 0mS 
RVNRAD(NMERHP)a0 m 0 
RNOV(NMESHP)o0e0 
ON m 0+0 
NHO(NH~SHP~ • 0,0 
ZC • 0+0 
NRS • 0 
N u t  

~:ALL NOZZLE (E, Z¢,Oldi, THETA~ NSS: HNp AMpi+ TRCL + ERR 
D|AM(K)wD|A 
NNALL (x) mHH 
DR • O|AI(ie0eFLOA~ (NMEIH*|)) 
OROR • DNaDR 
L a l  
H a l  
Z • 0,0 
CALL 8TATEP 
CALL NOOT 

AOJUSTHENT FtlR PROPER FLOM NAT[ 
CNF • N|/liN 
00 | JihNNESN 

U(I . / |  a CNF*U|iea) 
t U(|eJ| • U ( I , J )  

CALL ROOT 
MaNN 

gALA 

FOR RESTART CASE |sTiNT n I+ READ IN AXIAL D|OTANCE AT NN|CH PROVAAM TO 
8E 8TARTER, Zo PRESSURE DROP, DP, AN0 CALCULATED HA88 VLOM RAYEw wH 

C 
¢ SET THE ;N|TIAL AXIAL IRCAEHENTAL .OI8TANCE I[OUAL TO PZDiCHARACT, LENOTN 

Continued. 

m 
o 
c) 
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m 

ZO • N * f l ( | j l | I J / ( P R l f | J * $ s I N | 6 )  
OZ • fZO*ZO 
CALL OUTPT 

C 
C CALCULATE THE PROPENTIIrE FOR THE SECOND AXIAL 8TAT/ON 

Nee:;  
OZ8 w 0Z 
Z • Z A ~ 0 E  

~ALL NOZZLE (Zp |C, O|A$ TNETA ~N|85 HNp AHPS$ TRCL #t XX 
O|AM|K)eeOlA 
HNALL (1() RflN 
ON ee OIA/(2mO~FLOAT (NNIrEH•|)~ 
OROR ee ONeON 
OP ee 0.0 
P(K) ee P lKe t J  * OP 
CALL ENERGY 
NHOA• NHQAV 
CALL •DOT 
OP aNeNt (RHOAVeRH04~ / ( ( (flHOAmS. |416@O| inDIA | / a  eO) eeE) 
CALL |TEN 
CALL 8TATEP 
CALL OUTPT 

C 100 FONIAAT(14) 
C t o t  FONHAT(E|O.)) 
C |0~ FORNAT(SEioo];) 

GO TO ~|5 
|00 CONTINUE 

C CALL NEETAT 
SiS CONTINue 

LAIJTs| 
RETURN 
END 

8UoROUT|NE ENERGY 
COMMON/COME/ K$ K|NCa KN&x; LOCp ~t.Nw NCHOKE$ NERRp NF|LE S HK$ 

INN[SH e NNN, NYAPE 
COMMON/CON|/ O|AN$ O|A$ OPs DNOWw ORe ONe OZw [P8s El EKe EX~s F10 
CONNONtCOH]I HAVEs HNAVEw Ns NNALL$ AMP| 
CONNONICO~4/ PHZs pHINe P~ ORs Os REAP, RHOAVw NHOo RHOUw RROUs R 
COHNON/COMS/ RUHp S|ONAp THETAs TNCLg UF VISEs N$ MR; Zs TNET&| 
COMMON/CONy/ |TUNE 
COMMON/COMA/ NVNRADfSO~,NHOV(~O)fRUNAX(§O~fOIVRC(SO)fOIVgCTIgO) 
CONNQN/ENGCON/ RCHI(SQ)s RCHZ(|O)$ RCH](SO)s RCHA(50)w TE(YO) 
¢ONNONIEBALI SNZC;SHNCeOHNR;RAOO;CQNOITCONOsOT| 
CONNON/BEYEP/ OZ8 
COMMON/HALL/ RK|eAM~XL(50~sTPRN 
DIMENsiON D|AM(SOO~|eP(SOoO|eE(SOOO)oHNALL(SOOOJ 

,JPH|fSO)mDIGMA(SO~+RCAP(SO|wVI|CIY~)INNQ(SO)IR(SO)eRHOU(§O~w 
,RROU(50)pHf2ogO~oUf~,SO) 

C 
¢ CALCULATE THE ENTHALPY AT THE NEXT AXIAL 8TaTXOH 

FIRST • leo 
DNUT • 0,0 
NAONO|A/|eO 
HNEEHPaNM||H$| 
TVI8~ • 0,0 
T((E) • UC~ja) tU(L~| IE ,O 
TE(I)mTE(2) 

AR • D|AM(KoI~eO/AH|KO|)/fO|AM(K)*O|AM(K)) 
OUORmfOoOeU(LwNMESH)~t(OegeOR) 
NALLBHmeV|8¢~NNEEHP~iDUOA 
AM|XL(NMEEHP)qO,AiRK|•(Ieom[XP(wRK84|QRT(NALLEHeRHo(NNE|Np~)/ 

ICa6e0tYIEC(NME|NP)~S 
|NZC • OeO0 
|HNC • 0,00 
ORUTEmO.O 
DO qO JwEsNMESH 

FJ • J 
n(J |  • (~J- i ,St*On 

ONP • f l f J * | )  - RfJ) 
OR• • n |a)  • n ( J o t |  
gONmR(J)tOR 

DA • 6oENJ~IRON 
(P (JeNMEEH) |O00slO00,lO00 

1000 CLnOIOm(R(J6i)O(PHICA~I)mPH|(J))/DRpoOeSe(N(J)~R(J.I))e(pH|(j | 
lePH|(JoI)~tDRM|/(NfJ|oOANJ 
GO TO 5000 

8000 CL • OeO0 - (OTTO I NON) t ( ( A ( J ~ | ~  • N ( J ) j  • ( ( P N I ( J ~ I )  - PH |CJ ) )  
I I  ORP) . (g(J)  ~ n ( J o i ) | *  ( (PHI(J)  * PH I ( J . I ) )  I OnN)) 

~000 ¢ONT|NU[ 
|PIITUNB ~GTo O) GO TO r i o  eaLa 
TVIEMmTVISP 
THLP • 0~14 * RAO • O,OO * ( (NfJ)  9 R(J$IJ)/EsO)**2 INAO 

• OmO6 * ( (R(J)  * N(J$IJStEeO)**ql (AND**]) 
IF (NNE8X - J) 80wqO,8 |  

80 ?MLPmO~O(*OoOZEaeO.S 
TMLPwTMLP•oes 
TVIEPmRNQ|J$I)eTRLpeTNLPeAES((U(NoJ)oU(LfJ~I))IORP) 

F igure  E-2. Cont inued.  



cf~ 
w 

8~ 

• U f L , J e l ) I I D R P )  
GU TO 112 

l l |  CONTINUE 
TVIBN•TV|SP 
IF (AMIJL(NHEBHP)'Oe0YSiRAD) 9OOeB00eOOO 

600 TN|XLEIM|X|.(NM[OHP~ 
GO T0 B7 

900 MAVG[ • O=SO t (N( , I )  # R ( J ~ | ) ) - R K S  
TPIP • - (RiO • RAvGF) * ($QRT(MALL9~ * f lHO(NN[SHP)))  / ( 2 6 . 0  • 

|VI$C(NNESHP))  
TMIXL • 0 ,40  * ( B i n  - RAVG[) • ( | . 0  • EXP(TPXP)~ 
|F (TM|~L  * 0 .0750 * RiO) 87e 87m BB 

OB TM|XL • Oefl?SO • gAD 
B? IF(NU[SH - J)  go t  qo ,  Q2 
q0 VHIXL•AHlXL(NNESHPl 

TV|BPsRHflfJ*I)eT~IILeTN|XLSABS((U(LeJ)oIJ(LoJe|)~/ORP) 
TV|$PBTVIOPtTPRN 
~TBsTVISP•(H(LpJ)-H(LwJ~I1)/DRP 
GO TO 112 

q2 T¥|SP • ( ( q X O ( J )  • q X O ( J e l ) ) / 2 . 0 )  * TM|XL * TM|iL * A O B ( ( U ( L . J )  - 
I U ( L , J e l ) ) I O R P )  

COgR(CT FnR NOMUNIVY TuRBULEMT PRANOTL MUMB[R 
IF (nAvGE/RADeO.B5~ ~O0Oe?O00|80O0 

6000 TPgu(2OoOigiVGE/Ri~|qeO)*(TPRkeOe~q~)#OoQaq 
GO To q0oa 

~0O0 TPRwsqSesAS•( |ea~AVGE/NAOtt42 
g000 TV|OPsT¥1RP/TPR 

112 CONTINUE 
ANIXLtJeI )oTMIXL 
IF (JoXH[SH) SO00 .qO00ea090  

eO0O TCLsO,Oo(I~OlUOR)et-R(JtI)*OTBeOeS*(RtJ)eR(Jo|)j*TVIOH*(H(L.J)= 
I H ( L J J e I ) ) / D R M )  

GO TO 6000 
b00o CoNYlNu[ 

TCL • 0 . 0  = ( l ~ O / q O ~ ) * (  
I ( ( R ( J # I )  • g f J ) ~ 1 2 = 0 )  * TVISP * 
2 | ( H f L . J t l )  u H (LeJ ) ) /ORP)  
$ o ( ( n ( J )  • f l ( J * l j ) l ~ , O )  ? T V | | M  i 
4 ( ( H f L , J ~  - H C k . J = l ) l l O R M )  ) 

• 00O SL • CL • VCL 
RL • RCAP(J) 

g~ • ( [ ( K o I ) * § | G M A ( J ) )  , [ ( K * | )  
T [ ( J • I ~  • U C L e J t I ~ * U ( L ~ J e | ) / 2 . 0  
TEP • U ( ~ J  ~•U(MpJ ) / 2 0 0  

CORRECTIOk FflR RAOIAL CONV[CTIOH 
ORUDZs(RNfl~I(J)-RRQIJCJ))/OZO 
NOOUOZmDNIIOZ*RCJ)ehRH 
ORUTxORUT~RORUOZ 
R~OV(J~XORIJT/R(J) 
RVHAAOfJ)•-OeSe(H(LeJ)eTE(J)tHfLeJ'I)eTE(J'|))*fORUT=O BUTB~/ 

|(RfJ)sOAN)•(ORUTe(H(LtJ)eTE(J))oDRUTBe(H(L,Jet)#T|(Jel)))/ 

TV|OPsTVIRPeOaS*(RHOfJ)tRHU(Jel))IRHO(Je|) 
OTBmTvIBP*fH(LmJ)-H(LeJtli)JORP 
GO TO l l ~  
TqLP • TqLP * 6 . §  
TVISP • ( ( g x O ( J )  * R N Q ( J # I ) ) / 2 . O )  * T~LP * TMLP • 488 ( ( U ( N . J )  . BALi  

BaLI  
OALA 

BALl 

OIL a 
OiLs 

BALi 

RALA 

Figure E-2. 

w 

~ ( n ( J ) * 0 n )  
0RUT|uORUI 
RAOCONn=RVHRAD(J)eOZ 
IF ( h a )  20olOw~Z 

20 NiO¢ONeOeO 
RVHRiO(J)mB,O 
RROU(JlsRHnU(J) 

22 CONTINUE 
H(MeJ~ • H ( L f J )  # (O~e(OHw|LoRL) # RiOCON). (RROU(J) I  

|B" - - |RHOU~J)eRH~U|J | ) )  #TEP • T | ( ~ )  . 
UNAxCJ)n(H(MeJ)~TF(J)eH(LoJ)-TIP)e(RHOUfJ)*RHOUfJ))/(D/*RROU¢J)) 

8H|CwSMZC~OAnRUHAXfJ) 
SHBC • SNRC # Oi • RVHflAO(J) 
O|VOC(J)ooCL 
0IVOCTfJ)w-TCL 

40 CONT/NU[ 
H(Uo lJ  • H ( H i 2 )  
AMIXL(2)mAMIXL($)  
i q l X ~ ( I ) O i M l X L ( J }  
OHNH • ELK-S) * AHPS 
B&0g • m gN * 6 , ~ B ] 2  • RiD 
CONO• e Q a 6m20$2 • gad 
TCOMOu*OTRoo.2852eRiO 
L iST • I 
R|YURN 

(NO 

Continued. 
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I-, 
m 
.lb. 

gUBROOT|NE 8TATEP 
CONNOH/COMI/ Ke KINC, KHAXe LOCw Lw No HCHOKE* HERR, NP|LE. NKe 

INN(ONe NNNe NTAP[ 
COHHONICOM|I O|iM, OZA, OP# gROg, DR, OH, OZ* [PS, E* EXo [XXp PZQ 
COHMON/CON$1 HAVE, HRAVEe He HXALL, AMP8 
CO•MON/CQHA/ PH|, PHIH, PagR e gf RCAP, RHOAVe RHO, RHOU# RRQUe R 
COMMON/CONS/ RUH, g|GMAp TNETAp TflCL* U* V(SCe M* •Me Zo THE|A| 
COMMON/ PRPCOH/ TEHP~ ~RAoo RKJI RK8 
COHMOHt¢OH91 RVHRAO(SO),RHOV(SO) 
CQHMONtCOM|OI OXVOR~SO), oH~OS(SO) 
||HEN|iON D|AH(SOO~),P(~OoO),E(SOOOj,HMALL(§O00~ 

,wPHI(SO|,BIGMA(~O);BCAR(SO|,VIBC(SO),RHQ(SO)eR(~O)oRHOU(SO)e 
.ABOU(SO)oHfZ,SOJ,U~|.$O) . 
|AMENS(ON T|MP(SO~, BBAD(~Q)e RK|($O)e RK~(SO) 

C 
¢ |VALUATION OF THE gab PROPEATxE| AT THE •ALL TEMPERATURE 

FIRST • 1,9 
PB|8 • P(K)I|oOI3ES 
CALL NTAg(PBCgeHNALLfK~o PH|He gffw VM, RK|•, RKB•, TH, HERR) BALi 
NEAR • HCgg 
gel) • 0,0 

HA • 0o0 
B| • 0.0 
HRA R OeO 
OR q O,g 
DO )0 Jn|oNMEBH 

¢ 
C EvALuATiON OF THE BAg ~fl~PERTi[; AT (ACH BAO|AL |TATZON 

CALL NTAB(PBCO;H(H,J)tPHI(J)~OigHA(J)eV|EC(J)e RK|(J), RR2(J)o BALi 
|T|RP(J~p HERA) gALA 
NEgB• N~Rfl 
XP (HERR) |OwlOe40 

10 | f  ( J - i )  Ege3Oe~O 
|0 PJ  • J 

BOB I fl(J)•DP 
DA•  to |e l l *nO ~ 
PHi • BAFH(H~J) . 
OO| • OAMg|OMAfJ) 
DHBA • BHAABHOCJ) 

C OOAO OABHCAP(J) gALA 
HA • HA 9 DHA 
O8 • 80 A 008 
HRA I HgA 00HBA 

¢ Og m gg $OBB gALA 
l0 CONTINUE 

NH|IHP • NH|gH ~ | 
PH|CNH||HP ) • pH|H 

C .PHI|HH||HP ) g | .q*PqIN * PHI(NHESHJ 
g¢NM~gHPl B OiAl~,O 
H|H;NMKOHP).• HWA~L(K) 

C V||CCNHE|HP| • |,O*VN - VIBC¢NREOH| 
V|gC(NH|OHP) m VN 

||6HACNH|gHP) • |H 
T|HPCNN|gHP~ • T• BALi 

RK|fHMESHP~ • RK|• BA|.A 
RKZ(H•EOHP~ • RKJM gALA 

C 
C COMPUTE •ID(ATZVE FLUX D|BTR|gUTION 
C 

CALL RADFLX|D|i~ DRF HHESN) gALA 
C COHPUTE g[vERgEqG[ OF THE RADZAT|VE HEAT FLUX 

RCApf|) • aeO * ORAO(2) I OR 
RCAP(2)s(R(3)*R(2~*fORAOf3~ORAO(Z))/(4eOeR(2),DR) 
OO 3| J • 3o NHEEH 
RCAP(JJmt(R(J*|~*RfJ~)*(ORAD(J*|~*ORAO(J))o(R(J~tRfJ-I))*(ORAO(J)* 

|OAABCJo|)))/(a,0*RfJ~*DR) 
3t CONTZNUE 

RCAP(NHESH~o(R(NHESHP~*Og~O(HHEBNP~*oe89*(R(NH(SH)*R(HMESHo|))• 
I(ORAO(NMEBN)~QgiU(NqEBHe|)))/(R(NMESH)eDR) 
RCAP(MHCgHP) • (R(HHEgHP) • gRAUfNNEgHP) 9 R(NMEDH) * BRAO(NNE|H)) 

| / (R(NMESNF~ Q 0.50 4 DR~ 
C 
C CALcULAT(OM OF THE VOLTAGE gRAOIEHTe AVE EHTHALPY# AND HEAT FLUXES 

ElK) • AMPBISg 
OHLOB(|) • (~(K) • S~gHA(i) ) , E(R) . 
OHLO|(NNEAHP) • (E(K) • |IGNACNNEBHP)) • | (K)  
DO $8 J • | ;  HM~SH 

38 OHLO|(J) • (E(K) • ||ONA(J)) • ElK) 
O0 3) J • |e NM[BHP 

33 BZvoRfJ)e-RCAPCJ| 
HAVE • HAtc]e~4|6•D|AeD|A/4,0). 
HflAVEw HRA/(].|AiA*~/A*OZAIA.O) 

C OR • ORI($t|AIA*O|A) 
gR • BRAB(NNESHP) . gALA 
OmBe0e(PH|(NNESH)ePH|H)SDN 

40 LAST • | 
RETURN 
END 

Figure E-2. Continued. 
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BUBNOUTIN[ HoOT 
COMMON/¢ONI/ Kt KIN¢. K~AX, LOC, Lw N. NCHOKE, NEAR, MFILE. NKw 

|NMEgHp NNMe NTAP[ 
CUNMONICUN~I DIAM. O I l .  OP. iRON+ OR. ON. OZ. (PS, E. EM. [XX. FZO 
COMMON/CONS/ NAVE. MR&V[. H. MMALL; AHPS 
COMMON/COMN/ PHi,  PHI M. P~ OR. O. RCAP, RHOAVw RNO, RNO~. RROU. g 
¢QMHON/COHBI RUN. BIfiNA. THETA. TNCLw U. V|iCo Nw NM. Zt TH[TA| - 
¢OMHONIMFLX/ RUU 
OZMENiIOM DIAN(SOOfl).P(SOoO),[(SOOO)rHMALL(IO00~ 

.,PNI(50).gIGNA(50)~RCAP(SOI.VISC(SO|sRHO(50),R(tO),RNOU(~O), 

.RROU(SO).M(2.SO~.Ur2.50) 
¢ 
C EVALUATION OF THE FLON RATE, AVERAGE OENiITY, AND ENERGY FLUX 

FIRiT • 1 . 0  
NN • OsO 
R A •  O.0 
RUU • 0 .8  
RUM • 0ml 
PREB • P ( K ) I I e O I ] [ q  

60 $a J•I,NNEBH 
CALL NRHn(PREI. H(M.J) f  RHO(J). NERR) 
NERR • NFRR 
RNOU(J| • RM0(J)eU(N,J~ 
/F(J~=I) ~0.30,gO 

80 NOR • RIJ) iOR 
9A • 6.2~$Z~RDR " 
NM m N N t  RHOU~J)mDA 
DRA • OAeRHO(J) 
HA • qA ~ iRA 
DRUM • DA*N(M.J~*RNQU(J) 
RUH • RUN ~ ORUH 
RUU • RUiJ ~ 0A*RMOU(J)*U(N.J) 

]0 CONTINUE 
ANOAV • RAtC]~|R|i*OIAeDIA/R,O) 

MR[SNP • NN[IH ~ I 
e l l  L NRHOfPRESr H(M, NNESHP), BHO(NMESHP), HERBS 
LAST • l 
RETURN 
[NO 

BALi 

SUBROUTINE |TEA 
COHNON/COM|/ Kw KINC, KMAX; LOCr L,  Mw NCHOKE# NERRw NFZLE, NKp 

|NM[IH; NNN; NTAPE 
¢ONMONICON2/ O|&N t DIAj  0Pm iRON, OHm OXw 0Z* [P8.  E* EXo EXXt PZO 
CONMONICON]/ HAVEN HRAV[w M; HHALL. AMP8 
¢OHMONICOMA/ PHXo RHINo Po OAf 8o gciPw RHoAVm NHQo RHGUw BROUw R 
COMMON/COMB/ RUHB B|GHAu TM[TAB TRCL, U. V l i ¢ .  Hw NNw ZO TH|TA| 
0|N|Ni |ON U|AM(gOOg).P(5OoO)wE(SOOO)wHNALL(SOOOJ 

t*PNI(S0).gIONA($0),RCAP(S0~mVIi¢(SO)wRHO(S0).R(B0).NHOU(S0~. 
.RROU(S0),H(| .SOSoU(|.S0) 

C 
¢ |T[RATION TO CALCULATE THE V[LOCITY AT THE NEXT AX|AL 8TATION - 8UBSON/C 
C VELOC|TY 18 FROM MOUtNTUN EBUATIOM 
C |TERATE UNTIL THE MAgi FLON 19 COMiERVED 

FIRST • I .O 
INS • 0 
NCMOK[ a o 
OP|NT • 0P 
D0P • DR 
|~( iBgfDP)eeOOIJ 2 I . a I . ~ Z  

El DORIES. 
81 CONTIMU[ 

P(K~ = P t K * l )  * OP 
LOC • 0 
NUN m O 
DO 1§ NeI,TS giLA 

LOC • N 
CALL MUM 
NNN• ! 
CALL NDOT 
oR • (RN . a)~R 
IFCA61 ION) . |Pg |  8 o . l , l  

I IF fON)  ] ; | O , e  
] IF( |NO) T , T , !  
S OOP • 0OP/8.O 
T DP • 0 p t DiP 

P(K) • P ( K - I )  • 0P 
I F I P ( K ~  I T . I T .  IS 

e CONTtNU[ 
~ R ~  oP - OOR 

• ~ (X= l )  , 0P 
IND • I 

t |  CONTINUE 
IT UCHOKE • I 

OP g 0P|NT 
L i l t  • 1 

tO CONTINUE 
RETURN 
END 

Figure E-2. Continued. 
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SUONflUTINE ITEg$ 
CONNON/CONI/ K: KINCe KKAXr LOCe ~e Mr NCNDKE: NERRe NFILE: NKj 

INflESH+ NNNe NTAPE 
COMHONtCOP~/ D|aRI OIA I OPf OqDQe DR: OH: Oi l  EPSl El EXl E~Xe FZO 
COHHON/COH]/ HAVEe NRAVEw He HNALLe aNPS 
COHHON/COHa/ PHIl pHIHw Pj 0HI gw RCIP~ RHOAVI sHOe RHOU* RROUe P 
COHMON/COPS/ RUHw ~IOMA! THETA* TRCL: Ue VlSCe • :  aN: Ze TH|Ta| 
OIMENsZON D|AH(S00~).P(S000),EfS000)~HdALL(S000~ 

.IPNI(50)eSIGMA(SO}eRCAPI~O|eVZSCI~O):~H~(~O)eR(50)eRHOU(~O)e 

.RflflU(S0)~Hf2,S0)~Ur2,SQ) 
¢ 
C ITEqAT~ON TO CALCULAT[ TNE VELOCITY aT THE NEXT aXIIL $TAT|ON - SUPFRSONIC 
C VELOCITY IS ~ROM HOq~NTUN EQUATION 
C ITERATE UNTIL THE MaSS FLUN I$ CONSERVED 

FIRST • I,O 
INO s 0 
NCMOKE • fl 
OOP • DP 
P(KI • P (K - I )  * OP 
LOC • 0 
NNN I 0 
O0 15 Net • IS0 

LOC s q 
CaLL NON 
NNN • | 
CaLL ~DOT 
O~ ~ (~•  - N)/# 
IF(ASS CON) - . [PS)  20 r i o t  

I IV(ON) ~,2or3 
3 IF(INO) 7eT,5 
5 DDP • PDP/2*O 
7 D p • 0 P ~ OOP 

P ( K )  • P ( R o I )  6 0 P  
IF(PER)) I Y e l T s l S  

9 0OP • DOPl~eO 
DP • OP • DDP 
P(X~ • P ( ~ . t )  * OF 

I~O • I 
| 5  CQNTINU[ 
|Y NCNOKF • | 

LIST n I 
~0 CONTINUE 

RETURN 
E,IO 

BURROUTINF NON 
COMMON/COH|/ Kw KINCm KHAXe LUCe L+ He NCHOKEJ N(PQi KP|L[ ,  NK: 

|NHESHf NNNI NTAPE 
COxHONICOM2/ OI&H e D | A ,  ORe DRONe OR, OAt DZ: [P8, E+ EXl [ I X :  FZO 
COHHONICOHS/ HAVEo qRAVEe He H~ALLw AHPS 
CO~NONICO~a/ PHI• pHTN e p: OR: Q: RCAP: RNOaVe ~HQ: mHOU, RRnUe R 
CONHQNICOHSI RUH: S|GH&e THETAt TRCL. U: VISC# ~. N+: Z+ THETA| 
COPHONICOPTI ITURB 
CHHqON/HOf+~Om/ RCPI(~O), RCP2I~O)p qCP]fSOIo RCpU(50): RUPPEV|50I 
CONMON/BSTFPI DIS 
CO~NQN/RAnHSV/ RV01|OR(~0) 
COqHON/HBAL/ SNMZC~SNHRCwwSHR~DFDZeTNSHH 
COMNONI~AIL/ RKSeINIXL(SO)tTPR• 
O|NENSION DIAH(SOOfl~,P(SOoO)eE(SOQO)wHkiLL(50OO) 

e;PNIISO):R|GMI(~O);RCAP(SO)eVISCCSO)eRHIt(SO)sR(SO)eRHOU(50I; 
.QROU(SO)+N(2w§0)+U(2.SO) 
FIRST • 1.0 

C 
C CALCULATE THE v[LQCTIY AT THE NEXT AXIAL STATION 

NHESHP • NH[SN t I 
gA0n01l l2.0 
TVISP • O.O 
OUDRm(0,0*U(LeNqEIH~)I(0,seDA) 
IALLSNu-VZACINMESNR~,DUON 
IF(NNN + NK) |O ,10~0  

18 ORUT • O,R 
ORUTSa0.0 
U(L~NHESHP) • 0,0 

Ag : D~aN(K-|~*OI&qIK-I)/(OIaH(KItOIaNIK)) 
DO ]0 Jn2eNHE$H 

RUPR(VIJ) • RRUU(J) 
RROUIJ) • SHrill(J) 

¢ 
c CORRECTION rnm naOtAL CONVECTION 

0RMmR(J)-q(J-l)  
ORUO/a(RRIIIJ(J)~RUPR(vIJI)/DZ8 
RORUDZaORUDZ*R(J)*hRN 
ORUTIDRUT-RDRU0Z 
RYD~DR(J)m*0I~*(U(LwJ)tUILwJ-I))*(DRUTeDRUTS)/(R(J)*ORH! 

|t(DRUT*U(L+J)-0RUT~*U(LeJ.III/IPfJ)*DRM) 
0RUTSDORUT 
IF  ( K . a )  a2,42,30 

a~ RVDUDR(J)Bae0 
RUPREVIJ)nRROUfJ)' 

]0 C~NTINUE 
U(M+NNESNP) • 0.0 

20 SqMZC:O,O 
SMMRC•OIO 
lREllOoO 
DO $0 Ja~eqq[SN 
DRP • q ( J * t |  * R(J~ 
0RM • R(J! - R(JoI+ 
RDRaN(J)*DR 

Da : 612R]2*RhR 
IF (J-NHERH) 2000:1n00o|00~ 
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1000 VLZ0.0-(P(J*I)*VlSC(Jtl)*(U(L+J*I)-U(L+J))IORP-0.25*(9(J),R(J-|))* 
I(VISC(J)*VISC(J-I)~*(uILwJ)-IJ(L~J-I))/DRM)I(R(J~*ORM) 
GO TO 30OR 

~000 VL a 0 . 0  - ( | ~ f l / R O R ) m (  
1 I ( R ( J * i )  * R ( J ) ) 1 2 e 0 ) e ( ( V l S C ( J t l )  e V l S C ( J ) ) / 2 . 0 ) *  
2 ( ( U r L , J t I )  - U ( L J J ) ) / O N P |  
] - ( ( q ( J )  * R ( J e I ) ) / 2 , O ) * ( f v I $ C ( J )  ~ V l s C ( J - I ) ) / 2 , O ) *  
O ( ( U f L . J )  e U ( L . J e I ) ) / 0 R H )  ) 

JO00 CONTIqUE 
IF t lTURR ~GY, o )  Go TO I l o  AALA 
T v l s M u T v I R P  
THLP a d , l a  * RIO - 0 , 0 8  * ( ( a ( J )  * R ( J t l ) ) 1 2 , O ) * * 2  / gaD  

m f l . 0 b  * ( ( g ( J )  + R ( J f l t ) 1 2 e 0 ) * e g l  ( g l 0 * * ] )  
I F  (NNFSH . J )  8 0 o q 0 . R 2  

80 TMLP=O.O | *O•O25U*O.S  
TMLP=T~LPiqe5 
TV|$P:qHU(Jtl)*TMLPJTH~PeIBS((U(LrJ)eU(L~J~J))/DRP) 
TVISPwTVXRPe0es*(qHO(J)tRHIJ[JtJ))/RHC(J*|) 
THILSH=TV(RPJ(U(LwI~oU(LwJ+|}|/0RP 
GO TO 112 

62 TMLP : THIP • 0~5 
TVISP m ( ( g H O ( J )  t R H O ( J t I | ) / 2 e O  ) a THLP * THLP * 185 ( ( U ( L w J !  - 

• U ( L f J t | ) I / O R P )  
GO TO 112 . RALA 

I I O  C J N T I N I I [  PAL l  
VV lSmsYVlqp  
IF ( A M | M L ( N H E S H P ) - q v O T S * R i O )  qo0w~00fe0Q 

600 Y q | ~ L u A H I X L ( N ~ | S H P ~  
GQ TQ A7 

q 0 0  RAVGE • n , 5 0  * ( q ( l t  * ~ ( J * t ) ) * ~ K $  
(PXP w - ( R i b  - RAVGF| • (SQRT(WALLSM * R q O ( N P [ ~ H P ) | )  I (2bsO • 

IVXSC(kNERHP1)  
T q | x L  : O,UO * (RAft o RAVG[ ) * ( 1 . 0  " [ X P ( T P X P ) }  gALA 
] F ( T R I X L  q 0 • ~ 7 ~ 0  • n l ~ )  67w RT# 8R 

66 T q I X L  • OeO750 • 9A~ P l l A  
§7. |F (qMESd  - J )  q0w q 0 .  q2 R I L l  
9 0  T H I X L = I # I I I  | N t l | S H P t  

TV|SPn~Hfl(,I~I)wTNIMLeTHIXLeIRS((U(LwJ)uIJ(L,J~I))/DRP) 
TdILSH=TV|SPt(U(Lw.I)-U(LtJe||)/ORP 
G~ YU 112 

q2 f v | $ P  z ( t g M O ( J )  * P ~ r t ( J t | ) ) l ~ . O )  , T~ |X  L , T H | ~ L  * A B S ( ( U ( L ~ J )  - PAL l  
| ~ ( L , J * I l l / O R P )  

112 CUNTI~uE flSLa 
IF  ( J . ~ [ S ~ )  5 0 0 0 ~ 4 0 0 0 , 0 0 9 0  

~000 TVL=O,O'(I,0/SUR)ef-R(JI|)eYdALSHeOe~e(M(J)tR(Je|))eTV|S~*(U(L~J). 
I U ( L ~ J - I ) ) / O R ~ )  

G'I TO hOOP 
booo CJ~TINu[  

TVL u f l . 0  - ( | ~ O l S O R ) ~ (  
1 ( ( 9 ( J * | )  * R ( J ) ) I 2 . 0 )  * YVlSP * 
2 ( ( U r L J J , I )  * I J ( L ~ J ) ) / O q P ]  
3 . ( ( n ( J )  6 P ( J ' l ) t / 2 . 0 )  * T Y | S q  * 
a | ( U r L . J )  - U ( L ~ J - | ) ) / P R q )  ) 

~000 SVL = VL * TVL 
RAOCU~=-RV~UoR(J ) *~Z  

OELII • ~P t OZtBVL - NAOCON 
u ( q , J )  : I I ( L ~ J )  - DF~Ue(RUPR(V(J)/(RR~U|J~eRR~U(J))) 

Ftgure E-2. Continued. 

8RMZC • 8HMZC - OELU*DAIDZ 
8RqRC m 8~MR¢ 9 O I *RVDUDR(J )  
ARFI  a ARFA ~ OA 

50 ¢UNT INU(  
N S H N I * b , ~ A I ~ * R A O e ~ A L L S H  
TNSHRI-GeES]Z tR&OeYdALSH 
OFQZ 8 -DPmAREA/DZ 
U ( M w | )  8 I I ( M . 2 )  
LAST I ! 
R[TURN 

|NO 

) .  
m 
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O~ 
I:o 

qqO 

200 

IO 

SUDqGLITXNF OUTPT 
C~dON/CO~I/ Kt ~NC.  K~AV. L~C• L* ~• NCH~K[. NEAR. NF|LF. N~• 

|N~[SH. NNP|. HTAP( 
CddMflNICDu~l DISH• ~|A.  DP. D~0ff• OR~ DA. DE• FPS. E. EX• EVV. FZQ 
CONHON/C(iqSI HAVE• HgAV[I NI ~ A L L .  &qPS 
COMHONICDM~/ PHI. PNId. P~ OPe O• ReaP• gHOiV• ~ f l .  RHOU, RNQU# 
CUHHOf, I / 0 q q /  RUH. ~IGHAI TN[TAp TMCL. U. VI$C. v. gg. Z. THETAI 
COH~OqlCUql~l PAL8 
COHPIONITITIEITITLE~I~) 
COHHCNIERALI S~ZC|q~ACeUHN~#RADQ,CO~eTCONq•IJ~S 
DIMENSIDU OlAP|SD0~),P(SOD0)•E(S000)~HdALLf500O | 

.,PH|ISO),S|G~A(SO)~gEAPIS01•VISC(S0).RH~(S0)•M(S0),HNQU(50)~ 
e R R Q u { 5 0 ) e H ( 2 # S 0 ) e I J t ~ , 5 9 )  
DIN~N$|C~ XR(SO)eXO~OU(~Dj• 

I X d I ~ , S O ) j X l l ( 2 • 5 0 )  
NFILE•0 
F|RST • leQ 
~HESHP • qNESx * l  
QTwQeDqt0YR 
AUNA• RUHIff 
PAAD • OglqT *lO0,O 
PROS • P ( K ) l l e O l ] E q  

iXITE TITLF C~qO 

N R I T E I b , l q R )  TITLE 
FOAHAYI lX l • l ~ i b l  

fH|S SET ~f  EQUIVAleNCES IS FOR CHANGING uqlVS 

XDIAWuDIA~(K)*~g,~I 
XZeZ*lq,3? 

XM•~e2.~05 
XOT•OT*] ITP.I lSbS0~(*O4 
XTACL•TRCLt0,20aS 
Kd~ALLnH~ALL(K)~I,~O~(-04 
XHAVEeNAVF*4,30~E~a 
(NUHAm~UHAIG,)O~Ee~G 
XHRAYE•NNAY[eOIQQSqE-Q]IO.)OISIe] t 
DO ~00 J • I , ~ E S x P  
x q ( J ) • ~ ( J ) e S Q e ] ?  
X d ( H • J ) u N ( ~ t J ) O q . | ~ F e 0 A  
XU(~eJ ) tU (N•J I *3 ,2A |  
~RHDDIJ)aRHOU(JIiO~2~qS 
USDBR•0oO 
OU 10 MMuIeNME|H 
RDRIN(KM|~hR 
OAsbe~S]~*QDA 
USAAIIWNO(KK)oUINeNKtIU(HeKKIoD(NeKK|eDAJ/(~eO) 
USQAA•U$OHR~uSAg 
USQSgUSQSAIk 
XOSDOIUSDRIQe)02Eefl4 
USDflAIAUHAeUSDB 
XUSGSAIXAIIHAtVUSOB 

~ff lYEfb~$~f l )  M.O[A~(1).VDIIx•ZjAqpS.XTJE(K)pW.XF.X~.~T,T~CL, 
l aDT•XT~L 
M R I T E ( 6 ~ )  PRAD•H~ALL(K)*XHHALL~PR[geHH[SH.LOC•FTI?eO~,|pS~ 

! ~FILE.EV•THFTAIeFv~ 
MqlT~(h•2QM)HaVE.~HAV(•NIJH&~N~UNA,~gAVE.XHRAVE•tJSG~A.~IISGSi 
~ n I T E ( 6 , 3 n t )  (H(J)~(a(J),NIN•J).X~fq,J)•Uf~J).VU(H•J)•w~I|(JI,VRH 

IOU(J).JnI•N~ESHP) 
300 FORmAT(IV. 

1 ISHAXlAL RTiTIQN • , l a  16v•  
3 50H ~C THEg~AI &NO , ITH A~IAL GAS FLfl~ 
2 |5HD|A~ETFq • • [ | 0 , ~ g  | S  M' qETER$ I 
I I 0 1 ~  [ I n , 3 . 1 0 X  I~CHES • 
I IV. ISHAVIAL nIST • . r | 0 , l .  |OH uETFHS • 
2 SOX~ I5~COAAL~T • . E lO,3.  l0 ~ AN~S I 
I I 6 v ,  EIO,3.10N |~r~F$ I 
l IV, ISNVOLTAGF GqAO • • E|O.3•  IS N VOLTSIM , 
2 S0X. ISHFLO~ RATE • [ l O , $ *  lO"  KGISEC I 
l l b x .  E | 0 e ] p l l H  V~LTSIIIICNpb4X~ 10W YlO.3.  L§ISEC I 

l i e  IqH~ALL qr lY  FLUv• • EI0,~•~2H wATTSluI*~ 
Z$SV•ISNT~AN5 CQOLING • • E l 0 , ] •  
316t•  E I 0 e I , I 2 H  STIIIFT2oSEC. 
$6)~, ElO.1.11X LRIFT2-SE() 

I~HRA~IITvrI~ LOSS• 
2 S0X• tq"•ALL [NTHALPY • 
210IV, E l n , q . 1 0 x  qTtllLS I 

• F l 0 , a ,  10N PEPCE~T 
• [ 1 0 , 1 ,  10~ JOULESPNG 

2 IV• IqXPgE$SLuME • m E l 0 , | ,  t0H IT~OS 
2 50vw 15.NqESq l 
2 I v .  | q . ~ o c  : : | °  14• IbX. 
2 50Vw IqHFZU • w E I O . ) t  
2 IX.  I ~ 0 ~  • • [ I Q . S . | O V .  
2 SOx• lqXfPS • w [1001 I 
2 I v .  IqMFIL( • o la.bbXjISNFX 

IV, )~HTH~TA • , 0PFSeI f~VtJNDEG . 
$ SOl. ISHEVX • • [ 1 9 . ] )  

2qS FURNiTfINn• 

I 

w 

z pElO,31 

| 2aHSPaCE AVERAGE rNTNALPy • p| |$,SmlOH JOULE$1MGugto2xUg,E|5,5• 
ITH BTUILfl l  
21Xp24HmlSq iVEqIGE CNTNALPY s • E I $ . 5 .  IOH JOULESIKGoIVwTHCRw(I5,S f 
27N BTUILDI 
)I~;2A~IYENiGE [~[Q~Y D[qSxTY m*EIS,S,12N JOULESP**3,2X,2NCn,FIS,5 
] * l ~ d  BTUI |~CH**) I  
aIVeZAHTOVaL ENTNALPV qelVGe • EIS.S•IOH JO'ILESIXG.AX,PHCa,EI5,S, 
A?X BTUILS) 

]01FOqNIV(INQ,IIXeBHRI~IUSe~6VfOHE~THALPYwlBV,ION vlLnClYY • ? 3 : f l 0 H  
IHJSS FLUIP 
41Xo6X. lOH NETFAS .]XoION l~CH • 
5bX,10X JOtlLESIKGpAv.10H 8TU/LB , 
6YX+lO N PtS pOl+lON F T I S t C  I 
?SXj|0H KGIS N l t ~ B S l , | l k  LR/FT2-SEC// 
9(BEEtS,SI t1 

NFILE • NFTL~ t ! 
LAST • I 
RETURN 
(NO 

Figure E-2. Continued. 
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IUR~OU/|NP rlOZZLE(F.ZC,OIA~THEIi.NS$,Iid. AMP$.TgCL,EXX) SUBROUTIN~ NT&8(P, d, PHI. S|GNIB V I $ [ ,  AKI, gK2, TFHP, ~ERR) 
CONMON/NO~COM/ OO|, D~2, n05~ ZZ|* ZZ2e ZZ3~ ZZa IHTFGER HqXP 
FIRSTsIeO COMuOM/TARI[/ HO(Iq)eDM(|O),HMXe|DMelTXeHAT(3Oh~wTAT(Sw3OO)w 
ZF(O,S-Z) ~+2+a IPRAT(b+30nlfVH&T(b~lOO)wRKJT(Sp300)oS|G41(6~lOO)oPMITfb~]OO)w 

2 TRCLeO,O 2~K|JT(o*3qq)wHKZiYfe,$OO)*PAY(T)wlPHAM.IPMxIJIPS*P$VfDELP 
4 IF(NSS) bwS,S CO~HON/COPq13/ KTAB 

|F(HSS) bobj6 CQHHQNSCFD/ &IN(7~YS)weJ(7)m42(7)o43(7).&a(71oHA(75),K|lK2wJ$ 
b O~JYeO[& 0IN[NStON TAR(7~) 

OZi'/ea,O*nvJY DAYA I n / 0 /  
IF(Z - ZZ!1 12, t2 .  13 N~gR • 0 

13 I F ( I  * ZZ~l tar  14~ 15 IF ( I n )  2w1,2 
15 IF(Z * ~7~1 |bm 16p I? ¢ N[&O tN THE~HOOyNANIC AND T~&NsPOqY PROP[qTY OATi 
t ?  | F (Z  • Z241 the IS ,  iq ! IP=0 
14 SLflPE • (nO2 - DO|~ / (2cO * (ZL2 - Z~11) 1000 lPeIP+I  

Ol& : 001 * $LIJPE * ~eO • ( Z  " Z Z t )  l e t  
GO TO 12 JRI 

16 OIa • 002 N[AO(5,7Oql P I T ( I P !  
GU TO 12 IF (P&T( lP ) t  2000~100+100 

18 SLOP[ • (riDS * DU2~ I (2eO • (ZZq • Z731) d000 IPNAXnIP.|  
O i l  • DD~ + SLOPE * 2,0 * (Z - ZZ3) |PMXIelP-2 
GO Tfl 12 tPS=t 

tq O[A = nO3 PSve0.0 
GO TO 12 GO TO 2 

80t&uOI&T*~e0e(Z-ZCIeTAN(TH~T4) |0~ R[AO|~ fT0 | )  & l N ( l e l ~ w H i ( l ~ , A | N ( 2 f l ) + A | N ( 3 ,  l ) e A | N ( 4 8 t ) g A i N ( S ~ l ]  
IF(DIAN-UIa)  IO, |O~|~  |F(KT&R) In2.  Joio i02 

| 0  OI&:O|lN | 0 2  W R I T [ ( s m ? ~ )  &tN(|~ttoHe(l|m~lk(2+/).¿tq(3.~),i|M(4~l),JlN(~,l | 
LASTs| 70| YOqqAT(SE|~,]) 

12 R~TURH 702 FOq~ iT f I 0X .Q [ | 0 .~ )  
~HD 10l l e l t l  

iF ( ~ I m ( t ~ l - I ) )  1 , 3 , 1 0 0  
3 ~ [ I D ( S ~ ? 0 l )  T A H ( J ) j ~ I N ( 6 ~ J ) . 4 1 N ( 7 + J )  

[F(KTIR) |nOt tOJj  tO0 
100 wRIT[(++T++) Y l . t J + , l l ~ f b , J ) l . l m ( 7 , J )  
10S J e J e t  

IF ( T l q ( J e | ) )  aja+~ 
o l~e I 

J ~ l x e j * 2  
IF ( I P - t )  1 7 0 0 J l ? 0 n + l ? 0 t  

C lET UP ZNDEPEHOEqT VIRIIRtF ENTHiLPV INNer 
l?O0 HMIX~2.0 

O O S  l e t , I S  
IF ( H I ( I q I ( ) - H U & ~ )  ~ 6 j 7  

6 O~ teH~lX/ l~0 ,0  

HMXeFLO&Y|HMXP)eOH| 
GO TO 
NHAXIIOoOOHHIX 
CONTINU[ 
l e o  

q I e l * l  
H O ( I ) e ~ e X l I 0 , 0 * * !  
OH(1)eHOIII~IO,O 
IF (HO( | )eHA( IJ )  1~o10,9 

SO IOxel  

Ftgure E-2. Continued. 
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o 

I s |  
Jut  
NAT(I)sH~X 

i t  l s | + !  
HATfl)sNATtleI)-OHfJb 
VsABS(HAT(1)-HD(J)~I(~AT(II~ND(J)I 
IP (V*O.OnOOt) t 2 , ~ 2 . t t  

J2 IF (Je~O~t |a ,13, |~  
to J s J , i  

g~ TO I t  
I ]  |Txul  

DO 1S Ust~IYX 
J s l T x * ~ l  

IS T~T(J~I)u~AT(J) 
OO 16 | s t ~ T X  

t6 ~ATrI)sTAT(|e|) 
¢ SEt UP DEPE~0ENT VAN|ABLE T[NPENATUNE~ PNESSU~E/OEHSZTY~ VIOCUSITY, 
C THERM&L C~NDUCTIVITY.ELFCTQICA L CONOUCT|VITY~ANn HEAT FLUX 
C POTENTIAL ARqAYS 

lTOI JSs l  
JSSsO 
Klul 
K~sS 
DO IT I s l l l TX  
JuJS 

2| IF (~ iT ( I ) . ~A (J i )  iA. IA~16 
tO IF (JeIIMAXoI)) 181f160~lO00 

ZOO IF (HAV(|)-HA(IMAX~) 1801~1800~t800 
tO00 TAT(IP~|)eAIN(I~IM~X~ 

PNAT(IP~IIeAIN(2~IM4X~ 
VMATCIP. I)aAIHC]mIMAX) 
NKAT(IPtIIsAIN(O,I~Ax). 
$IGAT(IP~I)sAIN(SwINAW) 
GO TO 17 

180l JOSIMAM-2 
GO TO E52 

181 IF (NAT(1)eHA(J~I)~ 2 0 ~ 2 | . 2 |  
2 1 J s J A I  

GO TO 2~ 
14 IF ( J -2)  140*!40J1~1 

140 JEs2 
GO TO ~52 

J41 IF (HAT(1)eHA(J-|)~ 23~23,24 
23 J s J - I  

GO TO ~2 
20 JOsJ 

GO TO 25~ 
~a JSs Je |  

25~ IF (JO-J88|  1702,ITOajITOI 
1Y02 J88sJ9 

CALL C~C . 
1704 HAT2uHAT|I)eHAT||) 

HAT3sHAT~eH*T(|~ 
TAT(IPtl)mAI(I)~A2(I)tHAT(|J~A](I)eHAT2~44|I)~HAT$ 
PN&T(IPel)e*I(~)EA~(~)wHAT(|)~A](2)eNAT|e&4(2)OHAT] 
VHAT(IPwl)aAI())~A~(S)*HAT(~)~A](])*HAT|eAq(])eHAT) 
flKAT(IP~I)aAI(q|e&~(q)eHATIl)~ASC4)*HAT29A4|4)eHAT] 

8ZGAT(|PeT)uAIfS)~A2fS)*HAT(|)*A)(S)*HAI2~AA(S)eNAT3 
IF (SIGAT(IPwl)) IYO~,17,|7 

|705 SIGiT(IP, I~nO.O 
l? CONTINUE 

PHZY(IPwI)8OtS*TATfIPwt)*RKAT(IPw|) 
O0 170 |n2,1TX 

170 PNIT(IPeItePNIT(IP~I-I)~O.S*(NKATfIPol)*RKAT(IPoI.I)),(TAT(IPpI). 
I T A T f I P , I - I ) )  

C SET UP U[PEND[NT VARIAOLE NAOIAT|ON PAAAM[TEA ARRAYS 
JOe| 
JSSs0 
Nix6 
N~sT 
O0 2602 Ist.JNAX 

dbO~ NA(1)mTARCy ) 
O0 26 luSwlTX 
JsJ8 

]J IF (TAT(IPwl)oTAN(j~) 28027w2T 
27 IF (J - fJNAx- I ) )  271,270,270 

270 JSmJNax-~ 
GO TO 262 

271 IF (TAT(IP.I)-TAN(J~I))  2q.30w30 
)0 dsJ*t 

GO TO 31 
| 0  IF (J-2) 280,280,2~| 

200 JS.2 
60 TO 262 

281 IF (YiV(IP. l )eYAN(J*l |~  32w32m33 
32 J i J - I  

GO TO )1 
24 JOuJ 

GO TO 262 
3] J S s J - |  

~62 IF (J8-JES~ 2601,2600w2601 
dAOI JOSsdS 

CALL CFC 
dO00 TAT2mTAT(IPel)tTATrlFwI) 

TAT]eTAT|*TAT(IPII~ 
ABCON| .uAI(6)~AZfO~eyAT(Ip,I~A)(G|,TAT2~Aafb),TAT ] 
~KtAT(IPJl) • AO8(ABCOKI) 
ABCOK2 88t(7~942(Y~OTAT(IPwl)~A3(T~*TAT2~AA(T)sTAT| 
RR2AT(IP, I )  • AES(ABCOK2) 

• IF(KTi8) 105, J6* lOS . 
lOS NAITE(OfT~2) HAT|I~pTA~(|Pfl)ePNAT(IPw||tVNATClPJ|)sRKAT(IPji)p 

ISIGAT([PII|eNKIAT(TPjl)wflK2AT(IPwI)~PHIT(Ippl) 
16 CONTINUE 

gO TO tO00 
C LINEAR INTENPOLAYIoN ON LOG OF PNE88URE 

2 IPsIP8 
IF (PePSV) 2010,20[ | , |0 t0  

~OlO PSVoP 
IF (PoPiY(l j~  2001;ZOOh200|  

200t | P e t  
O0 TO 2ooa 

200~ IF (PePAT(|PMAX~ 200T,200]~|003 
IOO] |PeIPNAXe| 

GO TO 2008 

AALA 
8ALA 
BALA 

Figure E-2. ContJnued. 



i..a ..j 
!-. 

~OOT 
ROOk 

dOOS 
~00~ 

dOOO 

C 
~Olt  

35 

]6 
30 
3T 

3~ 

al 

nO 
nl 

IF |P.P4T(|P)) ZOO~.~OOSt200S 
|Pe|P-I 
GO TO 2007 
|F (P-P iT ( |P t | ) )  2~QOoZOORw2OOg 
XPe|P~| 
GO TO ~OOT 
|PSalP 
OELPo(ALOG(P)-ALOG(P&T(|Pi))J(ALOG(PiT||P~t))'ALOG|PiTf|P))) 
L|NEAR |NT[RPOLAT|flN ON [NTNALPY 
|F |HoNHXI ]EF3YF3q 
Zu/TX 
GO TQ 37 
|F IX.HAT|t)) 38.3a.3g 
| t |  
PN|B|PHIT(IP~Io|)ePH|T||Po|])*O[LP~PH|T(|P,|) 

RKI~(RKIIT(|P~I.~).RK|AT(|P.|))4DELP*RK|AT(|P||) 
RK~m(RK~AT(|Pt|.|).RK~AT(zP~|))*0ELP~RK~AT(|P~|) 
V|ECI(VHAT(Zp~t.|).VNAT||Pt|))*0E~P~VHAT(|P~|) 
TEMPm(TAT||P~Io|)-TATC|P#|))eDE~P~TAT(|P.|| 
RETURN 
O0 40 |aI~|DX 
|F |H.HO(|I) 4Q.uo~q|.. 
|LBZHT((H-HD(I))/Ox||))t(/~X-|)*~O~| 
gO TO 42 
CONTZNUE 
OELHe(N-HiT(|L)~I(~ITf|Lt|)-HAT(|L)~ 
PH|IiDELH4|PH|T(|P,|Lt|)epN|T|IPeZL))tPNZT(|P.|L) 
PH|~mDELH*|PXXy(ZP~I,|L~i~-PH|T(ZP~|.|L))~PH|T(ZPtt. ZL) 
PH|B(PN|~=PH[|)*OELP~PH|| 
8|GH~tmD[LHt(EZG&TfZP;|LtJ)~EZGATf|P.|L))*8|GaT(ZP,|L) 
8|GflA~oDELHi($|GATf|P~|~XL~I)-SZGAT(ZP~I,|L))t3/GAT(ZP~I~|L) 
E|GHAo(EZONA~-SZGXit~eOE~pt$[Gxi| 
RK|ImOELHe|RK|AT(|P.|Lt|)eNKIATfIP~|L))tRKIAT(ZP~|L) 
RKI|mOELHe(RN|AT(|P~I~|LtI].RKtAT(|Ptie|L)~tRKIAT(ZP~|,|L) 
RKtI(RK|ieRK||~*OELPtRKtl 
RK~I~O[LHe(RK~AT(~Pe/L~I~.RK~ATf|P~|L))tRK~iTf/P*|L| 

RKEm(RK~-qK~I)*OELP)RK~ 
V|iC|nOELH*|VNiT(ZP,|~tI)-yNAT(|P~ZL))~V~iT(ZPw|L) 
Y|8CEsO(LN,(VNATf|P~I#XL~I)=VM4T(/Pt|t|L))~VMAT(|P~S.|L) 
V|flCe(v|SC~-VISCI),OELP?V|SCi 
TENPImOELN*(T&T(|P~|LtI)-~AT(|P. IL ) ) *T IT f |P . IL )  
TENP|iOELHe(TAT(|PtI.|Lt|)-TAT(|PtI~ZL)|tTiT(|PtI~ZL) 
TENPwfTENP~-TENPJ|eOELPtTENP| 
RETURN 
END 

|TO] 

8UEROUT|NE CF¢ 
COMMONICFP/ iZN(TrTS)ril(7)mA2f?),SJ{7),i4f/),fli(TS)*Kl*N2wJS 
HZ|aHifJE)*HA(JS-|~ 
N]|mHAfJStl)-NA(J$.|) 
Na|mHA(JS~)-HA(JS*|I 
N&2mH&(JE-t|eHA(JSq|~ 
H2|ZaHi(JS)*Ni(JS)eHa2 
NJ l2 iH i (JSt | ) *H i (Jq* l )oHi2  
HQ|~EHA(JSe2)eHA(JR~-HA~ 
NA1sHi~eN4fJSel) 
.~ | ] IH i (JS~**3,0-HJ]  
~|13sNi(JS*I)**3,0.H&3. 
N4ISmHi(Jmt2)te3,0mHA3 
H]I2PaH3|2-H212*HSI/H2| 
HiI2Pe~4I~-H~|2*NqII~21 
N|IIPuH31~-H2t3*H$11N2I 
HG|]PoHGI3eH2iS*HO|/H~| 
HPPoHa|~P*H313PiHEj~P/H3|2P 
OO |Y03 KIK|mK~ 
F|mA|N(K*3SB|) 
F2mA|N(K~JS) 
F$sA|NfK.Js~|) 
FqmAZN(KeJSt2) 
F2IeF2oF| 
F]|aF3wF| 
F4IeFa.F| 
F3IPxF3|-P2|eH]I/H~| 
FqIPaFII-F~I*NO|IH~| 
FppIFI|PeF31P*NgI~pIH3|~P 
A4(K)eFPP/HPP 
A](K)o(F3IP-HII3P*i4(K))IH]|2P 
&~fK)n(F~I.H2|3tAqfK|eH2|2tA3CK))/H~| 
il(X|sF|=la(K)eXi].i|(X)*~i2-iE(K)*Hi(JS-l) 
CONTINUE 
RETURN 
(NO 

Ftgure E-2. Cont]nued. 
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t~ 
~J 

|URR0tJTINF NRHO(PoN+NHQo NEAR) 
COHMONITIRLEI HO(IQ),OH(I01oNMX,I0~f|Tx,NAt|J001.TJT(4+)00)~ 

IPq&T(b,30fl)wVMlI(b~S0Ol,~w&T(6o$00),SIGaT(6~300),R~IT(~,)00)~ 
~RKIAT(b~]fl~).RKZ4T(bj~OO)+RAT(T)~|P~AM~|P~x|.IPSePSVeO~LP 

LINEAR |NT~RPOLITIn*I ON LOG flF PRESSURE 
NERP • 0 
P P s P * I O I ! T ~ , O  
I P I I P 9  
IF ( P u n | V )  | 0 1 + | O O e t o  | 

l o t  PSVzP 
IF (PuPA | f | ) )  102,1~2. t03 

102 IP : I  
G~ ?O 108 

10] IF (PoPAT(IPHAX)) I o % | 0 q e l 0 a  
l o g  I P e l P m R X - l "  

GO TO I0~ 
105 |F (P-P lT tTP} !  IO6;IR7~I07 
106 I • ~ I P o l  

GO TO 105 
JOT IF ( P - P l t r T P e | ) ~  | nR . lqq ,  10q 
10q | P s l P t |  

GO TO lOS 
i0e | p s l | p  

0ELPm(ALflO(P)-iLQG(PAT(|P)))~(ALQG|PiT||P~|))eALOG(PAT(|P))) 
ClmEAn |NTFRPOLATI~el ON ENTH4LPY 

100 IF (N-~qXl ~ , l + l  
I Ie tTX 

GU TO ] 
2 IF ( M - ~ I T ( | ) )  a , a . q  
I I•1 
3 qHoeRpI((PNIT(IPtI.|IopRIT(IPeIII•O[LP~PRAT(IP~I|| 

NETUNm 
5 00 6 l m t , t ~ z  

IF (H.uU(T~) b i g o t  
7 |LnIkT((N-NO(I))IDH(|))+(rDX-I)*90~| 

GO TO R 
6 CONTINUE 
8 ~ELHs(.oNITiIL))/(M&T(IL*I)-NATi|L)) 

Pq&JuOELMe(PNRY(IP~|Lt|)oPNAT(IP+|L))~PRAT(|Rm[L) 
PR42•OFLN*IPNJT(IP~IelLtI~oPNAT(IP~I,IL|)~PRiT(IPgIe|L) 
RNOnPPI((PRA2qPN&IItOELPtPRAI) 
RETURN 
(NO 

RILl  SUBROUTINE RIDFLXf~IAo 0Nm RuE|H) 
CO~MONIRAnCONt qEEt50)o YY|SQ)J |HUES0), FIq(S0) ,  F|P(50) 
CO"HONI PRP¢0~I TEMP w QRA~I RK|r RK~ 
COMqON/QBI~DI QRB(~) 
DIMENSION YrNP($0)~ UqiOfS~)~ RKI(S~)t RK~(§0) 
OIHENSIU~ AUM(S0) 
DINERS/ON XNUqAX(~. XNUNIN(2)e XMUN(~, 50) 
NCx • 1.03R8 
|NPLIT OAT& 
STEF¢ • S.4687E*OR 
~Bl~0 8 2 
XNIJH|N(|) • | i O  
XNUIqIX(I) • R,i3bYE*04 
MqUN|N(2) • ReA3b]F~0R 
INUII&X{~) U IeQ]SBqEtOS 
Nq~$Hp I NHESN • I 
MOld • NNESNP + 2 
YY(I) • OeR 
YY(NMESHPI • ( O l l  t 2cOl  * 100,O 
00 10 | J  • ~e NR[SN 
8 U M f I J I  • 0.0 
FJ  • l J  

| 0  YY(I J )  • (F J  - 1 , 5 ~  • DR • I 0 0 , 0  
S U R ( | ) •  n~o0 
SUM(NMESMP~ • OaO 
00 I t  IJ • l *  NMESNP 
RMUK(I. IJ1 • RKI(TJ) 
XNUK(2. |.11 • RK2(TJ! 

I I  C(INTINu( 
O@ 12 N8 • l ,  NOANp 
ME SELECT A BANO 
2NAXT : NCK • XNUHRX(N0) 
|HINT • NCK * XNUNTN(NB) 
00 JR I J  • ! i  NNESNP 
tOA$ • TENP( I J )  
6EE(lJ) • 9TEFC * TGIS * • 4 
TNU(I J I  • XNUK(N~m I J )  

l a  CONTINUE 
CALL CYLFLM(NHEBNP~ NOAH) 
OO | 0  I J  • 11NMESNP 
|GAS • TEMPI | J )  
ZNAX • ZNAIT I TGA$ 
ZNlN • |HINT I TGA~ 
6NGT I MGTIZNZN~ • NGT(ZNAX) 
IF(BRGT ,LE, OeOflO) ORGY • 0,0000 
S U M | I J )  • I U H f I J )  * ( r l P ( I J |  - F I N ( I J ) )  * B~GT 

18 CONTINUE 
ORB(NB)eSIIN(NMESNP~ 

12 CONTINU[ 
00 ZO I J  • Io NNESHP 

20 g n s O l l J )  • SUM(IJ )  
ONO(2)IONA~INMESHPlwQRB||~ 
RETURN 
END 

F igu re  E-2.  Con t |nued .  



I-. 
..J 
W 

SURRUUTINE ¢YLFLI(Nvw NICt  
CURqON/ RAOCOH / R F E ( S 0 ) o  YY(SOto V u U ( q 0 t ,  r I H ( q 0 ) o  r I P ( S 0 )  
OIMENSION E X ( S I ) .  f l Y ( S i t ,  T A U T ( S t ) .  T N U R ( 5 ) ) ,  z t x f S t ) ,  X l p ( S I ) .  

| f i H O ( S t ) .  X I P O ( q t J ~  T A g ( S t ) ,  [ L N ( S | )  
SB s 1 .25  
PI  • ) . | G t S Q 2 6 5 ] b  
NYM 8 kY Q J 

C I q I T l l L I Z E  eE( .  FTM* FIP 
O0 ) 0  I • l* NY 
F I ~ ( I )  • a . O  

)O F I P ( I )  • 000  
C ¢OdPUTE THUR DISTRTBUTIOk 

flO ~0 I • ~w .Y  
T A g ( I t  u v v I I ) *  v v ( t )  
ELM( I t  • ALnG(B[E(T)  / B E E ( I o | ) t  
V • TMU( I )  I T H U ( I . t )  
Vl  • V * ! , 0  
| F ( A B S f V I t  ~GT, q , O | O )  GU Tn ~I  
RATIO • I . 0  t V| • ( 0 . 5 0  ~ Vl / 24e0 * (V I  " 2 . 0 ) )  
GO TO 2R 

2 1 V $  • ALOGrv) 
RATIO • Vl / V) 

22 TMUR(I) • NAT|Q * T v U ( I * | )  
~0 CO~TINtJE 

O0 )0 I • 2 .  hV 
O Y ( | )  • 8R • ( Y Y ( I ~  - Y ¥ ( | ' ) ) )  

30 T&lJT( I t  • THUN(1) * f lY (J )  
XIMU(NY) • H I E ( N I t  
1 • NY 
Od $2 I (  • 2p NY 
I F ( T A U T ( l l  .GEe ~6~0~ T A U T ( I t  i 0 8 ~ 0  
E Z ( I )  • EXPCo T A U T r | t )  
flEq • T A U T ( I t  - | L N ( T )  
vuq • BEECT) * ~z(V~ - r i F E ( I - t )  
x I M O ( | o I )  • X I M O ( I t  • E X ( | )  • VUH I O~M * TAUT( t )  

3~ ! • I 0  I 
x | P n ( t )  • I I N O ( t )  
DO 33 I • 2 .  ~Y 
OEN • E L k ( 1 )  • T A U T ( i t  
VU# • B E E ( I t  ° P F E f I - I )  * I X ( I t  
X l P O ( I )  • X I P O ( I - I ~  * I X ( I t  • TUN t OEN * TAUT(1) 

33 ¢UkTINU( 
F | M ( I !  • XJXO( I )  
F I P ( I )  • I t P O ( | t  
O0 aO J • ~. NIC 
IV  a J 
RJ2 8 YSO(IY)  
IYP • IY * ) 
PLOLO • 0 , 0  
O0 g2 | • IYP.  NV 
P t k E d •  8 n q T ( Y S O ( | !  - nJ2)  
O f ( I t  • $~ * (P~NE~ - PLOLD) 
T A U T ( I t  • T u U q ( | )  , f lY (1 )  

42 PLQLO • PLNEW 
XIH(NY) • REVERY) 

F | g u r e  E - 2 .  

l e N T  
O0 | q  IV | IYP,  qY 
I F ( T A U T ( i l  .GEe RqeO) T A U T ( I t  8 OO.O 
E X f l )  • EXP(" T & U T f I ) )  
OEN • TAUT(1) - [ L N ( 1 )  
VUR s R ( E ( I )  * E X ( T t  * 8 [ E ( I * ) )  
X I M ( ( . ) )  • X l t * ( [ )  4 I X ( I t  - VUM I OE. * TAUT(Z) 

a u l m l - t  
I ( I P ( l Y t  • X I M ( | Y )  
DU Jib J • IYPl  N¥ 
orN • ELN(T)  * TAUT(T) 
TUN • B E E ( I t  - H E ( r ( - t )  • I X ( 1 )  
N I P ( I )  • X I P ( t - t )  • F~( ( I )  t VI;H / DEN • T A U T ( | )  

ab CUNT INuE 
FAC • 0 , S q  * ( Y Y ( l v l  - Y v ( l Y  - | ) )  
GO SO | n I T .  HY 
F I N ( I t  • F I t q ( 1 )  * FAC / v y ( | )  • ( X l M ( | )  * W I ~ U ( I ) )  
F I P ( I )  • F ( P ( 1 )  ~ IrAC / Y Y ( I )  * ( X l P ( I )  * x l P n ( 1 ) )  
x | P O ( I t  • Z l P ( I )  

50  ~1 '4(1(I)  • X l q ( I )  
QO CUNTINUE 

RETURN 
(NO 

C o n t i n u e d .  



FUhCTlqR H~T(ZETA) 
P! u 3 . l O t ~ q ~ 7  
COEF u l 5 . O  / Pl * * q 
C1 x O,33S~333SSJ 
C2 = 0012~n 
C3 a 6000 
CO • 5NOO.~ 
CS I Z T ~ J h ~ , O  
ZF(ZETI  eGTe 100~) GO Tfl 100 
Fflp THE RANGE Z LFqS T~A~ Og ( g u l l  TU Im~ 
Z~ n ZETA * ZETA 
Z$  : Z2 * Z [ T I  
Zq s Z )  * 7ETA 
Z6 • Z l  * Z ]  
NGT I | , 0  e ClJ[~ 4 Z3 * ( e l  e ZETA t C~ # Z ~ l { 3  • ZOICO I Z6/CS) 
~[TURH 

t O 0  CORTI~uE 
FOR THE RANGE ZETA ~PEATER THA~ I00  
SUM R 0 , 0  
O0 ~OO ~ : Iw q 
XN S M 

XMZ = XM * ZETA 
200 5Uq u SU m # EXP(-XMZ) * ( ( (XMZ t 3.01 * M~Z * 6 .01 * XMZ * 6 . ~ )  I 

| (M * , 4 
WGT s CQEF t SUq 
RETURN 

3> 
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F t g u r e  E - 2 .  C o n c l u d e d .  
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MMC TEST POINT 008 
~bO0 120 

II  
I 
0 

qO0. .0668 
OeoIs4 0~0 
*000! 1,0S 
3.0 390 
3.0 3.0 
o i ls  , I t  
94.73 90.73 
19.70 15.79 
IeOOOE+O0 

ulo0+O~ .T76*06 
.150+04 .137.07 
.~00~00 .~nl+O7 
,~50+00 ,2Tb+OT 
,]O0~O0 .3R3007 
.350900 .Sqk+07 
,400~04 .740+07 
.000~04 .8~+07 
,500004 .Inl+08 
.55090~ . l lq t00  
.600~04 .|aq~00 
.6~090~ .197~0~ 
.TOO�Off .~h~08 
.750~04 .32q+06 
.000~00 .379906 
.050900 .01~*08 
.900tOa .036~08 
.qSOtOg .45790& 
.tOO+O! 0080000 
.105005 .5fl6008 
,1109o5 .S3qt00 
t | | 5 * 0 5  e3~f1908 

.1~5903 .097000 

.1|0905 .766+06 
1 | 3 5 ~ 0 5  eE3~900 
g|00005 .900100 
,I05900 .|05909 
.150905 . l l6tOq 
.155905 .l~7~Oq 
016090S .136909 
.16S900 .lOS*Oq 
,170903 .IS3*Oq 
.170960 .100909 
o100905 .16YtOq 
.|65909 .J?090q 
.190900 .174909 
iiq9960 .!77909 
.|00~05 .180909 
.i0S909 .|03909 
s||090S .180909 

0.0 
919*00. 
0~1~ 
3.0 

.!Oq 

13.~6 

.~8~+06 
,g$~+06 
,~T0+06 
,~23+06 
.~84.06 
.~09~07 

.~75907 
,~98607 
.~0~07 
.~69~07 
.3~4907 
.983907 
.036~07 

,q00907 
.~T�OT 
.6?69o7 
.~1000T 
.TTO+O? 
.~38~07 
913~07 
99090T 

s~Ot00 
31908 
4~908 
~0900 
iS!06 
79,00 
80008 
93906 
01~08 
09900 
|?9o0 
~4900 
11900 
3?960 

~4.70 
).0 
|.0 
~.0 
~.0 
. I  
71.05 
10.53 

,400-00 
.SO~-O0 
.663-0~ 
.?T5-04 
.00~*04 
.990-0g 
.110-03 
.191-03 
.13~-03 
.103-03 
01S5-03 
.|69=03 
,107.o3 
.~05-03 
.~21-03 
.~35-03 
.~a6°03 
.~35-03 
.~63m03 
.~6T-o] 
.~69-03 
.~67-03 
,~60-03 
.~49o03 
~33-03 
.~13-03 
.IqO-O$ 
.|66o03 
.141-03 
.117-03 
.96~-00 
.T04-0~ 
.639*09 

.435-00 

.|67°04 

.3lY-O+ 
, |79.64 
.~5|-04 
. |$1-04 
.lit*O+ 

3.0 

00~54 
.SO 
.OqS 
5q.Zt 

.630001 

.970-01 

.1~6000 

.189*00 

.396000 

.000,00 

.540+00 

.5S8000 

.O~l�O0 

.13300| 

.306,01 

.l t]+OI 

. | $ 7 , 0 |  

.lOOtOl 

.140+0| 
,100tOI 
,18~+01 
o~00*OI 

.~63901 

.~68001 

.3t0901 

.326901 

.330001 
,339901 
.337901 
.]~q�ot 
.]1990! 
.308901 
.I90901 
.|86~01 
.~76901 
.I?3901 
.|?0161 
,170901 
.~T1901 
,|71901 
.i01901 

INPUT - SAMPLE PROBLEM 

.0000H09 3.0 

.0~54 
02S .12S .12 

~?~37 33.53 ~3.00 

100-+3 
079-10 
lOl°OS 
011-03 

339+00 
~50901 
900+01 
~7790~ 
b~6~0~ 

~1~903 
365+03 
6~0109 

tlO]tO4 
~!SItOa 
~ZO++00 

1300904 
.35010~ 
~409904 
~g~9900 
~510900 
.SSq+00 
~607*00 
~6S390o 
~6qTtoa 
~739900 
.776900 
[$14904 
964790o 
~879904 
~qo89oo 
~93690~ 

~990960 
~10~,o5 
~10~9o5 
~1o79os 
~1o99os 
.III*OS 

.~1S*o3 

.~o+03 

e030005 
.~$5005 
.|O090S 
.~S~os 
.150005 
.~S5005 
.260+03 
.~6S+03 
.~70005 
.~T§*O5 
.~00)05 

.~90005 

.~95005 

.300*05 

1.000E*03 
i0000E903 
~oO00E�03 
~tO00E*03 
~.O00E~O3 
6.000E+03 
Y.O00E~03 
6.000E*03 
q.600E*03 
1.600E*04 
I.tO0[*O~ 
Ju~ooE�O~ 
|.$00E*00 
1.400E~Oo 
i.SOoE+04 
1.600E90~ 
I.T00~*04 
i.600E*O0 
I.qOOE*04 
~.O00E*O4 
E.|60E900 
E.~60E�04 
|~$00E*00 
|.O00E*O~ 
i.S00(+00 
l.O00EtO0 
~.TOOE�OO 
i.000E900 
i,qooEt0o 

I.O00E�OI 
0|00960 
.lS090~ 
,I00900 
||96900 
| |00900 
+]S0904 

.1R8~09 .+~4108 

.|al+Oq .;51100 

.19a*Oq .~ST+08 
,Iq?+Oq .~6a~08 
.~fl|~Oq ePTl�00 

.~lOV6q .~80V06 
0215~09 .;qS*06 

.~36909 ,~latO8 

.~S090q .~30000 

.~61,09 .~a9900 

.~a+Oq .~6~08 

.3n~909 .q92000 

.31~909 .007900 

.331*09 .4~3008 

7~600E*0! |~3~0[-05 
aqOOn[~OI t.?~OEeOS 
~.600F90! ~.690[-05 
~.20nE+Ot a.9~0E~05 
l~60nE~o! 8.8flOE-O5 
ltOOQE+Ol ~.O~OE-00 
l~OSOE*61 ~.S~O[-Oa 
e~zonE�OO 3.5~0E-00 

4~OOnE�O0 ~.0000-03 
S~OOflE~O0 S.I~OE-O~ 
5~200E960 6.TQOEeOa 
3~00~E*00 6.000Eo00 
31000E900 ?03nOE-04 
~.O0~[~Ofl 4eYQOE-O 0 
ZqTO0[*O0 0.000[-00 
+~O00E�O0 6.ZnOt-O" 
10000E+00 6.4nilE-04 
t~?Onr�O0 S.O~OE-O0 
ltSOflE�O0 5.a~OEoO0 
lqOOnE~o0 5.O~OE-O+ 
6100~E-61 0.~0E-04 
l~!SqE+O0 ace&*E-O* 

7q~en[*ot 4,0~oE-0o 
61000E-O| O.OnOE-O~ 
S~O00E°OI 3.600E-00 
o+qooEe6I 3,0~OE-O0 
4.lOOE-OI $.~0E-00 

.206-00 

.!qqeOq 

. |qa-04 

.191000 

.188-00 

.18S-04 

.tO~eO4 

.178-00 

.17~-00 

.100000 

.!50-04 

.!30e04 

.101-00 

.t]~-Oe 

. l l3-Oa 

.lOSe00 
eq70-OS 

.~89001 

.~97*01 

.3o7.01 

.]17.01 

.320~0I 

.339,01 

.]SO~01 

.30000! 

.309,0! 

.377001 

.3~400! 

.390.0! 

.395901 
e400tO| 
.40SIO! 
.qtO~01 
|415~0! 
,021+01 

~1109o3 
qtl6+os 
ttlO+O$ 
.IZ09O5 
t121*o3 
~1229o3 
11239o5 

51239o5 
.123003 
~12290S 
qlZl+OS 
~119~03 
~118900 

~110905 
~llS*OS 
.1|4~05 

.7?6106 .~08~06 .408*04 .6sa*o! ~TZz-~a 

.137.07 .0]0906 .SaZe04 .909-01 t IStolo 

.~61,07 .5T6906 .663*00 .1~4900 13|Y-06 

.|72107 .?~1,06 .775-04 .16|900 ~830*69 

.30010? .n?1906 o891-04 o|aq�o0 qTOa-O~ 
o4&R�07 o~Oa�O? 0964*04 .a~?900 .lZOtO0 

m 
o 
o 

~0 



~J 

.000*0O 

.050*00 

.S00,0o 

.$50,00 

.600*00 

.650*00 

.?00*00 

.750*00 

.600.0o 

.050*00 

.900*00 

.qSO*Oa 

.I00,05 

.105,0S 

.110,05 

.11S*05 
11~0*05 
.125,0S 
.130,0S 
.135,05 
.100.05 
.105.0S 
.150,05 
.155,05 
. |60*05 
.165.05 
.170,05 
,175.05 
.150.05 
.18S*05 
.100'05 
.195,05 
.200,0S 
.205*05 
.210,05 
.~15,05 
.220*05 
.225*05 
.~30,05 
.235*05 
.2o0,0S 
.2~5.05 
.2S0,05 
.2~5,0S 
.260*05 
.26S*05 
.2/0,0S 
.2?5*05 
.2~0,05 
.285*05 
.200*05 

.300,0S 

1.000[,03 
~.0002*03 
3.000E*03 

.61o~07 

.7o0,07 

.g l¢ ,o? 

.|o++08 

.12o,08 

. I02,05 

.170,08 

.217,08 

.2T1,06 

.12?*00 

.3?~*00 

.010,08 

.003,08 

.0~7,0R. 

.0~0,08 

.557,0~ 

.5~*08  

.Y~O*Ofl 

.6~?*08 
,6AS*OR 
.751*05 
07nR,O8 

.9~|*08 

.006908 

.|flT*Oq 

.11~*0 q 

.12~*00 

.132,09 

.159.0 O 

.10620~ 

.1~3*09- 
,IqO*O~ 

.170909 

.ITO~O~ 

.l?n*O o 

,IA6+Oq 
.I~Q*09 
. I02*0 • 

.IOo~Oq 

,~nq+09 
.2ng*09 
.213,00 
.217,0~ 

.22?*09 

.200*00 

1~05nE,o3 
t~25nF+03 
5.20nF+02 

,;20,o? 
.T06,07 
.;6~*07 
.~90"07 
opt2*07 
.~!0,07 
.~72'07 
.~10*0? 
.q6S*O? 
,~21.o? 
.@?S*07 

.~60'0? 

.~77.0? 

.~tS*O? 
0757*07 
.X02,07 
.*Yl*O? 
.?0~*07 
.Q60*07 
.~03,08 

.~18,08 

.[~7+08 

.a36*08 

.~o6+08 

.~56,08 

. ~ 6 . 0 8  

.~76.98 

.~n6.08 

.~15.08 

.~$*08  
,~32*08 
.~00.08 
.~un*08 

.~23'08 

.~77,08 

.~00,05 

.~41.08 

.~10905 

.~29908 

.~3R*08 
o~07.08 
.~Y6*08 

t.Tn.)O-00 
3.tn~E-00 
5.6~OE-0O 

.109-03 
,120-03 
.130-03 

. o | q l - 0 3  
.152-03 
,163o03 
.l?S*03 
.190-03 
.206-03 
.22~-03 
.239-03 
.250-03 
.266-03 
0277003 
.285-03 
.20~-03 
.2o8-03 
,301-03 
.301-03 
.299-03 
.20~.03 
.286-03 
.27So03 
.261-03 
.205-03 
,227-03 
.~08-03 
.150o03 
.169-03 
.151-03 
.13u*03 
.118-03 
.100=05 
.025-00 
.52$-00 
.738-0o 
.667-00 
.608-00 
.560-00 
.$2.1-00 
.000+00 
.065-00 
.000000 
.028-00 
.alS-Oq 
.OOa-Oq 
.100-00 
.386-00 
.$78-00 
.$?O-Oq 
.36~-00 
.3S2-00 
.302-00 

.588,00 

.5o0,00 

.6019~0 

.063*00 

. t~ l *O I  

.173~01 

.20]*01 

.310'01 
,100.01 
e316.01 
.~60901 
.2~t*01 
o185,01 
.l?q*01 
.1~8,01 
.205,01 
.~27.0! 
.250.01 
,202.01 
,312.01 
.303.01 
.3~2"01 
.000,0|  
.025.01 
.006,01 
.O~UtOI 
.077,01 
.o~7*01 
.093.01 
.006*01 
.UqT*OJ 
.007*01 
.097,01 
.006901 
.007.01 
0009.01 
eSO~÷01 
.507,01 
.513.0t 
.SZI*oI 
.331,01 
.501.01 
.§$0,01 
.567,01 
.5~J*01 
.597.0| 
.613.01 
.620,01 
.606,01 
,663.0! 
.679.01 
.605*01 
.710201 

INPUT --SAMPLE PROBLEM (Continued) 

~065200 0.000[*03 
~050,01 ~.000[*03 
+1o1,0~ 60000[*03 
.301*02 Y.O00[*03 
.692,02 8.000[*03 
~125,o3 v.o00[*03 
206*03 1.000[,oo 
326*03 | . t o , E . , *  
51o,03 I.+00[*0o 
820*03 1.300[,0o 
!~7,00 i .000[,00 
180,00 1.500[,0o 
250*00 1.600[,oo 
5~o+o0 10700[*00 
303*00 1.005£*00 
o68,0o I.900E,0o 
~o3+0o +.000[*00 
620*0o +~I00[*0o 
6q7*0o i .~00 [ ,0o  
?73~00 ~.300[*00 
809,00 ~.000[*00 
92o,0o i . 500 [ ,0o  
907*00 ~s600[*00 
107,05 ~0700[*0o 

2e800[*00 110+05 
120,05 ~o~OOE*00 
'126*05 J.O00[*00 
'152,0S 
'137"05 S.O00[*OI 

.lq2~OS .|00*00 
1o7,05 elSO*0a 
151*05 .+O0*Oa 

~155,05 o~50,0o 
.150*05 e300900 
~!02.05 .35"0*00 
.Ib6*OS .400*00 
~160,05 iqSO*O 0 
~172,05 0500*00 
.175*0S .550,0o 
~178,0S .600*00 
.151,05 .650,00 
~18090~ 1700*00 
.106,0S e750,00 
0189205 .500,00 
.1~1,05 .550,00 
.193,05 .900*00 
.195,05 .950,00 
~197,05 0100,05 
~898,05 .105,05 

i 
lo~tOS e|lO*OS 
200*05 .115,05 
200*05 ol20,05 

.~00,05 .|~5*01 
.130"0S 
.13S*OS 
.100,05 
.105*05 

~70n [ ,o~  1 .o ,o [ -03  
1~07fl[,o~ 3.~Q[e03 
I .000[*0~ 503~4[-03 

7~10n[*0| 7 . ~ t [ - 0 3  
6qOOnE*Ol 9.8~0[-03 
6~+0n[,01 t . tn~ [ -O+ 
Y,8onr*ot t .0~o[-0~ 
5~oon[,Ol l.++o[-oZ 
3,6o+[ ,o i  +,On+[-.+ 
2.85o[*01 +.++n+-o+ 
3.o0or*Ol 3.anoE-o2 
+.6S+[*OI ~.8~o[-02 
2~35nr*o1 o.3~q[00~ 
l~8§O[*OI 0.6~Q[-02 
!.60~[*01 0.6n0[-02 
1~OS~F*OI 3.7~n[00~ 
I . 30n [ *o l  o.o+o+-02 
1~30~[*01 0,3n0£-02 
I~aOn[,OI o.120£-02 
g~80O[*O00.3nO[-O~ 
I~OYnF*oI 3~9n~[-0~ 
8~SOnF*O0 1.0~0[-02 
7~30n[*00 3.8~nE-0~ 
7~30n[*00 3.8~0E-02 
6~oOflF*O0 3.7~OF-02 
6.30n[ ,oo 3.5~0[o02 

.77~906 m~RA*Ob .'0§gO4 .bYQmOt 
0137,07 .032*06 .Sa2-Oa .960-01 
.Znl*O? .~76,06 .663*00 .120,00 
.271.07 .T21,06 .77S-00 .IS3,00 
.308,07 .x47,06 .581o0# .~06,00 
.0q1*07 . .~0~*07 .98~*00 .310200 
.5Sb*O? .~20,07 .108003 .0S6,00 
.6o3,07 . ~ 9 . 0 7  .115e03 .566,00 
.8~o*07 .~o1.07 ,129-03 ,61120o 
.9~K*07 .TR3*O? .13o*03 .71o,00 
. I Io~oB .~00,07 .150-03 .929*00 
.125.00 .~Z7,07 .160-03 .123,01 
.10o,05 .~53.07 .171-03 .16~*01 
. lYn*08 .~$+07 .15300| .~12.01 
.~N3,08 .~!q*07 .196-03 .266,01 
.~05,08 .~63,07 ,210o03 .310,01 
.~01*08 .~!3 '07 .226-03 .326201 
.301,08 .967.07 .2q2-03 .$tO*OI 
.3~5,08 .~10.07 - .258-03 .276901 
0o~2,08 .~67,07 0Z72-03 .203"01 
.053*08 .~11207 .285-03 .2~0.01 
.079,08 .652*07 .296003 .Z19,01 
.5n2.05 o~qt*OT .]05~03 .~7 ,01  
.52~,05 .~2o,o? .313-03 .2o$,01 
.So,,00 .?6?*07 0320-03 .066*01 
.57o*08 .o07*07 .325o03 .~90,01 
.6n2,08 .m48,07 ,328-03 .326,01 
.633,08 .aq3*OT o329-01 .360,01 

686m20 
671-11 
145-06 
552-0a 
316-02 
Sqa-O| 
051*00 
226,01 
779.01 
205*02 
036*02 
513.o2 
1372o3 
217.o] 
3Z7,03 
G85.03 
73S*03 
I l l *OO 
|6o,0o 
23t*Oa 
310+Oa 
397,00 
QgI*OQ 
SSg*Ol 
69Z,00 
707*00 
90S*Oa 
101,05 

m 
0 
:4 

01 



OD 

.IS0+*] 
e|5S+05 
o|6000S 
.165005 
.tT0+05 
.17S~0S 
.|80~05 
ol05,0S 
o1~0@0~ 
ol9S~6S 
o20090S 
.205,0S 
o210*01 
. i l500S 
.220*01 
o22S*0S 
.2]0*05 
o|3S*0S 
.~40,05 
.24500S 
o2S000S 
.25500S 
o260~0g 
.265*05 
o27000S 
.|7S+0S 
.200+05 
.28S+0S 
,290+0Y 
o295,0S 
.300,0S 

10000[*0] 
~o000[+03 
3o000E'*03 
0o000[*03 
b.O00[+03 
~.000[+03 
7o000E*0] 
6.000[*0] 
q.000[*03 
1.000[004 
1.100(004 
1o~00E+04 
1o300E+04 
1o400[+00 
1.S00[+04 
1.600[004 
1.700[.04 
!.800[+00 
loqOOE+O0 
~o000[+04 
Zo|00[*04 
2o~00E+04 
2,]00E+04 
2,000[*04 
2.S00E~04 

.667+06 0946+07 .326003 o]95,01 
o7~4008 .q~0007 0326-03 o412001 
0706006 .~04,00 o321-03 .469001 
,7+2,08 . l lO*08 .OlO-O] .5o5001 
.841006 o!17008 0305-0] o540,01 
06~5,08 0~23008 0290003 o514001 
o9S1906 0~11+0| 0282-03 0605901 
.101,09 o~$6000 0~68=03 0633'01 
.1n7909 .tO6006 0~53-05 .659001 
o114009 o~5008 0~3600] o662"01 
.IE~+09 .104008 ,22200] .702001 
.1~7~09 .~73~08 .207°03 .7~0001 
01~3,0~ 0[62+08 0192=03 o716+01 
,100+09 ,I~1908 .178e0| o749.01 
ol46+09 0~00008 ol64*03 o762+01 
015~+09 .~|0+08 .152-03 .773,01 
.157009 .~14~08 .140-03 o760001 
.162,09 . ~ + 0 8  .130-05 07q5,01 
o167009 .~17006 ol21-0] o606001 
.172+0q 0~4S*08 o113°0] 0818*01 
.t?7+0q ,~Y4+06 ol06-03 .611001 
01~1,09 0p6~+08 0997=04 o844001 
.IR§+O~ 0~?0,06 ,945004 .818001 
016~+09 0~10,08 .697=04 .874001 
010200 q 0~6~08 .§57-04 .690001 
oJOh*09 e~Q]+06 0 8 2 ~ 0 0 4  .906001 
02fl0,09 0~01608 .791-04 0927901 
.2~]+09 .~99008 0766-04 .447001 
.2fl?+oq .q16*06 .74600O .q68001 
.2lfl*O9 .3~4008 .727*04 .989001 
,214*09 0431008 .?10-04 0101*02 

2ttOnE+O$ 2,0~0[o04 
2.100[,05 S.6nOE*O0 
2~lOOE+O] ~,~nOEoO] 
~100[+03 6.6~0|003 

l~80nE+O] ].$~Ot 02 
Is?OaF*03 S~2notoo2 
1.500E*03 7.2~OE*OE 
4.Soa[*02 q.6~0E*02 
].|Oaf+02 t . lqO[-o t  
3.25nE+02 8.0~0[-02 
2soSn[*o~ 9.8~0[-02 
2~3SnE+02 | .hO[ -Ot  
2~006[+02 2,6~0[o01 
1~080[*02 4o]+0E-01 
t~SSnE*02 S.OnoE=OI 
I1300[*02 7o2~OE-01 
1~24n[+02 ?.6~OE=OI 
9~IOOE+O| 1o040[+00 
8~60n[+01 !.0~0[+00 
8~20n[+01 q06~0~o01 
7q300[+0| 1,6flQ~00 
6.20~[+0J to|n0E~00 
S~80n[+O! q,O~OE-Ol 
4.6OnE+Of q,lnO[-Ol 

INPUT - SAHPLE PROBLEH ( C o n t i n u e d )  

~134005 
~lO5+OS 
.ISS*OS 

165,0S 
1759OS 
16o+05 
Ig]+OS 
~01,05 
206005 
'215005 

'2~6+05 
233905 
236~05 
'243+o5 
248+05 
252~05 
256,0S 
266005 
263*05 

~267,05 
~270005 
~273005 
.~7600S 
~27~,05 
.~82005 
~285005 
~87~05 
.26q~05 

~o600[+04 
io?00[+04 
~o600E+04 
2.~00[*04 
3.000(*04 

I0000E*02 
o100*04 
olSO+Oo 
o200004 
.2SO+O* 

• .300004 
0350+04 
0400+04 
o450000 
0500+04 
.SSO~04 
.600,04 
o~50004 
0700~04 
0750+00 
0800+04 
0850*04 
og00004 
.|SO+O* 
.100+05 
.105,05 
oIt0*0S 
s115,05 
ol20005 
012S*0S 
013000S 
o13500S 
.14000S 
01a5*05 
e|SO*OS 
.IsS*OY 
.160+0g 
ol65005 
ol70005 
0175~0S 
016000S 
.165~05 
ol90005 
.195~05 
.200005 
0205+05 
o210005 
.215,05 
o~20"0S 
0225+.05 
0230+05 
0235~05 
0240+05 
0245,0S 
.2SO*OY 
o255005 

0o90~E*01 
4~90n[+01 
o,4on[*Ol 
o~O0~t+Oi 
+.soot+O! 

.77b+06 

.137,07 

.2n1007 

.271007 

.]47,07 
0434+07 
.54A*07 
e662+07 
.7~6,07 
092A*07 
.1~6006 
o119008 
e136*08 
o!57,06 
.|A4,08 
.21A+08 
.258,08 
03~3+08 
.306,08 
.~q0048 
0027,66 
,o56008 
.0~5,48 
.Snq+06 
0532+08 
0556+00 
.SqO+08 
06n?+06 
0635+08 
,6~6+08 
o7~+00 
.737006 
.776008 
.821~68 
.6~8,48 
.917006 
',96g+06 
,I02009 
.168+09 
0114+09 
o12++49 

.111+09 

.137109 
ol43009 
s|4~+09 
ol54009 
01Sq+09 
.164009 
.16q+00 

O.SQOE'O! 
902n0[-01 
805~o[-ol 
8.000Y-01 
8.tnOt-O! 

.~86,06 
0a3~+06 
.~76*06 
07~1"06 
.A46006 

0;18007 
0~17007 
0156~07 
0174007 
.pO0+O7 
o~Z1+07 
0~07,07 

o~43~07 
,~88+07 

o484*07 
.qqt*07 
.qe++O? 
.~3a+07 
.676007 
07|6+07 

.n]~+07 
oX7]+07 
.016007 

61007 
01+08 
~6,08 
11008 
17008 
~3,08 
30+08 
17008 
4400~ 

;5~,o6 
'60008 
'46006 
'76000 
'65008 
+4+08 
o3+08 

,+12.08 
,~60o8 

0~o7,08 

.408=04 
050200~ 
.663=04 
.775-04 
.881e04 
.081~04 
.108-03 
.118o03 
.128=03 
ol]9o03 
,109-03 
0159003 
,170-03 
,181-03 
.193=03 
.206-03 
0220=03 
.236-03 
.~52-03 
.267003 
,281-03 
.290-03 
.305=03 
. ] IS-O] 
.323=03 
.330=03 
.336o03 
.340-03 
0342-03 
.343-03 
0342°03 
.]3~=03 
o334-03 
,]28-03 
.320-03 
0311-03 
.300-03 
0288=03 
.27S=03 
.262-03 
.248-03 
.234o0] 
.221-03 
,200-03 
.195-03 
018e=03 
0173=03 
.162003 
.IS3-O] 
o144o03 

.6qO=OI 

.969e01 
elZ4*O0 
.152000 
ol95,00 
.277+00 
,400+00 
,520+00 
oSqa+O0 
.674+00 
,801000 
.110+01 
01oI+01 
.181,01 
.227,0| 
,27o*01 
.]0q+0t 
.3~!+0| 
o309+01 
o28O001 
.25++01 
.2o3001 
o20090| 
o~49.01 
eZ67+01 
,2q2~0! 
B]~2'01 
.35600! 
.39]+01 
o033,01 
.074001 
.|+6JOt 
o558,01 
.600+01 
.oaf+Of 
o681,01 
.716+01 
.7S4001 
.787001 
.817001 
.805001 
.871001 
.8qo+01 
.916*01 
.936~01 
o954001 
.g72001 
.989001 
.101002 
o102e02 

~768-~4 
.479=81 
~103o06 
~atl-Oa 

~385-01 

~|64~01 
~581,01 
1157~02 
.347,0~ 
~66~*02 
~lla*03 
~181,03 

.4o0,03 
Z584,03 
~803~03 
~128,04 
.185,04 
s~57~04 
~]43*04 
a]q+oa 
5a3004 
65S+O4 
772,oa 
895004 
102,0S 
IIS*0S 
128,05 
141005 
I S | , * |  
168,05 
180,05 
193.05 
lOS~OS 
|16~0S 
'227,o5 
'237*05 
'207,05 
256+05 
'264005 

~E72005 
~279005 
~2850o5 
429|+0§ 
q~96005 
~30~+0S 
~$06005 
.311~05 

m 
cI c') 

'5'1 

(/I  
L 



I-. ~j 
UP 

0~60~05 .173909 .955908 
0265905 01~2*09 .96o*08 
,2?0905 ,182909 0~72908 
s|?S�OS 0186909 e~$0,08 
0~80.0§ ol90,09 .~88.00 
.283,0~ ol90,09 0~96,08 
t~90905 o|97~09 oq00*08 
.|9§*0S .201909 0~11"08 
0300905 0201*09 .919*08 

i.000[*03 ?~008[*03 1.0~0£-03 
20000[~03 ?,000[,03 2.?~0E-03 
30000[,03 ?~oon[*03 6.700[-03 
~oOOoE*03 7.008E,03 I0511[*0~ 
SeOOoEgO$ I~OOOE~O3 303~0[00~ 
6.000[*03 ~.~00[*03 608~8200~ 
7.000[,0] ~20n[ ,03 1.190[-01 
6.000[,05 ~.00n[903 I.?9o[.01 
9.000[*03 1~00n[*03 ~.5~0[-01 
I.000|*00 6.40~290~ 3.|072001 
1,100[90e 6~00n[,o~ 200q0E*01 
I.|00E904 6.~0~[,02 ~.290E-01 
l.]OoE*00 OtSO~E,O~ o+2n0[-01 
10800[900 8~008[*0~ ?.l~OEoOI 
I.s00[*0o 3.o00[*02 1.~0[900 
106002100 3.30fl[90~ 116f10E900 
i.?00[900 |~8002,02 2.S~O~*O0 
1,eoo[,oa ~eo829o2 $.onoe+oo 
1.9002900 30~F902 $.$90[900 

1.100[,04 1.80nE*02 3.5~0[*00 

| .300[*00 I9008[*0~ 4.160[,00 
~.000[*0o 1~1082902 OqO~OE*O0 
2.$00E*00 !~0002*02 $.760~*00 
2.600190~ I~038[*0~ 3.080[*00 
~.?OOE*0O I.OOn[*O~ $,9~01900 
2.000[*00 1.108[,02 $.990[*00 
i09002*0o 9.400[*0~ 3.1~02*00 
3.000[~0~ 8.608[,01 3.3~0[+00 

.137-03 

.130-03 

.I90-03 
0118-03 
.I18-03 
.109-03 
ol06-05 
.102-03 
.995.00 

0100902 
.106,02 
.108,0~ 
.!10,0~ 

. I t0*0~ 
o116,02 
.118902 
01~1*02 

1e5002902 
e100*00 .776906 0~88906 .008-08 .650-01 
0150,00 ol37,07 ,~$~906 05a2-00 o969-01 
.200*00 0201907 09?6*06 0663-04 .1 |4 ,00 
0250*00 0f71907 .720,06 o?7S*Oq 0151900 
.]00"08 0396*07 .~66906 .881-08 .191.00 
o3S0'08 .831907 .~0~*07 o981-0o .262,00 
.000*00 .530*07 0116*07 .100-03 .371900 
.850909 .6a7907 .;36*07 .116-03 008~,00 
.$00.00 .775,07 .~56907 .128-03 .S?5*OO 
.SSO*0a .�ha,07 .~17,07 .138-03 .653,00 
.600,08 01fl3,08 .198*07 .148003 .796*00 
.6S0900 .t16*08 .~+0.07 0159003 .102901 
0700,00 .132,02 .~83,07 .!69-03 .131"01 
o?SO*00 .150908 o~69,07 0180003 .166901 
.800,00 .174908 ,~99.07 0191-03 .207*01 

INI~IT -$AHPLE PROBLEH (Cont inued) 

~315,05 .850*09 0~no.o8 
.$19.05 .900*0q .~00.08 
.3~3,05 .950,00 02~,08 
.326.0S .100905 03~6.08 
0330*05 .105,05 .3*9,08 
~333,05 .riO*O* 0o8x,06 
.$36905 0113,85 00n+,08 
.339*05 01~0985 .972908 
.302'05 .125'05 0098*08 

.130,0S .5?2*08 
0135905 .SnS*O8 
.1e0*05 05*9*08 
ol85,05 .5oa908 
0150*0S .6~0.08 
0155,0§ .608*08 
.160,05 .679*08 
0165905 .712.08 
.170905 .798908 
.1~5"05 07R7,08 
e180903 .8~8.08 
.185"0~ .673*00 
.190,05 .919,08 
ol95"05 .968*08 
.200,05 .1n+.09 
.205905 .1fl7909 
.~10'0§ .193909 
o215,05 .11~*09 
t~+0*05 .124109 
.22S*05 01~9*09 
.~9O*oS ol35.09 
0235*05 ol00,09 
.~00,05 ,106909 
,2aS*OS ,151.09 

.f55,05 .161,09 

.26090§ .166909 
1265.0S ol78.09 
.270905 0173.09 
.|75,05 ol79,09 
.280,0S ol83,09 
.283,05 .IR?*09 
.~90,05 olOI,09 

681-20 .I9S*OS .193,09 
391-11 .300,03 .199.09 
858-07 
336*0a 1.000[*03 6~00~F*03 
183-02 2.000[*03 6~00n[*03 
315-01 3,000E*03 6tOOnE*O| 
~60900 0.000[*03 6,008[903 
136.01 S.OOo[,03 3~00o[903 
o80,01 6.000[*03 ~70nE,03 
13~*0~ 7.000[*03 2960n[*03 
30190~ 00000[*03 ~tSOflF*03 
582,09 9.000[903 2~1on[.o3 

l.O00[*Oa ~.~On[*o3 ~101,03 
~169903 I0100[*00 1.000[*03 
.~05,03 1.200[*00 8.400[*0~ 

o970*07 
.i~0907 
0~71907 
.923907 
.~73,07 
0~28.07 
0660*07 
07fl6,07 
.74590~ 
.789*07 
.n~3907 
.x63.07" 

.qaT*O? 
0o9~*07 
.;0a900 
.;09908 
.~1o*00 
.~20,08 
.;~69o8 
.;$~*06 
.~39908 
.1~6.08 
,~53908 
.161,08 
.~69908 
ol77"08 
.~8S*08 
.~93908 
,~0~*08 
.P11908 
.~19,08 
0;~8.08 
.~37,08 
0P05908 

,;6~908 
,~T0908 
,~Y0308 

.~95,08 

.~03.88 

.q11908 

!.3~0[-03 
3.?~0E-03 
1.0~0[002 

J.OmO[oOI 
I.9~0~-01 
3.~0E-01 
003~0[-01 
508~0[-01 
9o1~0[-o1 
0.0~Eo01 

.~00o03 

.~!7-03 
0232003 
.297o03 
.~63003 
0278003 
,291-03 
0308°03 
.31a-03 
.328-O3 
.332003 
.33q003 
.3a0.03 
,308-03 
.351-03 
.3S1003 
o351.03 
0348003 
.309-03 
.339-03 
.33~-03 
.3~3-03 
0319-03 
0303-03 
0292-03 
0280-03 
.267-03 
0255103 
02aZ-03 
.~30u03 
.Z!8-03 
.207-03 
,196005 
ol86-03 
o!76-03 
.168-03 
.160u03 
.152-03 
.106o03 
.180-03 
0135003 
0130-03 
.1~6-03 
0122-03 

o252.01 
.Z�I*O! 
o315,01 
0318.01 
.303901 
.280,ol 
026~,01 
.25e+01 
.ZS?*Ot 
.~Yt*O! 
0~93,01 
.321.01 
0355901 
,392901 
.033.01 
.477,01 
.S~Z*01 
.560.01 
.615.01 
.662901 
.706901 
.753.01 
.796901 
o837.01 
.876.01 
.91~*01 
.906.01 
.978,01 
.101.02 
.103902 
.106.02 
ol88.02 
.I1190Z 
.I13*0~ 
o115,02 
.117*02 
.119,02 
.121,02 
.1~3,02 
.126,02 
.1~8,02 
.130.02 
.133902 
.13590~ 

~357,03 
.SI5,03 
.747,03 
.109*09 
.IS9.04 
.125*09 
1306*0a 
.~O|,Oa 
9506*09 
62Z*0a 
7aS,O, 
875,04 
lOt ,O,  
115.o5 
130*05 
I I8.05 
ISq*OS 
174.05 
IOq*os 
203*o5 
217.o5 
231,05 
209*05 
256,05 
267,03 
2?6*05 
288*05 
2q8,05 
306,06 

.321.05 

.3~8.05 

.339,05 

.3aO,OS 

.395.05 
~350,05 
.350*05 
,3S9905 
.363*05 
~367,03 
~370905 
.370905 
~377905 
,380.05 

m 
o 
c~ :+ 
.! 

tp 



i--* co 
o 

1,300[904 
1,400[609 
I,Soo[60o 
I,tOoE+04 
I,?oo[+O0 
lo800E+O~ 
1.900E90o 
i,000[+09 
10100[+04 
|,~00[900 
I,$00860a 
10400[+04 
I0500[904 
1,000[+04 
1,?00[904 
i,eOO[*O~ 
|0900[*04 
),000[+0~ 

i,0001101 
.100904 
.IS0904 
o100904 
o150904 
030090~ 
,3S0904 
,400.01 
,450600 
;S00904 
,S$0904 
,000+04 
,05090~ 
,TOO+O* 
,Y$090o 
.100.0o 
~OSo60e 
o~00904 
.950904 
.Jo0+o$ 
.105905 
.110905 
.1|S+05 
.IIO+OS 
. | |$90S 
,|$090S 
.130905 
.140905 
.14590S 
.ISO+OS 
.|SS+OS 
,|6090S 
,160905 
.170905 
*17590S 
.180905 
,10590S 
,I~O*OS 

7~200[+01 
8,100E+0! 
0.800E901 
7~90nE901 
a.5oo[,oi 
3,90flE+01 
],~OOE+01 
$,aOO[+O~ 
]~qo~FG0l 
~,5001601 

I~00OE+01 
|~750E601 
1,500E901 
1~40n[901 
|,8ONE+01 
|,3001901 
1•i$01601 

.776906 

.137~07 

.iOI+OY 

,3~5907 
,41~+07 
.$|5907 
,037+07 
.76t+O? 
,888+07 
.101908 
,lla+08 

01~7908 
0|08908 
.196908 
.!!9906 
.|08901 
.310908 
,$$1908 
.39Y+08 
04~q908 
,a6t+oe 
,498~00 
,$1~+00 
,537908 
,S61908 
.S85908 
.610908 
+657900 
0666~00 
,0q7908 
,7]0900 
.706908 
.804908 
.0~5900 
,$88+08 

?.4~0[-01 
t.lqOE600 
5.3~0[900 
3,O~OE+O0 
4.4~0[+00 
S,I~OE+O0 
7,5~0[600 

7,6~0E600 
8.0~OE+O0 
9.0~+[600 
|.1~0[+01 
0,1~0[900 
O~8QOE+O0 
0.0o0[+00 

6.5~0[600 
5.8~0[600 

,~80+06 
,~11+06 
.~Y0906 
0T~0906 
.~60906 
,~01~07 

,935907 
,[S5907 
.17S,07 
,~96907 
.~18907 

,~66+0? 
,~90607 

,qOS*O? 
.809907 
,60~+07 
.SO~+O? 
,qO0+O? 

,&$0907 
.697907 
,~$8907 
,777907 
,nl7907 
,~$b+O? 
,8%+07 
,930~07 

.~O$+OB 

.107908 

. l l | +oe  
,118900 
~1|$+00 
0110108 

.~08eOa 

.541e04 

.063-0a 
0775004 
.801-Oa 
.~81-04 
o|OOeO] 
, i l l - O ]  
0918o03 
.131-03 
,1~8-03 
.1S8-03 
•168903 
,179003 
.190*03 
,~0~-0] 
,~lSeO$ 
,~!9-03 
.!~5*03 
,160-03 
,~7S-03 
.109-03 
.30~-03 
.319-03 
,314-03 
.333-05 
.340003 
0346-03 
, ] | leO| 
.355-05 
,357-03 
,350-03 
,357-03 
0355003 
,3S1-03 
,3q5*0$ 
.339-03 

.054-01 
,969-01 
.114900 
.iS0900 
.188900 
•|53~00 
,353*00 
.466900 
.558900 
.030900 
.707900 
.970900 
.$15*09 
.|ST+Ot 
.104901 
.~3690! 
,~76901 
.30090| 
.390901 
.~tt+Ot 
.194601 
,i70901 
.165901 
,16$901 
.175901 
.~9a901 
.311601 
,]SO+Or 
.39~+01 
,414,01 
,4?g+OI 
.510901 
,S?6+OI 
.6~6901 
,677901 

9778601 

INPUT -SAHPLE PROBLEH (Concluded) 

506-~4 
]38-11 
710-07 
19|-00 
159*01 
173-01 
130900 
111901 
019901 
119901 

.171901 
,550+01 
,916901 
,14~+05 
~!10903 
~310903 
.~?360] 
~6;0903 
~98|+05 
~1419o4 
~I0$+0e 
q27990+ 
+371600 
.476+04 
~390~ 
~854904 
~99y+oa 
,115905 
, |30.05 
,Ie~+o5 
m161*05 
,|78905 
~t~e+os 
,l|O+OS 
,~16905 
.Io|905 

.195~05 ,93a908 .~35*08 

.200905 ,QRIgOO ,+01908 

.2059f15 .In3*oq ,;q9,08 

.110905 .1n9909 .~$6908 
0115605 .|!390q .103908 
.!!0905 .Ij6~+g .~71*08 
,i!5905 .110909 ,~?990e 
t110905 .119609 .-87900 
1135905 01~900 1~95~00 
t140905 s140999 0~04600 
.145905 .1a590~ .~1~608 
9t50905 .1q0909 ,~1|+08 
,i55605 .155609 .~q908 
,!60905 , l&O60q .~18900 
.t6590S .165909 ,p40608 
,170905 ,169909 ,~5S908 
wl7590S ,173909 ,~63908 
,180905 .178909 .~Yl+08 
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AEDC-TR-75-47 

OUTPUT -- SAMPLE PROBLEH (Continued) 
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AEDC-TR-75-47 

OUTPUT - SAHPLE PROBLEM (Concluded) 
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OUTPUT - SAHPLE PROBLEH 1 

Sample Prob lem 1 P = 150 arm I = 1500 amps D ia .  = 1 .75 i nch  

AXIAL STATION • 1 

sHI lL OISY • 

vOLTAGE GRAD • 

~ALL HEAT FLUX• 

eAOlAVZoM LOOSe 

PRESSURE • leSO0*OI ATHOS 
LOC • O - 
~w • OeO00 
KINC • 30 
THETA • .0 

SPACE AVERAGE FNTHALPY • 
-aSS ACENAGE ENTHALPy • 
AVERAGE ENERGY DENSITY • 
TOTAL ENTHALPY NearS, • 

NIOIUS 
NEYEq8 INcH 

,00000 ,O000O 
,q6302mO3 ,1B629-01 
, |KS+l-S2 oYqS~Y-ol 
e23151-06 ,91106-01 
,32011-06 ,12Tk0900 
,q1672-0~ ,lSaOb+O0 
150912-0~ ,200~2900 
,60193-02 .23698900 
,6oo53-02 ,2710q900 
,78710-02 ,30N~0900 
eS7~?a-O~ ,Se61StOO 
.97~30-0~ ,~n2~19oo 
,106q+-oI ,ql+2T+O0 
,11S76-01 ,aSS73600 
.12502-01 .09219tO0 
.11028-01 .52,90900 
, InSYa-OI .56510*00 
e15260-01 ,601q6600 
,16206-01 ,63602900 
, I? IS~-OI  ,67008900 
, |8058-01 ,Tlp+a*O0 
,IS+So-St .70719~00 
. l~qtO-OI  °78355,00 
,20636001 ,82nSltOO 
,~IT62-O! .65677*00 
,2222S-01 ,67500900 

0.006 XETENS 
O.OOO INCHE8 
1.580900 VIILTS/N 
4.0~q+O~ V~LTS/IMCH 
$0376607 WATTS/H**2 
0e737~01 RTUIFT~mSEC 

9 9 , 9 ~ 9  PERCENT 

DES 

DC THERNAL ARC HATH AXZAL GAS FLOw 

.34312907 JOULES/KS fir ,10761908 STU/L6 
,18099*07 JOULES/KS ON ,7958|905 BTU/LB 
,O00OO JUULE$1H**$ OR ,SO000 BTU/INCNe*3 
,IBSOSsO7 JOULES/KS OR ,T9607903 STU/L8 

ENTHALPY VFLOCITV 
30ULES/KG BTU/L8 HI 8 

030000908 ,1290660S ,11|T3+01 
.30000908 ,12906605 ,11275905 
o30000908 ,1~006905 ,lOaI2+O~ 
,30000900 ,12906+05 ,~6658902 
.30000908 ,12906+05 °90R~190~ 
.30000908 ,12906905 ,84502+02 
,26100*08 ,11228+05 .75726*02 
022250908 09571g904 oTOa52+02 
,11590900 eggS60+Oa ,6~20390~ 
,93000906 e00000903 ,5616090~ 
093000906 940000605 00922~90~ 
,g]O00906 100009+03 ,q2270+O 2 
* 93000906 e00009*03 ,30617+02 
.93000+fl6 eqO009+03 ,28181+0~ 
.93000906 e00009903 ,25T~7902 
.93000906 .40009903 .2|085+02 
,95000~06 .a0009~03 .197e3602 
.q3000906 0q0009+03 ,18788+02 
093000906 .00009903 ol722260~ 
~93000+06 .4000990S ,15656+02 
.93000~06 .o0009903 ,I409060~ 
,93000906 ,00009+03 ,125~590~ 
,93000~06 o0000~+03 ,11702~0~ 
.93000~06 . a O O O S + 0 3  .$0960~0~ 
,93000906 ;00009903 eS063190I 
,92960+06 ,$9991905 ,O000O 

OIAXETER • 

CONSENT • 

FLGH RATE • 

TRAN6 COOLING 8 

WALL EHTHALPV • 

NHESN • 
F20 • 
EP8 • 
[X • 
[XX • 

01005-02 XETEmS 
I~TYO+OO INCNES 
l.YO0*O] ~"PS 

1~362*00 KGISEC 
3,003900 LS/SEC 
OtO00 KGISECoH*~ 
0,000 . LB/FT2*SEC 
91296605 JOULESIKG 
30qg9*02 BTU/LB 

!.000~08 
S,OOO-O) 
1,100+00 
1.600-OI 

FT/S[C 

.36Q86903 

.369~6603 
e3a1'65903 
.3~363903 
.2qSIStO$ 
.27718.n$ 
q2nAas+03 
.23115~o1 
,20o0~903 
,IR493601 
0161q0603 
~I3STQs03 
.t1~5x+03 
.~246190~ 
.8aaY5902 
°T705~+0~ 
064776602 
0616a2~02 
,56S05~02 
°51368602 
.a621t~02 
.aJOoS*02 
.35527~0~ 
,3S~SStO~ 
.ITq~*O~ 
.OOOOO 

HA||  PLUX 
K~I8 N**2 

~38891903 
~38891903 
,35922+03 
,3a029903 
1513Y0903 
~2916Y+01 
~2R092+03 
~30230901 
~0100S903 
,2625660a 
q~2929904 
~19602,0a 
,1612660a 
~13127600 
,11993*0a 
.lO~aOJOa 
q9|966~03 
,87516603 
,Pn2~$*OS 
.T2930603 
,65636903 
q58~o0903 
q5460qtOS 
~51052901 
.25oo8903 
.00000 

LB/FT2-OEC 

.T9648602 

.Tq6a8+02 

.73568602 
,SgSg260~ 
.samoa,02 
.5973)+0Z 
.59176602 
9619Z7902 
188075602 
,53772901 
.a6qSfl*03 
.a0329603 
,330~S903 
,~65R5+03 
.~0562603 
.22sOn*03 
~16K3S903 
.17923905 
.t6030+OS 
qlOg3b*o3 
.13qo~+03 
.1190g+03 
,1120Z*03 • 
, t00S6*03 
,$2116+02 
.OOOOS 

m 

c) 
:4 
~0 

- , . ,  , 
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OUTPUT - SAHPLE PROBLEH 1 (Cont |nued)  

Sample Problem 1 P = 150 arm ! = 1500 amps Dla.  = 1 .75 tnch 

aXIAL 9YATlflH • 2 

AXIAL OISY • ! .833-05 HET[PS 
5.642-0a IHCH[8 

VOLTAGE 8RAO • I.SSO*OO VOLTSIH 
e.039,0~ VOLTS/IN¢~ 

~ALL HEAT FL~M• SeSST*07 HATYSlq**2 
4.720903 BTUlFYEnSE¢ 

9AOlAYlflq LOBSs 99099q9 PERC(HT 

PRESSURE • J~SO090~ ATHOS 
~OC • I 

OC TH[RHAL ARC M|TH AXIAL 049 VLOH 

nw • -1.0+1-o3 
flNC • 30 
?HETA • .0 0[0 

SPACE AV(RAGE [HTHALPY • ~$0208,07 JOULESIKG OR .14734+04 STUfLB 
~ASS AVERAGE EHTHALPy • .18518907 JUUL(S/KG OR .T966q*o] RTUIL6 
IV|RAGE EHEHGY DENSITY • .49159908 JOIJL[$/H,.3 OR .1320390a 8TIJIINCH*t3 
TOTAL EHTHILPY ~. lVG. • .18S20,07 JOULESIKG OR 079690903 BTU/LB 

RADIu8 EHTHALPY VELOCITY 
HFTEg8 IHCH JOULES/KS BTU/LB HFS 

.00000 .00000 .30005*08 .12908205 .llET090S 

.q6302-03 .lA+~9-01 .30005*06 .t2908905 o11~T0,03 

.11891-02 .SO68T-OI .30006900 .12909+05 . lOalT*01 

.23151-02 eSlla6-OI .$0006208 .12909*05 .qO+61*O+ 

.32011-02 012Yb0900 .3000T+06 . |2909,05 .90926,0? 
, e lbT2-O|  .16n06900 .29~7| ,00 012890905 .#aSh*,02 
.5fl9~2-02 .20052.00 .261|290§ e | |231~05 .75805~02 
.bOI93-&2 .236~8.n0 .2~150~00 .95291,00 .?0454902 
.6qOSS-02 .2?34q*00 .11388,08 .48993.0a .62173,02 
,~8Ft4002 .3~9q0900 ,96q91~06 ,11726*03 ,56338.0t  
.6797q-02 .30635~00 093000*06 .~0009903 .49226T02 
.97~30~02 .38~81900 .93000906 .~00~9903 .~226~*02 
*lObqS-0l .~192T+O0 .93000,06 .00009*03 05~646.0~ 
. l lYT6-OI  .e5573,00 .93000906 o00009÷03 026~53.02 
.1250~-01 .a9219,00 .93000*06 o40009~03 .25761,02 
.13028-01 .52864,00 .95000,06 o40009,03 .23119~02 
.10354-01 .5bYlO~O0 o93000,06 .a0009,05 .19792902 
.1~280-01 .601S6,00 ~93000+06 .O000q*03 018802+02 
.1~206-01 .6]H02,00 .93000,06 ,40009903 ,17202,02 
.17112-01 .6TeOS*O0 .9300090b .40009~03 .15678,02 
.I80SO-OI .?10~4900 .93000.06 o00009903 . l i l lY+02  
.IH~Sa-O| 070T$9,00 .93000*06 oa0909*03 .12560902 
.19910-01 .70165900 093000.06 .eO009*O] 011773902 
.20816-0! .82031.00 .93000,06 .40009,03 .10985902 
.~JT62uO| .8567?~00 093000~06 040009*03 .5S$73,01 
o~222S-0| . S Y S O 0 9 O O  .92960,06 03~9 |903  sO0000 

OlixETER • 

CURGENT • 

FLOM RATE • 

ThaN8 COOLING • 

HALL ENTHALPV • 

NMESH • 
VZO • 
EPS • 
EX • 
EXX • 

a~oaS-02 NETEnS 
|qTSO*O0 INCHES 
|050090] AHP8 

l~SiE*O0 KGISE¢ 
3~003,00 LA/S[C 
0~000 KGISEC-M*~ 
0,000 LO/FT2e8[C 
9~296,0S JOULES/KS 
3.999,02 6TU/LB 
2S 
|1000-08 
O,O00oO3 
1.1009o0 
t.bOO-Ot 

FTISEC 

.36qt6903 

.369TS903 

. ]Ot to*03  

.3~371903 

.~9833.03 

.27706,03 

.24872,03 

.23116903 

.20399*83 

.IRnGYg03 

.16151,03 
013067*0] 
. l1367J03 
.9269B*02 
08a522.02 
077035*02 
~,4934,02 
.61489,02 
.56570,02 
.SlnOO~02 
.46317*02" 
.41708,02 
.$B627+02 
q36043902 
.18168~02 
000000 

HISS VLU~ 
KGIS N**2 

~$SSTT*03 
,3687790] 
,359$3~03 
,3aO32J03 
~31363.03 
~29196,03 
q29013901 
q]0336,0]  
qn]Ge2*OY 
~ESaTT*O4 
.22930*04 
.19607*04 
. tSI lS*Oa 
.13161~0e 
qlEO00,O4 
~10937,0a 
.92197.03 
.67582.03 
.80316,03 
.T3032.0S 
.65758*03 
.58505,0S 
qSaSaO,03 
,51172905 
,2579a,03 
.00000 

LR/FTEwSEC 

.T96|9~02 

.T96|9902 

.73Sq|902 
, 6 9 6 9 T 9 0 2  
.6a232902 
.59795*02 
.5qnlR,02 
m62127902 
089380*02 
,52tTY*OS 
.a6969+03 
.a0320,03 
.33052+03 
,26gY3+03 
.2ag76903 
,~2599903 
,t8882903 
.IT937.03 
e|GaaS+03 
.IaSSY*05 
.13qGY*O$ 
.ttSOE+03 
. J | 231 ,05  
.lOGO0*03 
L520~6*02 
.00000 

r n  

c) 
:4 
"51 

01 
J, 
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OUTPUT - SAMPLE PROBLEM 1 ( C o n t i n u e d )  • 

(3o , j  

TEqPEqATU~E 

KELVZN 

Xt 

t/CH 

K5 

l~cx 

BEE GRAD flIVOR 

HATTS/~**5 HATTS/M**5 NATTS/H**] 

GCN~O 

NATT$/H**5 

oqYOb|*04 .22~qq*04 .5Z]SJ*O0 .50310*09 GO0000 ~ 5 ~ 7 6 , i l  q�O?Ta*04 
.97N61,0i .~5~a~,oa ~5~3S|,00 .50310,0q .|OSO0,OB .70916,1! .qOT74,04 
.97061,0~ .Z2~Qq*oq .~23S~*00 eSOJl~09 .aO~Bl*oB .66163,1| ~q0777.04 
qq7062oOa .2~Saq*oq .5535~*00 e503|2~09 .TYbSq*08 .70968*| |  qqO777~Oa 
e9706~*Oa .2~a � .0a  .5~353,00 gS0513909 . | | l t S . o q  .733|6,11 ~qo77q.oa 
.q70~,Oa .22~a$.oq .52289,00 .$fl250~09 . laT63,oq .6~q5~11 lgo652~oa 
.9~58a,OG .21ROl,Oa .aS�QS,00 . n | 6 5 ~ 0 9  . |TY|7 ,0q  .5~a86,11 q7675360a 
~87535,0~ .51Rsq.oa ~aO|~5,00 .Y~58|~oq .18759909 .2700~,1! .6~10~.0a 
.6qS~]*Oa .56qSO,flq .sYq90,O0 .9bq$5~08 e|754S.Oq .50a~6~10 oSn693~04 

e| |$~q*oa .6no~O*Oq .|~66a*0~ .933~3~05 . I ]570 ,0q  -.SR~Y8*O8 o3o75~*05 
.111~9,0a .60flOO*Oa .1566a-02 .q338~05 . l ~ ? 6 , 0 a  - .?Sa l3 .08  .3q~S~O~ 
. I |$~q*Oa .600~o*oq q | S 6 6 U m O ~  .q3583905 . | | 5 0 6 , 0 9 "  -.559S1.08 q395qS*05 
. J l3~q*oa  .60000*Oa .1566a-0~ .93385*05 .10308*09 ~.50q51,0~ ~3985~*05 
. |1359,0~ .60nuO*O0 .15664-0~ .9~383,05 .q5~22,0~ o . 1 q ~ 1 , 0 8  ~3q~5~*0~ 
.LI$Z�*Oa .60000*Oa e|Sbbq-O~ 09338]905 .66B~S*OP eelTB65*Ofl .3q25290~ 
. ! !359,04 . 6 f l O O O * O a  .1566~*0~ .q3383,05 .8307990B 0.16653,08 q3q~S~*O~ 
.S l ]~q*o~ .60000~Oa .1566400~ .93383,05 .700~9908 -.155~S*00 q3q~S~O~ 
.|!3~q*Off .bOOOO*QG o|5bbqoO~ .933~$*05 .73557,0~ -qIO66S*08 ~39~5~*05 
e | | ]~q*04  .60~00,04 .ISb6G-O~ .q3385,05 e b q S b B * O ~  -.13~3q*08 ~3q255,05 
. t 1129 ,04  .60000*04 01566a-0~ .93383*05 obSq88*08 n .11106 '06  qSq2s2*o~ 
.11159,04 .600~O*Oa .156ba-O~ .9338]*05 .6~75890~ - . lSaaq*08 ~3q~$2,0~ 
.11]~9 ,04  .600fl0,04 . t5664-05  .q~3~3.05 . 5 q ~ 8 9 0 8  -ol |SSq*O~ 41q~5~'8~ 
.113~9,0u .60000*08 .J$6b4-O~ .q338]*05 .57 |58908 - . I IS tQ*08  qsqs5~*O~ 
. l l3~9*Oe .60000*04 ° |566qe0~ .93583~05 ,SaYt6908 0,81159*07 , 3 ~ 5 ~ * 0 ~  
011156,0~ .60000*Oa ..15657-0~ .q3~70,0S e53571~08 -.5~q~3,07 .Y9~27,8~ 

m C~ 
c) 

.-n 

ol 
J,. 
**j 

i 



4=0 

OUTPUT - SAHPLE PROBLEM 1 (Continued) 

Sample Problem1 P : 150 arm I : 1500 amps 0ta. : 1.75 Jnch 

aXIAL STAfION • !~3 

AXIAL OlSY • 4.306-0~ HETER$ 
1.6qS*~O INCHES 

VOLTAGE GRAD • | .ST$~sR VflLTGIH 
3,99690~ VULTSIINCH 

PALL MEAT FL~X• b.aSO*O7 MATT81H**~ 
S.666903 8TU/FT2*SEC 

nAG|AT|ON LOSS• - qq,qq2~ PERCENT 

PRESSURE • leSOO~O| ATH08 
LOC • I 
OH • oA.O|6eO~ 
wine • 30 
THETA • .O 

SPACE AVERAGE FNTHALPY • 
~ASS AVERAGE ENTHALPy • 
AVERAGE ENERGY OENS|TY • 
TOTAL ENTNALPY NeAVG, • 

nAOIU8 
HETERG 

eSOOSS 
e46~O2uO~ 
.lSS~l-O~ 
.23151-02 
.$2011002 
.q1672*O~ 
.soq~2*O~ 
.SO|q~-O2 
.69055-01 

.STqT4-S~ 

.9725A-$2 
iJObOq+O| 
011576+01 
.12YO~-O| 
.1309+-0! 
.taSSq+Ol 
.IS2SO-Ot 
.16206-01 
.171S2001 
. | 805eoo t  
. l~SGq-O| 
. l+R|O-Ol 
.+SG36-Ol 
qi1762-Ol 
.22++S-01 

AMIA~ DlGY 
METER INCH 

.OR3 lebgS 

OC THERMAL ARC NITH AXIAL GAG FLON 

0E8 

~3SS~8tOT JOULESIKB OR .t6583÷$4 8TUILA 
0~478890T JOULES/KG OR 01066a,04 RTIIILB 
.55~5890R JOULESIH**3 OR ,1464|90Q BTUIINCHP~] 
.~qTq4~O? JOULES/NO OR .IS666,04 BTUILB 

'ENTHALPV VELOCITY 
INCa JOULES/KG BTUIL8 HiS 

.OnOn~ ~6250EtO8 e~SOSStOS .82681t0~ 

. |S2~q-O |  .6~502,08 .~6886*05 .6288190~ 

.~AbBT-O| ~426QS~00 816347905 .SOO85*O~ 

.SJta6eOI .32428~08 .ISqSS+OS .76691~0~ 

.12760÷00 .~5|qsts8 .10837~05 e7~967902 

.16O06tOO .|q735~06 eeOeqVtO4 ,6qOb995~ 

.EOOS2*OO ,15n66,05 .66537,0a .65115,0~ 

.J$SqOtOO . | ~098 ,08  e S ~ S O 6 * O R  . 6 | 2 ~ 3 , 0 ~  

.~73eQtOO 09479990? ,40TS3tOQ .SFSO6*O~ 
,3SSOOtO0 .74576,07 .3~083,0q .500|3,S~ 
,30635900 ,588aS+OT • ,2531690a ,507]89o~ 
.36281905 .46586907 .~SOQI+04 .47671902 
.atq~T*OO 037112*07 .1Sq65~04 .aasoq,o~ 
.RSSTYtOO e~qSqTtOT .I~SbE*O4 .421aS~S~ 
.Rq~|9fOO .~aqTtsOT ,105~7,$4 .3967690~ 
.52864900 . ~ S ~ 6 t O ?  eOYGT~+O3 .$7366~0~ 
.SbYt090S .|7q32907 .Yaqqlt03 .351qqtO~ 
.601SStOO .1S226)$7 ~6555~03 .33162,0~ 
.6GROttOS .13607tOT e S B S S G t S 3  .312a7,0~ 
.6TamStO0 ~|2a~TtOT .S]RoI*03 .29e52,0~ 
.TtOSasO0 .11581907 e R S S E 2 9 0 3 "  .~7780,0~ 
u~R?]9tOS qlOq~qsOT .4TOlYtO3 .~boq8~o~ 
.~RSS~OO .|0363tO?' eRR666|03 ~3q44~0~ 
tS~031800 .99415506 iO~76GJ03 o2|ObGfO~ 
.85677*00 ~qbtt l*O6 .RISES*03 .15679,0~ 
.STSOO~OO .q~q60~S6 . ]9qqI~S3 .SOOOO 

AVERAGE EHTHALPY HTR * ~OND 
JOULEIKG ~TU/LB MATTGIH**~ ~TUIFT~-$E¢ 
~4Tg~06 JeO&6~03 SeORb~O3 S.g47-Ol 

OIAHETER • 

CURRENT • 

FLOM RATE • 

TRAMS COOLING • 

NALL EHTHALPV • 

NMEGH • 
FZO • 
[P$ • 
EX • 
EXX • 

4qRA~-O~ ~ETEn$ 
IqTSO*OO INCHES 
IoSOO+S! J~P9 

3.003900 LGISEC 
O,SOO KGISFC-~*~ 
0,005 LEIFTI~8[C 

~qqq*o~ GTUILS 

IqOOO-O8 
8~OOO-S3 
t,lOS*OS 
1 .000 -0 |  

FT/SEC 

.~7193tS3 

.~6~7690~ 

.~$162903 

.E39al~03 

.~2661953 

0~0087~03 
~18868903 
. t772~.03 
.16647~$3 
.ASSail03 
.IqTO~*O3 
.1382~,03 
.13SI8.03 
.12265953 
,liSa?*03 
.IOSS|*OS 
.1025~903 

,qltRS~O~ 
.SSA&3*O~ 
.TR56|SO~ 
~6ql~S~O~ 
.51420~S~ 
o05500 

HTN - RAG 
NATi$ /M**~  

6.aSo~sT 

NA8S FLUX 
XOl$ H**~ LRIFT~eSEC 

~13013tS3 .2S2OO~OE 
~a0311*O] .AISSA~S~ 
,~4849,$3 eSO89|tO~ 
,28609+01 .SSbTAtO~ 
,32233~$3 .660|3502 
,SYqqT~O3 .Y$6a|~02 
,45903,03 .8376~+$2 
,4TAI8*S] . S T i l l | S 2  
.$4218~05 ~|IISO*O3 
~65686+$3 .t2n2q*O3 
q67|96903 .|3762~03 
q74592~$3 .15277~0Y 
.825q1953 .16915*G3 
qq037T~03 .j8509~03 
.STaIR+O] .19955903 
~!0318+SR 021172903 
qiOTei*Oa .E~O8O+O3 
, l tOaTtS4 ~2~62n,03 
~tl133904 .22851,O3 
, t t o~7 ,Ot  .E26oq+03 
~|OSt3~OR .2~145903 
,!0313~04 ,21|21~03 
qq36OOtO3 ,$q169+$3 
~71315~0~ ela605903 
.O00OO .00550 

VOLTAGE EFP 
8TU~FT~-8~C VOLT8 

5.666903 YTOel|7 ,YS9 

m 
o 
c~ 

.15 

m i. 



OUTPUT - SAHPLE PROBLEH 1 (Cont inued) 

I - J  
CO 

TEqPERATUNE 

~ELVIM 

KI 

I IC H 

K~ 

IICH 

S[E gRAD DIVQR 

~ATTR/M**2 HITTsIN*e2 HATTSIM**3 

gCONfl 

MATT|IN**2 

.15091+05 .641o0*S3 ~51o29901 .20397+10 .0o000 . l lnO4*13 ~2513t+05 

.15091*05 .691o0*0] .51o29001 .29397010 .$2RO5~o9 .tS~2q*13 ~25131+05 

.11266005 .40020003 .78311~00 .9i318009 .67Y76000 .$4$Bq012 qI37SS+OS 

.99~05,oo .21?YO,OO .Sfl~90+O0 .562o5~oq .o877~909 .TSbflT+tl 199St4004 

.~1059,04 .21277*00 . O O 6 S 9 0 0 0  .30663009 .$9049900 . )900S* l l  ~733BY+00 

.8198t*00 .23117~00 .36225~00 .2~!97009 .32722,09 .2P468011 qS2917t00 
076094+00 .2~qS0÷04 .27|45900 . t Q O O S + 0 9  .27950+09 .8B112~10 ~360Y!+0o 
.66659*04 .26733~0o .16505*00 .|11~3~09 .2003~+0~ .22007~10 .23218*00 
.56706+04 .260=0004 .80775001 .S877R*OB .20853+09 0.16606*09 ~4S01~00 
.a8~78004 .33SR0904 ~09~00-01 .3~$53*08 .ISSS2~Oq -.SIqQS~09 .9~7tt~03 
.a25ns,Oa .S2R|a*OO .30SOS-OI .|~605~04 816377*0~ e.02tY~+04 ~b025500~ 
056~50900 ,SlflO|+0a ~lqOZq-o| ,10052008 , |q~86000 -,2FoR|sO+ ,04337+03 
001540,S0 .60751+04 .11030-01 .5+125,07 .13080+09 -.17q2b+O+ m3lOq3+03 
.26016~04 .bOOO5~O~ 073S4S-02 .29750907 .|2390~0~ - . I t lSS~09  .220R6003 
o23167000 .60n05004 .50501-02 .16~28007 .11060009 -.70705006 ~1660S+03 
~2Q239*00 .6004S904 .37950-02 .95112+06 010068009 -.Slf lRe*fl~ 4t2918+03 
.!?965*04 .6nfl05,04 qSOSIl-OE .50002+06 .90760008 -.380B6.0~ . l f l lq6+03 
016220~04 .60floy*~O .259S3002 .39322906 .93680+08 0.30h90,08 .831tk*02 
010920+04 .600~S~Oa .22056-0~ .2~120,06 .88306~08 -.255Y7~08 .7fl008,02 
.11957904 .600~S+oo 020001-02 .21512~06 .S$SII+OH 0.2|~87008 ~60902002 
o11256,00 . h O O D S * g o  .19071-02 .|7S03006 .74210÷0S -.10340008 ~50770002 
. t2710,00 .6000S+Oa ml8382-02 .10795,06 .753300S8 -, t7385+00 ~50140~02 
.12250+44 . 6 0 n S Y + O 4  .17073-02 .1~765,06 .TIOtl t08 *.IS76|+OS ~46374002 
. | t876000 .6S005000 .16738-02 .11276+06 .6R606008 e.tn431*08 ~43017002 
stt595900 .600nY*04 .16185-0~ .!0206006 1 0 5 6 7 0 0 0 S  -et~O$S+08 ~01250002 
. | t326+00 .600nY+O4 ~lS6SS-02 .93270~05 164300000 -064197007 .39227000 

SIGMA 

ttOX~eH 

. !1771,os 

.11771005 

.2668S+Oa 

.10767*00 

.ST547.01 

.$3098*05 
,17788+03 
.70501+02 
, |02 |000~ 
.3 ;067,0!  
.60041+00 
,71300-01 
.+8|8$-02 
.OnOOS 
,00000 
,00000 
,00000 
,00000 

viSCOSITY 

N 8EC1~*.2 

,]485+o03 
.30859-03 
028498o03 
.20646-05 
.2212B-O] 
020120-03 
.18237-o3 
.1623700] 
.1OlOa-03 
.12576-03 
~11316-03 
~10177-03 
,9|234+04 
mS1631-44 
.?$0?9004 
,66S4R-04 
~61510-00 
.$7282004 

O[wslTY 

KGI"**$ 

OHxlC LOSS 

HATTS/II**3 

.29134,i3 
029|34*|$ 
.66043.12 
.266a8*12 
01n203.12 
.81916.11 
.aa025*!1 
olTqqR+t| 
.QS0690|O 
e92729f09 
,t585S+09 
.17646+08 
,69750~06 
,00000 
.00000 
.00000 
.00000 
,00000 

.16666001 

.166h6÷01 

.25199001 

.32nO2+Qt 

.392h390! 
,a6668+O| 
.5S222,n| 
s6b~Gq+O| 
.8205b*01 
.100~8002 
. |1961002 
.14006+02 
.J6607902 
0195~S*02 
022779+02 
026fl70~02 
.2g]70+Oa 
.325t1*02 

m 
C3 
0 

- n  

c~q 



,b667]-0Y 
,8100q-06 
,1~501-05 
, !a667o05 
,15aSao05 
. I S t q 8 - 0 5  
,taSOt-O5 
,I ]330-0S 

,351S3J02 
03780~,02 
,39803~02 
,aISIIgOZ 
,a30?~902 
,lqn~T~OZ 
,4550q~0~ 
046yB6~OZ 

e54008-04 
~sts~$-0a 
eaghSemOQ 
qq8~42o00 
,QT000o0a 
qQSq98*0Q 
. q 5 2 3 | o 0 i  
oOQq95mO0 

OUTPUT - SAHPLE PROBLEH 1 (Concluded) 

015501~02 
,~056n*05 
, 3 | J 3 8 . 0 3  
,35351903 
e3819#~03 
o37613.03 
,35888903 
,3299~03 

m 
O 
CI 

Gn 
J. 

j..., 
~D 
O 



AEDC-T R-75-47 

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 Ibm/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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IflPUT - SAMPLE PROBLEM 2 
(Deck A Only) 

SAMPLE PgOdL[H 2 P u iqO ATH ! s |500 AMPR D|A • 1,75 XNCN 
3~00 3O 
- - 3 5  

iSnn,o I ,36~0 asSo~e|5 I50e0 
~,O~a~Sn OeO q.2q6OOE+OS 3.0 

leOOOO[t07 3,0000Eto? 3.0000E~O~ 3,0000[*07 $tO000[~O? 3 ,0000 [ t07  
Zw61OOEtOT ~,225a[~07 |eISqO[~O? qo3000[÷OS 9,3000E905 9,3000[~0§ 
~ l t ~ 0 J ~ 0 ~  a I n A n e  A ~  g l n n ~ r ~ n a  O T n A n r ~ A e  O t A A n r ~ q  

. . . . . .  ~ . . . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . .  o r ~ ? ~  

9,3000E+05 q,3nO0[*OS q,3000[÷05 9 ,3000 [ *05  qo3000E~05 q,3000[~05 
%3~00E~0S 

~8,000 ~u. OSO ~1,000 ~ 0 , 8 4 |  16,2000 16,631 
| ~ , 800  10,n~0 q,Yg0 8 ,6836  7 ,3000 6,qa6B 

2,0~0 

m 

C1 

~o 

uI 
& 
q,J 

I-.' 
IqJ 



OUTPUT - SAMPLE PROBLEM 2 

Sample Problem 2 P - 150 arm I = 1500 amps Dla.  = 1.75 tnch 

UD 
I..4 

I X | l L  STATIO~ • | 

lXIIL O~ST • 0,000 HETER$ 
0,000 I~C~E8 

VOLTAGE GRA~ • t,58~+oa VULT$1H 
e,02OtO~ VrILTR/INCH 

~ALL HEAT FLUXs 5,]76+07 N&Tt$~q**~ 
4,?37901 flTU/PT~-SEC 

QAOIAT|~N LOSSI 99,9999 PERCENT 

PQESSURE ~ | , 500902 ATHU$ 
LOC • 0 
Od • 0.000 
K|NC S 30 
YHETA • 00 OEG 

8PACE AVERAGE ENTHALPY • 
"188 A~E~&GE EHTHALPV • 
AVERAGE EqEqGY DENSITY • 
TOTAL ENTHALPV HeAVGe • 

RADiuS 
xETEq8 INCH 

,OnO00 ,OOnflO 
,46302-03 ,18229-01 
0|1691-0E ,SGbRY~01 
,~3151-0~ , 9 l l a 6 - O I  
. 3 ~ a l l - O l  .121b0900 
.91672-0~ .16n06*00 
,50932-02 ,20n599o0 
,bOl9~-O~ ,~3k9~900 
.6~o53-0~ .273H.00  
. ;8T lO-02 .30990*00 
,8?$Ta-O~ ,3a6JY*O0 
,9Y+la-O~ .30P41*00 
,10609-01 .al$~Y+O0 
, | lSY6-Ot  ,oSY?3+O0 
.l~SO~-Ol .a9219900 
,11028-01 .5284o900 
, |a3Sa-OI .56910+00 
01~80-01  ,60156+o0 
016~06001 .b3xn2~O0 
, IY l3~-OI  ,6Taa8.O0 
,18058-01 ,T|o$a+O0 
, l~9~a-O| ,70739+00 
, l$0tO-OI  ,7~3~5+00 
090836-01 .8903|*00 
e~tT62-OI ,85677900 

OC THERMAL ARC H|TH AXIAL GAS FLOM 

,3o312+0T JOULES/R0 Uq ,1476190a BTUIL8 
,18499907 J~ULE$1RG OR 079581903 BTU/LB 
,00000 JfllJLES/N**3 OR ,00000 BTUIIHCHt*3 
,1650S90T JOIJLE~KG OR 079607+05 RTUIL8. 

[HTHALPY VFLflCITY 
JUULES~KG BTU/LB H/B 

,30000+08 ,12906.05 , |12T3903 
.30fl00+08 , |~906905 ,11~73903 
, 3 0 0 0 0 9 0 0  " ,IZg06*OS ,10012*03 
,30000908 ,1~906905 ,98638~0~ 
.30000908 ,12906~05 oQOBTl902 
.$O000+flB ,J~906~OY ,8~502~0~ 
,26|0Q+08 , 1 1 2 2 ~ 0 5  ,75726902 
.~2~50+08 ,95719.0~ ,7005290~ 
,11590908 .09860,0o ~62203,0~ 
,93POOtOb ,a0009903 .56360+0~ 
q93000+06 ,40009903 ,09~2~+02 
1930QO~Ob oqO009~O] l ~ O ~ O ~  
.93~00906 .A0009+03 . ]O6lTto+ 
~9J000906 .4000990] .~818190~ 
93000+06 ,o0009901 .~5747902 

:93000~06 ,aO00g$O$ .~3085.0~ 
.93000906 .00009t03 ~19To390~ 
~9300n+06 ,~0009903 01878890~ 
,9300090b ,a0009903 ,17222909 
~93000906 ,~0009~03 ,15656902 
093000+06 .00009903 . |009090~ 
~93000906 .40009+05 .12525+0~ 
o93000+06 ,40009.03 ,117q~+O~ 
,93000906 ,00009~03 ,1096090~ 
,9300090b ,40009+03 ,50631901 
09~960~06 ,39991903 .00000 

DZANETER x 

CURRENT • 

FLON RATE • 

TRANS C~flLIHG a 

HALL ENTHALPV • 

NHERH • 
FZO • 
EPS 
E. : 
[XX 

O.O~Y-02 xFyFnS 
!,750900 INCHES 
1,500+03 i~P$ 

1~36~*00 KG/REC 
3,001~00 LB/SEC 
O.~8T#O0 KG/REC~H*~ 
l~OOI$O0 LRIFT2-SEC 
9.~96+05 JOUL[81KG 
3.99990~ BTLIILB 
z~ 
1.000-08 
8,000-03 
l~|O0+O0 
1.600-OI 

NAS9 FLUX 
FT/SEC XG/9 N**~ LB/FT~-SFC 

~36986,03 ~38891*0Y .796a8+0~ 
~Y6qR6÷03 ~3~891903 ,T96a~*O~ 
,38163903 .3~9~2903 .73968902 
,32363~03 q3nO~9+O] , 6 9 6 9 ~ 0 ~  
e~9~15903 ,31550903 ,64~0a~02 
,2773R+03 ~91&T*03 ,Y973~902 
,74Ra6901 ,~899~+03 .59376t02 
o73115+03 ,3n238t03 ,6192Tt02 
q~0409903 ,0~005903 eRROTS~OZ 
.|8491905 .~k2Yb+fla ~53772~03 
016150903 ,~9~9~0a ,a6958.03 
.13R70903 ~I96Q2+Oa .an3~9,~3 
,1135R+03 ~|612690u ,330~590~ 
,97a61902 q|312790a .268~S*03 
,8oaT5~02 , l l $~ ]+Oa ,2uY6~+O] 
e?Tf15390~ .lf1940*Oa .2~a00,03 
o6a776902 ,919~6903 , | ~ ] S t 0 3  
q616a~O~ qB75|b+03 ,179~3~03 
,S6Y05902 ,80223+03 ,1643~+0y 
,51368902 ~7Z930+03 ,14936+nY 
,a623190~ ,65616903 ,13aa2903 
,atO~5*O~ ~5~3a6.03 , t1909,03 
.Y~Y2790~ ~Y46~9903 .|1202~03 
,359S9.0~ qS1052903 ,10456~03 
~|Y92a~O~ s~S4aR+O) ,5211890~ 
.00000 .00000 .00000 

m 
o 

-n 

ol 
+. 



~D d~ 

OUTPUT - SAHPLE PROBLEH 2 (Cont lnued)  

Sample Problem 2 P = 150 arm I = 1500 amps DJa. = 1.75 tnch 

JXIAL 3VAYlO~ • 2 

aXIAL OlSY • 

vOLTAGE GRAO • 

k iLL MElT FLUX• 

RADIATION Ln$sa 

l ,a3S-oS H£TEnS 
S,6qE-Oq INCHES 
l,S90,OU VIILTSIH 
4.03q*02 VIILTS/INCH 
S.SST*oY NATT81~**2 
0,720*~3 8TU/FT20$EC 

qqoqoqq PERCENT 

PNEssuq( • 1,500'02 ATHOS 
LQC • I 
Cd • - 1 , 0 6 1 - 8 3  
KINC • 30 
VHETA • .0 DEG 

SPACE AVERAGE ENVHALPV • 
~AS$ 4#ERIGP FNTHALPy • 
&VFRAGE ENERGY DENSITY • 
TOTAL EHTHALPY NeAVG. • 

OC THERHAL ANC MITH AXIAL 0AS FLON 

RID/lIE 
mkYEq9 INCH 

.00000  .OOo00 

. 06302 -03  .1~22o-01  

.13~+l-O+ .SO&4T-Ol 

.~3 lY l -U2 .RllO&-OI 

. | 2 o | 1 o 0 2  .12ThOtO0 

. 0 1 6 ? 2 - 0 2  .I6Onb+0Q 
,50932002 .2flqY2+O0 
.b~l~3oU2 . 2 3 ~ 8 , 0 0  
.~qUS3-02 ,27304900 
,7A714-02 e30oRfl*O0 
,87970°02 03461S+00 
e97234e02 eSBEq|tO0 
. 106q9-01  . 4 1 ~ 7 ~ 0 0  
, l lS?6-OI  ,OSS73*O0 

. 13028-01  .S2~4OtO0 

. 1 a 3 5 a - O t  ,563tO+O0 
,15280-0t ,60156308 
.14206o01 .63A~2~00 
, IT t32-OI  ,6?a4~÷On 
.18058o01 oTtO+aiD0 
,189ea-oI  ,TqTS~÷80 
. l S q | O - O |  0Y8385~00 
.20836-01 .82831+80 
. 2 t 7 6 2 - 0 1  ,8S~TT+O0 
,22225o01 .8?YO0~O0 

DIAHETER a 

CIJDRENT • 

FLOW RiTE • 

TRANS COflLINB • 

WALL ENTHALPY • 

NHESN 8 
F1O • 
EPS • 
EX • 
~MM s 

03q206*0T JOULE$1KG OR . IqT3q*0q BTUILB 
.|8518+07 JOULES/KG OR .7966~,03 NTUILB 
.49|59,08 JOULFSIH**$ OR .IJ203*Oq qTuI|NCH**3 
, |8520.0T JOULES/KG OR ,Tg690~03 8TUILR 

[HTHALPY VELOCTTY 
JOULESlKG BTUILO Nl$ FTtSEC 

~30005.08 .12q08*OS ~112T0.03 .36~T8301 
,30005,08 ~|2908,05 , I IE70~03 ,~SqTS~03 
,30006+08 ,12909'05 ,10017*03 .SolT~*03 
.30006*08 e | 2 9 0 9 , 0 5  .90661*02 .32371,03 
.3000T+08 .j2909~05 090926.0~ .~R~33~03 
.29971*0§ ,1289a*05 ,SOSbS*O? 037T06.01 
,26112300 ~11233*05 ,7580~60~ .70P7?*03 
~2150308 e95291900 , T O R S O , O R  ,23116*03 
. ! | 3 6 8 , 0 8  .a~q93300 .62171*02 020399*03 
,96991906 e4|726.03 eS6338*OE ,18485*0] 
,q3000+06 ,O000qtO3 ~aq226,02 ,16151~03 
.93000*06 ,80009*03 .o226a*02 ,13867~03 
.93000*06 .aOOOq~03 ~306a6902 .1136T*03 
~93000.06 .40009903 e28253~0~ ,qEbRS*02 
.93000÷0b .00009+03 .EYT6l+02 .Aa527 .02  
.93000906 eSfl00Q+03 .23079t02 .T703S*O2 
.93000+06 .4000R*03 019792*02 .64q3o*fl~ 
.91000*06 .40009903 .IBm02+02 ~616n9302 
.93000*06 ,80009903 ,1T202.02 .Sb~TO+02 
,93000*06 .8n009,03 ,15678602 ,SIOaO*02 
09300030b ,40009.03 e l 4 l l T * 0 2  ,abYlT~02 
~93000906 .~0009~03 ,12560~02 .41~08~02 
.93000306 .00009~03 ol lT73+02 .38627+02 
,~3000*06 e40009*03 ,10985~0~ .36~03~0~ 
093000306 .40009903 053373*01 ,18168+02 
.92q60306 ,39991~03 ,00000 .00000 

8~4aS-O2 MEYER8 
15750*f18 ImCHVS 
1,500303 ANPS 

1~SbEinO mOIS[C 
SqOOSRflO LBISEC 
4~OB?*O0 KGISECsN**~ 
l.OOl*O0 LBIFTE-SEC 
9~296o05 JOULESIKG 
3.qq9.02 BTUtL8 
2~ 
1 . 0 0 0 - 0 8  
8~000-03  
l q i O 0 . o o  
1 . 6 0 0 e 0 l  

NA$S FLUN 
KC/S Me*2 LOIFTE-SEC 

: SASTTtO$ ,T96|St02 
$8877*0] ,7q61g*OE 

qsSqs)tO] ,TSYql*02 
qSaOq2+03 ,6969T*02 
q113~$*01 .6a232,02 
q29196~03 ,597q3*n2 
~EqOt3*03 .SQaln*02 
~30336.03 .6212T~02 
,a364E*O3 ,89580*02 
,EYa;YtOa qS2177.03 
,22930,04 ,86g61.03 
~lRbAT*Oa .40520,03 
~l~l$q*Oa ,13052603 
,11161*00 ,26953.03 
,12000*Oa .24sT~*o3 
~109~T~O4 .22199*03 
,92|9T*0S .IA8~2,03 
qSYY82*03 11793T.03 
~80316~03 ~|6na9.o1 
,73032*03 , laqST*03 
qbS?S8+03 ~J3467~O$ 
qSSSOS*OS , | | 982*05  
~SaSao,03 .! !231~03 
151172,03  . t 0 a s n , o 3  
,2~794.03 ,51826.02 
.00000  080000 

m 
o 
c') 
.:4 .11 

uI 
.j,. 
..j 



OUTPUT - SAHPLE PROBLEH 2 (Continued) 

~D 

TEqPERaTUgE 

KELVIM 

~1 

IICq 

K2 9E[ Qq&O O|voR 

NATTS/H**2 4&TTs/H**~ HATTSIH**3 

QC~D 

NITT8/X**2 

897061e00 .22209~08 .S2$SIeO0 .50]10909 .O0000 .2267681| ~90778*04 
e9706100Q .22209*84 ~523S1900 .Sn]JO�09 010500~08 . ?0716"1 |  ,90770*00 
897061*00 ,22289*0q .52352~00 ,50312~09 .q0281,08 .6616Yett q90777808 
.97062,08 022289,08 052352*00 ~5n312,09 .75628*08 .78q6891t ~90777*0Q 
.97062~08 .227q�*fla .5~3S3.00 .503St*09 . IS I IS*09  . t 3S tk~ I !  .90778*04 
.�tO2~eoa .22?85*04 ~52289,00 .50230,09 . l a t 6 ] , o g  o68922.1! ~90~S2,08 
.925qa,08 021~0|~08 .aS9,2,00 .al652~09 .17517~09 0S4486,1| .767S$*04 
.8?555*04 .21PY9,04 .qOt2SeO0 .Yy281~09 .18759,09 .27406,11 .62102~04 
,ba223,Oa ,26nYo,oa ,1)998,00 m�ba3Y,08 01724S,09 ,50866,10 ,20693,04 
. l l6tO~Oa 060onn,O4 .16335-02 010513,06 .15170,09 ~.26581~09 801P25~02 
e1132~*04 . 6 0 O Q O * O q  . | 5664-02  095383*05 .13570*09 -028838*08 ~3q2S240~ 
011328*08 .~08flO~na qlS6ba-O2 .95383~05 0122T6÷09 -.25813,0R ~39252,02 
e11329*04 .6On,nero . |56ba-02 .g1383~0Y .11206,09 - .?~q$t*08 q39252,02 
. 1 1 3 2 ~ 0 8  .bOnflO*O4 . |Sbb4w02 .Q3385~05 .10508809 0 .2095 |*08  .392S2~02 
. |1329~00 e600nfl*04 .15664-02 .9318~*05 .95822,08 - . l q 2 q | * o 8  .39252,02 
.t11~q*Oa .bOofJo�oq . |Sb64u02 .911~3,05 .88825,08 0.17865*00 ~39252102 
.11529~0~ .60OnO*fl8 .1566~*02 .953§$*05 .85079*08 -.16653*08 q$~252,02 
011529,0a .600nO*f18 .1Sb64-02 .93383905 .7802?*08 -. lYSqS~08 q3e2S2602 
.11329e08 .60000,o4 ~15664002 .95381~0S . ;$$Y7,08 0.18665,08 ~]9252402 
. l l ~ 2 e , o e  .60nnO,8a .1566q*02 .9338]e05 069Y68~08 -013839,00 ,3~252,02 
. | 1329*0a  .60000904 ~J566q*02 .93383~05 865988,0~ e .  J31Ob~06 ~]q252~02 
.1 |32q*08 . 6 Q O O O * O 4  . |56bqeO2 .93583~05 .b2?58908 e.1~489*08 ~$9252902 
q |1129,84 . O O O n O ~ O ~  .15668802 .q$]83 ,05  .$98~880~ e . t | ~SJ �08  q39252~02 
.11529~0a . 8 0 O O O ~ O Q  .1566Qe02 .93583905 eSYISB*08 utlS]JG*Ofl 5392~2,02 
e|15~9804 .60000,08 .J§66quO~ e93383905 .Ser f6*08 a.61159*07 q39252~02 
. l l ]2b*Oa  .600n0908 .1S657-02 09]~t0~05 o55Y11,08 .0S2925,07 . ]9227 ,02  

m 
U c~ 

-n 

Ol 



O~ 

OUTPUT - SAHPLE PROBLEH 2 (Cont inued) 

Sample Problem 2 P = 150 a m  I = 1500 amps Dta. = 1.75 inch 

aXIAL STATION = t23 

AXIAL GiST • 

VOLTAG[ GRAD • 

~ALL HEAT FLUXa 

PAOIATIQN LOSS• 

PRESSlJRE m 
LOC • 

KINC • 
THETA • 

~PACE AVFNAGE ENTHALPY • 
~A88 A~ERAGE FNTHALPY • 
aVERAGE ENERGY DENSITY • 
TOTAL [NTHaLPY N.&VG. • 

NAOIUS 
METER8 

,OOOOO 
.06302-03 
011891-02 
.~3ISI~02 
.$2o11-02 
.0 |67~-02 
.50932=02 
.64|93-0~ 
.bqOS3-O2 
.TRTlq-O2 
.87974-02 
.97234-0~ 
,1~609-01 
. |1576-01 
.125o2o01 
. |3u28-01 
. ln359-OI 
.15280~01 
016~06"0| 
.17132801 
.l+O5~'Ol 
.IRQ8q-Ol 
0~9910-01 
.~0836-01 
.2176~-01 
.28825-01 

AXIAL DI8T 
~ETER ZNCH 

.OR3 1,695 

DC THERMAL ARC HITH AXIAL GAS FLOM 

R.306-~2 METERS 
1.695,0n INC~([S 
1.6n6,04 VIILTSlH 
0.182,02 VOLTS/INCH 
5,93~*fl~ NATTSlN**2 
5.227*01 BTU/FT2-SEC 

99.9933 PERCENT 

leSO0*~  ATH98 
t 

3.752-03 
30 

.O DEG 

.37830,0~ JOUL[8/KG OR 
028780+0T JOULESlKG OR 
954950*0~ J�ULESIH**3 OR 
.20786807 JOULESlKG OR 

EHTHALPY 
IHCq JOULES/KG 8TU/L8 

.00On0 ~60575*00 .~60SS*OS 
1|8~|9o01 .~0575*08 .~6059,05 
.50~87.01 .42518+00 .18291805 
o91106-01 .32301.08 .13896+05 
.12740+00 .250|0+08 t10759*o3 
.!~006~00 .19502,08 083896*04 
.2~OY2+nO .15200*08 .65~25,0q 
.2369R,00 ~|10Q9*08 .50973*06 
.273~4800 .92606+0T .39839,04 
.309~0880 J2708.07  .$1279~00 
.30~5800 037271*07 .2963n*04 
.382~|÷00 ~$27U*87 .1907780~ 
eq|g~7*O0 0~603~*07 .1550~,0~ 
.q5~73900 .29020*0T .|~Q84~04 
.09219800 0237R7*07 .I0216,0A 
.S2n~o+nO . |9823*07 .85278÷03 
.56qlO*O0 .|6928907 ,72826+03 
.60 |~6,00 .lqio6+oT .63696*03 
j63~n2800 . |3258,0T .57017+03 
.67488+00 .12|38~07 .S~21T*03 
.7IOSa+O0 .113Al*OT .48790*03 
.Ta719800 .10732*07 .0&169*03 
.78385*00 ~10229*0T .4qO0~+O3 
.82851+00 .98368*06 .s2318+03 
.85677800 .93480+06 .41076+03 
887500800 .92960,06 039991+03 

AVERAGE ENTMALPY 
JNJLE/KD BTU/L8 
~a78+06 1~066+03 

DIAMETER • 

CURRENT x 

FLOM RATE • 

TRAMS COOLING 8 

HALL EMTHALPY • 

NNESH • 
PZO q 
ERA 
EX • 
EMX a 

HTR - COMD 
MATTGIH*t2 BTU/FT2-SEC 

30975+03 ) .50 ) -O I  

.16270*09 8TUIL8 

.10660,04 8TU/L8 

.14359808 BTU/fNCH**3 

. !0663,00 BTIIIL6 

VELOCITY 
x~9 ~T/SEC 

.88~7730~ .28968*03 

.88277*02 ,~8~60*03 
,84882+0~ .??~3~*03 
.$09|9,02 .26589,03 
.T668|*f12 .25159.03 
.7~321*02 ~2372R*03 
.6?952802 .22293,03 
.63h93,02 0~08~R*~3 
.$9458.07 .|9S70803 
.55897*02 .18300+03 
.52390~02 .17192*03 
.~g|39~02 .161~3803 
. 0 6 | | 0 , 0 2  .15130*03 
.08310,0~ .1A211*03 
.00719+02 .13360,03 
.383o6,02 .12s888o3 
.36082,02 .1 |829,03 
.$3992,02 .1 | !36 ,08  
.31963,o~ .tOO#7*03 
,30|06~0~ .98777,02 
.28361802 .930St+A2 
.2651 | ,02  .~699260~ 
028178+02 ,T9328+02 
820828*0~ .683~T802 
01~4~3802 .4TSS3+02 
.O0000 .OOOO0 

HTR + RAO 
HATTS/Nel2 

S.93~÷OY 

4~0A5-02 ~ETEq$ 
l,?50+no YNCHE8 
I.SOO*03 AHP8 

tq398~OO ¢GI8EC 
SqO?l~O0 LBIS[C 
4qB87*O0 KGISFCmM*~2 
t,OOt,OO LRIFT~-SEc 
9~298,05 JOULES/KO 
3,999*02 BTUIL6 
2S 
1,000-08 
8~OOO-O$ 
lqlO0*OO 
!.600-+1 

NAS8 FLUX 
XG/S M**2 LS/FT2-SEC 

~15~15+03 03116080~ 
~1~215.03 .31160+n2 
~ t 6 ~ 3 , 0 3  ~aa283.02 
,2K301+03 ,53~6S*02 
,30258603 .61960,02 
~SnOtD*01 069671*02 
.37990*03 ,77803*02 
~4~289+03 .RSSTI*O2 
~Sfl|YR*03 .10~74+03 
1572t4803 .117J7+03 
~b388a*O3 . t 3 ~ 3 8 0 3  
,70675*03 .14079+03 
~7~46J903 .16n69803 
qGKS~6+03 , IT778.03 
~g88aa,01 ~Iqa2a+O3 

, lnfl2a~oq .2216T803 
~II2&7+Oa .23fl75+03 
~|t518+Oq 023590*03 
~ItYT8+O4 ~2371I*03 
~llaAO*Oa o234T|+03 
, | I I09*OQ 022~34,03 
~ln525*O0 021S34+03 
,93224+03 .I9092803 
~66282803 . I35k9,03 
.ONOOO .OOO00 

VOLtAgE EVF 
VOLT8 STU~T2"SEC 

S.2~7803 

m 
c) 
c) 

~o 
ul 

"..d 



OUTPUT - SAHPLE PROBLEM 2 (Con t inued)  

I-, 
,.j 

TEqPEgITdR[ 

KELVIN 

Xl 

1 IC~4 IlCX 

6 [ [  QRIO OIVON 

HATTS/H**2 ~ATTSIH**2 HATTSIM**~ 

OCONO 

H4TTS~N**2 

.1n?27*6Y ,717~0+03 ~43102.01 .26667+10 ,00000. ,91+71*I! ~1713.65 
,IOT27.0S ,712~0÷03 003t02÷01 ,26667+10 ,a2qq8÷Oq .11709÷13 q23713~05 
.!1206+05 .qosTg~03 ~79360*00 0 9 0 6 6 6 + 0 9  ,56382+09 .3152o, t2  qtY76190Y 
,90059÷04 ,21~b!+04 ~ 5 7 ~ 6 7 9 0 0  .5591~+09 .g3520÷00 ,78~67+1j 09~0~5+00 
,91~3B.64 .21232+00 ~ 4 0 3 ~ 5 + 0 0  .3028t+69 ,35006+09 ,40336+tl ~72728.0q 
.85615÷0o .23076+60 .35629÷06 .27766÷09 .20988+00 .20q~6+11 ~57030900 
.Tqoqb+O0 .2~hYq+00 ~ 2 6 n 0 0 ~ 0 0  ,1~015+oq o25~28+00 ,acuTe+to ,35561*60 
.6~02900 .2K2qS+N4 .!5500+00 .106~0*Nq .~2107+00 .2207p+10 ~223+0*0+ 
055070*00 .26~70+00 ,80012-01 ,55200+08 .19222~0q e.03~17+08 , 013945+00 
.08157÷00 ,3~2u0+00 .o7238-01 .30486*08 . |bq~ l ,nq 0 ~ 4 0 1 6 q ~ 0 9  ~q7736~03 
.UIgOq÷00 , $ u R y | + Q O  m 2 q 2 J q * O |  .17087+08 ,lYl02+oq -0~6000+09 ~6~37T~05 
,36160÷00 .61R~6~00 ~17601-61 .9~963~07 .13437÷00 0.2~700+09 ~0~301~03 
,30~0600 .6NOql÷Oq ,I0907=01 , S I 6 ~ O + O ?  .12030,09 e,15507~69 ~29697+63 
,~6318*04 , 6 ~ n c ) 8 ~ 0 0  ,69376-0~ .27106+07 ,11028+09 -.~7172+6B ~21~30~03 
.22~5u*00 , b 6 o n A ÷ ~ O  .~7991-02 ,10~30~07 .10575~00 -.63702,06 q|bOOH+63 
.19792*00 . h f l f l n A + O 4  .36263-02 .66q80tOb .98010+06 -.0S081+08 0123S5+03 
,J757]+Od .~OOI)~+fl~ , 2 9 f l | 2 - 0 2  1~656.0b , 9 2 ~ 2 7 ~ 0 ~  - . 3 4 ~ 0 7 ) 0 B  q97S66÷02 
.15~q3+ou .bOnn~)no .25150-02 .36168906 .86~22~08 -.27437~68 qTq660+62 
,14~40*00 . , bnOI )8~04  ~22338-n~ 0 2 6 0 4 0 ~ 0 6  ,81061,08 -,22903+08 ~67329962 
,13718+00 .660 (1~+ f l 0  ,20006-02 .2007~+06 ,77039.08 -,19606~06 s58840+02 
,1305~*00 , 60ODd+nO ~|9068-02 ,16069906 ,73672+0~ -017522906 ~53009902 
,12500*00 ,60finS+00 ,16053-02 ,10037+06 ,b9092+08 -,15755~06 ~4R768+0+ 
.12120*00 ,660118+00 ,172|6-02 .12231+06 .66206~08 -.14330+08 .05330,0~ 
,11787.00 .6none+o* ~16562-02 ,16942+06 .b3206+68 -,t3176+6B m4+726+02 
. l lSnl+Oq .600,8+00 016078o02 .10057+06 .60585.08 -.9~153~07 ~06803~0~ 
,11326÷60 ,600+B+00 .15650-62 ,93270+65 ,59317+00 -.59002+07 .30227*02 

SIGNi 

IIOHH-H 

.10732*05 

.|0732+0Y 

.26361+00 
,I06O2*00 

. .56630*03 
.3~2~o*63 
,16007*03 
,60236*02 
,15690*02 
.31357.01 
,51090*00 
,52739-01 
,|7191002 
066000 
.60666 
,60000 
.00000 
aO0000 

VZSCI)SITY 

X SEe/x**2 

~30588-03 
~3a588-03 
.2eo00.o3 
=20b00-03 
m22063=o) 
~2o025oo3 
.18106=03 
,16072°05 
.13972-63 
~Z2431-63 
~!tl81=63 
.1O0O1-O3 
,69923-00 
°80306-00 
,72300-60 
,65816=60 
~60568o0q 
.56006w64 

D[~SITY 

KG/H*I) 

OHHIC LOSS 

HATT$/H**] 

.2Q0q0+83 
e2qOqO+|3 
.71051+!2 
.2§RQS+12 
.15351,12 
e8728q+11 
m458269|1 
.17411+11 
00252?+|0 
.Sflqq2~09 
.13808+09 
o10295+08 
.46596+06 
,00000 
eO0000 
eO0000 
,00000 
.00000 

.17~15+01 

.~SaTa*01 

e39440~0! 
.070~9+01 

.6?q f |~O |  
,Saloq+Ot 

.lTnAS+02 

.20001~02 
,23~q2~02 
,26656.02 
o30022÷02 
.331q5J02 

3~ 
m 
C3 
C) 
.:.1 
~0 

ol 

...j 



OUTPUT - SANPLE PROBLEH 2 (Concluded) 

m 
0 
o 

.:0 
-,.i 
,c:. 
.lb. 
.,,J 

,302aq-06 

,13ug~-o5 
, lS07~-O5 
, I S u u 2 - o s  
, ISOl l=OS 
, l a 7 9 6 - 0 5  
, | $ 3 3 1 - 0 5  

e3Fn|b*~2 
.3~u'17.02 
.qn410~02 

,anT~R)02 
,g5712.02 
,a6SA2902 

.53Pe2=0q 

.SOqO~-Nq 

. 4q lSq -aq  
u~77qqo0u 
~46~5~o0~ 
e4575b-O~ 
.q50A5-0~ 
.a4uq$-04 

.81989~02 

.~hRqR+03 

.3~577÷0$ 

.q0857,0~ 

.a l655~03  

. 4 0 7 q t * 0 ]  

.387Qq*03 

.36130÷03 

F.J 
q.D 
CO 



A* 

b 

Cp 

d 

D 

D 2 

E 

gc 

G 

h 

h 

5 

."T 
H ,n 
eve 

Hcl 

Hcorr 

Hsf 

i 

A E DC-T R -75-47 

LIST OF SYMBOLS 

constant used in the exponential kernel approximation, a = ~/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/ibf-sec 2 

angular directional radiative flux 

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 

199 
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AEDC-T R-75-47 

J 

K 

L 

m 

P 

Pt 

qR 

q~ 

r 

T 

v 

V 
corr 

W 

X i 

LEST OF SYMBOLS (Continued) 

spectral intensity of radiation 

radial index 

mixture total thermal conductivity 

mixing length 

constrictor length 

fluid mass flow rate 

total number of radial nodes 

constrictor pressure 

turbulent Prandtl number 

wall heat flux 

wall radiant heat flux 

spectral radiative flux 

local radius 

constrictor radius 

thickness of constrictor disk 

temperature 

mean fluid velocity in axial direction 

voltage 

correlation voltage 

wall condition 

mole fraction of species i in mixture 

200 



Y 

Y 

Greek 

C 

A'r 

AEDC-TR-75-47 

LIST OF SYMBOLS (Concluded) 

path length along projected line of sight (Section 3) 

distance from constrictor wall (Section 5) 

distance along constrictor axis 

angle between line of sight and plane perpendicular to the axis 

of the cylinder measured in plane parallel to cylinder axis 

angle in cross-sectional plane from radial direction to pro- 

jected line of sight 

eddy viscosity 

axial voltage gradient 

efficiency 

angle 

spectral absorption coefficient {Section 3) 

mixture viscosity 

kinematic viscosity 

mixture density 

mixture electrical conductivity 

optical depth (Section 3), 

shear stress (Section 5) 

incremental optical depth 

solid angle 

201 
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AEDC-TR .75-47 

a 

b 

B 

D 
n 

E 

I 

P 

q~ 

r,r',r" 

R 

W 

Y 

LISTS OF SYMBOLS FOR APPENDICES 

APPENDIXA 

constant used in the exponential kernel approximation, a = ./4 

constant used in the exponential kernel approximation, b a 1.25 

Planok black body spectral intensity 

cylindrical exponential integral function 0£ order n 

emissive power 

angular directional radiative flux 

radial index 

spectral intensity of radiation 

radial index 

index on the spectral band 

total nun~er of bands 

total number of radial nodes 

pressure 

spectral radiative flux 

local radius 

constrictor radius 

path length along the llne of sight 

local band weighting function 

path length along the projected line of sight 

202 



AEDC TR-75-47 

Greek 

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 

~x 

optical depth 

incremental optical depth 

solid angle 

A~ ij 

B q 

Cp i 

d . .  ij 

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) 

203 
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AEDC-TR-75-47 

m 

G. 
J 

J 

h 

J 

i z 

dl. 
J 

i 

J 

Ktr 

int 

K 
r 

K Pj 

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 enthalpy per unit volume 

heat of reaction per mole of reaction £, Equation (B-42) 

mixture enthalpy per unit mass; Planck's constant 

molar enthalpy of species j 

total number of base species i 

ionization energy of specie j in z th 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 specie index in Section B.2 

mixture total thermal conductivity, Equation (B-33) 

mixture translational thermal conductivity, Equation (B-34) 

mixture internal thermal conductivity, Equation (B-35) 

mixture reactive thermal conductivity, Equation (B-36) 

equilibrium constant for reaction forming specie j, Equation 

(B-5) 
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AEDC-TR 75 47 

k 

L 

L ,  
3 

mj 

N 

nj 

P 

Po 

Pj 

AP z 

z Qj 

R u 

S 

APPENDIX 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.1; total number of species in 

Section B.2 

number density of species j in mixture 

mixture total pressure, Equations (B-6) and (B-20) 

mixture thermal pressure, Equations (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 z th 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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AE DC-T R-75-47 

APPENDIX B (Concluded) 

V mixture total volume 

V mixture specific volume per unit mass 

X • 

J 

Z 0 

J 

mole fraction of species j in mixture 

charge number for species j; 0 for neutral atom, 1 for singly- 

ionized atom, 2 for doubly-ionized atom, etc. 

Greek 

( ~ ,  , 
~.:] constant depending on ratio of masses of molecules i and j, 

Equation (B-39) 

collision integral parameter, Equation (B-38) 

mixture viscosity, Equation (B-32); reduced mass, Equation 

(B-48) 

mixture mass density 

o mixture electrical conductivity, Equation (B-37) 

collision integral for collisions between molecules i and j, 

Equation (B-43) 

APPENDIX C 

c 
P 

specific heat at constant pressure 

mean enthalpy 

thermal conductivity of the fluid 

mixing length 

£N Nikuradse mixing length 

2 0 6  



AE DC-TR-75-47 

£W 

Pt 

q 

R 

Y 

Greek 

£ 

v 

P 

T 

APPENDIX C (Concluded) 

Watson and Pegot mixing length = 1/2 

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 

~N 
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