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Abstract:

Magnetohydrodynamic (MHD) power generation is the generation of electrical power from the flow of
a conductive fluid through a magnetic field. The first commercial demonstration of coal-fired MHD
power generation will likely be accomplished by retrofit of existing coal-fired steam generators. The
combined MHD-steam generation plant must be controlled to supply its power demand. This thesis
answers two questions: First, what is the size and shape of the allowable operating region of the linear,
coal-fired, supersonic, diagonally-connected Proof of Concept (POC) MHD generator once operated
for the U.S. Department of Energy by MSE, Inc. in Butte, Montana? Second, how much can the MHD
generator contribute to load following? A quasi-one-dimensional FORTRAN computer model solves
for steady-state MHD operation in few iterations. The MHD conservation equation set is discretized
with Patankar's SIMPLER finite volume algorithm. The tridiagonal matrix algorithm (TDMA) then
solves the resulting banded matrices. External and simple, equivalent internal electrical circuits are
solved by relaxation. The separation of the electrical circuit into internal and external parts permits one
to model various electrode configurations without changing the channel equivalent circuit model. Fully
developed turbulent boundary and electrode voltage drop models are also incorporated.

Model results are compared to POC data. The model overestimates nominal electrical power extraction
by 0.4 MW and underestimates channel cooling requirements by 25%. Mach behavior in the diffuser
sections is questionable.

Eight parametric studies are then conducted using coal flow rate, oxidant preheat temperature, oxygen
enrichment, stoichiometric ratio, seed fraction, load resistance, magnetic induction, and diagonal angle
as independent variables. Indicators of imminent duct stress, electrical power and enthalpic efficiency
are monitored. It is found that the operating region for the POC MHD generator is large. Shocks limit
the allowable operating region at low flow and high magnetic induction. Combustor pressure limits the
maximum allowable flow. Many of the parametric studies exhibit efficiency optima in their parametric
domains. A strategy for efficient load following is suggested. In this strategy, coal flow rate and
magnetic induction must be coordinated during off-nominal operation to maintain high efficiency.
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ABSTRACT

Magnetohydrodynamic (MHD) power generation is the generation of electrical

power from the flow of a conductive fluid through a magnetic field. The first commer-
- cial demonstration of coal-fired MHD power generation will likely be accomplished by

retrofit of existing coal-fired steam genérators. The combined MHD- steam generation -

plant must be controlled to supply its power demand. This thesis answers two ques-
. tions: First, what is the size and shape of the allowable operating region of the linear,
coal-fired, supersonic, diagonally-connected Proof of Concept (POC) MHD generator
once operated for the U.S. Department of Energy by MSE, Inc. in Butte, Montana?
Second, how much can the MHD generator contribute to load following? \

A quasi-one-dimensional FORTRAN computer model solves for steady-state
MHD operation in few iterations. The MHD conservation equation set is discretized
with Patankar’s SIMPLER finite volume algorithm. The tridiagonal matrix algorithm
(TDMA) then solves the resulting banded matrices. External and simple, equivalent
internal electrical circuits are solved by relaxation. The separation of the electrical
circuit into internal and external parts permits one to model various electrode con-
figurations without changing the channel equivalent circuit model. Fully developed
turbulent boundary and electrode voltage drop models aré also incorporated.

Model results are compared to POC data. The model overestimates nominal .

electrical power extraction by 0.4 MW and underestimates channel cooling require-
ments by 25%. Mach behavior in the diffuser sections is questionable.

Eight parametric studies are then conducted using coal flow rate, oxidant pre-
heat temperature, oxygen enrichment, stoichiometric ratio, seed fraction, load resis-
tance, magnetic induction, and diagonal angle as independent variables. Indicators
of imminent duct. stress, electrical power and enthalpic efficiency are monitored. It is
found that the operating region for the POC MHD generator is large. Shocks limit
the allowable operating region at low flow and high magnetic induction. Combustor
pressure limits the maximum allowable flow. Many of the parametric studies exhibit
efficiency optima in their parametric domains. A strategy for efficient load follow-

ing is suggested. In this strategy, coal flow rate and magnetic induction must be

coordinated durmg off-nominal operatlon to maintain hlgh efficiency.




CHAPTER 1
INTRODUCTION | '

Magneto‘hydrodynamic (MHD) power generation is the generatioﬁ of direct
current (dc) electrical power from a conductlng fluid’s motlon through a magnetlc
field. Although continued MHD power research ‘in the United States is at this time
uncertain, MHD power generation may prov1de the key to improved electric energy

production efficiencies for the next century. Of pafticular interest is the combination

~ . of an MHD generator with a conventional steam'plant._ In this MHD-steam generator

combination, the exit ﬂow from the MHD generator enters the steam genera,tof‘boilers'.
The MHD generator 1s called a topping _cche, and‘ the steaﬁ generator is called a
- bottoming cycle. "The MHD topping cycle in a combined MHD-steam éeneration
plant has a less demanding efficiency criterion than tﬁat for a stand-alone MHD .
. generator. Furthermore, retrofit of exjsting steam generators AWith' MHD topping
cycles may provide a _oost effective alternative to developing new generation sites.
Coa.l'—ﬁred'plant‘é of this MHD-steam comBination are the focus of this thesi-s.

" It will be assumed throughout this thesis t‘ha,t the'rea,der.‘hasl some knov-vledge
of MHD tho‘ory. One can access a number of good sources for information about
MHD [1, 2, 3, 4] and recent i_nternafional MHD efforts [5]. - -

This.thesis addresses two quéstions neces.sary for the eventual commercio,l de-
" velopment of MHD power. First, what is the nature of the allowable steady-state .
operating region for a giveil subersonic‘ MHD generator? Second, to what extent is

an MHD generator capable of contributing to load following? While a great. deal of




technical 'work went into the prepa,ra,tion of this thesis, fhe purpose of the.‘bhesis is’
| to simply begm a dlalog concerning the flexibility one has.in changlng MHD opera—_
tion to supply a range of loads. Load demands may change 1nstantaneously, or they
“may change with a daily, weekly or seasonal cycle. A load following generator is one
which can supbly those varying load demands and, as such, is a flexible and‘v'aluable
- addition to the power grid. In contrast, a basc load generator is one for which the
quan’gity of generated power is largely immutable. MHD base load generators could
still find favor with utili_ties if their energy generation efficiencies were demonstrated
to be high. | | |

The ques_tion of MHD plant flexibility is importanf to the future of MHD power
generation at this stage of devclopment. Predicted MHD éeneration e;fﬁciencies con-
tinue to rise with increasing plant size. 'Competing power generation technologies
have rela,ti\;ely flat eccnorhies of scale. The first commercial MHD ‘combined cycle
demonstration plants will be cf the 25 MW, t0 50 MW . size, not large enough to fﬁlly
demonstrate the predicted efficiencies of large MHD generators.” Therefore, the first
démcnstfated MHD generator efficiencies will at best match ccmpeting technology
efficiencies, and the MHD gene;ator.’may. be required to defnonstr_até additional bene-
fits. These benefits could be in the areas of pollution control, power gridﬂ stabilization,
: maintaiha,bility, trouble-free operation, load flexibility and, of’ coﬁrse, eccnomic oper- .
ation. Without one or more of these demonstrated benefits, power utilities may not

be willing to risk building still larger commercial MHD generators.

Background Information

Thls section provides the context in which the thesis should be read. The
amount of background mtroduced here is 1ntended only as a review of fhose concepts -
necessary for understanding the computer model and any resultmg discussion. This

r




3
thesis addresses only the MHD topping cycle, but the opera.tmg reglon of the topping

cycle must be understood in relation to entire plant operation. ’

The linear geometry, open cycle MHD generator has five sectious: (1) The
combustor mixes the combustion components and seed. .The ratio of oxygen and fuel
within the combustor determines the combustion temperature and controls nitrogen
oxide emissious. Metallic seed is introduced in the combustor. The metellic seed,
usually an alkali metal salt mixture, readily ionizes to ih‘crease the conductivity,tof
the Working fluid. (2) The nozzle accelerates the fluid. The loacl voltage in an
MHD generator is strongly mﬂuenced by the fluid veloaty Therefore, it is prudent
to maintain a high velocity throughout the MHD channel (3) The channel is the
power generator from which energy is extracted. The power from the i'ntera,ctiou '
of magnetic field and moving charged particles is extracted at electrodes along the
channel walls. (4) Some linear ducts have a constant cross section exit region ca.lied
the transition section. This duct section is designed to slow the fluid gr‘adually from .
supersonic to subsonic flow without a strong shock. (5) The diffuser is the section in
which pressure and temperature are recovered. The diﬁ‘uée_r exit poses an important
junction between topping and bottommg cycles.. - |

The coordinate system used throughout th1s the31s gives fluid flow t)rlmarlly in
the z direction, magnetic tnduction in the z direction and induced electrical currents
in the z-y plane. See figure 1.

Words use(i to describe the MHD generator studied in this thesis include su-
personic, linear, open cycle coal-fired, segmented electrode and diagonally connected
The fluid flow in a Supersonic MHD duct exceeds the velocity of sound in the nozzle
and maintains a weak shock in the transition’section under nomtnal operating condi-
tions. The condition: describeci-as a shock is characterized by a discontinuity in certain

state variables. While physical states may be discontinuous across a shock, mass flow
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Figure I: Duct Sections and Axis Convention

continuity, momentum conservation and stagnation enthalpy conservation cannot be
violated. The words linear geometry differentiate the generator from disk geometry
MHD generators. The plasma in a linear geometry MHD generator flows through the
duct in a roughly linear path. An open cycle MHD generator does not recycle its
working fluid. In contrast, closed cycle generators recycle their working fluids, usu-
ally liquid metals or noble gases. Many possible electrode configurations exist, but
the diagonal electrode configuration is one which shorts most anodes and cathodes
diagonally throughout the channel along equipotentials. The diagonal connection ex-
ternal circuit imposes an electric field angle and consolidates the many segmented

electrodes into a lesser number of power electrodes at the channel extremities. The
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dlagonal electrode conﬁguratlon is a compromlse between the Hall and Faraday elec-
trode conﬁguratlons and as such, utlhzes both the Hall and Faraday electrical fields -
in generatmg its terminal voltage. MHD generator electrodes are segmented, divided
into numerous insulated electrodes in the axiel direction, in order to prevent shorting
the axial electric circuit within the channel.

Coal is an abundant fuel in theﬂ,United States. MHD may be an _environ—v '
mentally advantageous method for coal-fired power generation. The efficient MHD
generator produces less earbon dioxrde, and the alkali seed‘efﬁciently removes any
sulfur coal polluta,nt One enriches the fuel mixture in a coal-fired M'HD generator
with oxygen to attain very hlgh combustion. temperatures The coal may be burned at
very high temperatures because the MHD generator has no moving parts.in contact ‘
with the flowing combustlon mixture. The higher cornbustlon temperatures mean
higher Carnot efficiencies may be obtained for the combined c&cles. The MHD duct
effluents flow into the bottoming cycle at about the same temperature as the‘ com-
bustioh temperatures for a stand-alone coal steam pladntt Therefore, any net energy
produced in the MHD topping cycle improves the efficiency over that of the stand-
alone, corlverltional steam plaht. quortuna,tel'y; coal sla,g', glass-like coal components,
create difficult corrosion problems within the duct. .

A number of studies have been completed during development of linear ge- -
ometry, open cycle MHD generator theory, and these studies explain speeiﬁcs of the
issues introduced above. Two such texts are a 1978 joint-U. S. A. and U: 5. S. R. ‘
study [6] and a 1969 British study [7].

Of particular interest is the quest1on of how one might eventually control the
combmed MHD-steam plant conditions to supply a large range of load demands. The
solut1on could require modification of toppmg cycle operatlon mod1ﬁcat10n of the

bottoming cycle.operation, or a combination of both. The MHD generat'or is often
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considered a constant load device, but early commercial developers may ask’ that
the MHD generator cg;ntribute to load following. Indeed, it was p'roposed that the
28 MW . Billings demonst:ra,tion plant design [8], which unsuccessfully competed for

a United States DOE Clean Coal Technology granf in 1993, have the c‘apabili'ty td

vary its electrical power output from 40% to 105% of the'nor_nina,l load. A number of

' papers have claimed .to address parts of this problém, but becé,use of t]:'1e problem’s

cbmplexity, each uses simplifications, and the results ha\./e been largely anecdotal.

One simplification required for this and most other co_mbined' MH]');steam
plant system studies is the separation of MHD dynamics and steam plant dynamicé.
The MHD topping cycle -respbnds_ almost immediately to fuél and load changes while
the steam plant may take over one hundred seconds [9]. This assumption allows the
MHD topping cycle to be treated as an algebraic input-output model for the dynamic
responses of the steam bottoming pia,nt. From the combined cycle control standpoint,
only the steady-state behaviors of the MHD generator need to be addressed in this
. thesis. | ‘ .

Some of the more significant, previous system studies of MHD-steam plant
behav1ors will now be cited. These studles and the methods used in these studies lay .
t}1e groundwork for the computer experiment and computer model used in this thesis.

Trung [10] and Matair [11] simulated the connection of MHD generators to
commercial power grids in their PhD theses. Each used ﬁime—dependent computer
models which couple the electrical and ﬁuid interactions within the MHD channel. | °
The moc.lelhs were built upon a complete formulation of the MHD conservation equa-
tions, which have become the standard for computer MHD simulations. These theses
are noteworthy for having’integr;dted the MI—iD model and external power grid through
multi-pulse bulk inverters. Combined cycle operation was not studied.

Tshikawa [9] combined a similar computer model with that for a rotating
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gener;q,tor at tﬁe same power bus. The rot@ting machine represents steam boiler tur-
bine generation using a syhchronous’ machine. The synchronous machiné was modeled
by Park’s equations. The MHD invel;ter and synchronous generator of a C(.)mbined
cycle plant necessarily sha,.re the sz.mme_. bus. He 6bserved'thqt the MHD topping cycle |
can have a great effect on the steam turbine s&stem, but the féedback from the steam
plant to the MHD topping cycle is rather small. This observation is partly explained.
by the relatively small proportién of MHD topping cycle power extraction in the com-
bined MHD-steam plant power production. Ishikawa concluded that stability of fhe
overall system should not be a troublesome issue because of the lack of feedback and.
the fast MHD dynamicé. |

B_oulémy [12] concluded that the MHD portion of tl-le combined MHD-steam
plant must be controlled by the electrical Iﬂower take-off of the cha;nnel. The other
inputs ha,v'e.response ratés in the fange of 1% .per minute, and the coal feed system
may ta,kle an hour to fﬁlly respond to requested changes. Only the ele'ctri_(':al power
take-off (PTO_) Has response times on the same order as MHD dynamics.

Jackson [13, 14].suggests that the MHD topping cycle power extraction might -
be shut down during fault transients. This control could be accomplished very quickly
by introducing electrical short or open conditions across the MHD phannel. However;
‘one must then ask if the bottoming cycle is able to handle th_e'ex.cess heat during-
such a transieni';. Any such control strategy must be faster than the fastest response
time of the bottoming cyclé. |

A number of papers aemonstrate ﬁhe MHD plant coﬁtrol expérience developed
at MSU. Rudberg [15].has' shown considérable expertise in boiler dynar_nicé. Aspnés, -
Pierre and Johnson [16, 17, 18, 19] have completed a study similar to the present one,
in which ’.chey.inveétigat.ed the effect of coal feed and ox&gen preheat on combined,'

pla,ﬁt dynamics. This early study utilized only two independent input variables and
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modeled a Faraday electrode configuration channel.

_Statement of Problem

Not one of the cited studies adequately addresses the range.of operetion avail-
able from a glven combined MHD-steam plant design or the ramifications of modlfymg
MHD generator operation within tha,t ra,nge to supply dn‘ferent steady-state loa,ds
The prob.lem. may be divided into three parts: What is the available range of opera—
tion for the topping cycle? What is rhe available ra,nge of .operation for the botfoming
'eycle? And what is the range of opera,tion for a combined cycle plant? Of these qdes—
tions, the question of steam plant caJpanilif;y is fairly well understood after years of
" steam plant opera,tiorr. The question of combined pl:a,nt operation requires the answer ‘
to the .ﬁrst question. T}rerefore, this thesis will address only the topping cycle portion
of- t}re problem. - : ,

| The logical procedure used to address the thesis question is as follows:. A"
steady state computer MHD duct model is developed This model relies on ﬁrst
pr1nc1p1es physical theory and experlences reported in the 11terature The computer
model is then used to model the nominal opera,t1on of an ex1st1ng and operating MHD
_ generator for which steady-state data exists. The a,ccura,cs/ with which the compu_ter
model predicts the steady-state condition of the physical MﬁD genera,tor is crit.iqued.A
At this point, one knows the strengths and weaknesses of the eomputer model. The
computer model rs'then used in a series of parametric studies -'spanning‘ as large a
-domain as possible. 'Relying on a number of criteria cited in the literature as causing
or predicting harmful MHD genera,tor stresses, one can then characterize an allowable

operating region for the 1nvest1ga,ted MHD generator
Loa,d capab111tles and efficient operation can also be discussed from the para-

metric study results.  However, any results must be discussed from the perspective
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of the MHD generator apart from any system considerations. For example, it may
be economical at some reduced load to turn off MHD interaction altogethér and use
only.the thermal flow frorﬁ the MHD genera,for in a bottoming cycle. This systems
solution cannot be predicted. from this'stud'y, but the results of this study could help
the systém controller decide when it is _best to turﬁ off the MHD interaction.:

One hopes that theresults of this sfudy may be ex.trapolated or scaled to other
and possibly larger MHD generators. Great care must be used in making any such
conjecture. Any limitations found for topping cycle operation may affect the ability :
of a combined cycle plant to supply a wide load range. It is hoped that this thesis will |

‘be helpful in eventually investigating the capabilities of the combined cycle plant.

Thesis Overview

The first four chapters discuss portions of the thesis computer model. The
next two present experimental results. The ﬁﬁal chapter summarizes résults, offers
conclusions and suggests areas for possibie further study.

In cha,ptef 2 the real gas model'is described. The model consists of a num-
ber. of lookup tables representing the equilibrium properties of a Montra,na, Rosebud
coal combustion mixture. These tables are interpolated. using'a multidi_mensiona,l
Hermitian spline FORTRAN computer program set. The program set allows up to
five independent variables and is one of the factors which allow sucil a broad set of
parametric studies to be undertaken.

Chapter 3 describes the computer electrical model, which consists of internal
~ and external circui.t portions. The internal model is of fhe eqﬁivaleﬁt circuit type and
models electrical-fluid interactions using electrical circuit elements. The internal and -
‘external circuits must be solved by relaxation. |

Chapter 4 describes solution of the quasi-one-dimensional flow problem by a
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modified finite volume metho_d. The method was adopted for this study: because
it solves the steady-state duct flow without numerical marching in time. Pressure,
velocity and stagnation internal energy are chosen as the fluid sta‘;es. |

In chapter 5, nominal steady-state 1beh.a,vior of the thesis computer model is
compared to nominal data from the POC channel operated for the United States
Department of Energy by MSE, Inc. in Butte, Montana. It is found that electrical
power extraction is 'overéstima,ted, and channel therrﬁal .power loss to the walls is
- underestimated. Other\'ivise, modeled behaviors are acceptable.

Chapter 6 presents and discusses the results of a s'erie.s of parametric studies
using the POC channel model. A total of seven possible control variables and diagonal
angle are used as independent variables. The ?esults are discussed ana summarized
u'sing five basic criter‘ia,, ijelated to identified channel stresses or générator efficiency.
The computer model allows investigation of operating conditions which have not yet
" been tried 01; cannot Be tried on research generators.

~ Finally, the results are summarized,; and condusions are offered in the last
chapter. It is céﬁcludéd that the allowable oberating region for the Butte POC
channel is large, but efficient operation of the POC channel demands a much smaller
operating region. These results may be extended to larger channels, but it must be
understood .thét the Mach behavior of high interaction channels may dominate all .
other effects. |

The appendix to this thesis contains all FORTRAN program lis'tings used in
this study. Any symbols not explicitly d.eﬁned in the t’;ext' may be found in the List

of Symbols within the front sections of this thesis.
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CHAPTER 2

MODELED FLUID PROPERTIES

Modeling Combustion Product Flows

This chapter chronicles how fluid propellt-ies were modeled in this thesis. The
modeling of combustion product fluid flows is a complex art due to the inhomogeneity
. of the combustion mixture, the extreme temperatures and pl;essures within an MHD
duct, and the fact that the combustion mixture changes as it traverses the duct length.
‘The ideal gas lé,w |

| | P = pRT | ' (1)
holds well for only éimplé, pure, monatomic gases at moderate temperatures and
pressures. Pure, real gases like carbon dioxide and water vapor exhibit more complex
behaviors as they expand, condense and possibly dissociate at temperature and pres-
sure extremes. Combustion gas mixtures are even more corﬁplex because the mixture
continues to react and changes numbers and identities of mixture components.

-To make the modéling'of the combustion mixture tractablé, it is assumed that
all (;omponenfs instantaneously attain their equilibrium composition and e;quilibrium‘
properties at every location a,longrthe duct. This assumption ailows equilibrium
conditions—measured', or simulated—to be compiled throughout the domains of re—. -
actant composition, t'emperature and pressure. For this study, such a ‘cqmpilation
of equilibfium conditions was prepared by MSE, Inc. in Butte, Montana, é,nd the

resulting tables were interpolated by a cubic Hermitian spline FORTRAN program
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set. The program set and interpolation procedure are described in the first part of
this chapter. |

The MHD cbrﬁbustor section is not modeled as part of the flow train in this
. thesis compﬁter rﬁqdel. Combustor behavior is described instead by a set of iﬁterpo—
lated tables again prepared by MSE. The interpolated tables introduce the total flow
rate and specific stagﬁation enthalpy at the (':ombusto.r-nozzle‘interface, where (the
computer flow model begins. Another table helps predict combustor thermai cool- .
ing fequirefnénts. All the MSE combustor data was prepared at MSE, Inc. using a
" plug ﬂOW, equilibfium energy balance combustion computer model. The equilibrium
combustion product code used by MSE is similar to the NAS.A—SP—273 code used in .
Chandra [20] a,nd"a number of'othe.r:s. Slag retention of 30 % was assumed. The
enthalpies introduced iﬁ these MSE data tables are calcuiated for the true combus-
tion mixture. Many combustion studies use instead the enthalpy of fully combusted
products. This difference must be remembered during any data comparisons.

The hiéh velocitiés (approaching Ma,-ch 1.5) .within a supersonic MHD duct
also complicate the modeling of fluid properties. A flowing fluid has a 'set-of stagna-
tion properties, which correspond to a stationary reference.point, and a set of static
properties, which corresﬁond to a reference \frame moving at the fluid’s velocity [21].
Translating a static property into its related stagﬁafion broperty requires proper ac-

counting of the transformation of kinetic energy into internal and expansion enérgies.

Cubic Hermitian Splines

A FORTRAN program set was developed to read a number of combustor and -
equilibrium combustion product property tables (F1), create an indexed spline.data
file (SPLINER), and later interpret that data file using cubic Hermitian interpolation

(SR). See the appendix for these FORTRAN program listings. This program set
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creates and interpolates splines in up to five independent variables.

The mathematical formulation of the spline algorithm is -an extension of the
one- and two-dimensional cubic Hermitian spline formulations found in texts like
Prenter’s Splines and Variaiional Methods [22]. The cubic spline‘ of a given function
in domain z may be carried out in any dimension as a weighted sum of products of
the two basis fuﬁctions shown in Figﬁre 2. Let the first basis function ¢1 at a node

.in dimension z be wejghted‘ by a magnitude at that node. The second, ¢,, will be
Weighted by a gradient at that node. A function may be approximated in a single

dimension having N nodes by

. .
Ez_:f(wk ¢1k+jf (2)

In a second dimension,

N] N2 af
Jf(ml, -'Bz Z Z f T1,k> T2 1)9251 k¢1 1+ f($1 Ey T2 l)a ¢1,k¢2,1
C T k=1i=1 Ty
. 8 82 S
+f(z1,k, 562,1)8—;1 . ¢2‘,k¢1,lr+ a—wﬂ;—wz‘w éz,k%,l, | (3)

a,pd so on for higher dimensions.

The spiine calculation becomes inefficient for high dimensionality. In fact, the
calculation effort increases by at least 2", where n is the dimensionality. This means
that working with more than about five dimensions becomes impractical. Although
the multidimensional cubic Hermitian splines are computationally costly, they create
‘accurate interpolations for which all gra,dien"cs are continuous.

An option in the SPLINER, SR program set allows one to drop to quadfatic
1nterpolat10n near funct1on boundaries. This optlon was used for all interpolations in
this study, and it is a wise optlon whenever gradlent data at function boundaries is of

questionable accuracy. The program linearly ext_rapolates beyond function bouhdaries
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basis function #1 basis function #2

0.05 =

-0.05

-0.15

Figure 2. Cubic Hermitian Spline Basis Functions

if it is necessary to do so. A warning may be implemented in SR to warn the user

when an extrapolation beyond the original function domain is being performed.

Real Gas Data

It is appropriate to demonstrate some of the real gas property spline interpo-
lations at this time. Not only will these examples demonstrate the spline capabilities,
but they also should be referred to when reviewing later parametric studies. For
example, the dependency of equilibrium temperature upon stoichiometry may be
instrumental in later interpreting the parametric study using stoichiometry as an in-
dependent variable. Table I lists the real gas and combustor state interpolations used
in this study. Table 2 gives the domains for the independent variables in each of the
splines.

Figure 3 shows the dependence of combustor stagnation enthalpy upon its five
independent variables. Since it is hard to visualize multidimensional surfaces, the plot
shows variation in combustor stagnation enthalpy while four independent variables

remain fixed at their nominal values (shown in the key), and the remaining variable
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. spline -

~ description

Ho,l(ea @,S,Poyl,Tp)
. W(@,_@,S-, PO,I)TP)

o(0,®,s,P,T)
w(©,9,s,P,T)
T,(0,®,s, P,, H,)
T(©,®,s,P,H)
e(©,9,s,P,T)
Z(0,®,s,P,T)

combustor stagnation enthalpy
' total flow rate-
equilibrium conductivity
equilibrium electron mobility
equilibrium stagnation temperature
equilibrium static temperature
-equilibrium gas emissivity

equilibrium molecular mass

Table 1: Equilibrium Real Gas and Combustor State Spline Functions

Combustor Splines

symbol definition range ~ units
C) oxygen enrichment [0.2099 : 0.425] | mole fraction O,
o stoichiometric ratio [0.85 : 0.95] mole fraction
s . seed ratio | [0.0 : 0.025] mass fraction K
P, combustor stagnation pressure |  [3.0: 6.0] atm
T, oxidant preheat temperature | [922.2 : 1089.] K
_ Equilibrium Splines
symbol definition - range units
© oxygen enrichment | [0.2099 : 0.425] | mole fraction O
o stoichiometric ratio | [0.8 : 1.0] mole fraction
s seed ratio [0.0: 0.025] | mass fraction K
p pressure . [0.25 : 7.0] atm
T temperature  |. [1300 : 2800] K
 H specific enthalpy [1.5:5.5] MJ/kg

Table 2: Independent Variable Domain Summary




16

is varied throughout its domain. Each independent variable has been normalized by
dividing it by its nominal value. There exist strong dependencies upon oxygen en-
richment and upon stoichiometric ratio. Combustor temperature, and consequently

combustor enthalpy, rise as more and purer oxidant is added to the combustion mix-

ture.

/ oxygen enrichment [0.425] --—-
/ stoichiometric ratio [0.90] --—-
/ seed fraction [0.017] ... )

comDustor stagnation pressure [600 kPa] ----
/| oxidant preheat temperature [910 K] ----

0.6 0.8 1
normalized independent variable

Figure 3: Combustor Stagnation Enthalpy Dependencies

Similar figures are included for equilibrium conductivity and temperature. Fig-
ure 4 for conductivity shows that the first one-half percent of metallic seed significantly
increases conductivity. Additional seed does so at a lesser rate. The conductivity of
unseeded fluid is negligible. Equilibrium temperature (Figure 5) at a given pressure
and enthalpy is a strong function of both oxygen enrichment and stoichiometric ratio.
Again, coal burns hotter with more and purer oxidant.

Figure 6 shows that conductivity is a strong function of both temperature and
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oxygen enrichment [0.425] --——--
stoichiometric ratio [0.90] ----
seed fraction [0.017] ...
channel entrance pressure [260 KkPa]
channel entrance temperature [2600 K]

0.6 0.8 I
normalized independent variable

Figure 4: Equilibrium Conductivity Dependence upon Three Independent Variables

2800
2750
2700
2650
oxygen enrichment [0.425] --—--
stoichiometric ratio [0.90] ----
seed fraction [0.017] ...
channel entrance pressure [260 KkPa]
2600 channel entrance enthalpy [4 MJ/kg]
2550

0.6 0.8 I
normalized independent variable

Figure 5. Equilibrium Temperature Dependence upon Three Independent Variables
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Figure 6. Equilibrium Conductivity as a Function of Temperature and Pressure

pressure. Other independent variables are held at their nominal values for this figure.
Higher temperatures encourage ionization, but high pressures increase ion collision
frequency and reduce the likelihood of free ions. Only a small region of Figure 6—
that with temperatures between 2000 and 2600 K and with pressures between 0.5
and 2.0 atm—are significant to the operation of an MHD generator. Conductivity is
unlikely to exceed 12 mho/m.

Figure 7 gives fluid temperature as a function of enthalpy and pressure. Tem-
perature does not change greatly with pressure, but it changes rapidly with enthalpy.
The same spline is used for evaluation of both static and stagnation temperatures.
Static temperature is evaluated from local static pressure and specific enthalpy; stag-
nation temperature is evaluated using stagnation pressure and stagnation specific
enthalpy.

Other real gas functions are not shown in this thesis, but it is worthy of
note that electron mobility is a strong function of pressure. As pressure is lowered,

the mean time between electron-particle collisions increases, and electron mobility
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3000
2500
2000

1500

pressure (atm) 5 = e 2

Figure 7: Equilibrium Temperature as a Function of Pressure and Enthalpy

improves. The effect of pressure on electron mobility also affects the Hall parameter
since

13=fiB

for electron mobility /i and magnetic induction B.

Other Fluid Properties and Relations

The states of the numerical solution equation set are P, the static pressure,
v, the velocity, and £0, the stagnation internal energy. The reasons for the choice of
these state variables will be discussed in chapter 4. Most other fluid variables are
updated in module NONLIN as now described.

Stagnation and static enthalpies are calculated from the states.
(4)

and

V
in=1/o . ©)
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_ Once T and T, have been interpolated, the constant pressure specific heat may
be deduced ' : ' )
: o2 -
| C = 3T =Ty (6)
and the ratio of specific heats is
C .
: (7)

In this equation the ratio I—;, a gas “constant,” varies with average molecular mass Z.
Then the sfagnafcion pressure may be calculated.
(8)

P, = P(%)T—L:

A modified ideal gas law couples static pressure P and density p.
Pz : '

- 9

P = RT ®)

All of these are standard thermodynamic gas relations.. However, deducing

specific heat C, as shown in equation 6 is unique. This technique was found to be
better than direct implementation of the specific heat definition '
 OH -
Cp = '(a_T)p . (10) .

in this fprmﬁlation.
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CHAPTER 3
ELECTRICAL MODEL

The MHED computer model used in this thesis simulation consists of a fluid
model and an electrical Iﬁbdel. The fluid model is integrated to update the state, from
which all ﬂuid f)roperties can be derived. The électrica,l model equations, alohg Wif;h
those fluid property evaluations describéd in chapter 2, are solved as side equations.
The calculated electrical properties, in tﬁrn, a:ffecf the next iteration of.the ﬂﬁid_-
state. Electrical_power extraction interacts with fluid flow by producing a retar‘ding
body force (; X B) and a power extraétion (; . E) The body forcé retards flow
and generdtes back pressure. The power extractiqn reduces stagnation enthalpy and
stagnation temperature through(.)ut the channel.

The eléctripal model has been separated into an internal electrical model a.nd' _
an external electrical model. This separatiori allows érééfc flexibility in the types of
_external electrode conﬁgﬁrations which can be invéstigated. The internai and exi‘;erna,l
electrical models must be simultaneously iterated. A ‘criterion’for thé stability of this
method shall be proposed based on é,n analogy to a simple series sourcé and load
circuit. An integral voltage drop mod.el is 'a,lso introduced. " The voltage drop is
: di\}ided betw.een internal and extell‘nal models in a Wéy which stabilizes numerical

solution of the overall electrical circuit.




The MHD Char_mel Internal Electrical Model

'The formulation of the internal electrical model begins with Ohm’s law [3].

1
{
{

. o |
=o(E+7 B)IEHXB (11)

Finite segmentation of electrodes reduces the condﬁctivity o and the Hall

pa,ra,metef B to o.g and Beg [3], where

= c___ - (12)

70 T T4 a(f - 044)
and : :
Pt = T alp = 040)" i -3

. The eiectrode s_,egmentation';“atib a i5 defined as the ratio of electrode pitqh'to the
separation between anode and cathode. The anode é,nd (;a,th<.)de electrode separation
is a constant, the channel height h, in many Z-bar sidewall MHD channels a,nd shall
be assumed constant in this t‘;heéis. channel model.

| A number of assumptions are necessary before proceed.ing. Fi-r'st, assume that
only the axial velocity component v, 'is's-igniﬁca,nt, and properties like'coﬁductivity
o, induction J§, .Hall parameter 3, electric ﬁéld E, énd ‘current density ;'Vary only
" in the axié,l direction. This assumption is inhe.rent: in aL. qua:si—one—dim‘ené,ional fluid
modei. The great axial currents in some diagonal or Hall generator channels r.es_ult in
significant transverse pressure gradients and traﬁsvers_e 'veloc.;ity'comf)onents. 'Thesé
transverse nonuniformitiés violate the above assumption. Hdweyer, the qua_si—éme—
dimensional model remains useful if one works with quantitieé averaged across the
transverse directions. Second, one assumes tha,t‘ the only channel electric ﬁeid and
current components are in the z-y plane This assumption is somewhat violated in

channels with conductmg Z-bar [23] sidewalls. The z tensor conduct1V1ty is greater
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. than that in the z-y plane [7]. Therefore, thére will be currents iﬁ the z direction
near the conducting sidewalls.
Nonetheless, the increaéed_ complexity of a higher dimension model is ﬁot jus-
tifiable at this point. Hence the simplified two-dimensional components of Ohm’s law

may be written as :
ja: = UeﬁEz — ,Beﬁ’jy . ' i (14)
jv= 0ug(By —vaBy) + Begior (15)

After-rearranging these two equations and integrating over the discretized con-

trol volume, one can write

‘/.7: __ Az - _L . Iz .
. — Teff W ow (16)
V, + hvB: T I,

- The symbols Az, h and w represent control volume dimensions in the z, y and
z axis directions, respectively. Figure 8 shows the equivalent internal channel circuit
for equation 16. The simpler notation R has been introduced in Figure 8 by rewriting

equation 16 as . _ _
Va Riz Ray | |- Ls .
| =- | (1)
V, + hvB Ryz Ry | | Ly '
The matrix diagonal mgmbers_in eQua,ti(')n.17 are represented in the eqﬁivalent circuit
as resistances, and the off-diagonal Iﬁatrix members- are represented as dependent
voltage sources. The terms Vpg in Figure 8 represent the non—ohrr.li.c portion of
the total voltage drop at the electrode surfaces. The voltage drop, not shown in
equation 16, is treated as a necessary coﬁection to the total traﬁsverée voltage V.
A two-dimensional equi‘;/alent circuit techﬁique for modeling‘ channel elec;

“trical interactions was first introduced by Yoshida and Umoto in 1980 [24]. The .

method has been more recently been used by Hammerstrom 125, 26, 27], Inui [28],
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Figure 8: Internal Circuit Model

Ishikawa [29, 30, 31], Martinez-Tamayo, H.ruby and Pote [32], Yoshida [33], and others.
Sorrie_ researchers, most notably Ishikawa and Yoshida, have successfully used greatér
transverse discretization of the equivalent circuit. However, the added complexity
of greater transverse discretization may not be justiﬁé,ble for use with a quasi-one-
dimensional flow rl;lodel, and the correct method for distributing currents throughout
a compiex eciuivaler;t circuit mesh W'ith body forces is 'not clear. Yoshida [24] intro-
duced a rotation of the equivalent circuit to makfz the transverse circuit axis parallel
to the diagonal configuration diagonal angle §. The benefit of this rotation is unclear.
The rotation m?my, in fact, complicate representation of channel current paths. Other
investigators have introduced Rosa’s nonuniformity factor G into the two—dimensi,oﬁal

equivalent circuit formulation [33]. The effect of fluid nonuniformity in reducing
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electrical parameters may be significant and real, but inclul,sion of this factor iﬁto a
first principles,model does not appear.to be warranted. |

The great advantage of the two-dimensional equivalent circuit model is .tha,t.
terminals of the interﬁal circuit model correspond' immediately to multiples (or frac-
-‘tions) of electrodes, depending on the Jf'iner.less_of discretization. Therefore, th¢ ex-
ternal circuit may be modeled with as great complexity as necessary. The a,x;‘erage
axial and transverse current densities, j, and j,, are readily approximated from axial
equivalent cir‘cuit current I, and the averaged tranéverse equivaient circuit current
I,. Averaged electric fields F, and E, me;y be approximated from the total voltages

between nodes, V, and V,, where V,, is reduced by any electrode voltage drops Vpg.

"I)‘he External Circuit Model

The external electrical circuit models one’s choice of electrode coﬁ-ﬁguration. '
Three possible and common electrode configurations are shown in Figul;e 9. The sim-
ple segmented Faraday conﬁgﬁration allows no axial channel currents, and transverse -
currents are proportional to channel loading. On the other 'ex.treme, the loaded, éeg—
mented Hall generator muét allow axial channel currents. The open circuit Hall gener-
ator is equivalent to the fully short circuited Far@day geﬁerator, a,ﬁa great transverse
currents flow. Therefore, the currents in a Hall generator d.o.not directly éorrespond
to channel loading. The sgg‘n'lenfed" diagonal generator channel should be expected
to behave much like a Hall generator. However, a diagonal MHD generator can, in
- theory, be designed to minimize axial currents at its nominal operating condition-.
- The diagonal configuration is of primary concern in this thesis. Module EXT-
CIRC is a flexible subroutine in which one calculates ele<.:trode currents given the
solved electrode voltage profile from the internal electric circuit model. Any elec-

trode coﬁﬁguratio_n may be modeled. The version of EXTCIRC presented in the
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Figure 9: Faraday, Hall and Diagonal Electrode Configurations

appendix models a diagonal electrode conﬁguration. as shown in Figure 10. In this
diagram, R (0.050Q) represents diagonal couuection losses nominally chosen to give
3% electrical losses. R4 represents generated load power; Riyyt (0.03Rj0q), inverter,
consolidation and transformer losses of 3%; Viaet (not implemented), inverter back
voltage and Rdr,,p, the calculated resistive pol‘t1on of the electrode voltage drop. One
electrode from each PTO region is selected as a master, and it is assumed that lossless
consolidation occurs [34]. The master electrodes are used to calculate the load voltage
and load current. The load current is shared edually amoug PTO electrodes.

The alternatives to the paired equivalent internal circuit and‘external circuit
models for modeling diagonal electrode co_nﬁgurations are a discretized field solu-
" tion [35, 36] or a load current conservation equation [7]. The field solution formulation
~ is initiated by differentiating equations 14 and 15 with respect to their axis variables.'
EX3

The results are 9z and 8"” .'If one assumes that the current density field is sourceless,

the divergence of j is zero.. '
%i: | 0y

9z - By:'o_ . (18)

The method has been used with success, but the interaction between internal and
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anode PTO region

cathode PTO region

-each modeled electrode represents four
-62 modeled electrodes

-the diffuser is grounded
-MA and MG are master anode and cathode
-overlap is 3 modeled electrodes

Figure 10: Diagonal Electrode Configuration Modeled by EXTCIRC Module

external circuits is not easily implemented. Also note that integration of equation 18
over a control volume simply yields a statement of charge conservation. The equivalent
circuit method is, therefore, similar to an integrated form of the field solution.

The second alternative is the equation
Oz JOXAA load (19)
This equation in concert with the relation
El
cot9 = — 20
Ex (20)

and the two Ohm’s law equations 14 and 15 may be used to fully define the diago-

nal electrode configuration. This alternative has the advantage of allowing one-pass
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spatial marching solutions (ée. Runge-Kutta) to the stéady-sta,te _equa,ﬁon set. It Has
disadvantageé of requiring a prioriknowledge of the load current, incorrectly calculat-
ing PTO reg-ions,. and averaging out éffects of rapid axial changes Wifhiﬁ the channel.
The method proposed for this thesis requires no prior knowledge of load current and

properly relays information both up and down the channel via the diagonal angie.

Boundary Layer Voltage Drop Model

The theoretical voltage developed in an'MHD channel must be reduced by a
voltage drop near the electrode surfaces. This volta:ge drop is attributable to ohmic
losses through the s'la,g; the mechanics of charge transfer to the electrodes, and nonuni-
‘formities in the thermal and velocity boundary layers near the electrodes. The voltage
drop model incorporated into this thesis computer model is of the int.egra;l a,pI;roa,ch
type [37]. In this approach, one calculates bulk boundary layer properties like thermal
loSé and total voltage drop by integra;ting through the depth of the boundary lé,yers .
and slag. Reasonable tempela,ture and ve1001ty profiles must be assumed

Gupta and Rohatgi [38] proposed a voltage drop model having three parts in
their 1982 paper. The model is specific to, slagging MHD gener@tors. The first part of
the model consists of the ohmic drop through the slag. ‘A linear temperature profile
through the slag is assumed, and the slag depth is integrated between T at the slag-
ﬂuid interface and T, at the duct wall. The simulations in this thesis assume a duct -
~wall temperature of 1400 K and a slag wall temperature of 1750 K.
| A second component toﬁthe voltage drop. model is ca,llea an elect?ica,l sheath
voltage drop. It is caused by the assumed dlffuse charge transfer mecha,msm at
electrode surfa,ces. The term generally contributes little to the the overall volta,ge'
drop. The assumption of diffuse charge transfer will be in error _for high electrode

current densities, for which the arc mode of charge transfer becomes impdrtant [63].
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The last component of the voltage drop model comes from integration of elec-
trical parameters through the nonuniform thermal boundary layers. A \ th power law
boundary profile for velocity and temperature is assumed. The sum of the three
voltage drop components gives the total voltage drop at an electrode surface.

The majority of the total voltage drop is proportional to electrode current.
Figure 11 shows that the total voltage drop may be modeled by resistors (ohmic com-
ponents) and voltage sources (non-ohmic components). Module VDROPR calculates
an equivalent resistivity for the ohmic components, and VDROPP calculates a volt-
age drop for the non-ohmic components of Gupta and Rohatgi’s model. The resistive
component is used in the definition of the external circuit in module EXTCIRC, and
the other modifies the internal circuit in module SOLVELEC. The electrode voltages
used in the computer simulations are not the true electrode voltages, but they are
instead voltages located within the thermal boundary layer. This artificial location

of electrode voltages stabilizes numerical solution of the electrical model for reasons

to be described later in this chapter.

electrode length---------- oo insulator length —------- 1
--------------------- electrode pitch 1
cold wall
Loﬂmic drop i
slag wall voltage drop j
electrode 'E)herm dal
voltage - oundary
_L_ non-ohmic layer

voltage drop

to
internal
channel
circuit

Figure 11: Voltage Drop Components Near the Electrode Surface
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The resistivity calculated in VDROPR must be increased to reflect the fact

that the electrode surface is less than the electrode duct wall surface. In other words,
Jy is greater near the electrode surface than it is in the core flow.” A factor of ﬁ—"’ is
used to reflect the fraction of electrode wall area to the lesser electrode surface area.

This factor is assigned the value 1.4286 for all simulations in this thesis based upbn

descriptions of the 144 channel [39].

Numerical Scheme

A

An ite;rative solution to the iﬁternal and external electrical circuits is necéssary
for flexibility in modeling varied external electrode configurations. A non-iterative
matrix solution would have to be reposed for every change in external electrode
co'nﬁguratioﬁ. Simple relaxation of the internal and external circuits is utilized.

Suppose the systerﬁ could be treated as a Volta:ge source' V, in seriés with its
internal impedance Zs-'and a passive load Zy-as shown in Figure 12. First calculate | ‘

a voltage across the load given initial current ;.
Vi=V, - 1.2, | (21)

‘Then use this voltage to calculate a revised current. |

Ii+1 — Z ’ . (22)

A few iterations of this scheme very quickly show that convergencé is guaranteed
only if the load impedance is greater than that of the source. Providing this criterion
is met, one may iteratively solve the seri;as circuit by first treating the- source as a
constant voltage source and ca'lc.ulating current, followed by treating the load as a
constant cu;rent source to recalculate the source voltage.

It is proposed that the criterion for suécessful relaxation of the electrical model

internal and external parts is like that for this simple series source and load example.
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source load

Figure 12 Simple Series Source and Load Analogy for Numerical Convergence

Relaxation will be successful only if the load impedance provided by the load Rioai,
inverters and consolidators or diagonal connection circuit R axr exceeds the inter-
nal channel resistance. The internal channel resistance is difficult to quantify exactly,
but the above analogy proved useful in choosing iteration strategies which promote
convergence. Two modifications were implemented in light of this simple analogy.

First, the electrode current calculated in module EXTCIRC is underrelaxed.

At = (1 ~ QU+ (23)

An underrelaxation factor ( conservatively less than in magnitude should guar-
antee convergence. Second, the location of the electrical model electrodes is moved
inside the resistive portion of the voltage drop. This location of the electrode voltage
increases the effective external circuit impedance and promotes numerical relaxation
success. If needed, the true electrode potentials may be calculated from Vdrlthe

modeled electrode voltage and the electrode current.
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CHAPTER 4
" MHD DUCT FLOW MODEL

This chapter presents the numerical method used to solve the MHD flow prob-
lem in this thesis and discusses the reasons for which this numerical scheme was

chosen.

Equation Set

The one-dimensional MHD equation set consists of three equations in conser-

vation form. These three equations represent conservation of mass (continuity)

Op | Opvs |\ P04

ot or TAB (24)
momentum . )
dpvy | Opvl  pw20A  OP .
ot Vo T AGe e [TAB o (29)
and énergy. ‘

0pE, Opv.H, pv.H,0A o : '
- — - g;-Eg; ; .
at + Oz + A Oz Q-I_\j ot Jlly (26)

F and @ represent wall drag force per unit volume and thermal power loss to walls

per unit volume, respectively. The terms with cross sectional area A account for duct
divergence. Although this thesis addresses only steady-state solution of MHD flow,
the above equation set is present.ed in tiﬁle—dependent forrﬁ. Many steady-state Euler
equation solution methods march forward in time at the greatest stable time step
until convergeﬁce occurs. Steaady—state' and transient solution methods do not differ

greatly.
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The Euler equation set is formally described as hyperbolic [40], meaning it has

‘a set of real eigenvalues, v and v+ ¢, where ¢ is the local sonic velocity. Patankar [41]
defines equation types Which correspond to ﬂox;v' types: Parabolic flows are those fo-r
which the state at a location in the duct d,epends. upon only up.str.ea,m states. Ellz'piic A
flows are those for which the étate at a location depends upon both the upstream
- and downstream states. Hyperbolic flows are a special case of elliptic flow for which
the state at a duct location depends upon state information transported upstfeam
~ or downstream along characteristic lines. -Considerable:nuﬁérical simplicity can be
gained if flows can be treated as parabolic or elliptic rather than elliptic or hyperbolic.
In this nthes'is, the one—dime'nsion.a,l MHD flow will be treated as elliptic since flow is .
parabolic in the supersonic channel and at least elliptic in subsonic portions of the L ’
nozzle and diffuser.

What does this categorization imply for iaoundal;y conditions? In the subsonic
combustor, flow is elliptic. Two of the three eigenvalues are positive, and two of the
three states must be defined as inle;t boundary conditions. Flow accelerates through
the nozzle to the choke point, where flow becomes su'p-ersonic and all three eigenvalues
become positive. At the choke point of the nozzle, any two states may be used to
calculate the,.third. At the shock location in the transition section, one eigenvalue |
~again becomes negative, so one state z;,t the diffuser exit must be specified.

In the model used here, input stagnation enthalpy, i.nput- flow rate and exit
stagnation pressure are speciﬁe(i as b(.)unda,ry conditions. r-I‘he input flow rate, pvA, is
not a state, but it speciﬁes-one state in respect to a,nothe'r. The given choicé of inpﬁt
boundary conditions allows combustor p.ressure to vary naturally with ﬂow rate. Orce
the nozzle has choked, flow increases ca,\use combustor préssure increases regardless of

channel behavior. ‘The exit pressure boundary condition corresponds to a controlled

pressure at the diffuser exit. This exit pressure is often slightly above the ambient
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pressure, but it r-na.y be less than or eqﬁél to the ambieﬁt pressure if fans are used
to lower pressures beyond the diffuser. See Messerle [42] for a discussion about the
advantages and disadvantagés of operating with a sub—atmbspheric exit pressure.

- Equations 24-26 suggest the choice of states p, v anc:llé'o, but there are numer- .
ous ‘othe.r options. The most freedom of state variable choice exists for the en’ergy.
equation 26, fpr W}'1ichj o, Hovan'd, T, are equally good choicés. One’s selection from
these three options, however, is inﬂlier_lcéd by his confidence in the specific he_afs Cp
and C, which interrelate ’;hgm. For high temperature coﬁBustion pl;oduc‘p flows like
the ,o.ne in .tilis study, the calculation of specific heats rflay be onezof the weakest
parts of the ,simul.a,tion.' Rigorous <':a,lcula,tion of stagnation state frbm the static state
" requires an integration betweén the two state conditions. In practice, an “averaged”
specific heat, a good representative specific heat for thé transition range, is used to
reduce computation. |

. In this ca,s.e, stagnation iﬁterna,l enérgy &, or stagnation entha_lpy H, are better
choices than either stagnation or static terﬁperature. Of all the priﬁitivé variables,
only Staéhation enthalpy H, is fully C° cohtinuoué ’phroughout the _lenéth of the
transonic duct. Veloéity-vm, pressure P and stagﬁatioh 'en'tha,lpy H, were chosen as
the states in this fluid flow model. The choice of velocity and pressure as st.ates was

. ’ AN

advocated in Patankar’s SIMPLER algorithm [41].

Methods which have successfully integrated the Eu-ler equatioﬁ set include -
Runge-Kutta [lé, 18], MacC(;rmack’s, Godunov’s and Casulli’s schemes [43], Lax-
‘Wendroff [25, 44], variational fnethods [45], and Patankar’s parabolic flow meth-
- ods [46, 35). Finite differences, finite elements [45] and finite volume [46, 35] dis-
cretizations havé all been 1‘1tilized.' Of these methods, Runge-Kutta methods and
simila,r.spati'a,l rﬁarching methods are best ‘suited to fully sub- or supe.rs'onic flows.

The.me'th'ovd.should be halted at shock locations and restarted on the other side.
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Spatial marching methods calculate a steady—state solution in one pass.

The MacCormack and Lax-Wendroff explicit methods may require artiﬁcial
viscosity [40] to.stabilize solutions near discontinuities. Even then, .the methods are
prone to overshoot and may exhibit ringing phenomena [40].‘ Both methods are
iimited by the Courant-Friedrichs-Lewy (CFL) condition [40], which assures that the
domain of dependence of the discretized equation set is the same as the domain of .
| dependence for‘tl-le ph:ysic_a,l system. The speéiﬁc form of the CFL stability condition
depends upon the formulation. MacCormack’s method [43]; for example, has the CFL
sta,bili”cy criterion ) |

At SL, ' - . . - (27)

(loil + €i)mas A -

where At is the maximum stable time step. CFL imposéé-a great restriction on
solution time step size—on the order of tens of microseconds for fnodérate‘s';;atial
discretization. The CFL condition restricts both transient and steady-state solutions
equally when explicit methods are used. The Gudunov method is of the Riémann '
solver type. As such it nicely captures discontinuities like shocks,‘ but the CFL con-
~ dition mﬁst be met [43]. | | .

Patankar’s SIMPLER [41] method was chosen for this study. SIMPLER is a
finite volume.method which staggers the location of nodes. Velocity nodes -a,rel located -
between the nodes at which other states are defined. ‘The mass and momentum equa-
tions are coupled in such a way that each iterative solution for the pressure profile .
and the velocity profile adheres to mass conservation equation 24(. It is a fully impli(;it
method. Fully implicit methods are those metilods which use no data from a previ- -
ous time step in calculating the present state. The domain of influence in the time '
dimension loses its numerical signiﬁcance, and a problém can be formulated to be sta-

ble without adhering to a CFL condition. Therefore, a sfea,dy—sta,te solution can be

obtained in few iterations. This point is important because the spline intefpolations
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introduced in chapter 2 are numerically inefficient, and the number of computer itera-
tions should be minimized. Van Leer flux splitting [47, 48], a mo.notonicity-presefvin"g,
non-centered difference discretization scheme, was uséd for the spat'ial derivative in
the momentum equation. Flux splitting improves stability better than simple upwind
differencing, and it ﬁore correctly reflects the parabolic and elliptic natures of -ﬂow

in supersonic-and subsonic duct regions.

Effects of Boundaries

The variables F' and @), the viscous wall drag force per unit volume and the
thermal power loss to walls pe.r unit volume, are calculated in module FG. The module
FG was originally developed by Pier're, Dud(iing and Miller to model parametric
effects on a 1976 FafadaLy channel design [19, 18]. Numerous modifications to the
code occurred since that study, and it was once again modified for this thesis.. |

Fully developed turbulent flow is assumed There are two 1mp0rtant parts to
this assumption. The first part to be addressed is turbulent flow, and the second part
is the meaning of fully developed. |

Turbulent flow rather than laminar flow occurs in ﬂovx; with high Reynolds
numbers [49]. MHD flows usually fall in this category 3, 7]. The Reynolds numbers for -
the supersomc MHD flows modeled in this thesis are approximately one million. This
thesis model uses one of the many available empirical equations [50] to approx1mate
drag force and heat transfer. These equatiqns are based upon Reynolds number
and a number of other common heat transfer coeflicients. Some researchere have
incorporated more complex, two parameter turbulent boundary models into their
MHD flow models [35, 36], but good turbulent flow models add at least two more
equation sets which must be simultaneously integrated.

As flow strikes an obstacle or flows past a wall, velocity and thermal boundary
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layers develop. The turbulent layer develops until it reaches some constant thickness
at a downstream location. A sta;tihg length of 25 to 40 pipe (:iiameters may be nec-
essary before the fully developed turbulent bounda'ry layer has formed [49]. Friction
" decreases, and thermal exchange to the wall inc;reases as the flow is developing. It is
difficult, however, to simply determine the degree of boundary layer devélopment in- a
duct which has changing cross sec.tiona,'l area. Therefore, a fully developed turbulent
flow model is used in this thesis, and moderate errors are accepted in the first half of
the char}nel, where flow has most likely not yet fully developed.

MHD interactions have been .cla,imed to affect Boundary layer intefaction.
Satyamurthy [51] states that the effects of joule heating and Hall interaction near
electrode surfaces are significant. The coefficient of friction méy be inc_reésed_ in an
MHD chanrel by 30% or more by MHD effects [3] None of these effects were in-
corporated into this thesis model. Less than a 10% channel pressure drop may be
a,ttribute.d ‘to friction in an MHD éer;erator [3]. Therefore, MHD effects in thé chan-
‘nel, if significant, will account fo.r less than a 3% pressure drop over and above that
caiculated without the MHD effects. |

The frictional drag force is characterized by a friction factor ffriction. The term

T* is calculated as

2ffriction Pvz .
=z 2

where the friction factor comes from an equation attributed to Knudsen and Katz
in the Rohsenow and Hartnett Handbook of Heat Transfer [50]. D is the hydraulic
diameter. A sand roughness e of 3 mm is assumed for this calculation.

ffrictiO'r;, = (174:].1’1 (%) -|- 228)—2 A (29)

The thermal wall loss term Q has both a radiation component @, and a
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convection component Q..

g = X I;r Q)

The radiation term is calculated from an equation on page 447 of Chapman [49]. Ra- ‘

(30)

diation flux is a function of the femperature across the .therma,l boundary layer an as-
sumed emissivity (g, = = 0. 6) for the duct Walls and a gas emissivity e calculated from | -
equilibrium combustion product propertles (chapter 2). N; is the Stefa,n—BoLtzmann

constant.
' e T-TE
TR

€

(31)

_T‘he convection term is calculated from an equation attributed to -Sieder and
Tate on page 341 of Chapman [49]. In this equation, the values of N are the dimen-
_sionless Reynolds and Prandtl fluid param_et'ers, the v are viscosities for the core and

wall flows, and & is the thermal conductivity of the fluid.

0.80 033 ve \*M (& .‘ .
Q. = 0.027TN%® NS (——) (5> (Tow — Ts) (32)

w
The convection term is seen to be a largely empirical function proportional to the
difference between the adiabatic wall temperature T, and the temperature of the

“slag wall Ts.

Numéfical Solution

Pa.ta,nkar’é Semi-Implicit Method for Pressure-Linked Equations, Revised (SIM-
PLER) [41] was originally formulated for solutio.r'l of the transverse axis elliptic flows
in three—dimensional'pa,ra,bol'ic flows. Patankar and Spalding point éut 'that‘the.algo- '
T i.thm is not ne'cessa,r’y for one- and two-dimensional pa,rabolic flow [52]. The method’s
ca,pa,blhty to sta,bly solve elliptic flow in one dimension was recognized and utilized in
this thesis. The scheme described in the next para,graphs is 1mplemented in module

SIMPLER which can be found in the a,ppendlx
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First, Patankar points out that all differential flow and diffusion equations are

of the general equation type

3y
ot

V- prp =V -IV+S (33)
for dependent variable ¢, diffusion coeﬂic:ie.nt I' and source function §. Viscosity and
thermal -conductivity aJ1;e_ t‘;wo exé,mples of possible diﬁ'ﬁsion coeflicients.

In open cycle MHD cémbustion flows, one should expect the effect of the :
diffusion terms in t-he axial diréct_ion to be much smaller than, the effect of copvection
terms. This statement cannot be made for two-dimensional flow problems, for which -
the fransverse gradient of the dependent va;ria,ble near walls is significant. In the two-
dimensional ca‘se,' stre.s‘s. tensors repla,;:e the viscous drag term F in 'equ.a,tion 25. The

general equation may be written in one-dimensional form without time dependeﬁce

or diffusion terms.

Oz + A Oz S ' : (34)'

Note that theeffect of duct divergence must be éhown in equation 34. From.
this point on, the term representing duct diVérgenCe Wﬂi be included in thé source
term Sgc Pa,ta,nl;a,r suggests some strategies to improve convergence. First, if possible,
source terms should be linearized in the dependent variable in such a W.ajy't.ha,t the
variable’s coefficient is negative. This strategy was used on the viscous drag term. F

and the area depéndence term in the momentum equation. These two terms have

squared -dependence on velocity.

08,

S:z: = S:z: * a \:z: — ¢ B : 35
ot o], - @

-The starred dependent variable is the value of the dependent variable from the previ-

ous iteration. The linearized term coefficient becomes part of the depéndent variable

coefficient. For variables like pressure and temperature, which must remain positive
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Figure 13: Staggered Node Spacing

at-all times and fo.r_ all iterations, the negative components of the source terms may -
be used to stabilizé the solution. This is true even if the dependehcies of the source
term dre not obvious. . For example, mdny source terms S, can be separated.into pds—
. itive and negative parts S and S . A stablhzmg dependence upon the dependent

variable ¢z can then be introduced into the formulation as

N N )
Discretization is performed as suggested in Figure 13. Note that the velocity
nodes are half way between those major nodes at which all other variables are defined.
The staggering of the grid dampens the spatial oscillations. which often occur in
calculations of pressure e,nd velocity, which appear in the conservation equations
. only in differentiated form. Velocity node enumeration precedes other variable node

'enumeratlon in space by one half of the cell length Az.

The 31mphﬁed and dlscretlzed version of equation 34 is

‘F(¢i—1> ¢i7 ¢i+1) = S:z:a | ‘ ; (37)

where F is a suitable monotone difference operator. A difference operator is monotone
if the partial differential of the dependent. variable in respect to the neighbor variables -

within the discretization method’s domain- of dependence is positive [40]. Simple
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+ upwind differencing and Van Leer flux spl.ittitng are the two Iﬁonofoﬁe difference
0]_:;era,tors uged‘ in thié thesis. Van Leer flux splitting [48] appropriates flux coefficients
in a way which ‘C(_)rrectly reflects the }‘elay of information up or down the duct. State
information i.s t'ransferred both up and down the duct for subsonic flow and only
downstream for supersonic flow.

Let the upwind diﬂ'erén’cing scheme be demonstrated. The gent.ered difference
representation of a ﬂl;.}{ term is modified in the next eqﬁation by replacing aJver'a,ged

node values of the dependent variable by those displaced one-half node upstream.

Opved o 1 [poaf (0 n |
Oz - Az I: 9 i+% (Qéz+1 + ¢z) | 2 i—% (¢z + 9{%_1)“.
_1 | -
= 55 by dimpvliy ] - (39)

The flux splitting operator is given by

1

F=%

[F5(@ )iy = FHQ )iy + F ()1 — f-(Q+>,-_%]. . (39)

The notations F* gnd F- stand for downstream and upstream advection opera-
tors, respectively. The' notations Q- ..and Q% stand for flux variable evaluations
;approxima,ted from the upstream and downstream sides, respectively. The particular
interpolation using evaluations Q@ as shown above is called the monotone upstream-
. centered scheme for conservation laws (MUSCL) 48] and is usually performed with
' secopd order accuracy. In this thesis, first order laccuracy vwill be used so fcilajt‘ the .
resulting banded matrices have only three diag(')nals. Therefore, Q% refer simply to
flux evaluations at the nearest major n(;&e locations upét_réam or downstream.

Liou and Steffen [47] present a particularly readable formulation of ﬂux s;.)lit— '
ting in primitive variables. In their paper, it is explained that the state e.mt any node is
advected by the fluid velocity at that node v = Me¢, where c is the local sonic velocity,

- and M is the Mach number. With this understanding, the Van Leer flux splitﬁng
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operator is shown here for the momentum flux.
A2 (M; £ 1)%cpu, M| <1 .
Fi ! o | (40)
(M £ |Mi))epvs, M| >1

Now the steps of the SIMPLER algorithm can be examined. Equations 24-26

- arerewritten here in the steady-state form used as the starting place for the SIMPLER

formulation. .
o I
- F+i. (2)
p%ig%ja=—Q+ﬁ&#n&, (43)

Note that the chosen form.of the energy conservation equation assumes continuity.
This assumption simplifies the equétion and speeds convergence.
The discretized and integrated form of the momentum equation can be ar-

.ranged to give
iV = Gim1Vie1 + Q10541 — (Piga “".Pi) + Sx'Am'a‘ (44)

‘where a;.is the coefficient for the dependent variable at node <.

Define ¥ using equation 44 such that
v; =0, — —(Pip1 — B). - : (45)
a; -

The variable 0 may be thought of as a velocity calculated without the effect of pressure

gradient. This new “velocity” ¥ will be used in the integrated continuity equation,

pv,,;A|2~+% - P%Ab_% =0, o (46)

to calculate pressure. -
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By substitution of equation 45 into equation 46, Patankar’s pressure equation
" can be derived.

PH_%‘('&i — (Piy1 — P,'))AZ-_,_% - Pi-—%('&i—l —(P; = Pi-—l))Ai—% =0 '_(47) '

Note that both the pressure equation 47 and a later pressure correction equa-
tion use a suggestion from Patankar’s Numerical Heat Transfer and Fluid Flow [41]
p‘rax;tice problem 6.6. This important modification corrects for fluid compressibility
by replacing p with o+ 0, where p* is the best estimate of 'denéity from the last
iteration, anci o' is the density correction due to the present ca,lcula‘,tion‘. Not all the
. details of this fluid compressibility correction will be shéwn in this text. bne may
refer to Module SIMPLER, f01.~ de’@ails. The pressure equation 47 is rearranged to the

form

a;P; = a;_1P;i_q + aiy1 Piga, ‘ (48)

which can be efficiently solved using the tridiagonal matrix algorithm (TDMA) [53].
‘See module TRIDIAG. ’
This updated pressure is used in the momentum equation to define an improved ’

velocity v*, which better"conserves momentum.
a;v} = a1V 1 + @1 Viy — (P — P) + SeAx (49)

This equation is again efficiently solved by the TDMA.
The improved velocity v* is once more inserted into the conti@uity equation,
s = (Pliss = POy = piy ok = (Pi= Pia)) Ay =0, (50)

where P’ represents a pressure correction needed to conserve mass with the choice of -

velocity v*.
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Equation 50 is then rearranged into tridié,gonal form to be solved for pressure

o

correction P’ by the TDMA.
. aiP'i = ai_1P1‘¢_1 -+ di+1pli+1: + p’U:AIi_% — p’U:AIZ_l_% . | (51)

F iqally, the velocity can be updateﬂ.

1
vi=vf - —(Fip— Py . ' (52)

At this poinf, both the pi‘essgré and velocity profiles have been corrected in
such a way that méss ¢onservation is assured. Before the next SIMPLER iteration,
the enefgy equation must be solved for the stagnation enthalpy profile, all ﬂﬁid side
equations must be solved, and the ele‘ctrica,l state must be corrected.

Normally the comple-t‘e SIMPLER, aléorithm Would be considered computation- '
a,ily expensive for solution of a one-dimensional flow problem. However, the algorithm
has a remarkable ability to stabilize and :solve the Euler équatib‘n set in relatively few

- iterations. The magnitudes of the flow rate errofs

it3, (53)

-

| ALy — puiA|

from equation 51 can be summed along the duct length to monitor coﬁvergence
progress. From 10 to 50 iterations were necessary to reduce the summeéd magnitudes
of convergence criterion to about 2 in this thesis model, depending on the accuracy

of the initial conditions.
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'CHAPTER 5
THE NOMINAL POC. GENERATOR

The POC Ge_nerat'or

The 50 MW, 1A4 supersonic, coal-fired MHD generator was'the most recent
in a series of MHD generators tested for the Department of Energy ‘(DOE) by MSE,
Inc. in Butfe, Montana. MHD generator tests at. this facility began in 1980. The
o p'urp'ose-of the research Wa;s to prove the viability of sustained, large scale, coal-fired
MHD genera,fion. MHD generator research at the Butte facility was discontinued in

1993.

. %

. The 1A4 channel] will be referred to throughout this thesis as the -proof of

. concept (POC) channel. MSE collected much data during operation of the POC

channel, and that data is compared in this thesis to results from the thesis computer
model. Result? are reported in the next two chapters. The present 'chapter compares

the modeled nominal operation predicted for the POC with existing data. The neit

chapter evaluates behavior of the modeled channel through a series of parametric

studies.

Table 3 summarizes important nominal operating parameters and compares

them to MSE data. The test conditions. referred to in the table are MSE condition . -

. data summaries from April 1, 1993 (test #2) and September 28, 1993 (test #7). Any

discrepancies from: Table 3 will be discussed. Where appropriate, the table refers the

reader to relevant figures and citations. .
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parameter model | MSE data | references | figure
maximum J 2.31 : , 23
maximum B (tesla) 2.50° | 2.50,2.93 | tests #7,2| 15
electric power (MW) 1.37 0.926,1;21 tests #7,2
seed fraction (%) . 1.70 1.68,1.74 | tests #7,2 _
‘inlet o (U/m) 8.2 7.0-9.0 [54] 22
maximum j, (a/cm?) -1.01 | . 20
diagonal angle (°) 54.1 53.8
load voltage (kV) 6.21 | 4.98,5.55 |tests #7,2| 19
load current (a) 230 - 186,218 | tests #7,2 | 19
load resistance (£2) 26.0 26.8,25.5 | tests #7,2
- thermal input (MW) | 438 | 50.1,51.0 | tests #7,2
combustor P, (kPa) | 603 | 566,598 | tests #7,2| 17
coal flow rate (kg/s) | 1ss 1.85,1:90 | tests #7,2 -
combustor loss (MW) 3.94 . | 4.09,3.41 | tests #7,2
nozzle loss (MW) 0.668 | 0.541,0.510 | tests #7,2
channel loss (MW) 3.42 - | 4.93,4.61 | tests #7,2
diffuser loss (MW) 1.54 2.57,2.41 | tests #7,2
mass flow (kg/s) 8.81 8.05,8.51 | tests #7,2 | .
preheat T (K) 910 | 915,901 | tests #7,2
slag rejection (%) 0 | .67 [54]
combustor T, (K) 2840 | . _‘
oxygen enrichment 0.425 | 0.438,0.405 | tests #7,2
stoichiometric ratio 0.90,0.98 _0.95,0..94 tests #7;2 .
| enthalpy extraction (%) | 3.65

Table 3: Comparison of Important Nominal Operation Parameters

The definition of stoichiometric ratio used in this, thesis differs from that used in
the MSE data.- Stoichiorﬁetq:ic ratio is tile molar ratio of molecular oxygen and carbon
reactants in the reaction mixture entering the. channel. Combustion tables (chapter
2) used for ca,lcula,tioﬁ of gor_nbustor stagnation state and duct equilibrium states in

this thesis assume that only the oxygen within the enriched air mixture affects the
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stoichiometric ra,tio.[55]. The MSE stoichi_ometric ratio calculation includes both the
oxygen in the enriched air ﬁixturg and any oxidizing agents .pr'esent in the coal [56].
The second stoichipmet;‘ic ratio in the “model” column was corrected for an assuined
14% oxyge;l content [18] by mass in the coal. Tﬂis modified stoichiometric ratio
is compérable to fhe POC data and is shown to Be 3% higher than MSE hominal
conditions. The discrepancy Wil.l also affect the total flow rate. "

It is not as easy to compare the oxygen enrichment numbers, which suffer from
the' same type of discrepancy.

Total thermal power calculations also differ for ‘the model and MSE data.
Thermal power is, the product of specific stagnation enthalpy and mass flow rate.
The equilibrium and combustor combustion tables (chapter 2) use actual combusti‘oﬁ.
gas composition to calculate the staénation enthaipy. The MSE. thermal power data
is found by summing heats 6f combustion for all combustible component quantities
whether they have reacted or not. Both methods of éalculation are defensible.

The.PO.C chanhe;l is a relatively small channel as shown in Figure 14. The
- duct section boundaries have been located'on the figure. The short combustor section o
eliminates the effects of channel area Vériations at the iniet bound‘dry. No thermal
losses or frictional 1osses are modeled in the short combustor section. Some liberties
were tdkén in the subsonic portioﬂ of the nozzle.. In this region, channel area converges
very rapidly. The quasi-one-dimensional numericai model is not valid for very rapid
cross sectional area chanées, so the inlet area in the subsonic nozzle and combustor
exit are modeled with smaller than correct dimensions. |

The ‘POC channel is a low interaction channel. It was buﬂi'lt.as a research
generator and was never'iﬁtended to generate surplus powé;. v, Figure 15 shows the
assumed rria.gnetic induction profile for the POC generator. Fringing, the gra,duz;l,l

decrease in induction at the ends of t}_ie magnet, is accurately modeled at the extremes
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Figure 14: POC Channel Cross Sectional Area Profile

of the generator. Because of fringing effects, there will be some MHD interaction in
the nozzle and beginning of the transition section [57, 58]. The POC nozzle and
transition section were designed to mitigate the effects of the fringing, but these
effects are not included in the computer electrical or fluid models. See Martinez-
Tamayo, Hruby and Pote [32] for a description of an MHD electrical model which

incorporates these fringing effects.

Fluid Property Nominal Profiles

This section displays the fluid state profiles which result from steady-state sim-
ulation of the POC channel at nominal conditions. The profiles for velocity, pressures
and temperatures were chosen since these three profiles sufficiently describe the fluid

State.
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Figure 15. Modeled POC Channel Induction Profile

Figure 16 shows the steady-state velocity profile for the modeled POC MHD
duct. Velocity remains constant in the short combustor starting section, where no
area variation occurs and where no thermal or frictional losses are modeled. Flow
then accelerates and becomes supersonic through the nozzle. The deceleration caused
by electrical power extraction and friction through the channel is roughly equal to
the acceleration caused by the channel divergence. The net effect is a slowly decel-
erating flow through the channel. Flow more rapidly decelerates in the transition
section. However, this model suggests that the flow either fails to become subsonic
or becomes supersonic again toward the end of the transition section. The supersonic
flow accelerates quickly through the diverging diffuser, and a strong shock occurs
within the diffuser. This questionable Mach behavior may result from the particu-

lar equilibrium state description, insufficient thermal or frictional extraction in the
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diffuser or channel, a numerical method weakness, or a combination of any of these
possible reasons. Regardless, modeling the elliptic nature of flow through the diffuser
is very difficult, and very few examples of duct behavior in these regions are found
in literature. Instead, the diffuser is often addressed with bulk behavior parameters

like recovery factors and diffuser efficiencies [7, 59].

1400

1200

1000

combustor
channel trans. —— diffuser
nozzle

duct axial distance (m)

Figure 16: Modeled POC Duct Velocity Profile

Figure 17 shows the corresponding pressure profiles. The upper profile is the
stagnation pressure, and the lower is the static pressure. Stagnation pressure should
at no time increase down the duct length. Friction, MHD interactions and shock
discontinuities can bring about decreases in stagnation pressure. Any increase in
stagnation pressure represents a violation of entropy [60, 61]. The minor violations

occur at the strong shock and in the nozzle where rapid area variation is occurring
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and are probably artifacts of the numerical simulation. The points in the channel
section of Figure 17 are measured MSE data points taken during a test with similar
operating conditions on April I, 1993. The data lends credibility to the thesis fluid

model.

combustor

channel trans m— — diffuser —5
nozzle

stagnation ---—-
static
MSE 4-1-93

duct axial distance (m)

Figure 17. POC Duct Stagnation and Static Pressure Profiles

Some discussion is now offered to assess the gravity and cause of the peculiar
Mach profile through the diffusers. It will be helpful to refer to Figure 17 during this
discussion. We start by comparing the thesis flow solution method to a conceptually
easier flow solution method. Pian [59] presents a well written tutorial on solving MHD
flows using shooting techniques. MHD flows are recognized as mixed boundary value
problems. Pian points out that MHD design problems are easily solved by specifying

input boundary conditions, integrating to the end of the channel, and iterating this
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procedure as necessary until desired exit boundé,ry conditions a,ré met. Off-nominal
opefaﬁibn problems like those étudied here are often sensitive a,ndldivérge to meé,ning-
less, iﬁcorrect solutions. Indeed, this recognized shortcoﬁing is among the reasons a
‘ dispretiéed model was chosen for the numerous thesis parametric studies. The.chan-
nel exit boundary condition is most often a channel exit pressure. The pressure is
chosen to reflect a predicfed stagnation pressure ratio for the diffuser and ’pr'essul"e
losses in other downstream components. In the solution of a fully subsenic ﬂO;N,. the
solutioﬁ is obtained by shooting until the exit pressure is matched. Fo.r. supersonic -
flow, the choked nozzle fully defines the supersonic chagnel flow given either known
ﬂ(;w rate or combustor pressure. The only constrgint is th\at the channel exit stag-
nation pressure be at least as great as some minimum exit stagnation _pr_essﬁre. Any
stagnation pressure mismatch must be solved through a downstream shock, but the -
~ location of the shock may or may not be addressed in a shooting problem solution.
If a shocked solution is sought.,'th_e researcher must choose the shock location 50 that
the exit pressure is fnatéhed. All these solutions are unique, but they are very time
intensive. |
All.the discussion ébou_t shock behavior and boundaries for sub-, suI:;er— and
transonic operating conditions hold for any solution techniqﬁe. However, shock cap-
turing techniqués like that used in the thesis computer model rely on the :model
td locate shocks and m@tch boundary conditions. Figﬁre 17 shows that there is a
mismé,tch between the stagnation pressure at the channel exi.t and the quantity‘o.f
stagnation pressure, which can be dumped to friction in the diffusers. Thereforé, a
shock 1"nust'. occur. Whiie the place at which the rnodel located the shock is ques-
tionable, the-ma;lner in which the model solved the pressure misrﬁatch is reasonable; .
and the stagnation pressure fnism‘a,tch itself is not large. The effect is éxaggerated by

the exRandiﬁg diffuser section, which acts like a 'su'personic'nozzle. The flow within
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the channel—especially supersonic flon—should not be adversely affected by possible
shock mislocation in the diffuser.

Figure 18 shows the steady-state stagnation and static temperatures through-
out the length of the duct. The separation between the temperatures corresponds
to the velocity. As velocity increases, more of the system’s energy is transferred to
kinetic energy, and the temperature decreases. This figure points out clearly why
questionable Mach behavior in the diffuser makes one suspicious of bulk parameters
obtained for that section. The supersonic behavior in the diffuser greatly depresses
the fluid temperatures. Consequently, one should expect less thermal loss to the wall
in the diffuser than would occur with subsonic behavior. Stagnation properties are

not so strongly affected.
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Figure 18: Modeled POC Duct Stagnation and Static Temperature Profiles
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As a result of the questionable Mach behavior in the transition section and"
diffuser, simulation results potentially affected by Mach behavior in these sections
must be reported with diminished confidence. As stated in the discussion above, the
resnlts obtained for the combustor, nozzle and channel sections should not-be greatly

affected by the downstrearn Mach behaviors.

Electrical Property: Nominal Profiles

The profiles in this section refer to ‘the modeled nominal .behaviors in the
electrical channel. Only the channel length will be shown, but the reader should :
remember the location of the channel sect1on within the MHD duct.

The first profile, Fi 1gure 19, demonstrates predicted electrode potentlals The
 diffuser of the POC is grounded at reference potent1al zero, and the nozzle potential
is allowed to float at a potential approx1mately equal to the load voltage. The nozzle
voltage is negative in resloect to ground. The upper curve shows the cathode electrode
voltages, and the lower shows anode electrode voltages. The vertical separation of
the two curves is the Faraday voltage generated at a channel position. The horizontal
separation of the two curves‘ reflects the effect of electrode overlap and should be
roughly constant for a constant d1agonal overlap channel.” A cathode has nearly the
same voltage as an anode displaced by the electrode overlap d1stance, 0.21 meter. The
‘secon.d set, o_f ‘curves on Figure 19 represent MSE data from test #7 on September 28,
1993. While the shapes of the electrode voltage curves are'similar, one can see that
the thesis model overestimates the total'load vo'ltage by about 25%.

- There will be minor discrepancies between the Flgure 19 profiles and the elec-
trode potentials because the model locates electrodesnwithin the bonndary layer volt-
' -age drop (chapter 3). The total voltage drop (not shown) was found to be 160 volts

near the middle of the channel, 50 volts in the anode PTO region, and 15 volts in
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Figure 19: POC Channel Electrode Voltage Profiles

the cathode PTO region. Another small voltage drop occurs in the diagonal connec-
tion due to the small resistance (R@ —0.050) which models losses in the diagonal
connection circuits.

None of these minor discrepancies account for the fact that the electrical model
predicts a load voltage which is approximately 25 % too great in magnitude. This error
suggests improved electrical modeling may be needed in the areas of leakage currents
or nonuniformity effects. Perhaps finer transverse discretization of the electrical model
IS needed.

The axial and transverse current density profiles are shown in Figure 20. The
axial current density is calculated by dividing the axial equivalent circuit current Ix by
the local cross sectional area. The transverse current density is calculated by dividing
the average electrode currents from the equivalent circuit model by the product of

channel width and discretized axial length Ax.
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Axial é}lrrents in a diagon@l generator may be either positive-or negative. The
.tra,nsverse .curreni.;s must be negative. Figure 20 s.hows that the greatest transverse
.ghannel currents occur in the upstrearﬁ half of the generator. Transverse ‘current
densities of ,greatest'magnitudg occurred in the anode PTO .region for the model.
However, there are fewer electrodes in thé model anode PTO region than in the actual
anode PTO. Therefore, the greatest transverse current densities are likely to occuf
.a;t about 1.25 fneters into the channel. As the current density magnitude exceeds
one ampere per square centimeter, the mode of charge transport at electrode surfaces
becomes arc mode. The arc mode itseif may not be detrimental, but high transverse
current density is one Wa;ning sign of detrim'ental interelectrode arcing [62]. .Electrodg
stresses will be great at the channel location having great transverse current density.
Transverse current density data from MSE test #7 is iﬁcluded in the figure, and a
- large discrepancy may be seen. Factors which contribute to the discrepancy includé A
voltage drop magnitudes, current control circuitry, discrepancies between theoretical

and measured conductivities and possibly the currents carried in the Z-bar sidewalls.

Both the axial and transverse electrical field i)roﬁles in Figure 21 are flat
through the high interaction porti;)n of the channel. The profiles approach zero, as
expected, near the channel extremes where less MHD interaction occurs. A profile
reversal occurs in the anode regio.n, where ohmic effecfs are greater than MHD effects.
Again, this effect is slightly exaégerated becausg the model used fewer PTO électrode‘s
. than the POC generatéf. The fa!ct that the axial electrical field has' a flat .profile
means. that electrical stresses across'the insulators separating adjacent e}ectfodes are -
well distribut‘ed in the steady state. Current control circuits are assumed to contfol
any transient cathode shorting and prevént the transfer of any shorts to the anode

electrode wall, where interelectrode arcing is more harmful. The effect of excessive
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Figure 20: POC Channel Axial and Transverse Current Density Profiles

axial electrical field in promoting interelectrode arcs should not be troublesome unless
off nominal operation greatly alters the flat profile or interaction is increased enough
to make Ex exceed about 40 volts per centimeter [16, 14].

It is shown in Figure 22 that a reasonable conductivity profile is attained. This
conductivity is reduced in the model by the effects of finite electrode segmentation,
but it does not reflect any effect of nonuniformities. In practice, POC conductivity
data is often reduced by a factor "SIGFAC” [54], which simply reflects the discrepancy
between theoretically calculated conductivities and measured conductivities. ”SIG-
FAC” falls in the range of 0.85. Measured conductivities in the POC decreased from
about five mho per meter at the channel inlet to about two and one half mho per me-
ter at the channel exit [54]. Since power output is a strong function of conductivity,

use of this type of factor in this thesis model may account for much of the discrepancy
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Figure 21: POC Channel Axial and Transverse Electric Field Profiles

in modeled power output.

In Figure 23 the calculated Hall parameter profile is displayed. Hall parameter
is a function of magnetic induction and an inverse function of pressure. The Hall
parameter increases with increased magnetic induction in the middle of the channel,
but it peaks toward the end of the channel where pressure is low. High Hall parameter
is one indicator of impending detrimental arcing [63]. Consequently, the location

about 3.4 meters into the channel may be a location of significant electrode stress.

Conclusions

The nominal conditions predicted by the thesis computer model show moderate
to good agreement with the POC data. A possible modeling problem was illustrated

in the modeling of the elliptic flow near the end of the transition section. At this
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Figure 22: Modeled POC Channel Conductivity Profile

place the Mach behavior either fails to become subsonic, or the behavior once again
becomes supersonic near the transition section exit. The questionable Mach profile in
the diffuser sections prevents one from making conclusions about occurrences in the
transition and diffuser sections with great confidence. The quantities affected include
exit temperatures, exit enthalpies, shock location and thermal wall power loss from
the transition and diffuser sections.

The model also predicts an available power output which is approximately
30 % too great. One may consider improved modeling of current leakage, inclusion
of nonuniformity factors, or corrections to conductivity to better match POC data.

For the most part, the thesis model correctly models duct fluid and MHD
interactions. The results are especially noteworthy for the few iterations needed in

the numerical algorithm to obtain reasonable results.
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Figure 23: Modeled POC Channel Hall Parameter Profile

Possible electrode stress locations were predicted at about 0.75 meters and
3.4 meters from the beginning of the channel. The first location was attributed to
a location of high transverse current density, and the second was attributed to a

location with high Hall parameter.
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CHAPTER . 6
PARAMETRIC STUDIES

The previous chapter demonstrated the accuracy with which the thesis com-

putér model predicts the nominal steady-state operation of the POC generator. Both
.model strengths and model weaknesses were discussed. In this chapter, eight para-

‘metric studies are performed. Off-nominal éteady.—state behaviors of the POC duct are

predicted for variation in coal flow, seed fraction, oxygen enrichment, stoichiometric
ratio, diagonal anglé, magnetic induction, preheat temperature and load resistance.
One parametric independent variable will be defined and investigated in each of the
N o .

chapter' sections.

Results ‘of each parametric study will be interpreted using several criteria:

First, a strong shock is not allowed to enter the generator channel. Strong shocks in-

troduce steep pressure and temperature gradients. These mechanical channel stresses

. are detrimental to channel longevity and are therefore ﬁnacceptable, Second, gen-

erator efficiency must remain high. Enthalpic extraction eﬂ’icieﬁcy, the fraction of
incoming fhermal power é‘onvert,ed into oﬁtput electrical power, will be the primary
indicator of efficient operation lin this study. The POC channel is not-very ei’ﬁciént in
g‘enerating electrical power, but the efficiency trends .\.Niﬂ be meaningful. Third, the
thermal flux .to the walls must remain small. This criterion is addressed by oBserving
predicted combustor and channel total cooling requirements. Local therﬁal ﬂuxes are
not monitored. Fourth, the states in the comBustor and diffuser exit are pbserved Ifor

possible mechanical stresses. One example of mechanical stress is excessive combustor
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pressure." Finally; a number of opérating conditions identify an increased likelihood
for interelectrode arcing. This issue is compli.céted enough that it WaJrr'a,nt's more.
* discussion. |
: High transverse current' densities and high axial electricl fields increase the

likelihood of arcs forming‘across segmented electrode insulators [64, 65, 63] Should
the product of electrode current and interelectr;)de voltage exceed one kilowatt, a
damaging fault may occur and propagate upst'reafm' in the channel [66]. Most arcing
occurs on the cathode wall [63]. However, arcs which occur on the an;)de wall are
- more damaging because of Lorentz interactions [67, 62]. The Hall effect decreases the
critical transverse current density at ‘which arcing begins [63]. Therefore, the‘Ha.ll
: paJr\a,meter rﬁust be ma.i,ntaine(i small in regions of high electrical power é}g’qraction.

Table 4 summa;rizes some of _thé specific criteria cited by other researchers to decrease
: th§ likelihood. of electrode arcing.

Since the POC generator is ;m low interaction generé,tor,_ the extremes of thé
parametric studies may not violate any of the given criteria. One‘ hopes, .'however,.
that the trends observed in the par.ametric'st}ldies on this low interaction generator
will Be scalable to larger, high interaction channels which may vio_lat_e the criteria
dﬁring off-ﬂominal operation.

In any three-dimensional graphs ‘within this cha,ptér, the axis labeled.“duct
'position” gives the axial distance from the combustor séction' at the b,eginﬁing of the

flow simulation. Only the channel section length of the duqt will be shown.

Coal Flow Variation

In the first parametric study, the coal flow introduced into the MHD generator
model is varied betwéen 1.5 and 2.2 kg/s. All other parametric independent variables

remain constant at their nominal values. As shown in Figure 24, increasing coal flow
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Jy(a/em?) | B E.(V/cm) refs. | comments:
>1 ' [63] | arcing begins for T%, < 1500 K
>08 | : .1 [63] | arcing begins for T, < 1800 K
1 [16] | a sustainable base load
0.8 _ ‘ ' [62] | at anode for 2 mm separation
1.7 ' , - for 5 or 12 ml;n separation
1.05-1.1 | ‘ [62] | at cathode for 2 mm separation
> 2 . ‘ . for 5 or 12 mm separation
<0.6 . 4
>04 | 2. [63] | arcing begins with Hall effect
<4 [14] | allowable Hall parameter
> 40 [16] | electrode damage begins
> 20 [16] | axial arc may be sustained
‘60 volts [62, 67] | anode hold off at 2 mm séparation o
120 volts : for 5 mm separation ’
150 volts ~ and for 12 mm separation
350-375 volts |- [62] | cathode hold off at 2 mm separation
> 260 volts - for 5 or 12 mm separation
<20 . [14] given a'50 V insulator separation . |
70-90 volts [63] across a 2.0-2.5 mm insulator

Table 4: Citations Suggesting Allowable. Bulk Electrical Parameters

causes increased total flow. The modeled relation is linear. This parametric sl}udy
therefore investigateé solely the effect of total flow variation.

Figure 25 shows tha,t the Mach profile through the parametric domain remains
supersonic. However, the channel eki_t Mach nurrlbers becom/es small at low coal flow
rate. Very low flow rates are unacceptable beca,usé they allow the shock to enter the

_generator channel. Anothgr' subsonic operating region may exist for unchoked flow,
but that reg‘i.o.n will not be in\}estigated here. -

Of the three stress related variables—Hall parameter, axial electric field and
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Figure 24: Total Flow Rate Variation with Coal Flow Rate
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Figure 25: Channel Mach Profile Variation with Coal Flow Rate
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transverse current density—only the Hall parameter variation will be presented for
this parametric study. Figure 26 shows the variation of Hall parameter along the
channel length as coal flow rate is varied. The Hall parameter is greatest for low flow
values and at a channel location about 3 meters from the channel entrance. This

channel location will be at risk for interelectrode arcing as the flow is decreased.

coal flow (kg/s) 2.1 vy \ i \ \ i \ J \ >

0.5 1 1.5 2 2.5 3 3.5 4
channel position (M)

Figure 26: Maximum Hall Parameter Variation with Coal Flow Rate

The axial electric field (not shown) does not vary greatly with change in flow.
The maximum axial field magnitude increases gradually from -20.8 V/cm for the
lowest flow to -22.0 V/cm at the highest flow. The distribution of axial electric field
remains relatively flat throughout the flow range.

Current densities also increase with increasing flow. The highest current den-
sities remain at a channel location about 0.7 meters from the channel inlet. The

combined effect of current density and axial field increase the likelihood of sustained
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arcing for high flow rates. f

It should be noted that the Hall parameter promotes electrode stress at low flow
while current density and axial electric field magnitudes promote electrode stfesses at
high flow. This split of stress indica,tors.v'vill prevai'l throughout the parametric studies
in this thesis. Consequently, the simultaneous Hall interaction and high current
densities need concern one only during the initial design for nominal operation. If a
channel design exhibits acceptable Hall parameters for the nominal current densities,

off-nominal operation will not result in both increased Hall parameter and increased

. current densities.

Enthalpic efficiency decreases steadily with increasing coal flow rate as shown
in Figure 27. The POC genefator has a significant diminishing return on additional
thermal power introduced into the channel. A surprising result of this study is that‘
available electrical power predicted by the computer-model is not é, strong function of
total flow by itself. Therefore, any increase in flow beyond that .neceésary to maintain
" a supersonic profile will decrease efficiency. |

Furthermore, the thermal loss from the cha,nnei section increases wlith increas-
iné flow as shown in Figure 28. The increase in thermal losses corresponds to the
higher temperatures maintained through the length of the channel as flow rate is
increased.

Temperature at the exit of the diffuser (not shown) increases as flow increases
and as power extraction efficiency decreases. The increase in combustor pressure
with increased flow is the primary combustor stress. Figure 29 shows a greater than
two atmosphere increase in combustor stagnation pressure with increasing flow over
the parametric domain. Once the nozzle has choked, any increase in flow must be
accompanied by an .increase in combustor press;ure. Figure 29 sugges;cs a very linear

relation.
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Figure 27: Enthalpic Efficiency Variation with Coal Flow Rate
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Figure 28. Channel Thermal Loss Variation with Coal Flow Rate
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Figure 29: Combustor Stagnation Pressure Variation with Coal Flow Rate

Magnetic Induction Variation

The variation of magnetic induction best shows the unpolluted effect of mag-
netofluid interactions. The flow composition and flow rate remain constant as the
magnitude of the magnetic induction profile is varied. The shape of the magnetic in-
duction profile remains the same. Fringing effects are still modeled. The independent
variable in this section is the maximum magnetic induction. The parametric domain
varies between 1.5 and 3.5 tesla.

Figure 30 shows that an increase in magnetic induction slows flow. A moderate
shock may occur in the middle of the MHD channel where MHD interaction is great.
The fluid again accelerates toward the end of the channel, where power extraction
is less. The shocks do not appear to be too steep, but one should nonetheless avoid
operation in this transonic region.

There is once again a split in the stress variables. Figure 31 shows that Hall
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Figure 30: Mach Profile Variation with Magnetic Induction

parameter is greatest for low magnetic induction. The higher Mach numbers at
low induction cause lower static pressures. The low static pressures elevate Hall
parameter. When the flow becomes subsonic, the pressure again increases and the
Hall parameter becomes small. The low Hall parameter in subsonic flow has enticed
some designers to choose subsonic channel designs [68].

Axial electric field (Figure 32) and transverse current density (not shown)
increase in magnitude as magnetic induction is increased. Great electric field and
current stresses will not occur simultaneously with high Hall parameter for the POC
design. Figure 32 shows that the Mach behavior of the channel at high magnetic
induction distorts the electrical profiles. It is conceivable that the distorted profiles
would have loci of high electrode stress in the neighborhood of the shock. However,
Ishikawa concluded that shocks do not necessarily cause excessive current densities

in the steady state [36].
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Figure 31: Hall Parameter Profile Variation with Magnetic Induction
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Figure 32: Axial Electric Field Profile Variation with Magnetic Induction
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The generated electrical power shown in Figure 33 increases monotonically
with increasing magnetic induction. A small wrinkle in the curve appears where
some transonic fluid behavior begins. This curve contradicts the notion that power
increases with the square of applied induction [3]. However, no attempt was made
to optimize power output as induction was varied. MSE data from a September 28,
1993 test analysis under similar operating conditions are included for comparison. It
is observed that the thesis model over-predicts generator power by around 0.4 MW.
The slope of the curve correlates well to that of the MSE data. Since the flow
remains unchanged throughout this parametric study, the shape of the enthalpic
efficiency curve will be similar to the power extraction curve over the parametric

domain. Enthalpic extraction efficiency ranged from 1.3 to 4.0%.

model
MSE data +

! 2.4 2.6
induction (tesla)

Figure 33. Generated Electrical Power Variation with Magnetic Induction

Conductivity is strongly affected by both pressure and temperature. Therefore,
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it is strongly affected by the Mach behavior of the fluid as shown in Figure 34. As

the fluid shocks and becomes subsonic, the temperature of the fluid increases and

conductivity rises.

conductivity (mho/m)

induction (tesla) 25 2 1.5 1

.5 3 .
channel distance (M)

Figure 34: Conductivity Profile Variation with Magnetic Induction

Thermal losses from the combustor and channel are largely unaffected by the
variation in magnetic induction. However, there is a small increase in total channel
cooling requirement at high magnetic induction. This small increase is probably
caused by the elevated temperatures of subsonic flow.

The input and exit thermal power curves (Figure 35) were chosen to demon-
strate the effect of varying magnetic induction on the combustor and the diffuser exit
states. Flow does not change, so the combustor state will be affected in only a minor
way by the increased interactions in the supersonic channel. The two curves diverge.

This divergence suggests that increasingly more electrical power extraction or, to a
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lesser degree, more wall thermal power loss occurs with increasing magnetic induc-
tion. Increased magnetic induction should decrease enthalpies and temperatures at

the diffuser exit.

46
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Figure 35: Input and Exit Thermal Power Variation with Magnetic Induction

Diagonal Angle Variation

The diagonal electrode configuration requires that one design for and choose
the diagonal angle. A channel may have multiple regions with different diagonal angle
for each, but this study shall consider only a single constant diagonal angle throughout
the channel. Define the diagonal angle as the angle between the axial fluid flow and
an equipotential formed by connecting an anode and cathode electrode pair through
an external channel connection. A Faraday channel would have a “diagonal angle”

of 90°. The diagonal angle need not be identical to the angle formed by the Z-bar
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sidewalls [23]. Effects of conducting sidewalls have been ignored for this study.

It has also been assumed that the current controls on the POC channel do not
significantly affect steady-state nominal or off-nominal variable profiles. The current
control [66] scheme developed by TDS, formerly AVCO, inductively couples small
groups of electrodes to prevent transient electrode stresses caused by slag burn-off on
the cathode wall [63, 30]. There is a subtle distinction between current controls and
power shufflers, which are designed to transfer relatively large amounts of power from
one part of the channel to another during off-nominal operation [69, 70]. If indeed the
current controls on the POC channel do not significantly affect off-nominal operation,
the POC channel may be modeled by simple diagonal loading. Off-nominal operation
should result in inefficient axial circulating currents within the channel [69, 70].

Figure 36 shows that large diagonal angles depress the Mach numbers in the

channel exit, but none of the tested angles caused any shock mechanical stresses.

Figure 36: Mach Profile Variation with Diagonal Angle
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Electrode stresses are caused by large Hall parameter at small diagonal angles
(Figure 37). The high Hall parameters correspond to high Mach number regions

toward the end of the channel, where pressures are very low.

Figure 37: Maximum Hall Parameter Variation with Diagonal Angle

Transverse current densities are strongly affected by the diagonal angle. Fig-
ure 38 shows that the electrodes must handle more current at large diagonal angle than
at small diagonal angle. This relation makes sense in light of the diagonal approxi-
mation equation 19 discussed in chapter 3. Axial currents will flow in the negative

direction at small diagonal angle and in the positive direction for large diagonal angle.

The flow of axial currents, either in the positive or in the negative directions,
represent channel inefficiencies. Figure 39 shows that an optimum diagonal angle

results for reasons discussed above. Maximum electrical power extraction occurs at
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Figure 38: Maximum Transverse Current Density Variation with Diagonal Angle

a diagonal angle of 45°. The Z-bar sidewall angle of the POC channel is 45° and the
diagonal angle is about 54°, which is also near the peak on Figure 39. Since the flow
composition and flow rate remain unchanged, the shape of the enthalpic efficiency
curve (not shown) is very similar to the curve for electrical power extraction. The
maximum enthalpic efficiency is about 3.2% at the optimum point on the enthalpic
efficiency curve.

The effects of diagonal angle on thermal fluxes, combustor state and diffuser

exit state were not large and will not be discussed further.

Stoichiometric Ratio Variation

The stoichiometric ratio defined in this parametric study is the molar ratio of
oxygen in the enriched oxidant mixture to carbon in the coal mixture. This definition

does not include oxygen and other oxidizing agents present in the coal. Therefore, the



"7

diagonal angle (degrees)

Figure 39: Usable Electrical Power Variation with Diagonal Angle

stoichiometric ratio used as an independent variable in this study will be lower than
those stoichiometric ratios used in MSE POC data. This discrepancy was described
in the last chapter.

The domain of stoichiometric ratios investigated here range from 0.8 to 1.0. An
increase in stoichiometric ratio will be accompanied by a linear increase in total flow
rate and an increase in enthalpy. The total flow rate at 0.8 stoichiometric ratio is 8.0
kg/s, and the flow rate is 9.6 kg/s at a stoichiometric ratio of 1.0. The linear variation
can be explained by the definition of “stoichiometric ratio” used in this study and the
fact that oxidant composition remains constant. Enthalpy increases with increasing
stoichiometric ratio because the combustion process nears completion, and more heat
of combustion is released.

Thermal power is the product of stagnation enthalpy and total flow rate. Both

stagnation enthalpy and total flow rate increase with increasing stoichiometric ratio.
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Consequently, Figure 40 shows that thermal power increases rapidly with increasing
stoichiometric ratio. The divergence of the input and exit thermal power curves
suggests that either thermal power loss or electrical power extraction increases at

higher stoichiometric ratios.

- input
exit

0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98
stoichiometric ratio

Figure 40: Input and Exit Thermal Power Variation with Stoichiometric Ratio

Figure 41 shows that greater MHD interaction at high stoichiometric ratio de-
presses the Mach numbers near the channel exit. Flow remains supersonic throughout
the tested domain.

Both axial electric field magnitude (not shown) and transverse current density
magnitude (Figure 42) increase with increasing stoichiometric ratio. The axial electric
field profile remains relatively flat, but the last third of the channel begins to carry
more of the interelectrode voltage stress than elsewhere. The location of increased

electrode stress due to current density is marked with an arrow. The high current
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~N15 duct distance (M)

Figure 41: Mach Profile Variation with Stoichiometric Ratio

densities in the anode PTO region will not necessarily be detrimental because the
PTO electrode region can be shaped during design to decrease electrode currents,
and the anode PTO region occurs in a low MHD interaction portion of the channel.

Hall parameter (Figure 43) shows the opposite trend. High Hall parameters
occur at low stoichiometric ratio and toward the exit of the channel (arrow). The
Hall parameter is high at this point because supersonic flow has depressed the static
pressure. The maximum Hall parameter does not occur at the channel exit because
of the fringing effects of the magnetic induction profile.

Figure 44 shows that there is no benefit in operating above a stoichiometric
ratio of about 0.9. Above this point, the generated electrical power remains relatively
constant. However, Figure 40 showed earlier that thermal power input continues
to increase with increasing stoichiometric ratio. As a result, an efficiency optimum

must occur at a stoichiometric ratio of 0.9, and efficiency must decrease at greater
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Figure 42: Transverse Current Density Variation with Stoichiometric Ratio
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Figure 43: Hall Parameter Variation with Stoichiometric Ratio
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stoichiometric ratios. A maximum enthalpic efficiency of 3.2% occurs at a stoichio-

metric ratio of 0.9.

0.82 0.84 0.86 0.88 0.92 0.94 0.96 0.98

Figure 44: Usable Electrical Power Variation with Stoichiometric Ratio

It is hypothesized that the optimum point described above occurs very close to
complete combustion. If a coal oxygen content of 14% is assumed, a 0.9 stoichiometric
ratio in this study corresponds to a 0.98 stoichiometric ratio in MSE data. Other
oxidizing agents in the reactant mixture could make the equivalent stoichiometric
ratio even higher. Therefore, the stoichiometric ratios higher than about 0.92 in this
study represent an oxygen rich combustion mixture and would not be used.

The stoichiometric ratio strongly affects channel temperatures. Consequently,
the channel conductivity falls off sharply at the lower end of the stoichiometric ratio
domain. At 0.8 stoichiometric ratio, most of the channel has conductivities between

3 and 4 mho/m. Closer to complete combustion, conductivities remain above 5.5
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mho/m.

Figure 45 shows that both combustor and channel thermal losses increase with
increasing stoichiometric ratio. However, the channel wall losses are affected more
strongly. The channel losses correspond to higher channel temperatures, but it is

unclear why the combustor does not exhibit similar behavior.

combustor —
channel -t—

Figure 45: Thermal Wall Power Loss Variation with Stoichiometric Ratio

An increase in stoichiometric ratio will increase temperatures in the combustor
and at the diffuser exit. There is a 40 K increase in combustor temperature between
a stoichiometric ratio of 0.8 and complete combustion. The diffuser exit temperature
increase is only slightly less. These stresses are small and are unlikely to affect
operation decisions.

Other factors come into play in the choice of stoichiometric ratio including

economic operation and production of nitrogen oxides, but these considerations are
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not part of this thesis scope.

Oxygen Enrichment Variation

Oxygen enrichment in this study is the molar fr.action of oxygen in the enriched

oxygen-air mixture. Air, depending upon its moisture content, is 20% oxygen by

: molzar composition. Oxygen ratios greater than about 20% requiré enrichment with
a purer sourc<‘e of oxygen..

As the enriched oxida,nt‘ mixture becomes purer in oxygen, the quantity of
inert mixtufe components, mbsﬂy nitrogen, decreases. Since the combustion process
must heat a lesser quantity of inert mixture components at high oxygen enrichment,
the combustion mixture enthalpy increases. The -combustor spéciﬁc enthalpy at 0.31-
'oxygen enrichment is 3.65 MJ /kg; 4.5 MJ /kg at 0.44 oxygen enrichment. By the same
reasoning, higher oxygen enrichment is accompanied by a decrease in total ﬂow raﬁe.
Total flow rate is 11.6 kg/s at 0.31 oxygen enrichment and 8.6 kg/s at 0.44 oxygen
enrichment. The contrary effects of increasing enthalpy and decreasing flow produce
a flat input thermal power curve. See Figure 46. | ‘

| Higher oxygen enrichment numbers depress the Mach numbers near the chan-
nel exit. as shown in Figure 47. The increased flow rate at low oxygen enrichment
numbers supports the supersonic Mach profile at the low oxygen enrichment. The
increased channel temperatures which 'a,ccompany,higher enthalpies in fhe channel
support hig‘ﬁer MHD interaction for High oxygen enrichment.
| The highest maximum Hall parameter (not shown) occurs at an oxygen en-
richrf_lent of 0.36. The Hall parameter decreases at higher oxygen enrichment numbers
because the greater interaction decreases Mach numbers and increa.ses pressures. A
pressure increase will also ;)ccur at low oxygen enrichment, where more than the

design flow is being forced through the channel. This is an interesting result, but
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Figure 46: Input and Exit Thermal Power Variation with Oxygen Enrichment
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Figure 47. Mach Profile Variation with Oxygen Enrichment
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Hall parameter remains between 2.1 and 2.65 throughout the entire parameter do-
main. The oxygen enrichment parametric study does not decisively show the contrary
parameter effects for Hall parameter and current densities. Therefore, variation of
oxygen enrichment could simultaneously bring about high Hall parameter and high
current density. This condition increases the likelihood of electrode arcing.

Axial electric field (not shown) and transverse current densities (Figure 48)
increase with increasing oxygen enrichment. The axial electric field profile remains
very flat through the high interaction portion of the channel, but electrode current

densities increase most at the location about 0.7 meters into the channel (arrow).

Figure 48: Transverse Current Density Variation with Oxygen Enrichment

Usable electric power increases monotonically with increasing oxygen enrich-
ment as shown in Figure 49. Enthalpic efficiency also increases monotonically from

a low of 0.6% at the lowest oxygen enrichment to a high of 3.3% at an oxygen
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enrichment of 0.44. Clearly, high oxygen enrichment levels are favored, and low

oxygen enrichment levels may not result in economic operation.

0.32 0.34 0.36 0.38 0.42 0.44
oxygen enrichment

Figure 49: Usable Electric Power Variation with Oxygen Enrichment

The strong influence of oxygen enrichment is demonstrated well by the channel
conductivity of Figure 50. The conductivity profile remains very low for low oxygen
enrichment.

It was shown in the last section of this chapter that stoichiometric ratio affects
channel wall losses more than it affects combustor losses. In contrast, Figure 51 shows
that oxygen enrichment strongly increases combustor losses but affects channel wall
losses less. The thermal stress on the combustor is likely to be the limitation on
maximum allowable oxygen enrichment.

The combustor wall losses are explained by the great increase in combus-

tor temperatures which accompanies increased oxygen enrichment. The combustor
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Figure 50: Conductivity Profile Variation with Oxygen Enrichment
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Figure 51: Thermal Wall Loss Variation with Oxygen Enrichment
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stagnation temperatures range from 2709 K at an oxygen enrichment of 0.31 to more
than 2850 K at an oxygen enrichment of 0.44. The oxygen enri"ch’ment domain inves-
tigated here also results in more than a 1.6 atmosphere range of coﬁbustor pressures.
For choked flow, any increase in total flow rate must be accompanied by a significant
increase in combustor pressure. High pressure mechanical stresses may limit the low-
est allowable oxygen enrichment given constant flow rate and constant stoichiometric

ratio.

Seed Variation

Seed fraction is defined as tyhe mass fraction of potassium metal in the total
ﬂow.. The domain of seed fractions used in this farametric study vary between 0.003
and 0.024. | An increase in seed coﬁtept over this domain increases the tqte,l flow |
rate by only about 4%. The metallic s:eed and its salt mixture must be heated by
the combustion.process: so the increase in seed fraction over its domain accounts for .
about. a'6.7% decrease in specific enthalpy in the combustor. The two minor effects
reported in this paragraph result in a relatively flat thermal input power over the -
seed fraction domain in this parametric study. Therefore, the effects observed in
this parametric study will be attributable to increased MHD interaction between the
seeded fluid and maénetic field only.

The effect.of the increase in MHD interaction With increased seeding is evident
in Figure 52. The initial addltlons of seed up to a seed fraction of about 0.015 retards
the supersonic flow in the channel Addltlonal seed contributes a lesser amount to
the channel interaction. Refer back to Figure 4 in chapter 2 to galn some insight into
this result. Conductivity mcreases very quickly with the initial quantities of seed. - .
Additional seed increases conductivity at a slower rate.

Hall parameter is greatest for low seed fraction. Figure 53 shows that once
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Figure 52: Mach Profile Variation with Seed Fraction

again Hall parameter magnitude follows the Mach behavior. Normally, Hall parame-
ters approaching 3 and greater would be troublesome. In this case, the MHD inter-
action is so small at low seed fractions that the likelihood of interelectrode shorting
IS remote.

At high seed fraction, the axial electric field (not shown) and transverse cur-
rent density magnitudes (Figure 54) increase the risk of interelectrode shorting with
increasing seed fraction. Once again, the axial electric field profile remains flat, but
the greatest transverse current densities occur in the first third of the channel.

Figure 55 shows that little additional electrical power is extracted when seed
fractions greater than 0.015 are utilized. An optimum occurs in the generated elec-
trical power curve near this seed fraction. In practice, higher seed fractions may be
needed to remove sulfur from the combustion mixture.

The enthalpic efficiency curve (not shown) exhibits a similar shape. A
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Figure 53: Hall Parameter Profile Variation with Seed Fraction
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Figure 54. Transverse Current Density Profile Variation with Seed Fraction



a

seed fraction (%K

Figure 55: Usable Electric Power Variation with Seed Fraction

maximum enthalpic efficiency of 3.2% is obtained for a 0.018 seed fraction. Enthalpic
efficiency falls to 60% of its maximum value at a seed fraction of 0.003. Seeding is
clearly necessary, and there is an optimum seed fraction.

An increase in seed fraction results in decreased thermal wall losses in both
the combustor and channel. See figure 56. A possible explanation for this is that the
power extraction at higher seed fractions reduces channel temperatures and conse-
cpiently reduces channel losses. The thermal loss in the combustor must be explained
entirely by the reduction in specific enthalpy and temperature which accompanies
higher seed fractions.

Indeed, combustor stagnation temperature approaches 2900 K when no seed
is utilized and drops 80 K when a seed fraction of 0.024 is reached. There is also a
decrease in diffuser exit temperature with increasing seed fraction, but some of the

decrease can be attributed to the extraction of more electrical power at high seed
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Figure 56: Input and Exit Thermal Power Variation with Seed Fraction

fractions.
Other factors such as economics and sulfur removal must be considered when

choosing seed fraction, but these issues are beyond the scope of this thesis.

Preheat Temperature Variation

The preheat temperature is the temperature to which the oxidant mixture is
heated before its introduction to the combustor. The parametric domain of preheat
temperatures will vary between 900 K and 1080 K.

Flow rate and composition remain unchanged through this parametric study,
but the additional heat added to the combustor increases specific stagnation enthalpy
and thermal power in the combustor. This effect is demonstrated in Figure 57. The
divergence of the two power curves indicates that the combination of thermal power

losses to walls and electrical power extraction must increase with increasing preheat
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temperature.

Figure 57: Input and Exit Thermal Power Variation with Preheat Temperature

Figure 58 shows the variation of Mach profile during the parametric study.
Greater interaction occurs near the exit of the channel for high preheat temperatures,
but this effect is only moderate.

Figure 59 shows that electrodes will carry higher current densities for higher
preheat temperature, but this broad range of preheat temperature increases the max-
imum current densities by only about 13%.

The greatest Hall parameters occur for low preheat temperature (not shown).
In this case, there is significant power extraction at low preheat temperatures, so
operation at low preheat temperature may be limited by electrode stresses caused by
large Hall parameters.

Figure 60 shows that higher electrical power extraction may be expected for
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Figure 58: Mach Profile Variation with Preheat Temperature
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Figure 59: Maximum Current Density Variation with Preheat Temperature
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higher preheat temperatures. This figure suggests an optimum near the preheat
temperature 1060 K. The increase in electric power represents less than a 6% gain

over the parametric domain.

1.46
1.45
1.44
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1.41

>0 980 1000 1020 1040 1060 1080
preheat temperature (K)

Figure 60: Usable Electric Power Variation with Preheat Temperature

The enthalpic efficiency curve of Figure 61 also shows an optimum, and that
maximum enthalpic efficiency of less than 3.3% occurs at a preheat temperature of
1020 K.

It is hypothesized that an optimum occurs in the enthalpic efficiency curve be-
cause thermal power loss to the duct walls at high preheat temperature overtakes the
initial benefit gained from increasing the combustor thermal power. This hypothesis
is backed up by Figure 62. The reason for the apparent outlier data point at preheat
temperature 920 K is not known.

Combustor temperatures and diffuser exit temperatures will increase with
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Figure 61: Enthalpic Efficiency Variation with Preheat Temperature
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Figure 62: Thermal Wall Loss Variation with Preheat Temperature
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increasing preheat temperature. The mechanical stresses imposed by the temper-

ature increases will probably be small.

Load Resistance Variation

This last parametric study investigatesthe behavior of the thesis POC channel
model as load resistance is varied. The result of this type of study is a load line. The
extension of a load line to the load current and load voltage axes predicts open
and short circuit operating conditions. The slope of a load line is the characteristic
conductance of a machine. '

A load line was prepared for the thesis POC model. Figure 63 compares the
thesis mo‘;iel load line to several load lines compiled in a September 28, 1993 MSE
test analysis from the last days of testing on the 74, POC channel. The comparisoﬁ
data has a number of different combinations of stoichiometric ratio, thermal flow and
magnetic induction. These parameter values are given in the figure’s key. The variety
of operating conditions is included since there is some questi‘o_n about calculation of
thermal power and stoichiometric ratio between the model data and the MSE data. It

is observed that the thesis model predicts higher electrical powers than those measured

in the MSE data. Therefore, the thesis load line is higher than comparable MSE data -

load lines. The slopes of the MSE 55M Wy, load line and the thesis load line are in
good agreement. | |

‘ﬁ Figure 64 show; that the Mach numbers ﬁear, the channel exit decrease toward
the open, higH load resistance, condition. The reasons for this behavior will parallel
the reasons discussed for the diagonal angle parameter study. A nominal désign load
resistance should be chose;n t0 minimize axial channel currents, which circulate but do

not contribute to power generation. At off-nominal conditions, the loading behavior

of a diagonal channel resembles that of a Hall generator. As the loading is moved
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Figure 63: A Comparison of Load Lines

off-nominal toward the open condition, axial currents flow in the negative direction.
Conversely, as loading is moved toward the short condition, axial currents will flow
in the positive direction.

Figure 65 shows that transverse current densities increase toward the open load
condition. While load current is greatest near short circuit conditions (arrow 2), high
current density electrode stresses will occur for the open condition (arrow 1). The
axial electric field (not shown) is also greatest for the near open loading condition.
This observation is understandable given that greatest load voltages occur as one
moves toward open loading.

The Hall parameter (not shown) is greatest toward the short loading condition.

Both the generated electrical power (Figure 66) and the enthalpic efficiency
curves exhibit maxima near the load resistance of 21 ohms. The value 21 ohms

corresponds to the inverse of the slope of the load line in Figure 63.
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Figure 64: Mach Profile Variation with Load Resistance
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Figure 65: Transverse Current Density Variation with Load Resistance
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Figure 66. Generated Electric Power Variation with Load Resistance

If possible, this optimum location on the load line should be chosen to optimize
generation for any MHD generator operating condition. The load resistance 26 ohm
was used as a nominal load resistance throughout this study because the resistance
matched data provided by MSE. The value is not far from the identified optimum,
but some excess negative axial channel currents should be expected due to the minor

mismatch.

Summary of Parametric Results

The results from the parametric studies in this chapter are summarized in
Table 5. In this table the first column contains the parametric variable, the second
contains the parametric domain, and the remaining columns symbolically represent
observed behaviors in each parametric study. The symbols U and L stand for recog-

nized stressful operating conditions at the upper and lower extremes of the domain,
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respectively. An N means no effect was observed, and an O represents.a,n optimum
condition located somewhere between the domain extremes. Those parametric studies
-having an optimal operating point will have increased stresa;, and reduced efficiencies
elsewhere. The small letters u, [ and o have the same meanings as their capital coun-
terparts, but the observed relation is either weak or it is less 1mp0rtant Small letters
may be used, for example, when the engineer has little control over the parameter or

when stressful operation is unlikely.
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coal flow rate | 1.522 kg/s | L{h | H | H|H|h
magnetic induction | 1.5-3.5 tesla | H | h | L } h | N | 1]
diagonal anglé 35-64° | h hiO]lo|NJo
stoichiometric ratio 0.8-1.0 Hlh|{Lo|h{h|h
oxygen enrichment | 0.31-044 |H|h|lo|h |h |h
seed fraction | 0.003-0.024 | h |H| 6 | 1|1 |1
preheat temperature | 900-1080 K | h |h | o [ h | h | h
load resistance 10-502 hih{O|o|N}o

Table 5: A Summary of Parametric Study Results

Axial electric field and transverse current density were chosen to represent
imminent electrode stresses in the table. However, small letters were used in the

“arcing” column whenever the Hall parameter variation might cause arcing elsewhere

n
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_in the parametric domain.
The symbols in the “efficiency” column reflect parametric locations of unac-
ceptable efficiency. This definition is made for the sake of consistency so that all

columns warn of poor or detrimental operation.
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CHAPTER 7

DISCUSSION AND CONCLUSIONS

Model Capabilities and Accuracy

The qpasi—on'e—dimensional, Euler MHD equation set was solved to determine
steady-state profiles using the stafgé variables p1-*essure P, velocity v,, and stagnation
internal energy &,. The conservation equation set assures conservation of mass, mo-
mentum and energy. Side equat.‘ions consisting of staﬁdard fluid and thermodynamic.
relations were éolved bgtween_ each update of the state va,llriables. Real gaé behavibr
was modeled by spline interpolation of a number of equilibriulm and combustor state
tables. Boundary effects were introduced to the equations through a set of empirical
equatiohs repres.en-ti'ng fully dex;'eloped,' turbulent flow.

Limited MSE data \;vas available for fluid state comparison , but a reasonable
‘supersonic velocity profile a,nd\nan accurate pressure profile were obtained throuéh .Ithe ‘
channel. The fluid modél’s. placemeﬁtv of a shock in thg diffuser rather than iﬁ the tran-
sition section is questionable, and the qgestidﬁable_ Mach behavior in those sections
limit the conﬁdeﬁce with which study results in the tra,nsi.tion' and diffuser regions
can be i‘éported. It .is argued t'll'la.t results from the combustor, nozzle and channel
shoﬁld not be grea,tly affected by the possible mislocation of ‘the shock, especially for |
sﬁpersonic channel ﬂow.- ’ |

The comparison of data is complicated somewhat By diffe,rencgs between the

definitions of thermal power and stoichiometric ratio used for convenience in the thesis

study and those definitions assumed in the MSE POC data. There also may be some
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‘disagreement about coal composition. Where i)ossible, adjustments were made to
assure t'}},at similar quantities were compared. |

It was also found that the fully‘developed, tﬁfbulent flow model underestimated
. the channel thermal Wyall. cooling requirements by 30% at nominal operation. This
result agrees with given citations which claim that MHD effects in the channel may
increase frictional and thermal losses by as much as 30%. These effects were not |
included in th1s thesis model, but they would be Worthwhlle 1mprovements to thesis
model accuracy.

The electrical interactions within the POC MHD‘channel were separated into
an internal equivalent circuit model and an external circuit model. The external
circuit modeled the POC diagonal electrode configuration. The internal circuit model
is based on Ohm’s laW and snnulates MHD interactions with electrlcal circuit elemerits
like res1stors and dependent Voltage sources.

" The voltage drop was estimated from an integral ty;%e model. The model sums
' the contributions of slag, thermal boundary layer and electrical sheath voltage drops
to approximate the total Veltage drop. The model calculates anode and cathode drops
in the same way. No data was available for comparisoh, 'but .typical total electrode
voltage .drop-s from the middle of the channel Were 80 volts at each electrode surface.

It was found that the electrical model everestimated electrical power extraction
by about 0.4 MW. Possible causes of this overestimation include insufficient voltage
d‘i‘op, unmodeled slag.leakage [71], insufficient equivalent circuit model discretization,
optimistic conductivity valuee, and nonuniformity effects. Qf these, unmodeled‘slag
leakage and nonuniformity effects are most likely causes of the model error.

Patankar’s SIMPLER finite volume algorithrﬁ was used to integrate the fluid
equation set. The method stably and rapldly solves for a steady-state solution without

v

numerlcally marching along in time.
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The internal and ext.ernal circuits were separated and solved by relaxation.
The advantage to this nﬁmerical procedure is that the external circuit may be altered
to model any electrode configuration. This capability was used in’ this thesis to
investigate the effect of changing electrode overlap. It was found that the stahiiity of
the relaxation is improved by including the resistive portion of the electrode drop in -

the external circuit model.

Allowable MHD Operating Region

After the thesis model nominal operation WE;I.S_ checked against nominai MSE
ciata, the thesis model was subjected to eight par.ametric’studies. One of the purposes
* of the parametric studies was to determine an allowable operating region. Although
the POC channel modeled in this thesis has no bottoming cycle for the fluid exiting.
the diffuser, the allowable operating region for an MHD generator will be of interest
for combined cycle MHD—stea,m plants. The combined cycle plant will ’certainly be
" limited by any limitation on the MHD cycle operation.

A set of criteria were chosen to indicate stressful operating conditions. 'No‘
shock is allowed to enter the MHD chann‘él, the likelihood of interelectrode arcing
should be avoided, cooling requirements must remain small, and there must not‘ be
.la,rge mechanical stresses within the combustor or at the diffuser exit. Axial electric
field and transverse current densities are the primary indicators of imminent interelec-
trode arcing. Hall parameter was also ménitored since the Hall parameter decreases
the transverse current dénsity magnitude at which arcing begins. Thermal stresses
and pressure stresses were assumed to be excessive if they exceed nominal operating
values by 20%. ' |
| It was found that the allowable operating region ’of the POC generator is

very large. With several exceptions, all tested portions of the parametric domain
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demonstrated a;cceptable stress levels. These exceptions a;nd a number of trends will
be pointed out below. It must be kept in mind fhat transverse current density frpﬁ
the MSE data is a,boqt 75% of that esi:ima,ted by the thesis model," and the power
extraction for the thesis model is greater than that measured by MSE .

No definitive claims can be made about the ‘combin'ed effects of two or more
simultaneous .pa,ra,rr.leter variations. The response of -any- MHD generator will be
nonlinear over the operating region. However, the observations and trends founci in
this thesis may help one predict the results of simultaneous pa,ra,mete; variations.

The Hall parameter never exceeded 3.3. Furthermore, the gradient of Hall
parameter and the gradiént of transverse current density almost always point in. o'p—‘-
posite directions. A nominal ‘desi.gn which has an accépﬁable mix of Hall parameter
and current densities will not have both increased Hall parameter a,n(i‘l increased cur-
rent densit}'/ during off-nominal opéra,ti(')n. Therefore, concern about Hall parameter
is a design ‘concern only. A minor exception to this statement exists for oxygén ‘
enrichment. )

Shock stresses occurred at very low total flow (coal ﬂow < 1.5) and at high
‘MHD interaction (induction > 3). In both cases the actual allowabi_e domain is prob-.
‘ably larger than predicted because the thesis model .overestima,tes electrical extrac-
tion. For all parametric variables except coal flow rate, the Mach prqﬁle approaches a
channel shock conditipn as the transverse current density increases. Increa,séd current
dengity increases the 7 x B MHD interaction and reduces Mach numbers. Increased
current densities may be c;msed by increa,sed‘_power extraction as it was for the seed
fraction parametric study, or it may be caused by a decrease in efficiency as it was
" for the load resistance paramétric study.

Increased transverse current density and increased axial electric field occur

together because the axial field is caused by transverse currents. Neither variable
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became excessive in aﬁy of ’qhe’ parametric studies. This st.zitement is ytémpere,d byl
the fa:ct that both are éverpredicted in magnitude by the thesis model. The greatest
transverse current densities occurred for the maximum diagonal angle. Interelectrode
arc stresses share common causes with Mach stresses, and tﬁe likelihood of arcing
. and of shocking will occur 'together for' the PQC channel.

Excessive combuétor pressure stress is related nearly linearly to the total flow
rate. Therefore, combustor pressure exceeds the nominal combustor pressure by 20%
whenever total flow exeeeds nominal flow by the same percentage. The coal ﬂqw
parametric study exceeded this total flow rate toward the upper extremé of its domain.
The oxygen enrichment domain also caused a large combustor pressure variation and
would exceed 120% of the nominal .design pressure for oxygen enirichment less than
0.31. In practice, one would not operate the POC channel in this part of the domain
_ becauée of poor efficiencies at low oxygen enrichment levels.

Nominal thermal cooling reqﬁiremenﬂcs of the combustor and channe?l were

not exceeded in any parametric study by more than 20%, but the channel cooling
| requirement néa,rly reached this threshold at the éﬁi‘ghe‘st coal flow rate (2.2 kg/s). An
interest'ing observation was made. Increase in stoichi.ome'tric ratio strongly increases
channe] thermal stresses without a great ‘cha,nge in combustor stress level; increase
in oxygen enrichment increases combustor thermal stresses without greatly a,ffecfing
the channel thermal stress.

The stresses at the diffuser exit are diﬂipult to interpret, but it 1s observed
that temperature will be greater at the diffuser exit for inefficient operation than it
will be for efficient operation.

It is not clear how many of these observations and trends are transferable to
other 4nd possibly larger MHD generators. Demonstration and commercial MHD gen-

erators . will. nominally operate at high MHD interaction. At high magnetic

. . , , . A
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induction, a channel may be close to allowing a shock to enter the channel. There-

fore, the allowable operating region of a larger, high interaction channel may be much

~ smaller than that found for the POC generator.

Potential MHD Contribution to Load Fo‘llowing

In this section the second thesis question is addressed. How might the MHD
portion of a combined MHD-steam plant contribute to load following? First, assume
that the MHD generator ié designed to operate near the top of its machine ratings.
Load following will then entaii reduction in power output to match a given load. The
results from the previous section irnpiy that a great number of options exist for de-

creasing power output. These options include redﬁcing seed, reducing stoichiometric

- ratio, reducing oxygen eﬁrichment,-reducing flow, reducing the preheat temperature,

reducing the magnetic induction, choosing an inefficient load resistance, or any com-
: . .

“bination of these. If the allowable operating region for the MHD &uct is large, as it is

for the POC duc;c, then the combined MHD-steam. plant operatdr has overwhelming -

freedom in choosing an optimum combined cycle operation. No more can be said of

. this particular problem until one examines combined cyde operation.

It 1s more reasonable that bottoming arid, topping cycle operations would .b.e
optimized individually with the constraints that total power-'genefatiofl match the
given load and that the interface between topping and bottoming cyde share common
press.ur(_e, flow rate-and stagnqtidn enthalpy. There are twivo obvious advgntag'es to
this simpliﬁc_a,tion.l First, the scope of the'problem becomes manageable. Second,

the MHD channel is well utilized: Thermal and abrasion stresses (not addressed in

. this thesis)-occur whether power is produced or not. - Therefore, the time between

scheduled shut down and refurbishment of the MHD channel will be determmed by

thermal ﬂow hours. Because of this and other ﬁxed costs in MHD generator operatlon,
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'one. may decide to shut down the MHD duct altogether when .its efficiency bécomes.
lower than that of a bottoming cycle. The results from the parametric studies suggest
some strategies which allow efficient operé,tion as load is decreased: |
Both o'xyg‘en enrichment and stoichiometric ratio should be chosen to beas
great in magnitude as possible without causing thermal stresses. It is understood
-tha.’g other factors, such as nitrogen oxide emission‘s, play a part in this decision.
Oxygen enrichment causes thermal stress p;imarily- in the conjl’bustor. Stoichiometric
ratio ca,usés. thermal stress primarily in the channel. Stoichiometric ratios greater
than one have no benefit and decrease generator efficiency. |
There is an optimai seed fraction at about 0.015. At this level of seeding, fluid
. conductivity is high. Additional seed contributes little to the generated power, but
the combustion process must heat the seed mixture and dissociate the salt. Therefore,.
excess seed lowers the specific stagnation enthalpy of the fluid mixture. In practice,
a éreater seed fraction may be chosen to reﬁove most of the coal sulfur pollufant.
| An optimum efliciency occurred at the preheat temperature 1020 K for the
POC duct. It is hypothesized that the optimu_m occurs because initial increases in
fluid stagna,tioﬁ enth\a,lpy improve éleétrical extraction éﬂicieﬁcy, but at higher oxida,nfc
preheat temperafures thermal ioss to walls cancels out any gains. For a given oxygen
enrichment a,na stoichiometric rati(;, the preheat temperature should be chosen near
this optimum. )
During the design process, an opﬁmum diagonall angle .must be chosen. The
most efficient diagonal angle minimizes axial channel currents. For the diagonal MHD
generétor, the dia,goﬁal angle is set during design, and any off-nominal operation
results in circulating currents and inefliciency. An interesting control p"roblem wo.uld‘

be to describe the steady-state parameter space for which the axial current.is always

" minimal for the choice of diagonal angle. It is more likely that the problem will be
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addressed by employing shuffle circuits or other electrode current controllers [72, 73,

74, 28] which can prevent axial currents and improve efficiency during off-nominal
operation. The POC has no such capability.

Thé most strikiﬁg observation is that for efficient operation at a'given mag-
netic induction, the MHD generator flow rate shouldvbe‘ j‘uét enough to stabilize the
suplersonic duct flow. As sh(;wn in the coal flow rate parametric study, any flow rate
. above this quantify decreases genera;tor.ef'ﬁciency. It is a si_gniﬁcaﬁt ﬁnding‘ of this -
study that modeled power outpﬁt does not incr.ea_tse greatly with increased flow rate.
Note that this observation interreiat_es coal flow rate and magnetic induction. It is
likely that coal flow rate will be chosen based on the needs of _the bottoming cycle »
or load, and the induction will be increased until the supersonic flow through the
cﬂar_mel 1s no more than stabilized. |

. During any ‘channel oberation, the ratio of load voltage to load current must

be chosen to be equal to the chara,;:teristic resistance of the channel. This choicé of
load resistance optimizes electrical power output.

The above discussion suggests a possible control strategy for using the MHD
channel to meet changing loads: C.hoose ciiagonal‘- angle, stoichiometric rafio, oxygen
enrichment, seéd fraction, and préheat temperature optimally as described above.
While these optima rhay‘ change over the operating région, they are a reasonable first
guess for off-nominal operation. Coal flow rate is chosen to meet the needs of the
load or bottoming cycle, if there is one. The m{igpetic induc;cion is adjusted to just
stabilize the channel supersonic flow. The generator’s location on a load curve must
be constantly monitored and opﬁimized. |

Th;a parametric studies in this thegis have demonstrated a large allowable ép—

erating region for the POC channel. It is difficult to extend this result to other or

larger MHD channels. If one considers only efficient methods of load following, the
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efficiency data collected during the parametric studies suggests a general strategy
for changing power output to supply varying loads. There is no reason that this
strategy could not be adapted to other and iarger MHD generators. Hov’vever,' the
proposed strategy is only one of many possible strategies, and additional steady-state

and transient simulations are needed.

Suggestions for Further Research

As a laét section to this thesis, several possible extensions to this body of
research shall be suggested. These extensions include electrical model improvements,
fluid model improvements, investigation of transient responses, and combined cycle
studies. Boundary layers should become less inﬂueﬁtial for the study of lé,rger MHD
generators. Volume increases faster than wall surface area. Therefore, boundary
effects_ will become a lesser and lesser fraction of the total génerator output for large
MHD generators. The thesis model accuracy may improve for large MHD generators
without any further model improvements.

The simplest correction to the electrical model may be the inclusion of leakage
currents, currents which flow axi;illy through the conductive slag layer. The slag
leakage currents may cause as great as 20% power loss in a.-10 MW geﬁerafcor [29].
The slag leakage current might be modeled in the external electrical circuit using
resistors between adje;,cent cathodes, adjacent anodes, or both. The magnitude of the

resistors can be approximated by

.6

obw’

where 6; is the insulator separation between adjacent electrodes, o, is the slag con-
ductivity, 6, is the slag thickness and w is the electrode width. If one assumes 2 slag

thickness of 1 mm and a slag conductivity of 1580/m, a 1.4 resistor should be used
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between adjacent electrodes in the middle of the POC channel model. This. resistor '
would result in a leakaée current of about 25 arhpereg axiaily along an electrode wall.

Alternatively, the effect of current leakage may be rﬁodeled by multiplying the
segmenta,.tion factor by a:bo;lt 13. Rosa [71] and Petty [75] have suggested this method
. of leakage current correction. Along the cathode wall, groupings of 10-15 electrodes
become essentially shorted together by polarized slag. Transient arcing between these
groupings break the slag continuity, and the slag burn-off locations vary with tirhe.
For this reasoﬁ, effective cathode segmentation is décreased, but the continuous path
for current leakage to ground along the electrode walls is limited. It is not clear which
of the above two. methods for fnodeling leakage current is better.

A nonunifolrmitsl factor [3] may be used in the internal circuif;_ model. The
nonuniformity factor accounts for the decrease in electrical power output caused by
fluid ~ir‘lhomogeneity in the axial direction. The factor is difficult to quantify and
J:ustify on a first principlés bdsis. For this reason it was not included in the thesis
model.

' Gra.dient.s of Hall parameter and conductivity can be approximated along the
channel length by nﬁmerical means. However, these macroscopic parameter gradiegts
do not reflect the periodic gradients caused by electrode segmentation or the time-
depéndent nonuniformities caused by‘turbulence and uneven seeci or fuel flow. At ‘
best, the model nonuniformity factor must be modified until empirical results are
matched. This thesis may provide enough data to quantify the nonuniformity factor
for the POC generator and improve the accuracy with which the thesis model matches
MSE data. A nonumformlty factor of 1.2 is suggested as a starting place

It has been shown that measured conductivity is only about 0.85 of the the-

oretical conduct1v1ty.1n an MHD channel [55]. It is not clear how this data might

be included in the thesis model. Perhaps the factor is another manifestation of the
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nonuniformity factof, which is close in magnifude to the reciproca;l'of “SIGFAC” in
the. above cit;tion.

.Other researchers have used finer equivalent circuit model discretization in

_the transverse direction. It is questionable whether anything caﬁ be gained By fine
tr.é,nsverse discretization of the equivé,lent circuit model when the fluid model is simply
quasi-one-dimensional. Nonetheless, this is anothér area which might be investigated
to correct thé thesis model’s overprediction of electrical power: |

The boundary layer interaction may be improved in a quasi-one-dimensional
fluid model by separating the viscous and inviscid flow é,nd integrating each simul-
taneously [76, 24] These méthods better a,-pproximate the development of turbulent
bound‘.a,ries, but they require additional computation. If one utilizés hi_ghef dimension
models, there is no need to separate the boundary and core flows. Finer discret.iza.m-
tion must be used near the aﬁct walls. Turbulence effects were_. eépecially thoroughly
modeled in a two-dimensional formulation by Mazzanti and Borghi [35]. Some parts -
of this method might be used to improve the thesis.boundary layer model.

_ Most higher dimension models.a,ss_ume pa,ra,b.olic flow in the major flow direc-
tion. Transverse flow is calculated by a method lik(la SIMPLER, and the results from
the transverse flow calculation ‘a,re used to update the axial pres‘sﬁre profile using the
principle of mass conservation [42, 53]. Such models can be used to very accurately

~ model flow in the siupersonic channel, but they W111 fail in the diffusers, where ﬂow l
is elliptic. The calculation of fully elliptic, three—dimensional flow is very computa-
tionally expensive [42]. The discretization dimensions of the electrical model should

-é,gree with those of the fluid model, ;md the electrical model must be of at least as

" high dimensionality as the fluid model.

The thesis computer model can be easily extended to model transient behaviors

within an MHD duct. Only minor modification of the three conservation equations
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would be necessary Because the method is fully implicit, the additional time depen—
dence terms may be treated as source terms, and integration proceeds as before The
'dens1t1es, velocities and stagnation internal energies at a previous time step bias the
" present calcula,t.i.on of the state. One' iterates to a conr/erged solution, records the
sta;ce at tlre present time, then again iterates to a converged solution given some fi-
. nite time stei). External electrical circnits which contain energy storage elements like
inductors or’ capacitors would require numerical -approximations to time integration
or differentiation.

An implicit integration method assnrnes the fnture state immediately from the
béginning of ‘any integration time step. In contrast, fully explicit methods assume
the last calcul'ated stat:e remains constant until a the nexr time step integration has
loeen completed. Higher order methods interpolate the sta,te between time steps. It
may be convenient to use time steps on tne same order of magnitude as the electrical
and power electronic \response times. These response times will be slightly greater
than the MHD fluid response times. Consequently, such time-dependent solutions
~ will have meaning from the electrical power generation standpoint, but the MHD
fluid high frequency responses will be' washed out.

In this thesis, the operational region was investrgated through a series of para-
metric studies in eight independent variables. Each parametric study innestigeted '
one vectored domain direction. One indepen’dent veiria,ble changed while all oth-
ers remained consta_n_t. The research should be extended to investigate the effects
of simultaneous parameter variarions ovér the operetional domain. If sirnulf,aneous
parameter variations bring about unacceptable operation, additional limitations on
. the allowable operating region should be noted. An algebraic function might then
be formed to represent steady-state behavior of the MHD generator. This algebralc

function could then be used to 1nvest1gate combined MHD-steam plant operation.
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APPENDIX

COM'MONER Common Block with Definitions

C********0*********D*********O*********0*********0*********0*********.
C COMMON VARIABLE FILE
C********0*********O*********U*********0*********0*********0*********

IMPLICIT DOUBLE .PRECISION (A-H,0-Z)

IMPLICIT INTEGER (I-N)

CHARACTER*1 FLAG,FLAG_T

INTEGER FLAG_L,FLAG_OP,I,J,L

C NEP == number of electrode pairs

C NNDS_MAX == maximum total number of nodes

~ C PASCALS == conversion factor [ atm --> Pa ]
C RGAS == gas constant

o Cokskokokokokok Dok sk sk ok sk sk sfeok (] ok skakok ok o o ok 0k stk sk sk ok o o ok ok skl o o ke ok (ke ok ok sk sk sk sk ok () s ok ok ok sk ok ok
- C PARAMETERS
C********0*********0*********0*********0*********0*********0*********
PARAMETER( NEP=62,
& - NNDS_MAX=145,
& RGAS=8.31432D3, :
& PASCALS=1.01325D5)

C********0*********O*********O*********O*********O*********O*********

C COMMON BLOCKS
C********0*********0*********U*********0*********0*********0*********

COMMON /AREA/ A(NNDS_MAX) ,A_MIN (NNDS MAX)
COMMON /STIFFNESS/ ALPHA (NEP)

COMMON /INDUCTION/ B(NEP)

COMMON /HALL_PARAMETER/ . BETA(NEP)

COMMON /FRACTION_OF_INDUCTION/  BFACT

COMMON /ELECTRODE_CURRENTS/ CANODE (NEP) , CCATH(NEP)
COMMON /SPECIFIC_HEAT/ CP (NNDS_MAX)

COMMON /LOAD_CURRENT/ CUR_LOAD

COMMON /CHANNEL _CURRENTS/ CX (NEP)

COMMON /BOUNDARY_THICKNESS/ DELTA

COMMON /COMPRESSIBILITY/ ' DRHODP (NNDS_MAX)
common /INTERNAL_STAG_ENERGY/ EIO(NNDS_MAX)

COMMON /WALL_EMISSIVITY/ EW

COMMON /ELECTRODE_WALL_FRAC/ EWF

_ COMMON /FRICTION_COEFFICIENT/ F(NNDS_MAX)
COMMON ./EVENT_FLAG/ FLAG
COMMON /LOAD_FLAG/ FLAG_L
COMMON /OUTPUT_FLAG/ FLAG_OP
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COMMON /REAL_DYNAMIC_FLAG/
COMMON /FLAG_DYNAMIC_FLAG/
COMMON /SPECIFIC_HEAT_RATIO/ -

. COMMON /ENTHALPY/

COMMON /PREV_STAG_INT_ERG/
COMMON /STAGNATION_ENTHALPY/
COMMON /MASTER_ELECTRODES/
COMMON /NODES_COUNTS/

- COMMON /OXYGEN_ENRICHMENT/

COMMON /PRESSURE/
COMMON /OXYGEN_PREHEAT_TEMP/

"COMMON /SECONDARY_STOICH/

COMMON /SHEATH_POTENTIAL/
COMMON /EXIT_STAGNATION_P/
COMMON /STAGNATION_PRESSURES/
COMMON /THERMAL_COEFFICIENT/
COMMON /DIAGONAL_RESISTORS/
COMMON /CONSOLIDATOR_RESISTORS/
COMMON /ITERATIOGN_FACTORS/
COMMON /DENSITY/

COMMON /PREVIQUS_DENSITY/"
COMMON /INVERTER_RESISTANCE/
COMMON /LOAD_RESISTANCE/
COMMON /SEED_FRACTION/

COMMON /SEGMENTATION_RATIO/

&

&

COMMON /CONDUCTIVITY/
COMMON /DUCT_LENGTHS/

COMMON /DXSTEPS/:

COMMON /TEMPERATURE/

&

COMMON /INTEGRATION_TIMES/

COMMON /SLAG_WALL_T/
COMMON /STAGNATION_TEMPS/
COMMON /ELECTRODE_WALL_T/ -
COMMON /VELOCITY/

COMMON /PREVIOUS_VELOCITY/
COMMON /ELECTRODE_VOLTAGES/
COMMON /VOLTAGE_DROPS/
COMMON /INVERTER_BACK_EMF/ -
COMMON /LOAD_VOLTAGE/
COMMON /MACH_NUMBER/
COMMON /CHANNEL_VOLTAGES/

. COMMON /FLOWRATE/

COMMON /COAL_FLOWRATE/
COMMON /MOLECULAR_WEIGHT/
COMMON /POSITION/ .
COMMON /WALL_HEIGHT/

FLAG_DT

FLAG_T

GAMMA (NNDS_MAX)

H(NNDS_MAX)

EIO_OLD(NNDS_MAX)

HS (NNDS_MAX)

MA ,MC,NOVRLAP

NCOMB,NNOZZ ,NCHAN ,NTRANS,NDIFF,
NNDS

0X

P (NNDS_MAX)

PHEAT

PHI

POT

PSEXIT

PSTAG (NNDS_MAX)

Q (NNDS_MAX)

RCCC

RCON

RELAX,RELAXMIN,RELAXMAX

RHO (NNDS_MAX) ,RHO_MIN(NNDS_MAX)

. RHO_OLD(NNDS_MAX)

RINVT

RL

SEED

SEGR

SIGMA (NEP)

SCOMB, SNOZZ , SCHAN , STRANS , SDIFF,
: SBOIL

STEP(5) , STP_MAJ (NNDS_MAX) ,

STP_MIN(NNDS_MAX)

T(NNDS_MAX)

TIME,TIME_O,TIME_F,DT_MIN,

. DT_MAX,DT

S .

TSTAG (NNDS_MAX)

W

V (NNDS_MAX) ,V_MAJ (NNDS_ MAX)

V_OLD (NNDS_MAX)

VANODE(NEP) , VCATH (NEP)

VD(NEP) , VDR (NEP)

VINVT

VLOAD

VMACH (NNDS_MAX)

VX(NEP) ,VY(2,NEP)

W (NNDS_MAX)

We

WM (NNDS _MAX)

X (NNDS_MAX)

. ZHEIGHT
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ELEC Subroutine for Electrical Side Eqﬁations_

C********O*********O***-******D*********O*********O*********O*********

C

C SUBROUTINE: ELEC

C A
DATE: 1993

c

C .

C PROGRAMMER: Donhald Hammerstrom, Graduate Student
c Department of Electrical Engineering
c Montana State University

C Bozeman, Montana 59717-0378

c .

c

c

c

PURPOSE: This subroutine updétes electrical variables.

.
sk ok e ok ook ok s Dok ok ke ke sk ok ok ok (0 ok sk ke sk ok skt ok ok () o sk ke ok st e st e ok (0 ok ko ok ke sk e (] sk ok s sk ke sk ke ok ke () ok ook sk sk ok ok
SUBROUTINE ELEC

INCLUDE ’COMMONER.FL’ ' ]

Cokeoke sk ke ok ok 3k ok [k ok ke sk skok ke okok (0 okok ok sk ok ke sk sk sk 0 ke okeok ok ook sk ok ok [0k s sk sk ok ook ke [ skesk o sk ok sk ok ok o ([ ok ok s sk ok sk ok ok
C ELECTRICAL VARIABLES .
Cokskosk sk ok ke ok (34 sk ks akok ok sk ([ okook sk skske sk sk ke ok (0 ok ook s ke ok ok sk ke (ke sk oo ke sk ke ok e [ sk ke sk ke ok ok ok (] sk sk sk o okok o ok
DO 10 I = NNOZZ + 1, NCHAN
L = I.- NNOZZ

SIGMA(L) = SR( ’SIGMA.DAT ’, ’Y’, OX, PHI, SEED, P(I) /
& : ‘ ’ PASCALS, T(I) )
EMOB = SR( ’EMOB.DAT °’, ’Y’, 0X, PHI, SEED, P(I) / PASCALS,
& T(I) )
BETA(L) = BFACT * B(L) * EMOB
10 CONTINUE
RETURN

1

END

»

EXTCIRC External Circuit Subroutine Example

Cokeske ok sk sk skskok () o ok sk ok o ke ok (ko o ok sk ok o ok () o o ok ok sk o o ok (ko o ok sk ok ak () ok o ok koo o ok ok o ok ok ok o

SUBROUTINE: EXTCIRC

PROGRAMMER: Donald Hammerstrom, Graduate Student
"~ Department of Electrical Engineering
Montana State University
Bozeman, Montana 59717-0378

‘DATE: 1993

Qoo
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C PURPOSE: :

C This subroutine uses the solved voltage profile within

C the MHD channel to solve for the electrode currents. These

C currents may be time dependent. The electrode currents

C calculated in this subroutine are then again used in SOLVEVOLT
C as boundary condltlons in the solution to the discretized field
C problem.

C The user must rewrite thls subroutine to model new
external circuits and circuit 1nteract10ns Do not change
SOLVEVOLT.

C
C
C
C INPUTS

C (1) Electrode voltage profiles VANODE and VCATH

C (2) Modeled external channel circuit as a function of

C , . electrode voltages -
C © (3) Time is’used only for time dependent circuits

o (4) NOVRLAP is the diagonal electrode overlap number

C

C

C

C

C

OUTPUTS : ,
(1) Vectors of electrode currents CANODE and CCATH

sk ok e ok sk ok sk () ok ok ook ok ok ok ko () skesk ke sk ok ke ke ok ok () e ok sk e okeok s ke sk [k ok sk sk ek sk sk ok (kb ok ok ke skok sk ok () ok ke ok sk ok ook ok
SUBROUTINE EXTCIRC

INCLUDE ’COMMONER.FL’
FNOVRLAP = FLOAT( NOVRLAP )

C ok sk ok e ok s ke sk () ook e o sk ok ke sk ke () sk ok ook ok ok sk () e sk e ok sk sk e ok () ke e sk sk e e sk sk ke () sk o sk sk sk ke sk () ke sk ok k6 skok
C DETERMINE LOAD VOLTAGE. _
Cok sk ok ke sk ok ok sk (0 3k ok ok ok ok sk ok sk ok [ ok ke ok ke ok ke ok ok [ ok sk ok ke sk ke st ok ke (5% ok ke sk e o ok sk ke (3 ok sk ok ke ok skt ok ke [k ok sk ok s ok s sk ok
VLOAD = ( VANODE(MA) - VDR(MA) * CUR_LOAD / FNOVRLAP ) - (
& VCATH(MC) + VDR(MC) * CUR_LOAD / FNOVRLAP )

C********0*********0*********0*********0*********0*********0*********
C DETERMINE THE LOAD CURRENT. _
Gkt ks ok () sk ek sk ok sk ok () s ko ok sk o o () sk o sk s o ko ok () sk e ke ko ook () ok sk ok sk ok o () o ko sk sk ok sk ok
C Assume 97} inverter and transformer efficiency. RINVT represents
C those losses.

RINVT = 0.03 * RL

CUR_LOAD = 0.25 * VLOAD / ( RL + RINVT.) + 0. 75 * CUR_LOAD

C ok ok sk sk sk ok e sk (3 sk o ok sk sk sk sk (] ook sk sk ok ok sk sk sk (3 ok sk ok sk sk skeok sk [ ok sk sk ok sk sk sk ok ok (5K ok ok ook ok sk ok ok [ ok ok ok ok ok ok ok ok ok

C DETERMINE CURRENTS IN ANODE PTO REGION.
Cokeskeok sk sk skskeok () ke ek sk e ek sk oke s ok sk e ok () ok o ok ok sk sk o (ko sk ok sk o sk (] sk o s ok skeok sk ok () ok o o sk ok ok o o
. DO 20 I = 1, NOVRLAP 7
20 CANODE(I) = CUR_LOAD / FNOVRLAP

C********O*********O*********O*********O*********0*********0*********

C DETERMINE CURRENTS IN CATHODE PTO REGION.
Cokeske ok s ok sk ke ok (Jok ke sk ook ok ok (ks ok oo skt sk ok (0 ke e e sk sk ok sk sk Dok sk ek sk sk skok (0 ke sk sk sk ok ok ok ok ok (ke sk sk s skok keok
DO 30 I = NEP -~ NOVRLAP + 1, NEP
30 CCATH(I) = CUR_LOAD / FNOVRLAP
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Cotokokoke ok ko Qe ok sk O ke ok sk ok ok O sk ek ke sk (ks ko ook ek () ok ook ke ok ok sk ok sk ok
C THESE ARE THE -STANDARD DIAGONAL CONNECTIONS.
Corokoke stk ok Ookokokeoke sk ok ok sk ootk Dok ook ek Okl sk kok (ks ok ook keok 0k ko ook ok s
DO 60 I = 1, NEP - NOVRLAP
CCATH(I) = ( 1. - ALPHA(I) ) * CCATH(I) + ALPHA(I) * (

& VANODE(I+NOVRLAP) - VCATH(I) ) / ( RCCC + VDR(I+NOVRLAP) +

& VDR(I) )
60 CANODE (I+NOVRLAP) = CCATH(I) .

C********O*********O*********O********‘*O*********O*********O*********

C ALL ELECTRODE CURRENTS HAVE BEEN SPECIFIED BY THE EXTERNAL CIRCUIT.
Cokesk ke ok ok ok ke sk () ok ok skeak ket e skeak (ke ke sk sk ke ok ok ok [ ok sk sk ok ok sk ok s skoke sk ke ke (] sk ke sk sk s e (o skook sk ke ke ok ok

RETURN
END

FG Model of Boundary interactions

CCwoiokokokskok 1 kokskokokokk D kokkskokokk 3 skokkskokokk 4 okkkkokkok 5 kokokokkK G KoKk KKk
SUBROUTINE FG

Originally written by Pierre, Dudding and Miller (1976)
Completely rewritten by D. Lofftus (summer 1981)

Modified by C. A. Heikes (December 1981)

Adopted and modified by Hammerstrom (1992-4)

THIS ROUTINE USES :

A----mmmm duct cross section area---=-=------------ meters**2
CONK~---- Cp/Cv or gamma------—-—-———=————~=—e—————— unitless.
CONR----- specific gas comstant; R---—----=--=---——- J/kg K
CP-=m==mm=- dH/dT OR Cp; specific ‘heat of gas—-------- J/kg K
EWN-=mm=—- emissivity of the walls---------------—-- unitless
H-<------enthalpy of the core gas----------=----—- J/kg
HW--roe- enthalpy of the gas along the wall------- J/kg
0X=m=mmm-= oxygen enrighment mole fraction----------unitless
Prommm——— pressure of the gas----------------~--u-v Pa
PHI~--==-- stoichiometric ratio-------------—-=----~ unitless
RHO-----~ -density of the core gas------=---=----——- kg/m**3
Sewmmm——— Stefan-Boltzmann number---------=-------=K%*4
Towomre—— temperature of .the gas-——----------=>-~wu- K
TS——===-- temperature of the slag walls---------—--- K
V--------velocity of the gas---=-----------=-——----n/s
WM=mmm—m = molecular weight of the gas-------=------ unitless
ZHEIGHT——Z bar wall constant helght ——————————————— meters

OUTPUTS ARE F AND G:
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C G--——=---- thermal flux coefficient---——-~=———mmc—mee Watt/M**3
. C ' -
Cokkokokokokok 1 skokokskokskk 2 okdokdokk 3 skokokokkokk 4 kokdokdkokk 5 sokskokakokk 6 kokkokkkok
SUBROUTINE FG(I)

INCLUDE ’COMMONER.FL’

Coskkrkk 1 solokkokkk 2 sokskokokkk 3 skkskokdkokk 4 kkokdokkk 5§ skokokokokkk 6 kkkkskokok

C S-~-STEFAN-BOLTZMANN CONSTANT
C SEE CRC HANDBOOK, FOR EXAMPLE
DATA S / 5.67032E~-08 /

Cookakkorakok 1 sokiorkkk 2 kkkokkiok 3 okl 4 skkokokokkk B kokokskokokk 6 koo ok

C TS--SLAG WALL TEMPERATURE
TS = DMIN1( DMAX1( 1750.D0 + 0.75D0 * ( TW 1400.D0 ),
& . : 1750.D0 ), T(I))

Cooieskeskokoksk 1 skokokokokoksk D skokskokokkk 3 skokskskokokok 4 kkkkokokk 5 skokokokokskok 6 skkkokkokk

C EMISS----EMISSIVITY OF THE GAS

C SPLINE FIT: ’EMISS.DAT’’

C Gas emissivity function of chemlstry and state at assumed

C equilibrium conditions.

C DATA SOURCE: -MSE, Ind. gas equilibrium file for Rosebud.coal

C ERROR: (about 1%, estimated by worst case match to known data

C points.) ‘ -
EMISS = SR( ’EMISS.DAT ’, ’Y’, 0X, PHI, SEED, P(I) / PASCALS,
& ‘ . , CT(I) )

Cxkokokkk 1 okkdkokokokk 2 sokksokokk 3 skokskkskkk 4 skskkkokkk 5 dokkkkokk 6 skskokskokokok

C TF------- TEMPERATURE OF THE FILM '

C [REF 1] PG 413---—-=—=mmo oo K

10 TF = .55 * T(I) + .45 * TS + .035 * T(I) * VMACH(I)**2

Crokkorkok 1 sokdkobkok 2 kkofbkobk 3 kool 4 sokiokkkok B kokkkkik 6 kK kkkk
C VISF----- VISCOSITY OF THE FILM

C VISB----- VISCOSITY OF THE BULK OF THE GAS

C VISW----- VISCOSITY OF THE GAS ALONG .THE WALLS

C [REF 1] PG 415--<---=—=—=m—m——————————-Nt SEC/M*%*2
VISF 1.95E-07 * TF**0.75

1.95E-07 * T(I)**0.75
1.95E-07 * TS*%0.75

VISB
.VISW

Cokskokokokoksk 1 skkkkkkk 2 skkkkkskk 3 skskokokskokok 4 skokokokokokok 5 skkskskokokok 6 kkkokkkk
C THCOND---THERMAL CONDUCTIVITY OF THE GAS
C [REF 1] PG 416-=-—————— o JOULE/SEC M DEG.K-

THCOND = ( 1.71E-03 * ( 270.0 + TF ) ) / wM(I)

Cdokokokokok 1 skokskokokkk 2 skokokokokokk 3 skokkoldokk 4 kokskokkkk 5 dokokkkkk 6 kkkkkkk
C PR-—------ PRANDTL NUMBER _ -
C [REF 2] PGS 549 TO 551---—-~===——o-- ---UNITLESS

= CP(I) * VISF / THCOND

Cookskskokkok 1 sokkokokoksk 2 skokskskskokk 3 okokokokkokk 4 skokkokkkk 5 skokskkkkk 6 kkskskokkk




128

C D--HYDRAULIC DIAMETER - , ;
C. The hydraulic diameter is necessary for calculations with
C non-circular cross sections. See BOUNDARY LAYER THEORY by
C Schlichting, p.612, for example. [Hammerstrom 1993]
C Assume constant sidewall height except in diffuser, where
. C dimensions are roughly square.

D =4.D0 * AC(I) / ( 2.D0 * ( ZHEIGHT + A(I) / ZHEIGHT ) )
IF ( I .GT. NTRANS ) D = A(I)*%0.5 .

Corskookokdkok 1 skksokkkk 2 okokkoklokk 3 skdokokkkk 4 okkkokkk 5 kdkokkkkk 6 skkkdokkok
C RE-~---—- REYNOLDS NUMBER
C [REF 2] PGS 549 TO 551--—--=———-=Zc-——o UNITLESS

RE = RHO(I) * DABS( V_MAJ(I) ) = D / VISF

Cwkkknk 1 Hkkdrk 2 okkskokksk 3 wkkkkkk 4 ckkkokkkok 5 okokkskokkk 6 skok ok sk ok ok
C QCOEF----HEAT TRANSFER. FILM COEFFICIENT .
C [REF 3] PG 341-=-=-————o e JOULE/M**2 SEC DEG.K -

QCOEF = .027 * RE**0,8 * PR¥x0.333 * ( VISB / VISW )%%0.14 *
& o . THCOND / D

Ctokkokokok 1 skokokokokokk Q skokkskkkk 3 dokkkiokk 4 dokdokkokk 5 sokskkokokk 6 kskskokkkk

C RECOV----RECOVERY FACTOR : -

C [REF 4] PG 8-61-—=====——===mmmm e UNITLESS
RECOV = PR*x0.5

Cok ok ok ok ok ok %k i dkokokokskkk 2 Fokokkokkok 3'******* 4 kskokkkkk B okokkokkokk 6 okkkkkkk

. C TAW---—-- TEMPERATURE OF AN ADIABATIC WALL;
C "STAGNATION TEMPERATURE"
C [REF 1] PG 413 ; .[REF 4] PG 1-3------—- DEG.K

TAW = T(I) + RECOV * V_MAJ(I)**2 / ( 2. * CP(I) )

Cosorkokokk 1 skokokskokokk 9 kskskokkoksk 3 skokskskokkk 4 skksokkokk 5 okokoskskoksksk 6 kokokokkkk
C QC-----~~- CONVECTIVE HEAT FLUX TO THE WALLS :
C [REF-1] PG 410--——==m=m—mmmmmmeme i WATT/M**2

QC = QCOEF * ( TAW - TS ) S

Csokkokdok 1 skokskokiokk 2 sokskokokskok 3 skokokskokkk 4 kkkkkkK B kkokskokkk G okokokokokokok
C QR------- RADIATIVE HEAT FLUX TO THE WALLS
C [REF 3] PG 447-—--—==—=—-——mmmmmemme e WATT/M**2
QR = S * ( T(I)**4 - TS*x4 ) / ( 1.0 / EMISS + 1.0 / EW - 1.0)

Ckodokkdok 1 skokckokokkok 2 skokskokokokk 3 skokskoksksdok 4 kokokkkdok 5 okskokokkokok 6 skokskkokokk
C FFACT----FRICTION FACTOR :
C [REF 4] PGS 7-4 TO 7-6--——————===mmemwme UNITLESS

FFACT = 1.0 / ( 1.74 * DLOG( D / 3.D-3 ) + 2.28 )*%*2

Cookokokokokok 1 okskskkkkk 2 ****;** 3 *******.4 Kokokokokokk 5 okokokkdkokk G Kokkdkokdkk
C G--====-- HEAT TRANSFER PER UNIT VOLUME
C [REF 1] PG 407---—-===m~===mmmmmmmm e WATT/M#*3

Q(I) =4.0* (QC+QrR ) /D

Cosokskokskk 1 sokskkokkk 2 skkokkokkk 3 JARkRk 4 ARARREK B Kok dokdok 6 sokkokkkk
C TAUW----- TAUw ; x-DIRECTION WALL SHEAR STRESS
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C [REF 1] PG 410==-mmmmmmmmmmmomomoe oo N /MA42
TAUW = FFACT * RHO(I) * V_MAJ(I)**2 / 2.0

Coxsdokokokodkok 1 skoksdolokdkok 2 okokskodokokk 3 sokokskskokk 4 okkokkdkokk 5 ksokokskdkok 6 skokokokokskok
C Fr=s=m——- FRICTION FORCE PER UNIT VOLUME
C [REF 1] PG.407-—=—=—=—— e Nt/M**3

F(I) = 4.0 * TAUW /D

NOTES :
#%+ THIS VALUE RETURNED TO THE CALLING PROGRAM

[REF 1] OPEN CYCLE M.H.D. POWER GENERATION
EDITED BY J.B.Heywood AND G.J.Womack
PERGAMON PRESS, 1969

(REF 2] THERMODYNAMICS, 6TH EDITION
V.M.Faires AND C.M.Simmang
MACMILLIAN PUBLISHING CO., 1978

[REF 3] HEAT TRANSFER, 3RD EDITION
A.J.Chapman
MACMILLTAN PUBLISHING CO.,1974

[REF 4] HANDBOOX OF HEAT TRANSFER .
EDITED BY W.M.Rohsenoce AND J.P.Hartnett
McGRAW-HILL, 1973
\ .
[(REF 5] ELEMENTS OF COMPRESSIBLE FLOW
F. Cheers, 1963

RETURN
END

_ MAGNETIC Induction Profile Subroutine

C st ke s st ek e sk [ s sk ok ke skesk ke sk (0 sk sk s sk ke sk s ok () ok o e ok s ok sk sk sk (3% sk ok sk skeok s ko (0 o sk ok ok sk s ok o ok (] ok ook s ok ok sk ok ok

FUNCTION RMAG()
DATE: 1992
PROGRAMMER: Donald Hammerstrom, Graduate Student
' Department of Electrical Engineering
Montana State University .
Bozeman, Montana 59717-0378 -
PURPOSE: .
This function calculates the magnetic flux density
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C profile. The user is free to alter this function to obtain a
c desired flux density profile The value B_INIT may be used
c. when the general profile is known, but the strength is

c available for design.

C

C INPUTS: ’

C o .

C B_INIT “initial flux density

C X node position in meters

C SIZE length to beginning of channel

C ' o .

C °~ O0OUTPUTS:

C

c RMAG magnetic flux density

C

Cokeskeskekok sk ok Qe s sk ek ok ke sk O koo sk sk o o 0 ok ke sk stk s e (ke ke skesk stk s s ok (e ok e ek ok ok ok D sk ok o e ok ok ok

FUNCTION RMAG( B_INIT, X, SIZE )
IMPLICIT DOUBLE PRECISION (A-H,0-Z)

C SCALE IS ADDED TO ACCOUNT FOR" CHANGE IN DESIGN CHANNEL LENGTH

Z = X - 83IZE
SCALE = 4.34 / 9
Z = Z [/ SCALE

IF ( Z .LE. 0. ) THEN
RMAG = 0.
ELSE IF ( Z .LT. 1.45D0 ) THEN
RMAG = 2.143D0 * Z + .5DO
ELSE IF ( Z .LT. 2.45D0 ) THEN .
RMAG = 0.3082D0 * Z**3 -~ 2.90D0 * Z%%2 + 8.6086D0 * Z - .
& . 3.7166D0
ELSE IF ( Z .LT. 6.4D0 ) THEN ,
RMAG = -.05 * Z + 4.62
ELSE IF ( Z .LT. 7.4D0 ) THEN
RMAG = -0.1253D0 * Z*¥3 + 1.7041D0 * Z**2 - 6. 4626D0 * Z +
& . 8.7035D0
ELSE IF ( Z .LE. 9.01 ) THEN
RMAG = -1.8293D0 * Z + 16.96D0
ELSE -
RMAG =
END IF

. RETURN
END
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MHDDJH Driver Program

C********O*********O*********O*********O*********0*********0*********

PROGRAM: MHDDJH
DATE: 1994

PROGRAMMER: Donald Hammerstrom, Graduate Sfudent
Department of Electrlcal Englneerlng

Montana State University
Bozeman, Montana 59717-0378

PURPOSE:

This is the driver program for a program set developed at
MSU to analyze time dependent or steady-state linear geometry
open MHD ducts.

3k >k >k ke >k >k s 3k [ ok o ok ok sk sk sk sk [ ok ok o ok ok ok ok ok ke (ke sk ok sk ke sk ok ok sk () 3k sk sk ok sk sk ok sk sk (0 3k sk sk e sk ok ok ok [ ok ok ok sk ok ok skeokeok

PROGRAM MHDDJH

INCLUDE ’COMMONER.FL’

CHARACTER A_IN_FILE(20), B_IN_FILE(20)
CHARACTER*10 DS(3)

REAL*8 SS(3)

BYTE H_IN_FILE(20), P_IN_FILE(20), H_OUT_FILE(20),
& P_OUT_FILE(20), OUT_FILE(20)

C********O*********D*********O*********O*********O*********O*********

~ C OPEN AND READ THE MAIN INPUT FILE
ek sk ok ok sk sk () sk sk ke s ek () e ok sk ok ok sk ok () o o o ok o ok sk () sk ok o ok () sk ok sk ok sk ok o ok () ko o ko ok ok

OPEN( UNIT = 1, FILE = ’MHDDJH.DAT’, STATUS = ’0OLD’, RECL=255 )

Cokskook sk o ok sk sk () o ok sk ok ok sk ok ok () okok sk sk ke ok ok ok (o ek sk ok ks ke ok (ke ok kol ok ok ek () ok sk ko ok () sk ke e s

C DUCT SECTION LENGTHS
C********U*********0*********0*********O*********0*********0*********

C SCOMB = Combustor length in meters

C SNOZZ = Nozzle length in meters => length to end of nozzle
C SCHAN = channel length in meters => length to end of channel
C STRANS = transition section length => length to end of trams.
C SDIFF = diffuser length in meters => total duct length

C SBOIL = length of radiant boiler section included in SDIFF

READ(1,1010)

READ(1,1100) SCOMB_IN, SNOZZ_IN, SCHAN IN, STRANS_IN, SDIFF_ IN
READ(1,1000)

READ(1,1100) SBOIL_IN

C********O*********O*********O*********U*********O*********O*********

C NUMBER OF DUCT SECTION CELLS
Cokoteokesksk ok ok sk Ok o sk kb okl (] ke ok ok ook sk ok ok [ e sk sk ke ke e sk (ke s e e skt sk ok ok ) oo sk ek sk sk ok () o sk ok ok sk ok ok ok

C NCOMB = # of cells in combustor => # of nodes to end of combustor
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C NNDZZ = # of cells in nozzle => # of nodes to end of nozzle
C NCHAN = # of cells in channel => # of nodes to end of channel
C_NTRANS = # of cell in trans. sect.=> # of nodes to end of trans.
C NDIFF = # of cells in diffuser => total number of duct nodes

READ(1,1020)
READ(l 1200) NCOMB_ IN NNOZZ IN, NCHAN_IN, NTRANS_IN, NDIFF_IN

C********D*********O*********O*********O*********O*********O*********

C INDEPENDENT VARIABLES
Cokstesdeoke stk ook [k skeskok ok ke ke akok (s ok sk sk ok ok ok () skeskeok o skoke skeok ok (b sk okok ok sk ke sk (ko ok sk sk stk ok ok (s skook sk ke ok ke s ok

C WC = coal flow rate (kg/s)

C 0X = oxygen enrichment (unitless)

C PHI = secondary combustor stoichiometric combustion ratio
C SEED = potassium seed fraction (unitless)

C PSEXIT = diffuser exit stagnation pressure (Pa)

C PHEAT = oxygen preheat temperature (K)

C BFACT = fraction of nominal induction proflle (unltless)

READ(1,1020)

READ(1,1100) WC, 0X, PHI, SEED, PSEXIT
READ(1.,1000) _

READ(1,1100) PHEAT, BFACT

ok sk sk ok ok ok ok ok (0% ¢ e ok sk ok o skt () ok ok ok ok ok sk ke ok ok (3 ok e ok ok sk sk sk sk () 3k e sk sk sk ke ke skeske () sk sk sk ok ok sk ok ok ([ ok ok ok ok skeok sk sk

C DUCT GEOMETRY )
Gk ke sk ok sk sk ok ok ([ 3k ok ke o sk sk e skeak [ skeok ok ook ke ok ok ok [k ok sk ook ke se [k sk sk ok sk sk ke okt ok sk ke skeok s ok () ok ok sk sk sk ke oe ok

'C ZHEIGHT = constant Z-bar wall height (m) -

C SEGR = segmentation ratio (unitless) - [See Rosa, for example.]

C EWF = electrode wall area fraction . )

c (electrode wall area/electrode area)
READ(1,1020) ) )

READ(1,1100) ZHEIGHT, SEGR, EWF

Cok kst sk ok o ok ok (0 ok ok sk sk ke sk stk [ ok o sk sk sk sk ok ok (0 5k ok sk sk ok ke sk ok ok (] ok ok e sk s ok ok ok ok [ ok ok ok ok e sk ok ke (] ok ok ok sk sk ok ok sk ok

C BOUNDARY LAYER CONSTANTS
Cokeskeske ok sk ok ke ok (3 sk sk sookok s okok [ ook ok sk ok e ok (0o o ook ko ke oke ke (Db ke ok st sk e sk [ skeok ke sk ok s sk ke () ok sk ok s skeske s s ok

C DELTA = thermal boundary thickness (m)

C POT = sheath boundary potential drop (V) [See Gupta and Rohatgi.]
C EW = thermal emissivity of duct walls

C TW = cold duct wall temperature (K) [Not slag wall temperature.]

READ(1,1020)
READ(1,1100) DELTA, POT, EW, TW

O ok sk ke ke ok ke e [ ok ke ke ke sk ok sk sk () F ok ok ok ok ok ok ok sk [ ok ke ke ok sk sk ke ok ok [ ok ok ok ok ke sk ok skeske [ skesk ok sk sk skeoke sk sk [ sk sk sk ok sk ok ok ok

C ELECTRICAL CONSTANTS
C********U*********0*********0*********0*********O*********O*********

C RINVT = resistance representing inverter losses (ohm)

C RL = load resistance (ohm) [See flag set.]

C VINVT = inverter back emf (V)

C RCON = resistor used in PTO region consolidation (ohm)

C RCCC = resistor representing diagonal shorting angle resistance
C MA,MC = master anode and cathode numbers in PTO regions

READ(1,1020)
READ(1,1100) RINVT, RL, VINVT, RCON, RCCC
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READ(1,1000)
READ(1,1200) MA, MC, NOVRLAP

Corskesdoroke ok sk Qo sk okok sk ok okok (s sk skok ek o ok (o skok sk s ke ook ok (D ok ke sk skesk sk sk ok () ok sk sk ok ok ok sk ok (] sk sk ok sk okeok ok s
C TIME INTEGRATION CONSTANTS
Coksteokokste ok sk ok ok o skok kb ke sk (0 Fe ok s ook sk e ke (o sk ok ke ok skoke ok (0 kst ke s sksk sk (0 ok ok sk sk ok o ok sk sk (0 ok s ok e o ok okeok

C TIME_O = initial integration time (s)

C TIME_F = final integration time (s)

C DT_MIN = minimum acceptable integration time step (s)
C DT_MAX = maximum acceptable integration time step (s)

READ(1,1020)
READ(1,1100) TIME_O, TIME_F, DT_MIN, DT_MAX

Cokeske sk ok ok ok ok ok (b sk sk ook ok skeoke (0 ok ok sk okeoke ke sk ( ke sk sk ke sk sk sk sk ske ()% ke sk sk skesk ol sk ok (J ok sk sk skeoke sksk sk ok ( ok ok ok sk sk ok sk ok ok

C FLAGS
C ok 3k ok ke ok ok ok (0 3k ok sk o skok ke sk sk ([ 3k ok sk sk stk sk ok () ke ok ok sk ook sk ok ok ()oK ke sk sk sk e ok sk () sk e sk o sk ok [ ok skok o skok sk ok ok

C FLAG.T = (Y,N) Y <==> experiment is time dependent
C N <==> experiment is steady-state

C FLAG_LL = (1,2,3) 1< load should be considered constant
C 2 < load varies {
c 3 < load is time dependent
C FLAG_OP = (1,2,3) 1 <==> full output .
C 2 < abbreviated output
C 3 < minimal output
READ(1,1010) .

READ(1,1300) FLAG_T, FLAG_L, FLAG_OP

C********O*********O#********D*********O*********O*********O*********
C INPUT FILE NAMES
C********D*********O*********O*********O*********O*********O*********
READ(1,1010)
READ(1,1400) NCHAR, IN_FILE(I),

(A 1, NCHAR
READ(1,1400) NCHAR, ( _IN_FILE(I),

(

(

1, NCHAR

H_IN FILE(NCHAR+1)
READ(l 1400) NCHAR,
READ(1,1400) NCHAR,
P_IN_FILE(NCHAR+1) =

_IN_FILE(I),

)

)

1, NCHAR )
-IN_FILE(I), )

1, NCHAR

C % ok ok 3k ok ok ok ok [ ok ok ok ok sk ke ok sk ok (J ok ok ok sk sk sk o ok [ ok ok ok ok ok sk sk oke sk [Tk ok sk ok ok ok sk skeok (0 ok ok e ok ok ok ok ok ok (] sk ke ok ok ook ok ke sk

C OUTPUT FILE NAMES N
Cokatekok sk ok sk ok sk sk ok ook Dokt sk okoeok sk Ok seokeok sk sk ke ok ok Ok sk etk sokok 0 ko sk ok ok D okokok ok ok ok ok

READ(1,1000)

READ(1,1400) NCHAR, ( H_OUT_FILE(I), I = 1, NCHAR )
H_OUT_FILE(NCHAR+1) = 0

READ(1,1400) NCHAR, ( P_OUT_FILE(I), I = 1, NCHAR )
P_OUT_FILE(NCHAR+1) = 0

READ(1,1400) NCHAR, ( OUT_FILE(I), I = 1, NCHAR )
OUT_FILE(NCHAR+1) = 0 -

CLOSE( UNIT = 1 )

Gk stk ek ke sk ok (o o ok ek s keok () ok ok sk sk ok o ok (] sk ks sk ok o (ks ke s ke ok ek ok ek ke sk sk ok () sk s ok sk ok skok ok
C DUCT SECTION CUMULATIVE LENGTHS
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C********D*********O*********0*********U*********D*********0*********
SCOMB = SCOMB_IN
SNOZZ = SCOMB + -SNOZZ_IN
SCHAN = SNOZZ + SCHAN_IN
STRANS = SCHAN + STRANS_IN
SDIFF = STRANS + SDIFF_IN
SBOIL = SBOIL_IN

C********U*********0*********O*********0*********0*********0*********
C DUCT SECTION CUMULATIVE NODE NUMBERS
C********O*********O*********0*********O*********0*********0*********

NCOMB = NCOMB_IN + 1

NNOZZ = NCOMB + NNOZZ_IN

NCHAN = NNOZZ + NCHAN_IN

NTRANS = NCHAN + NTRANS_IN

NDIFF = NTRANS + NDIFF_IN

NNDS = NDIFF

Cookopokokk ok Qksokokokok bk Otk koo koot ok sk ok ok kokok ook (ko ko ok Dk ok ke kb ok o

C CELL LENGTHS'
C********O*********0*********0*********0*********0*********0*********

QaoaaaaaaQ

STEP(1) = combustor axial position step

STEP(2) = nozzle axial position step

STEP(3) = channel axial position step

STEP(4) = transition section axial position step

STEP(5) = diffuser axial position step

STP_MAJ(I) = major finite volume cell lengths S
STP_MIN(I) = minor finite volume cell lengths

STEP(1) = SCOMB / DFLOAT( NCOMB_IN ) _
STEP(2) = SNOZZ_IN / DFLOAT( NNOZZ_IN )
STEP(3) = SCHAN_IN / DFLOAT( NCHAN_IN )

IF ( STRANS_IN .GT. 0.0 .AND. NTRANS_IN .GT. O ) THEN
STEP(4) = STRANS_IN / DFLOAT( NTRANS_IN )
END IF

STEP(5) = SDIFF_IN / DFLOAT( NDIFF_ IN )

DO 2 I =1, NCOMB - 1

STP_MIN(I) = STEP(1)
2 STP_MAJ(I) = STEP(1)
I = NCOMB
STP_MIN(I) = STEP(2)
. STP_MAJ(I) = 0.5 * ( STEP(1) + STEP(2) )
DD 3 I = NCOMB + 1, NNOZZ - 1
STP_MIN(I) = STEP(2)
.3 STP_MAJ(I) = STEP(2)
I = NNOZZ
STP_MIN(I) = STEP(3)
STP_MAJ(I) = 0.5 % ( STEP(2) + STEP(3) )
DO 4 I = NNOZZ + 1, NCHAN - 1
STP_MIN(I) = STEP(3)
4 STP_MAJ(I) = STEP(3)
I = NCHAN
STP_MIN(I) = STEP(4)
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STP_MAJ(I) = 0.5 * ( STEP(3) + STEP(4) )
DO. 5 I = NCHAN + 1, NTRANS - 1
STP_MIN(I) = STEP(4)
5 STP_MAJ(I) = STEP(4)
I = NTRANS
STP_MIN(I) = STEP(5)

STP MAJ(I) = 0.5 % ( STEP(4) + STEP(5) )
DO 6 T = NTRANS + 1, NNDS
STP_ MIN(I) STEP(S)
6 STP_MAJ(I) STEP(5)

C********0*********0*********0*********0*********0*********0*********
C IMPORTANT: Always take first integration as steady-state.
C FLAG_DT = flag used to turn on or off transient analysis.

C DT = 1ntegrat10n time step [Set to 1 for steady-state analysis.]
FLAG_DT =
DT = 1.

Cokskkook stk sk ok (% s okok ek ok ok (] ke ok ke ook sk ke ok (0 e ook ke ok ok sk (Q ok sk ek s e ok sk () e s sk ok ok skok ok 3k (0 % s ok sookok ok ok ok
C POSITION AND AREA VECTORS

C X position along duct length (m)

C A cross section area at major nodes along-duct'(m“Z)
C A_MIN cross section area at minor nodes along duct (m~2)
C SPLINE: ’A.DAT
C Gives area profile given duct distance X.

C SOURCE: Desu=ign predicted for Billings plant by Hammerstrom to

C meet most known design criteria. Nozzle was designed with DDP to
C

C

C

C

C

C

~ oo
nnn

meet predicted thermal loss at nominal operation. Channel assumed
linear with dimensions suggested by TRW. Lengths of diffuser
sections designed to meet boundary and thermal predictioms.
ERROR: Errors propagate due to unknown final design and numerous
assumptions made in duct modeling.
ok okkokok ook Ookkokokokodokok ok D ok ok ok ok okok 0 ok ok ok ok skokok O okokoksokok ok stk ok sk ok ook Dok sk ok ok o
DO 7 I =1, NCOMB
X(I) = DFLOAT(I-1) * STEP(1)
C © A(I) = SR( A_IN_FILE, ’Y’, X(I), 0., 0., 0., 0. )
7 CONTINUE ' '
.DO0 10 I = NCOMB + 1, NNOZZ
X(I) = SCOMB + DFLOAT( I - NCOMB ) * STEP(2)
C A(I) = SR( A_IN_FILE, ’Y’, X(I), 0., 0., 0., 0. )
10 CONTINUE '
DO 20 I = NNOZZ + 1, NCHAN
X(I) = SNOZZ + DFLOAT( I - NNOZZ ) * STEP(3)
C A(T) = SR( A_IN_FILE, ’Y’, X(I), 0., 0., 0., 0. )
20 CONTINUE '
IF ( STRANS_IN .GT. 0.0 .AND. NTRANS_IN GT 0) THEN
DO 30 I = NCHAN + 1, NTRANS
X(I) = SCHAN + DFLOAT( I - NCHAN ) * STEP(4)
C A(I) = SR( A_IN_FILE, *Y’, X(I), , 0., 0.,0.)
30 CONTINUE '
DO 40 I = NTRANS + 1, NDIFF
" X(I) = STRANS + DFLOAT( I - NTRANS ) * STEP(5)
C A(TI) = SR( A_IN_FILE, ’Y’, X(I), , 0., 0., 0. )
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40 CONTINUE
ELSE
DO 50 I = NCHAN + 1, NDIFF
X(I) = SCHAN + DFLOAT( I - NCHAN ) * STEP(5)
c A(I) ='SR( A_IN_FILE, ’Y’, X(I), 0., 0., 0., 0. )
50 CONTINUE T
END IF

OPEN( UNIT = 9, FILE = ’AREA_PROF.DAT’, STATUS = ’0OLD’ )
DO 52 I = 1, NNDS ' "

52 READ(9,1100) A(I)
CLOSE( UNIT = 9 )

Coksksk ke ok sk sk (ke sk ofeske ke ok ok ook () sk sk sk skok sk ok () K skok ok sk ok sk ok sk (% sk sk ok ke ke ok ke ke (oo ook sk sk ok () k koK sk sk ok sk sk ok

C MINOR NODE CROSS SECTION AREAS

Cok ok ook sk ok sk [k ke sk sk ok ke ook (0 ke ok ke oo ek ke s () o skok sk e e o s ok (038 3 s o sk sk sk ok () ook sk ok sk ook ke () ke e ok ok ok sk o ok
DO 65 I = 1, NNDS - 1"

55 A_MINCI) = 0.5 % ( ACI) + ACI+1) )

Cokeske sk ok ok skokok ok o ok ko ok ook (koo sk koo ok O sk e kel sk sk ok sk skok ok oo s ok (koo sk sk sk sk () ok o o ke sk o
C MAGNETIC INDUCTION
Cokske koot ke o ok [k e s sk ok ok sk (] ke ok s sk sk ok (o oo sk ko ke ok (0 3k sk skeoke sk ok ok ok (0 s e ok sk ke s s sk sk () ke ok sk okok sk ok
CB = magnetlc induction at positions along channel
DO 60 I = NNOZZ + 1, NCHAN
L = I - NNOZZ
B(L) = RMAG( 0., X(I), SNOZZ )
60 CONTINUE

C********0*********0*********0*********0*********0*********0*********
C READ INITIAL STATE
ootk ko (koo sk () ot ook ook ook ok s () ek ok ok () ook ke ok () ko sk sk ok o
OPEN( UNIT = 1, ‘FILE = P_IN_FILE, STATUS = ’OLD’ )
OPEN( UNIT.= 2, FILE = H_IN_FILE, STATUS = °QOLD’ )

Do 70 I = 1, NNDS, 5.
READ(1,2000) ( P(J), J =1, 1+ 4)
READ(2,2000) ( HS(J), J =1, I + 4)
70 CONTINUE :

. CLOSE( UNIT
CLOSE( UNIT

1)
2)

Cskskook ok ok sk skok (Jok Kok o ok o sk () ok ok sk ok sk ok sk () 3 sk o ok ok ok sk () kskok sk ok sk (0 ok s ook ook () ok ok o okok.
C INITIALIZE IMPORTANT VARIABLES
C********0*********0*********0*********0*********0*********0*********
C INITIAL FLOW RATE AT FIRST NODE.
C This first node requires some iteration.
I=1

PSTAG(I) = P(I)

T(I) = 2800. :

W(I) = 47.2 . . ' .

80 TSTAG(I) = SR( ’TEMP.DAT ’, °Y’, 0X, PHI, SEED, PSTAG(I) /
& . " PASCALS, HS(I) * 1.E-6 )




137
CP(I)

SR( ’CP.DAT  ’, ’Y’, OX, PHI, SEED, P(I) / PASCALS,
. T(I) )
SR( ’WM.DAT  ’, ’Y’, OX, PHI, SEED, P(I) / PASCALS,
' (D) )

WM(I)

ALV = W(I) * RGAS / ( P(I) * WM(I) * A(I) )
C_V = -A_V *x TSTAG(I)
AV=AV/ (2. *CP(I))

V_MAJ(I) = ( -1. + DSQRT( 1. -4. * AV * C_V) ) / (2. * A_V)

T(I) = TSTAG(I) - 0.5 * V_MAJ(I)**2 / CP(I)

CV = CP(I) - RGAS / WM(I)
GAMMA(I) = CP(I) / cV
PSTAG(I) = P(I) * ( TSTAG(I) / T(I) )Y**( GAMMA(I) / (
GAMMA(I) - 1. ) )
W_NEW = WC / 10.0 * SR( *CF_C10.DAT’, ’Y’, 0X, PHI, SEED,
PSTAG(I) / PASCALS, PHEAT )
IF ( ABS( W_NEW - W(I) ) .GE. 0.1 ) THEN
W(I) = W_NEW
GO TO 80
END IF
W(I) = W_NEW
VMACH(I) = V_MAJ(I) / DSQRT( GAMMA(I) * RGAS * T(I) / WM(I) )
RHO(I) = P(I) *WM(I) / ( RGAS * T(I) )
H(I) = HS(I) - 0.5 * V_MAJ(I)*%2

C FIRST NODE HAS CONVERGED.

C********O*********O*********0*********0*********0*********0*********
C REMAINING NODES .

90

DO 90 I = 2, NNDS

W(I) = W(1)
PSTAG(I) = PSTAG(I-1)
TSTAG(I) = SR( ’TEMP.DAT ’, ’Y’, 0X, PHI, SEED, PSTAG(I) /
. ' PASCALS, HS(I) * 1.E-6 )
CP(I) = SR( ’CP.DAT >, °Y’, 0X, PHI, SEED, P(I) / PASCALS,
' T(I) )
WM(I) = SR( ’WM.DAT ’, ’Y’, OX, PHI, SEED, P(I) / PASCALS,
T(I-1) )
A_V = W(I) * RGAS / ( P(I) * WM(I) * A(I) )
C_V = -A_V * TSTAG(I)
AV=AV/ (2 *CP(I))

V_MAJ(I) = ( -1. + DSQRT( 1. -4. * AV * C_V ) ) / (2. x A_V)
T(I) = TSTAG(I) - 0.5 % V_MAJ(I)*%2 / CP(I)
CV = CP(I) - RGAS / WM(I)

- GAMMA(I) = CP(I) / CV

VMACH(I) = V_MAJ(I) / DSQRT( GAMMA(I) * RGAS * T(I) / WM(I))
RHO(I) = P(I) * WM(I) / ( RGAS * T(I) )

H(I) = HS(I) - 0.5 * V_MAJ(I)*x*2-

IF ( I .GT. NCOMB ) CALL FG(I)

CONTINUE

C********0*********0*********0*********0*********0*********D*********

C INTERPOLATE VELOCITIES AND DENSITIES
C********0*********D*****#***O*********0*********D*********O*********
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DD 91 TI=1, NNDS 1 . e
RHO(I) + RHO(I+1) )

RHO_MIN(I) = 0. 5 * (
91 V(I) = o 5 % ( V_MAJ(I) + V_MAJ(I+1) )
V(NNDS) = V_MAJ(NNDS) : '

C********D*********O*********D*********U*********D*********D*********
C INITIALIZE DRHODP()
C********0*********O*********U*********O*********O*********0*********
DO 92 I = 1, NNDS
92 DRHODP(I) = WM(I) / ( RGAS * T(I) )

Coke stk s ok ke ke ok (ke ook sk ok ok sk (] ok ok ke sk ok sk st ke (0 sk oo sk ke oo ok {0k ke ek sk sk s sk () s s ke ok o ok sk ok (0 ok sk e sk sk ok o
C INITIALIZE ELECTRICAL VARIABLES
C********O*********0*********0*********O*********O*********0*********
DO 100'T = NNOZZ + 1, NCHAN
L = I - NNOZZ
SIGMA(L) = SR ( ’SIGMA.DAT ’, ’Y’, DX PHI, SEED, P(I) /

. ' PASCALS T(I) )
EMOB = SR ( ’EMOB.DAT ’, ’Y’, OX, PHI, SEED, P(I) / PASCALS
& T(I) )

100 BETA(L) = BFACT * B(L) * EMOB

C********O*********O*********0*********U*********U*********O*********

.C INITIALIZE INTEGRATION COUNTERS

koot sk ok sk sk ok (0o sk sk ok sk ok ek () o ok ke ook ok ok ok sk [ ok ke ok ok ok sk ek ok [ ok sk sk sk sk ke ok ok sk (3 3k 3k skesk sk ok sk sk [ sk ok sk ok ok ok ok ok

KOUNT = 0

KOUNT1 = O

KOUNT2 = O )
C_OLD =

C********0*********0*********0*********0*********0*********0*********
C CALCULATE ELECTRICAL SOLUTION
Cokske sk s ok sk e sk (ko skok sk e ke ok [ kb ok skok skoke sk ok 0 ke sk ok skeokokok ok Ok skeoke sk skoke skeokak (D keok ok sk sk ke s okeok (ke ke s sk okok o
110 CONTINUE
CALL SOLVEVOLT
CALL EXTCIRC .
KOUNT1 = KOUNT1 + 1 :
IF ( ABS( CX(NCHAN_IN) ) .GT. 0.01 .OR. ABS( VLOAD-VL_OLD )
& .GT. 10.0 .OR. ( KOUNT1 .LT. 3 .AND. KOUNT .EQ. 0 ) ) THEN
VL_OLD = VLOAD
GO TO 110
.END IF

C ok ke e sk ofe sk ok ke ([ 3k ok ofe ke sfe e sk sfeske () ok ok o ke ok ke ke ok ok [ ok ok ok ke ok ok ok ok ok ok sk ok sk ok ok ok e ke ([ ok ok e ok sk ok ok ke ok ([ 3k ok ok sk sk ok ok o

C CALCULATE FLUID SOLUTION
Covsksese ok ok Dk okokok Dok ok ok ok Do ok ook D stk Ok ook O ok ok ok
120 CALL SIMPLER(RSQRD)
CALL NONLIN
KOUNT2 = KOUNT2 + 1
WRITE(6,1111) RSQRD
IF ( RSQRD .GT. 80. ) GO TO 120
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Cotok ke sk ke ok ok skok ok sk koo (koo sk ok o () ko ok sk ke o (0 sk ook ok ok ok ok () o e ke sk sk ok () ook sk ok sk o
C CHECK FOR CONVERGENCE
C********0*********0*********U*********0*********U*********U*********
KOUNT = KOUNT + 1 - )
CALL ELEC : ‘
IF (KOUNT1 . GT 2 .OR. KOUNT2 .GT. ‘1 -.0R. RSQRD GT 10.0) THEN
KOUNT1 =
KOUNT2 = O
GO TO 110
END IF

C********0*********0*********0*********U*********0*********0*********
C SUMMARIZE FINAL DATA
C********0*********O*********O*********0*********0*********0*********
"~ C SPLINE FIT: °’CL_C10.DAT’ -
C Heat loss from the combustor is a function of flow, chemlstry,
C and states within a plug flow combustor model. The "_C10" refers
C to a coal flow rate of 10 Kg/s.
'C DATA SOURCE: MSE, Inc. combustor data
C ERROR: perfect match to known MSE, Inc. data. Interpolation
C results may be in error due to varlatlonal estimations.
C********U*********U*********U*********0*********U*********U*********
I=1
QCOMB = 1.D6 * SR( ’CL_C10.DAT’, ’Y’, 0X, PHI, SEED, PSTAG(I)
& ’ o , / PASCALS PHEAT )

C********U*********U*********0*********0*********U*********U*********
C PRINT OUT RESULTS
C********0*********0*********0*********0*********0*********0*********

C STATE FILES _
C********O*********O*********O*********0*********0*********0*********

OPEN( UNIT=1, FILE = P_OUT_FILE, STATUS = ’'NEW’ ) -
OPEN( UNIT=2, FILE = H_OUT_FILE, STATUS = ’NEW’ )

DO 200 I =1, NNDS, 5 .
.~ WRITE(1,2000) (P(J), J=1I,1+4)
200 WRITE(2,2000) ( HS(J), J =1, I + 4 )

CLOSE( UNIT=1 )
CLOSE( UNIT=2 )

C********O*********U*********O*********O*********O*********O*********

C MAIN OUTPUT FILE
C********0*********0*********0*********0*********0*********U*********

OPEN( UNIT=1, FILE = OUT_FILE, STATUS = ’NEW’, RECL = 255 )

C********O*********O*********O*********O*********O*********D*********

C RESTATE' INPUT DATA
C********0*********0*********0*********0*********0*********0*********

C NOTE THAT OUTPUT FILE MAY BE USED AS INPUT FILE.

WRITE(1,3000)
WRITE(1,5000) SCOMB_ IN SNOZZ_ IN SCHAN_IN, STRANS IN SDIFF IN

WRITE(i 3001)
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WRITE(1,5000) SBOIL-IN
WRITE(1,3010) .
WRITE(1,1200) NCOMB_IN, NNOZZ_IN, NCHAN_IN, NTRANS_IN, NDIFF_IN
WRITE(1,3020)
WRITE(1,5000) WC, 0X, PHI, SEED, PSEXIT
WRITE(1,3030)
WRITE(1,5000) PHEAT, BFACT
WRITE(1,3040)
WRITE(1,5000) ZHEIGHT, SEGR, EWF
WRITE(1,3050)
WRITE(1,5000) DELTA, POT, EW, TW

" “WRITE(1,3060) :
WRITE(1,5000) RINVT, RL, VINVT, RCON, RCCC
WRITE(1,3070) - : :
WRITE(1,1200) MA, MC, NOVRLAP

“ WRITE(1,3080)
WRITE(1,5000) TIME_O, TIME_F, DT_MIN, DT_MAX
WRITE(1,3090)
WRITE(1,3100) FLAG_T, FLAG_L, FLAG_OP
WRITE(1,3110)
WRITE(1,3120) A_IN_FILE, H_IN_FILE, B_IN_FILE, P_IN_FILE
WRITE(1,3130)
WRITE(1,3140) H_OUT_FILE, P_OUT_ FILE, OUT _FILE

Cokskoke sk sk ok ke ok (0% s sk sk sk ke ek (] ke ok sk okeok sk ok ke ([ ok sk sk ke ke o ok () s ok o sk sk sk sk () ok ok sk ok ok ok sk o (o sk ok skook sk ok e

. C MAKE TABLE FOR ALL OUTPUT DATA

C********O*********U*********O*********0*********0*********O*********

C********O*********O*********0*********O*********O*********U*********

C INITIALIZE LOSS DATA

C********0*********0*********0*********0*********0*********0*********
QCHAN = 0.
QNOoZz
QDIFF
QBOIL
PELEC .
PBOUND = 0.

0.
0.
0
0

ok sk sk ok ok sk sk ok [ ok sk sk skeok ok skeok [ skeoke sk sk ok sk sk sk ok [ o sk ok ok ok sk sk () sk kb ok sk ke ok ok () 3k ok ke sk sk sk ske sk sk [ 3k sk ok ok ko ok sk ok

C PRINT HEADER
C********0*********0*********0*********0*********0*********0*********
WRITE(1,1010) . ,
WRITE(1,1040)
WRITE(1,4000)
WRITE(1,1040)

 Cokkokkok ook (koK ok kokok () ok ok kol ok sk () Kk ok ok ok sk ()b o ks ok () sk sk ke ok )k sk sk skok ok

C FLUID TABLE
C********0*********0*********0*********0*********0*********0*********
DD 300 T = 1, NNDS
L=1- NNUZZ
PTHERM = HS(I) * W(I)
IF ( I .EQ. NCOMB' ) THEN
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VOLUME = 0.5 * A(I) * STEP(2)
QNOZZ = QNOZZ + Q(I) * VOLUME
ELSE IF ( I .LT. NNOZZ ) THEN
VOLUME = A(I) * STEP(2)
QN0ZZ = QNOZZ + Q(I) * VOLUME
ELSE IF ( I .EQ. NNOZZ ) THEN
VOLUME = A(I) * 0.5 * STEP(2)
QNOZZ = QNOZZ + Q(I) * VOLUME
VOLUME = A(I) * 0.5 * STEP(3)
QCHAN = QCHAN + Q(I) * VOLUME
ELSE IF ( I .LT. NCHAN ) THEN
VOLUME = A(I) * STEP(3)
QCHAN = QCHAN + Q(I) * VOLUME
PELEC = PELEC +.0.5 * ( VANODE(L) - VCATH(L) ) * (
. CANODE(L) + CCATH(L) ) + VX(L) * cX(L)
PBOUND = PBDUND - CANODE(L) * ( CANODE(L) * VDR(L) + VD(L)
. ) - CCATH(L) * ( CCATH(L) * VDR(L) + VD(L) )
ELSE IF ( I .EQ. NCHAN ) THEN
VOLUME = 0.5 * A(I) * STEP(3)
QCHAN = QCHAN + Q(I) * VOLUME -
IF ( STRANS_IN .GT. 0.0 .AND. NTRANS_IN .GT. O ) THEN
VOLUME = 0.5 * A(I) * STEP(4)
QDIFF = QDIFF #+ Q(I) * VOLUME
ELSE : '
VOLUME = 0.5 * A(I) * STEP(5)
QDIFF = QDIFF +.Q(I) * VOLUME -
END IF _
ELSE IF ( I .LT. NTRANS ) THEN
VOLUME = A(I) * STEP(4) .
IF ( X(I) .LT. SDIFF - SBOIL ) THEN
QDIFF = QDIFF + Q(I) * VOLUME
ELSE
QBOIL = QBOIL + Q(I) * VOLUME
END IF
ELSE IF ( I .EQ. NTRANS ) THEN
VOLUME = 0.5 * A(I) * ( STEP(4) + STEP(5) )
IF ( X(I) .LT. SDIFF - SBOIL ) THEN
" QDIFF = QDIFF + .Q(I) * VOLUME
ELSE :
QBOIL = QBOIL + Q(I) * VOLUME
END IF
ELSE IF ( I .LT. NDIFF ) THEN
VOLUME = A(I) * STEP(5) _
IF ( X(I) .LT. SDIFF - SBOIL ) THEN
‘QDIFF = QDIFF + Q(I) * VOLUME
ELSE : '
QBOIL = QBOIL + Q(I) * VOLUME
END IF ,
ELSE IF ( I .EQ. NDIFF ) THEN
VOLUME = 0.5 * A(I) * STEP(5) _
IF ( X(I) .LT. SDIFF - SBOIL ) THEN
QDIFF = QDIFF + Q(I) * VOLUME
ELSE
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QBOIL = QBOIL + Q(I) * VOLUME
END IF .
END IF
PTOT = PTHERM + QCOMB + QNOZZ + QCHAN + QDIFF + QBOIL + PELEC
300 WRITE(1,4020) X(I), A(I), 1.E-3 * PSTAG(I), 1.E-3 * P(I),
& TSTAG(I), T(I), V_MAJ(I), VMACH(I), RHO(I), WM(I),.l.E-G *
& H(I), 1.E-6 * HS(I), 1.E-6 * PTOT, 1.E-6 * PTHERM, 1.E-6 * -
& PELEC, 1.E-6 * PBOUND ’ :

C********O*********O*********O*********0*********0*********O*********
C PRINT FOOTER
Cokskskok ok e ok ok (ke ok stk s ks e ok skt skt sk sk o (o sk ok sk ok sk ok o (ko ok e s ek (] sk ok sk ek ok o () ok ok ok ok sk o
WRITE(1,1040)
WRITE(1,4000)
WRITE(1,1040)
- WRITE(1,1010)
WRITE(1,1010)

Ctek sk e sk ke ok [k ok ok skeok s ok ok () skeok ok ok skeok ok ok (0 o okok o ook ke ke ok (0 ok o sk ek oe sk ke () skesk sk sk ke sk ok ok () ok ke ok sk ok ok ok ok
C ELECTRICAL STATES AND MORE
Cokokook ok ok ok [ sk ks okok ok okeok [ ook ok ook ok e ok ok ook ok ko kst e Dk ke sk ke sk ookt [ skok s ok sk sk ok sk ok (] ok ok s ok ok ok ok

C********O*********O*********O*********D*********O*********O*********

'C HEADER

Cotok sk ok sk stk (ke stk ke o ok () sk kb ok ke ok () e ok o ok ok kok () ok ok ok sk o ok () ok ok ok ok ok o ok () ok o ok ok ok ok
WRITE(1,1010)
WRITE(1,1040)
WRITE(1,4010)
WRITE(1,1040)

Corkokokskon ok Dok sokokook etk O ok ook ook ok Q okt sk ke ok Ok sk ok (kok ke ok () ko s ok ok ok o
C ELECTRICAL TABLE
Cotekoke koo ok ok ok sk ok ok sk ok sk sk ok () ook o ok ok o ok () sk sk sk o sk ok () ok sk ke sk sk ok ok () ok ok ok ook () ok ok ok ok ok ok
DO 400 L = 1, NCHAN_IN
I =L + NNOZZ
E_ ANGLE DATANQD( -( VY(1 L) + VY(2,L) ) / ZHEIGHT, -VX(L) /
& STEP(3) )
400 WRITE(1,4020) X(I) - SNOZZ, VANODE(L) VCATH(L) 1.E-4 * CX(L)
& / A(I) 0.5E-4 * ( CANODE(L) + CCATH(L) )/ (STEP(S) * A(T)
& / ZHEIGHT ), CANODE(L), CCATH(L), -1.E-2 * VX(L) / STEP(3),
& -1.E-2 * (VY(i,L) + VY(2,L)) / ZHEIGHT, SIGMA(L), BETA(L),
& E_ANGLE, VD(L), -CANODE(L) * VDR(L), VD(L), -CCATH(L) *
& VDR(L), BFACT * B(L)

WRITE(1,1040)
WRITE(1,4010)
WRITE(1,1040)

C********0*********0*********0*********0*********0*********0*********
C COMBUSTOR ACCOUNTING
Corkokaorkokok Dok koo Qakokkpofokokofeok 0k kor koo skokok O kool ol otk ok ko ook D kkok ok
WRITE(1,1010)
WRITE(1,4040)
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WRITE(1,1010)
WRITE(1,4060) W(1), HS(1) / 1.D6, H(1) / 1.D6, TSTAG(1), T(1),
& PSTAG(1) / 1.D3, P(1) / 1.D3, V _MAJ(1), VMACH(i)

C********O*********0*********O*********O*********0*********0*********
C THERMAL LOSS FROM DUCT SECTIONS
Cokeaksk sk ok sk sk ok Dok skskok ook o ook () sk ks ok ke ok () o ok o ok sk sk () sk ok o ok () ks o sk ok ke ok () ok ko ok e o kok
WRITE(1,1010)
WRITE(1,4050)
WRITE(1,1010)
WRITE(1,4070) QCOMB / 1.D6, QNOZZ / 1.D6, QCHAN / 1.D6, QDIFF /
& 1.D6, QBOIL / 1.D6
WRITE(1,1010)

Cokskoksk ok ok ook () sk ek ok () sk ok sk skoke sk o ok () s ok sk ok ok o ok e sk ok ok ok [ sk sk ok ok o ok () o ok s ko sk ok ok
C EXIT STATE ACCOUNTING
Coeseke ok ok skskese (D ok koo ek s kesk () skok sk sk ok o ok () o ok o ok ok sk () sk ok ok o ok () sk ok ek sk ok ok () sk ek ko

WRITE(1,4080)

WRITE(1,1010) '

WRITE(1,4090) HS(NNDS) / 1.D6, H(NNDS) / 1.D6, TSTAG(NNDS),

& T(NNDS), PSTAG(NNDS) / 1.D3, P(NNDS) / 1.D3, V_MAJ(NNDS),

& VMACH(NNDS)

Cok sk sk o sk sk () o sk sk sk ok s ok (ko sk ok ok ek o o () s oo ok ks ke ok (o ok ok s ke () sk sk ke s ok () s ke e ke sk ok

C POWER AND PTO ACCOUNTING
C********0*********0*********0*********0*********0*********0*********

WRITE(1,1010)
WRITE(1,4100)
WRITE(1,1010)
V_LOAD = VANODE(MA) - VCATH(MC)
C CUR_LOAD = ( V_LOAD - VINVT ) / ( RL + RINVT )
PUSE = CUR_LOAD**2 * RL
CEFF = PUSE / ( PUSE + CUR_LOAD#**2 x RINVT )
EEEF = ( PUSE + CUR_LOAD**2 % RINVT ) / PELEC

FEE = PUSE / ( HS(1) * W(1) + QCOMB )

EFFCON = PELEC / ( HS(1) * W(1) + QCOMB - HS(NNDS) * W(1i) )
.WRITE(1,4110) 100. #* FEE, 100. * CEFF, 100. * EEEF, 100. *

& EFFCON, 100. * CEFF * EEEF * EFFCON, PELEC / 1.D6, PTOT /

& 1.D6, PTHERM / 1.D6, PUSE / 1.D6, -V_LOAD / 1.D3, -CUR_LOAD /
& 1.D3

ok sk e ok ok ok sk ok [ ok sk sk ok sk sk ok sk sk [ sheske ok skesk sk sk ok ok () sk ok ok ske sk sk skeoke sk (0o sk skeoke ok ok ok sk ok ([ ok ok ok ok sk ok sk sk ke () ok ok ok ke sk ok ke ok

C ADDITIONAL STRESS ACCOUNTING
C********0*********0*********D*********0*********0*********0*********

WRITE(1,1010)
WRITE(1,6200)

C LOCATE SHOCK POSITION(S):

0
0
1

CJZ<4

0 I = NNDS, NCOMB, -1
F ( VMACH(I) .GE. 1. .AND. N .EQ. O ) THEN
J=J+1
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SS(D) = X(D)

IF ( I .GT. NTRANS ) THEN
DS(J) = * diffuser’

ELSE IF ( I .GT. NCHAN ) THEN
DS(J) = ’trans sect’

ELSE IF ( I .GT. NNOZZ ) THEN
DS(J) = ? channel’

ELSE
DS(J) =" nozzle’

END IF E

N =1

END IF

. IF ( VMACH(I) .LT. 1. ) N =0
410 CONTINUE

IF ( J .GT. 0 ) THEN
WRITE(1,1000)
WRITE(1, 6205)'J
DO 420 I =1, J
420 WRITE(l 6210) I, SS(I) DS(I)
END IF '

C MAXIMUM ELECTRICAL QUANTITIES
BETA_MAX = 0.
VX_MAX :
YJ_MAX . :
DO 430 L = 1, NEP (
IF ( BETA(L) .GT. BETA_MAX ) THEN
BETA_MAX = BETA(L) -
e SS(i) X(L+NNOZZ)
END IF ' '
IF ( VX(L) .GT. VX_MAX ). THEN
VX_MAX-= VX(L)
SS(2) = X(L+NNOZZ)

L}
C>O

END IF
YJ = 0.5E-4 * ( CANODE(L) + CCATH(L) ) / ( STEP(3) *
& , A(L+NNOZZ) / ZHEIGHT )
IF ( YJ .LT. YJ_MAX ) THEN
YJ_MAX = Y]
SS(3) = X(L+NNOZZ)
.END IF

430 CONTINUE

WRITE(1,1000)

WRITE(1,6300). _
WRITE(1,6310) BETA_MAX, SS(1), -1.E-2 * VX_MAX / STEP(3), _
& ) Ss(2), YJ MAX SS(S)-

C********O*********O*********O*********D*********D*********O*********

C FINAL FOOTER ,

. C********O*********O*********O*********O*********O*********O*********
WRITE(1,1010) :

" WRITE(1,1040)
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WRITE(1,1040)
CLOSE( UNIT=1 )

C********O*********U*********U*********O*********0*********U*********
C. ITERATION LOOP FOR DYNAMIC MODELING
C********U*********U*********U*********U*********0*********U*********
IF ( FLAG_T .EQ. ’Y’ ) THEN : '
'IF ( TIME .EQ. TIME_O )  THEN
= DT_MAX |
FLAG_DT = 1.DO
END IF

C SAVE DYNAMIC VARIABLES OF INTEREST :
OPEN( UNIT=17, FILE = ’DYNAMIC. UUT’, STATUS = ’OLD’, RECL =-
& : 256 )
WRITE(17,2001) TIME _
DO 500 I = i, NNOZZ
500 WRITE(17,2001) V_MAJ(I), P(I), RHO(I), T(I)
DO 510 I = NNOZZ + 1, NCHAN :
L = I - NNOZZ

510 - WRITE(17,2001) V_MAJ(I), P(I), RHO(I), T(I), VANODE(L),
& - . ~ VCATH(L), CANODE(L), CCATH(L)
DO 520 I = NCHAN + 1, NNDS
5200 WRITE(17,2001) V_MAJ(I), P(I), RHO(I), T(I)

'C UPDATE TIMER AND LOOP TO COMPLETION
IF ( TIME .LT. TIME_F ) THEN
TIME = TIME + DT
IF ( TIME .GT. TIME_F ) THEN
DT = DT - ( TIME - TIME F)
TIME = TIME_F
END IF

C DLD STATE VARIABLES ARE SOURCE TERMS IN IMPLICIT FORMULATIDN
DO 550 I = 1, NNDS

V_0OLD(I) = Vv(I)
EIO_OLD(I) = EIO(I)"
RHO_OLD(I) = RHO(I)
550 CONTINUE
GO TO 120
END IF ‘

END IF
CLOSE('UNIT = 17 )

Cok sk ek ok sk ok [k ok skeoke sk ok skok (0 ek ok sk skesk ok sk 0 ook steskeok ook ok ke sk skesoke e sk sk [ ok sk skeoke st ok e )k sk e sk ok ok sk ok sk
C INDEPENDENT VARIABLE MODIFICATIONS? .
* Coeskesk ook ok sk (ke sskok sk ok ok Okt ok ok skeokeste ke (s sk sk skt ko ok [ kst sk okakeak (] sk sk stk skook ok sk () sk sk ok okok ok ok
IF ( FLAG_T .EQ. °N’ ) THEN
600 WRITE(6,6000)
READ(6,6010) N
IF (N .LT. 1 .0R. N .GT. 9 ) GO TO 600
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GO TO ( 610, 620, 630,‘640, 650, 660, 670, 680, 690 ) N

C MODIFY VARIABLE OX
610 - WRITE(6,6020) 0X
READ(6,1100) O0OX
. GO. TO 600 )

‘C MODIFY VARIABLE PHI
620 WRITE(6,6030) PHI
READ(6,1100) PHI . . : ’
" GO TD-600 '

C MODIFY VARIABLE WC _
630 ° WRITE(6,6040) RL
READ(6,1100) RL
GO TO 600

C MODIFY VARIABLE PSEXIT -
640 WRITE(6,6050) PSEXIT
READ(6,1100) PSEXIT
GO TO 600

. C MODIFY VARIABLE NOVRLAP"

650 WRITE(6,6060) NOVRLAP

’ READ(6,1200) - NOVRLAP
GO TO 600 . o

C MODIFY VARIABLE BFACT , ‘
660 WRITE(6,6070) BFACT -
READ(6,1100) ° BFACT
GO TO 600

C MODIFY VARIABLE PHEAT

670 WRITE(6,6080) PHEAT
READ(6,1100) PHEAT
GO TD 600

. C RETURN FOR NEW COMPUTER EXPERIMENT
680  WRITE(6,6090,ERR=600) OUT_FILE :
' READ(6,6100,ERR=600) NCHAR, ( OUT_FILE(I), I = i, NCHAR )
OUT_FILE(NCHAR+1) = 0
KOUNT = 0
KOUNT1 = 0
KOUNT2 = 0
GO TO 110
C EXIT
690 CONTINUE

END IF

Cokskskosk sk ok ook [k sk skeok sk ok ok okok (] ek ok ko stk ok () ok sk st sk okoke sk ok sk sk sk ke ok () ook ok ke sk okok sk ke () o ok ok ok ok sk e ke ok
C FORMATS ' :
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C********O*********O*********O*********O*********O*********O*********

1000 FORMAT()
1010 FORMAT(? 7,/)
1020 FORMAT(’ °’,//)
1030 FORMAT(C’ °,///)
1040 FORMAT(’ °,254(’%°))
1100 FORMAT(’ ’,5F15.0)
1111 FORMAT(’ RESIDUAL IS ’,F40.1)
1200 FORMAT(’ ’,5I15)
1300 FORMAT(’ ”,16X,A1/’ ?,16X,I1/’ ’,16X,I1)
- 1400 FORMAT(® ’,16X,Q, 20A1) ,
2000 FORMAT(S(’ ? E14 4))
2001 FORMAT(17(’ ; ,E14.4))
3000 FORMAT(’ ’,’Duct section lengths: (m)’/
. & 7’ ?,bX,’Combustor:’,8X, 'Nozzle:”’,
& 7X,’Channel:’,4X,’Transition:’ 6X 'Diffuser:’)
3001 FORMAT(’ ’,3X,’Rad. Boilér:’)
3010 FORMAT(/’ ) ’Number .of discrete axial steps in each duct ’
& sectlon >/’ 75X, ’Combustor:’,8X, 'Nozzle:’, 7X,’Channel:’,
& 4X,’Transition: ) 6X ’Diffuser: ’)
- 3020 FORMAT(/’ ? ’Independent input varlables ’/’ ’,
& 3X,’Coal (kg/s) ’,4X,°02 enrich.:’,1X, Flnal stoich.
& 10X,’Seed:’,1X, ’Ex stg. P(Pa): ’)
3030 FORMAT(’ ’,2X%, ’02 preheat T:’,1X,’Induct. ratio: ’)

3040 FORMAT(/’ ) ’Other geometrlc varlables ’/ .

& 0 ?,1X, 'Z<bar ht. (m): ,4X,’Seg. Ratio:’,1X,’Elect. A rat.:’)
3050 FORMAT(/’ ’,’Boundary layer constants:’/’ ’,5X,’De1ta (m):?

& 1X,’Pot. Diff.(V): ,’Wall emiss.:’,3X,’cold wall T:’)
3060 FORMAT(/® ’,’External electrlcal circuit constants:’/’ ’,4X,

& ’Inverter R:’,8X,’Load R:’,6X, ’Back enmf:’ ,9X,’Consol. R ?

& 5X,’Shuffle R:’)
3070 FORMAT(® ’,2X,’Master anode:’,2X,’Master cath.:’,7X,’0Overlap:’)
3080 FORMAT(/’ ’,’Time dependence constants:’/’ ’,2X,

& ’Initial time:’,4X,’Final time:’,2X,’Minimum step:’,2X,

& ' ‘ ’Maximum step:’)
3090 FORMAT(/’ ’ ,’Flags: ) , . : '
3100 FORMAT(’ ’Tlme dependent > A1/’ ?,’ Constant load: ’,I1/

& Output style: °,I1) ‘ '

3110 EORMAT(/’ ?,’ Input files:’) ) ..
3120 FORMAT(’ ’,’ Area profile: ’,20A1/° ’,6X, ’Enthalpy: ’,20A1/
& ’ ’,4X,’Inductance: ’,20A1/’ ’,6X,’Pressure: ’,2041)

3130 FORMAT(’ ’,’0Output files:’)
3140 FORMAT(’ ’,6X,’Enthalpy: ’,20A1/’ ’,6X,’Pressure: ’,20A1/

& ’ ’,’Output Summary: °,20A1)

/4000 FORMAT(’ ’,’ POSITION AREA STAG. P PRESSURE’ ,
& ) STAG. T TEMP.  VELOCITY MACH’,
& ) DENSITY MOL.WT. ENTHALPY = STAG. H’,
& > TOTAL POW. P THERM. P ELEC. P BOUNDARY’ /
& ror M M**2 © kPa : kPa’
& ’ K K M/S ’,
& ’ KG/M**3 KG/KMOLE - MJ/KG MJI/KG’,
& ) MW . MW MW MW?)

4010 FORMAT(® ’,” CH. P0OS. - ANODE V _ CATHODE V?,
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JX JY ANODE I CATHODE I°,

& 2

& ’ EX . EY’,

& ’ COND. HALL PARA. E ANGLE’,

& ’ ANODE  DROP ANODE DROP CATH. DROP CATH. DROP’,
& > INDUCTION’/

& » 0 M VOLTS VOLTS’,

& ’ A/CM*%2 A/CM**2 ' AMPERES AMPERES’,
& . >’ * VOLTS/CM  VOLTS/CM’,

& 4 MHO/M DEGREES”’, \

& ’ PURE V OHMIC V. . PURE V OHMIC V’,
& ’ TESLA’) ‘

4020 FORMAT(20(’ ’,E11.4))
4040 FORMAT(’ COMBUSTOR ACCOUNTING INFORMATION:’)
4050 FORMAT(’ THERMAL LOSSES FROM MHD DUCT SECTIONS:’)

4060 FORMAT(10X,’ . TOTAL FLUID FLOW RATE: ’,F10.6,’ KG/S’/.
& 10X,’ COMBUSTOR STAGNATION ENTHALPY: ’,F10.6,’ MJ/KG’/
& 1OX,’ COMBUSTOR EXIT ENTHALPY: ’,F10.6,’ MJ/KG’/
& 10X,” STAGNATION TEMPERATURE: ’,F10.2,’ K’/
& 10X, COMBUSTOR EXIT TEMPERATURE: ’,F10.2,’ K’/
& 10X,’ COMBUSTOR STAGNATION PRESSURE: ’,F10.5,’ KPa’/
& 10X,”’ COMBUSTOR EXIT PRESSURE: ’,F10.5,’ KPa’/
& 10X,”’ COMBUSTOR EXIT VELOCITY: ’,F10.5,’ M/S’/
& 10X,”’ COMBUSTOR EXIT MACH NUMBER: °’,F10.6)
4070 FORMAT(10X,’ COMBUSTOR =  NOZZLE CHANNEL  DIFFUSER’,
& 2 BOILER’/9X,5F11.4," MW?) '
4080 FORMAT(’> AN ACCOUNTING OF DIFFUSER EXIT CONDITIONS:’)
4090 FORMAT (10X, STAGNATION ENTHALPY: ’,F10.6,’ MJ/KG’/
& 10X, ENTHALPY: ’,F10:6,’> MJ/KG’/
& 10X,’ STAGNATION TEMPERATURE: ’,F10.2,’ K’/
& 10X, ' TEMPERATURE: ’,F10.2,’ K’/
& 10X,”’ STAGNATION PRESSURE: ’,F10.5,’ KPa’/
&. 10X,’ . PRESSURE: ’,F10.5,’ KPa’/
& 10X,° DIFFUSER EXIT VELOCITY: ’,F10.5,’ M/S’/
& 10X,’ DIFFUSER EXIT MACH NUMBER: ’,F10.6)
4100 FORMAT(’> SOME POWER AND PTO SYSTEM ACCOUNTING:’) _
4110 FORMAT(10X,’ PERCENT TOTAL ENTHALPY EXTRACTION:.’,F10.6,’ %’/
& . 10X,’ : INVERTER EFFICIENCY: °’,F10.6,’ %’/
& 10X, ELECTRICAL EFFICIENCY: ’,F10.6,’ %’/ _
& 1OX,’ CONVERSION EFFICIENCY: ’,F10.6,’ %’/
& 10X, - TOTAL ELECTRICAL EFFICIENCY: ’,F10.6,° %’/
& 10X, TOTAL ELECTRICAL POWER: ’,F10.6,’ MW’/ . .
& 10X, - TOTAL THERMAL INPUT POWER: ’,F10.6,’ MW’/
& 10X,”’ THERMAL POWER INTO HRSR: ’,F10.6,’ MW’/
& - 10X,” ) AVAILABLE ELECTRICAL POWER: ’,F10.6,’ MW’/
& 10X,’ INVERTER LOAD VOLTAGE: ’,F10.6,’ KV’/
& 10X,’ INVERTER LOAD CURRENT: °,F10.6,’ KA’)

5000 FORMAT(’ ’,BF15. 5)

6000 FORMAT(’ ’/////’ ,10X, ’Choose an optlon v/

» 720X, ’(1) Modlfy oxygen enrichment’/

» 7 ,20X,’(2) Modify stoichiometric ratio’/
"’,2OX,’(3) Modify load’/

? 2,20X,’(4) Modify exit stagnation pressure’/
> 2,20X,7(5) Modify electrode overlap’/

o S = S S
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6010 FORMAT(I1)
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20X,’(6) Modify fraction applied induction’/
20X, (7) Modify preheat temperature’/
20X,’(8) Begin computer experiment’/
20X,’(9) Exit program’)

6020 FORMAT(’® ’,’0X = ’,F10.7,’ Set OX = _______ L)
'6030 FORMAT(’ ’,’PHI = ’,F10.7,’ Set PHI = _______ L)
6040 FORMAT(’ ’,’RL = ’,F10.5,’” Set RL = _______ L)
6050 FORMAT(’ ’,’PSEXIT = ’,F10.1,’ Set PSEXIT = _______ .2)
6060 FORMAT(’ ’,’NOVRLAP = ’,I3,’ Set NOVRLAP = _______ L)
6070 FORMAT(’ ’,’BFACT = ’,F10.7,’ Set BFACT = _______. )
6080 FORMAT(” ’,’PHEAT = ’,F10.2,’ Set PHEAT = _______. )
6090 FORMAT(’ ’,’ Present output file name = ’,20A1/

& 0, New output file name = _____________.’)

6100 FORMAT(’ °’,Q,20A1)

6200 FORMAT(® ’,
6205 FORMAT(® 7,
6210 FORMAT(’ °,

& ' meters
6300 FORMAT(’ ’,
6310 FORMAT(’ ’,

& ’ meters

> DUCT STRESS INFORMATION:’)

10X, ’Number of shocks which occurred: ’,I1)

15X, ’Shock #’,I1,’ occurred at location ’,F5.2,

in the ’,A10,7.°) ,

10X, !These electrical stresses were noted:’)

15x, ’Maximum Hall parameter was ’,F4.2,’ at ’,F5.2,
.7/’ 2 ,15X,’Maximum Ex field was ’,F6.2,’ V/cm at ’,

& F5.2,’ meters.’/’ ’,15X,’Maximum Jy was ’,F6.3,’ a/cm"2 at ’
& ,F5.2,7 meters.’) :

END

NONLIN Subroutine for Fluid Side Equations

C ook ok sk sk ok sk sk [ ok sk obe ke sk ok sk ook (] ok ok ok s e ok o ok ok (9 ke skeok ok ok sk ke ke ok [ ok ok ok sk sk ke ke sk ok ([ ok ok ok sk ok 3k ok ok ok ([ ok ok ok skoke sk sk ok ok

SUBROUTINE:
DATE: 1993

PROGRAMMER :

PURPOSE: .

SUBROUTINE

NONLIN : ‘

Donald Hammerstrom, Graduate Student
Department of Electrical.Engineering
Montana State University

Bozeman, Montana 59717-0378

This subroutine updates the algebraic variables after
complete iterations of the fluid state calculatiomns.

********O*********O*********O*********O*********O*********O*********

NONLIN

INCLUDE °’COMMONER.FL’

DO 10 T = 1, NNDS
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C********0*********0*********0*********0*********0*********0*********
C MAJOR NODE VELOCITY INTERPOLATION:
C********0*********0*********0*********0*********0*********0*********
IF (I .EQ. 1) THEN
V_MAJ(I) = 1.5 ¥'V(I) - 0.5 * V(I+1)
ELSE IF ( I .EQ. NNDS ) THEN

V_MAJ(I) = 1.5 * V(I-1) - 0.5 * V(I-2)
ELSE ' -
V_MAJ(I) = 0.5 * ( STP_MIN(I) * V(I-1) + STP_MIN(I-1) *
& , _ V(I) ) / STP_MAJ(I)
END IF

C********0*********0*********0*********0*********0*********0*********

C STAGNATION ENTHALPY:

- C Hs = e + P/rho
C********U*********0*********0*********0*********0*********0*********

HS(I) = EIO(I) + P(I) / RHO(I)

C********O*********O*********O*********O*********0*********0*********
C ENTHALPY, LESS KINETIC ENERGY: :
C********O*********O*********O*********O*********O*********O*********

H(I) = HS(I) - 0.5 * V_MAJ(I)*%*2

C********0*********0*********0*********0*********0*********0*********

C STAGNATION AND STATIC TEMPERATURES

C SPLINE FIT: °’TEMP.DAT’

C Stagnation temperature function of state at assumed ‘

C equ111br1um conditions. - This file was prepared from an N-R fit on

C data giving H = £f( T ). The stagnation and static temperatures are

C calculated in the stationary and moving reference frames,

C respectively. '

C SOURCE: MSE, Inc. equilibrium data.

C********0*********0*********0*********0*********0*********0*********
TSTAG(I) = SR( ’TEMP.DAT °’, ’Y’, 0X, PHI, SEED, PSTAG(I) /

& _ . ’ PASCALS, HS(I) * 1.E-6 )
T(I) = SR( ’TEMP.DAT ’, ’Y’, 0X, PHI, SEED, P(I) / PASCALS,
& . ' . H(I) * 1.E-6")

Coese s ke (koo sk 0 sk kel () ks s ko sk (o ok ks ok ok () ko sk sk sk ) sk ook ok
C SPECIFIC HEATS AND SPECIFIC HEAT RATIO:

C Cp=v2/ (2. % (Ts-T))
C T Cv=Cp -R
C ' " Gamma = Cp / Cv

C********O*********0*********O*********O*********0*********0*********
CP(I) = 0.5 * V_MAJ(I)**2 / ( TSTAG(I) - T(I) )
CV- = CP(I) - RGAS / WM(I)
GAMMA(I) = CP(I) /cv -

C********O*********O*********O*********O*********O*********O*********
C AVERAGE MOLECULAR .-WEIGHT:
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C SPLINE FIT: ’WM DAT’

" C Average molecular weight functlon of chemistry and state at

C assumed equilibrium conditions.

C SOURCE: MSE, Inc. equilibrium data. :

C ERROR: (About 1% estimated from worst fit on known data p01nts )

Cokotesk sk s skok 0 ok sk ok ok e ok (o ok sk sk ke ok () e ok s sk sk o ok (3 ok sk ek s ke () ok ok sk ok ko s o () sk sk ke ok ok

WM(I) = SR( ’WM.DAT >, ’Y”, OX, PHI, SEED, P(I) / PASCALS,

& : L. TM)

C********0*********0*********0*********0*********0*********0*********
C STAGNATION PRESSURE
C Ps =P * ( Ts/T )"[ gamma / (gamma - 1) ] ‘
Cokokokseteok ok Dok koo okt ok otk ok ok Qoo koo ok Dokt ek ok Q ko ko ook ook Qo ok ook o ok
PSTAG(I) P(I) * ( TSTAG(I) / T(I) Y**x( GAMMA(I) / (
& _ GAMMA(T) - 1. ) )~

C********O*********O*********O*********0*********0*********O*********

C DENSITY AT MAJOR AND MINOR NODES: :

C . "rtho=P/ (R x*T )

C********O*********O*********O*********O*********O*********D*********
RHO(I) = P(I) * WM(I) / ( RGAS * T(I) )

p IF ( I .GT. 1) RHDfMIN(I-l) 0.5 % ( RHO (I~ 1) + RHD(I) )

C********O*********O*********O*********O*********O*********O*********

C FLOW RATE:
C********0*********0*********0*********0*********0*********0*********

IF ( FLAG_T -EQ..’Y ) W(I) RHO(I) =* V_MAJ(I) * - A(T)

C********O*********O*********O*********0*********O*********O*********

C MACH NUMBER:
ks kskook s ok sk (K sk ok ok sk ok sk o ok () sk sk o s sk ok () o ko ok s kst ok (ks ek s ok () ok ok sk sk s ok () ok ks ook sk ok ok

" VMACH(I) = DABS( v MAJ(I) ) / DSQRT( GAMMA(I) * RGAS * T(I) /
i ) _ WM(I) )

C********O*********O*********O*********O*********O*********O*********

C COMPRESSIBILITY PARTIAL: )
T Cokeskokeokskokkok (skk sk ok sk 3ok ok () ko sk ok sk sk o sk 0ok o ok o sk ok sk ok sk (ke sk sk ok sk ok () sk ok ok e sk s ke sk ek ek o

DRHODP(I) = WM(I) / ( RGAS * T(I) )

Coke sk ok ook ok ke ok (] sk s ook sk sk ke sk (o sk ok o o ook sk sk () ke ok o sk sk sk sk () ok sk ok ok ke ok ke sk sk () 8 e ok ok e o o sk [k ok ok sk ok ok ok

C FRICTION AND THERMAL COEFFICIENTS:
C********0*********0*********0*********0*********0*********0*********

IF ( I .GT. NCOMB ) THEN

CALL FG(I)
ELSE

F(I) = 0.

Q(I) = 0.
END IF

10 CONTINUE

Gk ke sk ke s e ok (D s sk s ok ok ke ok (] ke kb ko sk e o e () k ke ok sk sk sk sk ke ok () ok o s ok sk sk ok sk ke () o s s o ok o ok o ke () sk o sk o ok ok
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C INPUT FLOW RATE:
I | A T T oL gty wa——
W({I) = WC / 10.0 * SR( *CF_C10.DAT’, ’Y’, 0X, PHI, SEED,’
* , . PSTAG(I) / PASCALS, PHEAT )

IF ( FLAG_T .EQ. °N’ ) THEN
DO 20 I = 1, NNDS
20 W(I) = W(1)
END IF

RETURN
END

SIMPLER Numerical Integration Subroutine

C********O*********D*********D*********O*********O*********O*********

C

C SUBROUTINE: SIMPLER

C

C PROGRAMMER: Donald J. Hammerstrom, Graduate Student

C Department of Electrical Engineering

C Montana State University

C Bozeman, Montana. 59717-0378

C

C DATE: 1994

C :

C PURPOSE:

C .. . . This program carries out integration of the MHD equatlon

C set using the SIMPLER (Semi-Implicit Method for Préssure-Linked
C Equations, Revised) algorithm of Patankar (1980). The momentum
C equation also incorporates Van Leer flux splitting to better

c represent the partially elliptic nature of the problem.

C Patankar’s suggestion for incorporating compressibility effects
C (Patankar, 1980 prob. 6-6) is used to stabilize both the

C pressure and pressure correction equations.

C The subroutine is written to be fully implicit in time.

C Both steady and unsteady behaviors may be obtained. .

C The unsteady solution is llke a succession of converged steady
C solutions. .

c .
C********0*********D*********0*********0*********0*********0********* .

SUBROUTINE SIMPLER(RES)
INCLUDE ’COMMONER.FL’.

DIMENSION V_STAR(NNDS_MAX), P_PRIME(NNDS_MAX), FLUX(NNDS_MAX),
& V_HAT(NNDS_MAX), ZP(NNDS_MAX), ZA(NNDS_MAX), ZB(NNDS_MAX),
& ZC(NNDS_MAX), BB(NNDS_MAX), ZETAA(NNDS_MAX), ZETAB(NNDS_MAX),
& ZETAC(NNDS_MAX), BBB(NNDS_MAX), FSU(NNDS_MAX), FSD(NNDS_MAX),
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. & VS(NNDS_MAX)

Cotesteokeske sk ok e sk [k ke st ke ak ke see () ok ok ke sk sk sk sk ok () o oo sk ke ke s o ok ok sk e sk sk sk ok () ok sk sk ke sk o e sk sk () ke s s ok ks ek ok
C FIND V_HAT FROM THE MOMENTUM EQUATION:

, and X+
, and x+

maJor node positions on staggered grid
minor node positions on staggered grid
coefficients

source terms

diffusion

C
C
C
c
C
C
C flux

X
x
)
)
)

X,
X,
z(
b

D(
F(

Note that the grid is staggered as shown below:

CZ(x)xv(x) = Z(x#H)*v(x+) + Z(x-)*v(x-) + b + Zp(x)*(P(X+)-P(X))

c

C

C

C

c

c

C

c

C

C

c

C

C Z(x+) = D(X+) - F(X+)
C Z(x-) = D(X-) + F(X-)
C Z(x) = Z(x+) + Z(x-) + .
C ‘ b = source terms

C © L Zp(x) = -A(x)*dt

c :
C v(x) = v_hat(x) + Zp/Z(x)*(P(X+)-P(X)), where
C v_hat(x) = (Z(x+)*v(x+) + Z(x-)*v(x-) + b)/Z2(x)
c
C
c
c
C
c
c
c
c
c
C
C

BEGIN FLUX SPLITTING:

Flux spllttlng is a method of reflectlng the acoustic
propagation of states. Increasingly more upstream state is used
in the bias until Mach one, at which only upstream states affect
the local node. This differencing is a monotone upwind
differencing scheme. It has some advantage over simple upwind
differencing promoted by Patankar because it utilizes both adjacent
neighbors even when there is no true diffusion term. Upstream
influence is particularly necessary in partially eliptic problems

where downstream states affect upstream states.
********0*********0*********0*********0*********0*********0*********

C********0*********0*********O*********0*********0*********0*********
C LOCAL VELOCITY OF SOUND: :

vsQ) == local velocity of sound
Some interpolation is necessary because of staggered grid.

v(sound) = sqrt( gamma * R * T )

aaaaaaaq

. ' , ; ’
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C********0*********0*********O*********O*********0*********0*********
DO 10 I = 1, NNDS - 1
T_AVE = 0.5 * ( T(I) + T(I+1) )
WM_AVE = 0.5 * ( WM(I) + WM(I+1) )
GAMMA_AVE = 0.5 * ( GAMMA(I) + GAMMA(I+1) )
10 VS(I) = -DSQRT( GAMMA_AVE * RGAS * T_AVE / WM_AVE )

I = NNDS '
VS(I) = DSQRT( GAMMA(I) * RGAS*T(I) / WM(I) )

" Cokskokokeskokok ok Dk ook ok sk ok D ko sk otok (oo sk kool (e kol ok sk () ook ko sk ok ok ok ok ok ok o
C VAN, LEER ADVECTED FLUX:

C .

C FSD() == upstream advected flux (Van Leer’s F-)

c " FSU(Q) == downstream advected flux (Van Leer’s F+)

C VMACH() == local Mach number

C

C Van Leer’s scheme of flux splitting:

C . }

C fs+ = 0.25 * VS * (M + 1)%x%x2, JM|<1.0

C 0.50 * VS * (M + |M|) , otherwise
C , .

C fs- = -0.25 * VS * (M - 1)*x2, IM|<1.0 °
C 0.50 * VS = (M - |M|)., otherwise
Cokeokeste sk ok s sk sk (ke s sk sk ok ok ek () ok ok ok ok ok ok sk ) 3 sk sk skok sk ok (o o o ok ke ok sk ok () sk ke ok sk ke ok ok ke ok (ke sk s sk ok ek ok

DO 20 I = 1, NNDS - 1
VMACH(I) = V(I) / vsS(I) '
IF ( DABS( VMACH(I) ) .LT. 1.DO ) THEN

FSU(I) = 0.25D0 * VS(I) * ( VMACH(I) + 1.DO ) %2
FSD(I) = -0.25D0 * VS(I) * ( VMACH(I) - 1.D0 )**2
ELSE S ’ .
FSU(I) = 0.50D0 * VS(I) * ( VMACH(I) + DABS( VMACH(I) ) )
FSD(I) = 0.50D0 * VS(I) * ( VMACH(I) - DABS( VMACH(I) ) )
END IF '
FSU(I) = FSU(I) * RHO_MIN(I)
FSD(I) = FSD(I) * RHO_MIN(I)
20 CONTINUE .
I=NNDS

VMACH(I) = V(I)/VS(I)
FSD(I) = -0.25D0 % VS(I) * ( VMACH(I) - 1.D0 )*%2
FSD(I) = FSD(I) * RHO(I)

C#*******0*********0*********0*********0*********0******#**0*********
C MOMENTUM EQUATION:

C

' ZA() ,ZB(), zc(O)
ZP()

BBB()

= velocity coefficients
= coefficient of pressure difference
= source terms

The solution of the momentum equation is centered on the cell
interfaces. Solution is fully implicit in time. Most quantities

C
C
C
C
C
C
C are interpolated by a linear interpolation. All quantities except
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C velocity are defined at major node pélnts Veloc1ty is defined at
C cell interfaces located half way between the major node centers.
C
c- d(rho*v*A)/dt + d(rho*v"2%A)/dx = -A*F - A*dP/dx + A%jB
C .
Coteske stk ok e ook ok ke ke ok ke ok ko ok ook sk stk sk s sk () ke sk sk ok sk ek e ok s sk sk ok sk ok () sk sk sk sk sk ok ok [J ok sk sk sk ke sk ke sk ok
DO 30 I = 2, NNDS - 2
C INTERPOLATIONS: ' /
RHO_MINOR_OLD = 0.5 * ( RHO_OLD(I) + RHO_OLD(I+1) )
F_MINOR = ( F(I) * F(I+1) )#*x0.5
C COEFFICIENT ASSIGNMENTS:

ZA(I) = FSU(I-1) / STP_MAJ(I) * STP_MIN(I) * DT
ZC(I) = -FSD(I+1) / STP_MAJ(I+1) * STP_MIN(I) * DT
ZB(I) = FSU(I) / STP_MAJ(I) * STP_MIN(I) * DT
& - FSD(I) / STP_MAJ(I+1) * STP_MIN(I) * DT
& + STP_MIN(I) * RHO_MIN(I) * FLAG_DT
& + 2.0 * F_MINOR * STP_MIN(I) * DT / V(I)
& + 2.0 % RHO_MIN(I) * V(I) / A_MIN(I) * (A(I+1) - A(D))-
& * DT
ZP(I) = -DT
BBB(I) = STP_MIN(I) * RHO_MINOR_OLD * V_OLD(I) * FLAG_DT
& + F_MINOR * STP MIN(I) * DT
& + RHO_MIN(I) * V(I)*%2 / A_MIN(I) * (A(I+1) - A(T))
& - * DT
30 CONTINUE

C sk sk sk sk ok sk sk ok () ok ok ok ok ok ok ok ke (Jok ok sk sk ok ok ok ok ok [ ok ke ok ok ok ok ke sk ok [ 3k sk seske ok sk ok sk ok (3 3k ok sk e ok ok sk [ sk skeoke o sk ok sk ok sk

C EXCEPTIONS TO THE ABOVE GENERAL EQUATIONS:
Cokeske sk e sk sk ke sk (oK sk ook ok o ok () ek o ook sk sk ok (0 ke ook ok sk sk ook ok Dok sk sk ok ook sk (0 o ook sk sk sk ok sk () ok ok ok o s sk

C********O*********D*********0*********O*********O*********O*********
FIRST NODE:

The first node momentum equation assumes that the gradient of
the momentum flux is zero at the input boundary. This is an-
C infinite volume combustor assumption. It is further assumed that
C there are no friction or thermal losses in the combustor since
C these losses are handled elsewhere.
Cotesteote ke ke ke e ok (ke e e ok ok sk ket () skt se sk ek ke ke Ok s oe sk ek ke ok ok sk o e ok ( keok sk ek skeok sk ok () e ek sk ok sk ok ok
I=1
RHO MINOR _OLD = 0.5 * ( RHO_OLD(I) + RHO_OLD(I+1) )

C
C
c
C

ZC(I) = -FSD(I+1) * DT

ZB(I) = -FSD(I) * DT
& + FSU(I) * DT
& + STP_MIN(I) * RHO_MIN(I) * FLAG_DT

ZP(I) = -DT

BBB(I) = STP_MIN(I) * RHO_MINOR_OLD * V OLD(I) * FLAG_DT
& + FSU(I) * V(I) * DT

Gtk sk s e s ok ok (ke ok ok s e e e ek () ok ok sksk ok o ok o () ke ke ok sk sk sk sk (e o sk ek sk ok e () sk ok s o s ook sk ok ok sk ok sk ok o o ok

C CHANNEL NODE LORENTZ FORCE TERMS:
Cokesteokeok sk ok sk ok [k ok okok sk sk e ook 0k ok sk skak sk ok (o ook ek sk ok (ke s ook ook ok stk 0 e sk stk sk sk sk 0 ke ek o sk ek o
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= NNOZZ
L = I - NNOZZ '
ECURAV = 0.5 * ( CANODE(L+1) + CCATH(L+1) )
WIDTH = A(I+1) / ZHEIGHT
EAREA STP_MAJ(I+1) * WIDTH
FJ1 = ECURAV / EAREA .
BBB(I) BBB(I)
+ 0, 5 * FJ1 * BFACT * B(L+1) * DT % STP MIN(I)

040 I = NNUZZ + 1, NCHAN - 1

L = I - NNOZZ-

WIDTH = A(I) / ZHEIGHT

EAREA = STP_MAJ(I) * WIDTH

ECURAV 0.5 % ( CANODE(L) + CCATH(L) )

FJ1 = ECURAV / EAREA

WIDTH = A(I+1) / ZHEIGHT

EAREA = STP_MAJ(I+1) * WIDTH

ECURAV 0.5 * ( CANODE(L+1) + CCATH(L+1) )

. FJ2 = ECURAV / EAREA

&

Cokskskk ok ok
C LAST

C
Cokkok ok k

I'=

R R

& &

BBB(I) BBB(I)
+ 0.5 * BFACT * ( FJ1 * B(L) + FJ2 * B(L+1) ) * DT x*
STP_MIN(I)

= NCHAN
L = I - NNOZZ
ECURAV = 0.5 * ( CANODE(L) + CCATH(L) )
WIDTH = A(I) / ZHEIGHT _
EAREA = STP_MAJ(I) * WIDTH
FJ1 = ECURAV / EAREA
‘BBB(I) = BBB(I)
+ 0.5 * STP MIN(I) * FJ1 * BFACT * B(L) * DT

st sk Ok ot ok seote sk ke ok () sk sk ke sk skoke ok sk () ok e o ok sk sk sk e ok ok sk ek s ke sk (0 sk ok ok ok sk ko ok ok () ket ok ook ok ok ok

NODE:

Use simple backward differencing at exit nodes.

sk ok ok sk ke ok ok ok ok () ok o e ok ok skesk [ e sk o e ok ok ok ok ok sk skoke sk ok sk bk ()oK sk sk sk sk sk sk ok () 3 sk ok sk ok ok o ok
NNDS - 1 ‘

RHO_MINOR_OLD = 0.5 * ( RHO_OLD(I) + RHO_OLD(I+1) )

F_MINOR = ( F(I) * F(I+1) )*x0.5

FLUXM = RHO(I) * V_MAJ(I) * DT
FLUXP = RHO(I+1) * V(I+1) * DT
ZA(I) = DMAX1( 0.DO, FLUXM )
ZC(I) = DMAX1( 0.DO, -FLUXP )
ZB(I) = ZA(I)

+ ZC(I)

+ STP_MIN(I) * RHO_MIN(I) * FLAG_DT
+ 2.0 % F_MINOR * STP_MIN(I) * DT / v(I)
+ 2.0 * RHO_MIN(I) * V(I) / A_MIN(I) * (A(I+1) - A(T)) -
. % DT
ZP(I) = -DT
BBB(I) = STP_MIN(I) * RHO_MINOR_OLD * V OLD(I) * FLAG_DT
+ F_MINOR * STP_MIN(I) * DT
+ RHO_MIN(I) * V(I)*%2 / A_MIN(I) * (- A(I+1) - A(I) b)




sy
& : ' '_. : % DT

C NORMALIZATION: .
DO 50 I = 1, NNDS - 1
ZA(I) = ZA(I) / ZB(I)
ZC(I) = zc(I) / ZB(I)
ZP(I) = ZP(I) / ZB(I) .

BBB(I) = BBB(I) / ZB(I)
50 ZB(I) = 1.

'C********O*********0*********O*********0*********O*********O*********
C V_HAT:

C This is an approx1mat10n of veloc1ty without pressure effects.
C Note that there is one less minor node than major node in this

C solution.
C********0*********O*********O*********O*********0*********0*********

I=1
+  V_HAT(I) = ZC(I) * V(I+1)
& ) + BBB(I)
DO 60 I = 2, NNDS - 2
60 V_HAT(I) = ZA(I) * V(I-1)
& o+ ZC(I) * V(I+1)
& ~+ BBB(I)
I = NNDS - 1
V_HAT(I) = ZA(I) * V(I-1)
& + BBB(I)
I NNDS

V_HAT(I) = 1.5 * V_HAT(I-1) - 0.5 * V_HAT(I-Z)

C********D*********O*********D*********O*¥*******O*********O*********'
C CONTINUITY EQUATION:

C ) . TN

c K(XOP(X) = KEXHP(X+) + KX-)P(X-) + r

C

C K(X+) = -Zp(x+)*A(x+)*rho(x+)*dt

C K(X-) = -Zp(x-)*A(x-)*rho(x-)*dt

C K(0) = K(X+) + K(X-)

C = {- equation of continuity}

C

C (Flux uses V_HAT for pressure eqn.; V_STAR for pressure correctlon
C eqn.) :

C . . i .

C (Remember that ZP is defined to be negative.)

Cokokeok s ok o ook Qe oo o s o ok (ke ok ok sk sk o o () ke ek sk sk sk ok (D s sk ok ke sk sk () o s o o s o o ok 0k okok sk sk ook ok

DO 100 I = 1, NNDS - 1
ZETAC(I) -DT * ZP(I) * RHO_MIN(I)
ZETAA(I+1) ZETAC(I)
100 CONTINUE

C FIRST MAJOR NODE: (Separated due to source term.)
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=1

ZETAB(I) = ZETAC(I)

+ DRHODP(I) * STP MAJ(I) * FLAG_DT

+ DMAXl( 0.D0, 0.5 * DRHODP(I) * V_HAT(I) * DT )
ZETAA(I) = :

ZETAC(I) = -ZETAC(I)

+ DMIN1( 0.DO, 0.5 * DRHODP(I+1) * V HAT(I) * DT )-

BB(I) = STP_MAJ(I) * RHO _OLD(I) * FLAG_DT

+ DMAX1(0.D0O, -0.5 * DRHODP(I) * V_HAT(I) * P(I) * DT)
+ DMIN1(O.DO, -0.5 * DRHODP(I+1) * V_HAT(I) * P(I+1) *
. - DT )
+ W(I) * DT / A(I)

C REMAINING MAJOR DUCT NODES:
DO 120 I = 2, NNDS - 1 |

C COMPLETE COEFFICIENT ASSIGNMENTS AT ALL MAJOR NODES:

B e Be RP BY RS

&

o9

xR

120

ZETAA(I) = -ZETAA(I)

ZETAB(I) = ZETAA(I)

ZETAC(I)

DRHODP(I) * STP_MAJ(I) * FLAG_DT

+ DMAX1.( 0.DO, 0.5 * DRHODP(I) * V_HAT(I) * DT )

+ DMAX1( 0.DO, -0.5 * DRHODP(I) * V_HAT(I-1) * DT )
DRHODP(I) * V_MAJ(I) / A(I) * ( A_MIN(CI) -
A_MIN(I-1) ) = DT

+ 4+

+

-+ DMIN1(0.DO, -0.5 * DRHODP(I-1) * V_HAT(I—i) * DT)
ZETAC(I) = -ZETAC(I) : :
+ DMIN1( 0.DO, 0.5 * DRHODP(I+1) * V_HAT(I) * DT )
BB(I) = STP_MAJ(I) * RHO_OLD(I) * FLAG_DT
' + DMAX1( 0.DO, -0.5 % DRHODP(I) * V_HAT(I) * P(I) *
DT )
+ DMAX1( 0.DO, 0.5 * DRHODP(I) * V HAT(I 1) * P(I) *
DT )
+ DMIN1(0.DO, 0.5 * DRHODP(I 1) * V_HAT(I-1) *
P(I-1) * DT )
+ DMIN1(0.DO, -0.5 * DRHODP(I+1) * V HAT(I) * P(I+1)
* DT )
CONTINUE

C ok 3k ok sk o >k ok ok (o sk ok ok sk ok sk ke [ o ok sk o sk skeske sk ok [ ok sk sk ok sk sk ok ok ok ([ ok sk ok ok sk ok sk ok sk [0 9k ok ok ok 3k sk ok (J ok sk ok k¢ ok ok ofe ok ok

C THE LAST NODE: (Dir. boundary conditiomn.)
C********O*********O*********O*********O*********0*********O*********

I

= NNDS
ZETAA(I) = 0.
ZETAB(I) = 1.
ZETAC(I) = 0.

BB(I) = PSEXIT * ( T(I) / TSTAG(I)- )**( GAMMA(I) / ( GAMMA(I)

&.

-1.))

C********O*********D*********O*********O*********O*********U*********

C TDMA

ALGORITHM:

C SOURCE: FORTRAN NUMERICAL RECIPIES (1989)

C

The outlet pressure is-the boundary condition.
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C Underrelaxatlon of. the calculation u51ng 0.8 underrelaxatlon

C factor is suggested by Patankar.

C********O*********O*********O*********D*********O*********O*********
CALL TRIDIAG( ZETAA, ZETAB, ZETAC, BB, P_PRIME, NNDS )

NNDS

DO 130 I =1,
= 0.2 * P(I) + 0.8 * DMAX1( O. DO P_PRIME(I) )

130 P(I)

C********o*********0*********0*********0*********0*********0*********
C V_STAR:

C Underrelaxation factor of 0.5 is suggested -by Patankar.

C The coefficients require only minor modification. Some of

C these modifications account for changes in density assumed in

C pressure equation result.

ok ko otk ok ok ok ) koo (ks ok ok (D koo sk ok ok ok sk o (ko ks

DO 200 I = 1, NNDS - 1

ZA(I) = —ZA(I)
ZB(I) = ZB(I) - 0.2 % ZP(I) * P(I+1) / V(I)
ZC(I) = -Zc(1)
BBB(I) = BBB(I)
& - ZP(I) * P(I)
& + 0.8 % ZP(I) * P(I+1)

200 CONTINUE

C********U*********0*********0*********0*********0*********0*********
C TDMA ALGORITHM:
C. Do not calculate the last velocity node, which is beyond

C Dboundaries.
Gtk ke sk s s ok Dok ok s ok ke ok ok stk (ko ok ok o sk o ke () ks se sk o ok ke () k sk sk o o ok (] ek skl sk sk sk sk () o o ok ok ok skok ok

CALL TRIDIAG( ZA, ZB, ZC, BBB, V_HAT, NNDS - 1 )

_ DO 210 I = 1, NNDS - 1
210 V_STAR(I) = 0.5 * V(I) "+ 0.5 * DMAX1( 0.D0, V HAT(I) )

I = NNDS o
V_STAR(I) = 1.5 * V_STAR(I-1) - 0.5 * V_STAR(I-2)

Cokeske sk sk ok ke e sk [k ok ook sk ok o ook () stk sde ook skokoe ke (0 ke ook sk sk sk ko ok e sk skeok ok e e skeok [0k ke ok stk sk ok ok () ok ke ok ke ok ok skok ok
C CORRECT DENSITY AS IMPLIED IN PRESSURE CALCULATION
Coke stk sk ok e sk (% ok sk ek ok sk (ke e s ook skt ok e 0 e skok sk ok ook ok ok sk s s s sk ke ke () ook sk sfeske sk sk sk () ke e ke sk skok ke ok
DO 140 I =-1, NNDS :
140 RHO(I) DRHODP(I).* P(I)

DO 150 I 1, NNDS-1
150 " RHO_MIN(I) = 0.5 * ( RHO(I) + RHO(I+1) )

Cokeske sk sk ke e ok (ke e sk e ok ok ks ket seke ke ke (] ok sk sk s o e ke () ke ke ke ok skt s e ke (3 ek ok skeok ek sk ok () ok o o e sk sk ok ok
PRESSURE CORRECTION EQUATION:
The pressure correction equations are used to correct the velocity
profile. The calculation is almost the same as for the pressure
equation, but the source term becomes the continuity error.

A correction has been incorporated to account for
compressibility.

aQaaaaaaQ
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C Note that the evaluation of BB is useful for convergence

C criterion since it is simply a statement of continuity.

C Negative signs are used for off diagonals because of

C tridiagonal form of solution.

C FLAG_DT is used to toggle on or off the transient response.
C********0*********0*********0*********0*********0*********0*********

C CALCULATE FLUX AT MINOR NODES:
DO 300 I = 1, NNDS - 1
ZETAC(I) = -DT * ZP(I) * RHO_MIN(I)
ZETAA(I+1) = ZETAC(I)
FLUX(I) = DT * V_STAR(I) * RHO_MIN(I)
300 CONTINUE ;
I = NNDS
FLUX(I) = DT * V_STAR(I) * RHO(I)

C FIRST MAJOR NODE: (Separated due to source term.)

I =1
ZETAB(I) = ZETAC(I) '

& ) + DRHODP(I) * STP MAJ(I) * FLAG_DT

& -+ DMAX1( 0.DO, 0.5 * DRHODP(I) * V STAR(I) * DT )
ZETAC(I) = -ZETAC(I)

& + DMINl( 0.DO, 0.5 * DRHODP(I+1) * V_STAR(I) * DT )
ZETAA(I) = .
BB(I) = STP MAJ(I) * ( RHO_OLD(I) - RHO(I) ) * FLAG _DT

& + W(I) / A(I) * DT - FLUX(I)

C REMAINING MAJOR DUCT NODES:
DO 320 T = 2, NNDS - 1

C COEFFICIENTS:
ZETAB(I) = ZETAA(I)

& + ZETAC(I)

& + DRHODP(I) * STP_MAJ(I) * FLAG DT

& + DMAX1( 0.DO, 0.5 * DRHODP(I) * V_STAR(I) * DT )

& . + DMAX1( 0.DO, -0.5 * DRHODP(I) * V_STAR(I-1) * DT)

. ZETAA(I) = -ZETAA(I)

& + DMIN1(0.D0,-0.5 * DRHODP(I- 1) * V_STAR(I-1) * DT)

ZETAC(I) = -ZETAC(I) )

& + DMIN1( 0.DO, 0.5 # DRHODP(I+1) * V_STAR(I) * DT )
. BB(I) = STP_MAJ(I) * ( RHO ULD(I) - RHO(I) ) * FLAG_DT

& - FLUX(I)

& + FLUX(I-1)

& - RHO(I) * V_MAJ(I) / A(I) * ( A_LMIN(I) - A_MIN(I-1) )

& * DT

320 CONTINUE

C********O*********O*********O*********O*********D*********0*********

C LAST NODE..
C********O*********0*********0*********O*********O*********O*********
I = NNDS :
ZETAA(I) = 0.
ZETAB(I) =

1.
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ZETAC(I) = 0.
BB(I) = 0.

Cokeoteske ok ke e e ok Ok stk ek e s ok (oo ok sk e sk ok sk () koo s ok ke ok ke [k e s ok s ok oo (ke ook sk s sk ok [J ok ok ok skeok ke ok

C TDMA ALGORITHM:

c The outlet pressure is the boundary condition.

Coteskesteofefe sk ok ok ok sk ek ek ook ok [ ook ok skok sk ook [ ok sk ske sk sk ek ok (b ke s ok ok ok ook ) sk o sk st e ok (Do sk sk sk ok ok ok
CALL TRIDIAG( ZETAA, ZETAB, ZETAC, BB, P_PRIME, NNDS )

Corkkokokkekok (b ohokokokokok sk 0 sk skokokokok ok ok [ ok koo sk sk sk ko s ek 0k koo ok Qe ke ek ok o
C CORRECT THE VELOCITY FIELD:
C It is suggested by Patankar that no relaxation be used in
C this calculation to assure a velocity profile which adheres to
C continuity. -**[Patankar (1980) eq. (6.17)]:
c V(x) = V_star(x) + Zp(x)*(P’ (X+) - P’ (X))
Cokooksk sk ok ok ok ok Dok ok ke ok ke ok ok ok () ok ok sk skoke sk ok () ok oo ok e sk ok (k6 ok ke ok sk ke ok (0 ok ok skok ko sk ok () ok sk ok ok ok ek o
DO 400 I = 1, NNDS - 1
DVMAX = ZP(I) * ( P_PRIME(I+1) - P_PRIME(I) )
V(I) = V_STAR(I) + DVMAX
400 CONTINUE
I = NNDS
V(I) = V(I-1) + 0.5 * ( V(I-1) - V(I-2) )

DO 410 T = 1, NNDS '
P(I). = P(I) + 0.8 * P_PRIME(I)
RHO(I) = DRHODP(I) * P(I)

410 IF ( I .GT. 1 ) RHO_MIN(I-1) = 0.5 * ( RHO(I-1) + RHO(I) )

' Gkt sk ok ok ok ok ok [k ok ok ok sk ke ok skeok [ skeok sk sk ok sk ok sk sk [ ok sk ok ok ok ok dkok ok [ ok ok e ok sk sk ok ok ok (0 ok ok o ok 3k sk ke ke ok [ ke ok 3k 3 sk sk ke ok ok

C STAGNATION ENTHALPY EQUATION: .
C The first node is specified from combustor data provided by
C MSE, Inc. The result of previous calculations should be a flat
c flux profile. The stagnation enthalpy is used to calculate the
C temperature profile, which affects the fluid density.
c .
c a(X)*h(X) = a(X+)*h(X+) + a(X-)*h(X+) + n
e .
C a(X+) = [[ 0, -F(x+) ]]
¢ a(Xx-) = [[ 0, F(x-) 1l
C a(X) "= rho(X)*A(X)*dx + [[ 0 , F(x+) 11 + [[ 0 , -F(x-) 1]
C n = rho(X,0ld)*A(X)*dx*h(X,0ld) + [(Jx*Ex + Jy*Ey)-Q(X)1*A(0)*dx*dt
C
C F(y) = rho(y)*v(y)*A(y)*dt
Qo ok ok ok sk o ok ok (Dok ok ke ok sk ok sk ke ok () ok ok sk ok o sk ok sk ok () o ok o ok sk ok sk ok ok () k ok ke ak ok ok sk ok (] 3k ok ke s o ok ok ok () ok o s s oo ok ok ok
C FIRST MAJOR NODE: (Dir. boundary conditiom.)
I=1

ZA(I) = 0.

ZB(I) = 1.

ZC(I) = 0.

HS(I) = SR( ’CE_C10.DAT’, ’Y’, 0X, PHI, SEED, PSTAG(I) /

& PASCALS, PHEAT )

BBB(I) = HS(I) - P(I) / RHO(I)
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C REMAINING MAJOR DUCT NODES:

DO 600 I = 2, NNDS - 1

IF ( EIO(I) .EQ. 0. ) EIO(I) = HS(I) - P(I) / RHO(I)

C CALCULATE MAJOR NODE COEFFICIENTS:

ISR S S

& e

600

‘L = I - NNOZZ

P_MINORP'= 0.5 * ( P(I) + P(I+1) )
P_MINORM = 0.5 *x ( P(I) + P(I-1) )
FLOW = RHO(I) * V_MAJ(I) * DT

ZA(I) = DMAX1( 0. DO, FLOW ) / STP_MIN(I-1) * STP MAJ(I)
ZC(I) = DMAX1( 0.DO, -FLOW ) / STP _MIN(I) * STP_MAJ(I)
ZB(I) = RHO(I) * STP MAJ(I) * FLAG _DT
+ ZA(I)
-+ 7C(D) B . .
+ 0.5 % FLOW * P_MINORP / RHO_MIN(I) * DT / EIO(I)
+ 0.5 % Q(I) * STP_MAJ(I) * DT / EI0(I)
BBB(I) = RHO(I) * STP_MAJ(I) * EIO_OLD(I) * FLAG_DT

= 0.5 % Q(I) * STP_MAJ(I) * DT
+ FLOW * P_MINORM / RHO_MIN(I-1) * DT :
- 0.5 * FLOW * P_MINORP / RHO_MIN(I) * DT

IF ( T .GT. NNOZZ .AND. I .LE. NCHAN ) THEN
ECURAV = 0.5 * ( CANODE(L) + CCATH(L) )

WIDTH = A(I) / ZHEIGHT
EAREA = STP_MAJ(I) * WIDTH
FY1 = ECURAV / EAREA ‘

FX1 .= CX(L) / A(T)
= -( VY(l L) - VDR(L) * CANDDE(L) + VY(2 L) - VDR(L) *
C CCATH(L) ) / ZHEIGHT

EX1 = -VX(L) / STP_MAJ(I)
BBB(I) BBB(I) .
+ ( FY1 * EY1 + FX1 * EX1 )-* STP_MAJ(I) * DT
END IF , : _
ZA(I) = -ZA(T)
ZC(I) = -ZC(I)

CONTINUE
C LAST MAJOR NODE: (Half-cell method.)"
= NNDS '
IF ( EIO(I) .EQ. 0. ) EIO(I) = HS(I) - P(I) /. RHO(I)
P_MINORM = 0.5 * ( P(I) + P(I-1) )

g g0 g0 20 8¢

FLOW =-RHO(I) * V(I) * DT

ZA(I) = DMAX1( 0.DO, FLOW )
ZC(I) = DMAX1( 0.DO, -FLOW )
ZB(I) = RHO(I) * 0. 5 * STP _MAJ(I) * FLAG_DT
+ ZA(I)
+ ZC(I) :
+ 0.25 % Q(I) * STP_MAJ(I) * DT / EIU(I)
+

0.25 * FLOW * P(I) / RHO(I) * DT / EIO(I) *

STP_MAJ(I)

ZA(I) = ~ZA(T)
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BBB(I) = RHO(I) * 0.5 % STP_MAJ(I) * EI0_OLD(I) * FLAG_DT
- 0.25 *-Q(I) * STP_MAJ(I) * DT
+ Q.5 * FLOW * P_MINORM /. RHO_MIN(I-1) * DT * )
STP_MAJ(I)
- 0.25 * FLOW * P(I) / RHO(I) * DT * STP _MAJ(I)
+ ZC(I) * ETO(I) .

e

Zc(1) =

C********O*********0*********0*********O*********D*********O*********-

C TDMA SOLUTION: ,
Coteskeok sk ok ke ke ok (ke sk sk sk sk ook (ko sk sk sk ok (0 ok ok sk ke ok ook ok (ks s e sk sk ke () ok ok sk sk okok stk (0 ke sk sk okeok ke ok ok

CALL TRIDIAG( ZA, ZB, ZC, BBB, EIO, NNDS )

Cokok sk sk sk sk ok sk (oK ok sk ok skeok ke sk ok [ sk ok sk ok ke sk ok () 3 sk ke ke stk skook ok (% ok sk sk sk ok sk ke (0 ok ke ke sk sk ok ok ok [ sk ok e ok sk ok ok sk ok

C CHECK FOR CONVERGENCE:
C********0*********0*********O*********0*********0*********D*********

RES = 0.

DO 700 I = 2, NNDS - 1
700 - RES = RES + ABS( BB(I) )

C********O*********U*********0*********O*********0*********0********* ¢
C STATE HAS BEEN CALCULATED.
C********0*********0*********0*********0*********0*********0*********
RETURN
END

.SOLVEVOLT Chahnel Electrical Interaction Subroutine

C********0*********0*********0*********0*********0*********0*********
SUBROUTINE: SOLVEVOLT

PROGRAMMER: Donald Hammerstrom, Graduate Student
' Department of Electrical Engineering
Montana State University
Bozeman,. Montana 59717-0378

DATE: 1993

PURPOSE: .

" This subroutine solves the voltage profile of the internal
MHD circuit model. It is assumed that the external circuit has
been called in another routine to determine boundary currents
of this solution as functions of electrode voltages. The
internal circuit model includes parts of the Gupta and Rohatgi
voltage drop layer which are not proportional to current.

Those parts proportional to current are-included in the
external .circuit model.
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C . -~ .

Cc Cx(i-1) . o | Canode(i)

C -=> | .

-g : o--?--o Cx(i)=Ccath(i)-Canode(i)+Cx(i-1)

C o * S

C | Ccath(i)

C .

C
1vx | [Rxx RxyllIxl | 0 |
(- = | -1 |
vyl IRyx RyyllIyl [hvBl

c
C

C

C

C

C

C INPUTS:

C (1) Boundary electrode current profile determined by
C : external circuit

C (2) Fluid conductivity at each node

c (3) Cell dimensions

C (4) A parameter alpha to ease convergence

c (5) The non-"resistive" portion of the G & R voltage
C - drop model

C

C

C

C

C

C

C

QUTPUTS :
(1) Internal circuit voltage profile
(2) x - direction current profile
(3) Electrode voltage profile

kb ok sk ok ok ok ok ok sk okeok ok sk okok Jakok sk skok skok sk sk (ak sk sk sk sk o ok sk stk o o ok [ kok ok ok ek sk ok () ok ook ok ok sk kol ok
SUBROUTINE SOLVEVOLT ’ : C

INCLUDE ’COMMONER.FL’

Gk sk ok ok ok ok O ke ok sk ek e ok (] ok ok ok ok ko o ok () o sk o o sk sk o ok (03 o ok ok ok ook () sk ok koo ok ok o ok ook ok e kok o o
C CALCULATE THE HALL CURRENT.PROFILE BY CURRENT CONSERVATION AT NODES
Gkttt sk ok Ok ok sk ek s ok () ok ok kb ook o ok () ok ok ok e ok ok o ok (D o ok ok sk ok () s ok ok ok ok ok ok ok (D ok ook ok e skok o o
CX(1) = CCATH(1) - CANODE(1)
DO 10 I 2, NEP
10 CX(I) CCATH(I) - CANODE(I) + CX(I-l)

C**>i<*****O*********O*********O***>'|<*****D*********O****'*****U*********'
C USE CURRENT DISTRIBUTION TO OBTAIN VOLTAGE PROFILE.
_ C RXX,RXY,RYX AND RYY ARE MATRIX ELEMENTS AS SHOWN IN HEADER.
C E_Y IS THE LONE SOURCE TERM. '
C ALPHA IS THE MATRIX OF RELAXATION FACTORS.
Gk sk o s ke ok o ke ([ 3k sk sk ok sk ke ok sk (J ok ok ok ok ok ok ke sk sk [ 3 ok sk sk st sk s ok sk (3 3k sk kot sk sk sk st sie [ sk sk ok ok sk sk ok ok ok (J ok ok ok ok ok sk ook ok
DO 20 I = 1, NEP : '
L = NNOZZ + I
WIDTH = A(L) / ZHEIGHT
REDUCER = 1. + SEGR * ( BETA(I) - 0.44 )
RXX = -REDUCER * STP_MAJ(L) / ( SIGMA(I) * A(L) )
RXY =. -BETA(I) / ( SIGMA(I) * WIDTH )
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RYX = -RXY
RYY = -REDUCER. * ZHEIGHT / ( SIGMA(I) * STP MAJ(L) * WIDTH )
E_Y = V_MAJ(L) * BFACT * B(I) - * ZHEIGHT

ALPHA(I) = -0.25 * ( 2. % VDR(I) + RCCC ) / RYY
IF ( ALPHA(I) .GT. 0.5 ) ALPHA(I) = 0.5
VX(I) = RXX * CX(I) + 0.5 % RXY * ( CANODE(I) + CCATH(I) )
VY(2,I) = 0.5 * RYX * CX(I) + .5 * RYY % CANODE(I) - 0.5 *
& E_Y
" VY(1,I) = 0.5 * RYX * CX(I) + 0.5 * RYY % CCATH(I) - 0.5
& , E_Y
20 CONTINUE

Cokakakoksk ok ok ok () s kokokok o ok Q) skoke o ek sk ok ok (e ek ok sk ke ok (e o sk ok sk s ek (0 sk o s e o sk ook (0 sk o o ok s o
C VOLTAGE DROPS:
C VD non-ohmic voltage drop at both anode and cathode 4D
C VDR ohmic resistance to current at this electrode (R)
C Use pure voltage drop in internal circuit and equivalent
C resistance on the external circuit. This division allows
C convergence even for external short circuits. Do not change this °
C code section.
C REFERENCE: Gupta and Rohatgi -
C********0*********0*********O*********0*********0*********0*********
DO 30 I = NNOZZ + 1, NCHAN
L = I - NNOZZ -
EX = -VX(L) / STP_MAJ(I)
VD(L) = VDROPP( TW, TS, T(I), POT, DELTA, BETA(L), V_MAJ(I),
& , BFACT * B(L), -EX, SEGR )
-VDR(L) = VDROPR(TW, TS, T(I), DELTA, BETA(L), SIGMA(L), SEGR)
VDR(L) = EWF * VDR(L) / ( STP_MAJ(I) * A(I) / ZHEIGHT )
30 CONTINUE :

C********0*******#*0*********D*********O*********0*********O*****%***
C ELECTRODE VOLTAGES: :

c VANODE == anode voltages

C VCATH == cathode voltages

ok ok ok sk ok ok ke ke (0 ok ok sk ok sk ke s ok ok [k sk ke sk ke ok ke ok ok (] ok ke ok ok sk o ok ke ke (J ok ok ke sk sk o ke sk ke (] ok sk ok ook ok sk ok ke () ok sk ok ok ok e ok ok
SUM = 0. :

DO 40 I = NEP, 1, -1

SUM = SUM - VX(I)
VANODE(I) = SUM + VY(2,I) + VD(I)
40  VCATH(I) = SUM - VY(1,I) - VD(I)

RETURN
END .

SPLINER. ISpline Function Creation Program

Cokook sk sk ok sk ke ke (o ke sk ok sk o sk ke (] ke ok ok sk o sk ok ok (] % sk ok stk sk ok ok (] o sk e ook ok ok sk ok (] ook sk sk sk ok skt [ ok stk ok sk ok ok ok

. C
C PROGRAM SPLINER
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DATE: - 1992

C

c

C . .

C . PROGRAMMER: Donald Hammerstrom, Graduate.Student
C ' Department of Electrlcal Engineering
C Montana State University

C Bozeman, Montana 59717

C

PURPOSE: .

This program creates a file from an existing function or a
set of data points. The file contains information to carry
out a cubic Hermite spline 1nterpolat10n of d1men51on one to
five.

INPUTS:

Function F1(V1,V2,...) must be available to give functlon
evaluation or to interpret a data file.

The user inputs some information interactively.
OUTPUTS:

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C .

C Program terminates with a summary of spline file
C information. The spline file contains all
C information necessary for cubic spline fit in
C dimensions up to five.

e =

C
C
C
C
C
C
C
C
c
C
C
C
C

“0OUTPUT FILE FORMAT:

RECORD ONE:
Spline name, number of independent variables, number
. of nodes in each independent variable.
RECORD TWO:
List of varlable values at spllne nodes.
RECORDS THREE .
Variable values at one node, evaluation at the node
first varalatlons . second variations, . . .,
fifth variation. -

sk sk sk ok ok ok ok (ke kot ok ok ok skeok (ke sk s sk ok ok ok (koo s sk s ke ke (ke ok ke ok ke ket () ke sk sk ok skeok sk ok () s ke ok ok kok ok ok ok
PROGRAM SPLINER

,
IMPLICIT DOUBLE PRECISION (A-H,P-Z)
CHARACTER*10 OUTFILE

DIMENSION NMPS(24),DOMAIN(5,2),VV(5,24),V0(4000),V1(5,4000), ,
& V2(10,4000),Vv3(10,4000),V4(5,4000),V5(4000),SP(5,24) ,SM(5,24)

Corkokonkokk Qr ko ronkok Qoo Qaork ook Qoo kokok Dok ok ok ok kok Dok Rk kkokok K
C INPUT NUMBER OF INDEPENDENT VARIABLES
C "NIVS" = NUMBER OF INDEPENDENT VARIABLES
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C********O*********O*********O*********O*********0*********0*********

WRITE(*,1040)
READ*, NIVS

C********O*********O*********O*********O*********O*********O*********

C PROVIDE A USER OPTION FOR INPUT FORMAT
C "OPT1" = 1 ==> SPLINE DEVELOPED FROM EXISTING FUNCTION
c 2 ==> SPLINE DEVELOPED FROM DISCRETE DATA .
i C "OPT2" = 1 ==> USE ONE-SIDED DIFFERENCES AT BOUNDARIES
c 2 ==> USE TWO-SIDED DIFFERENCES AT BOUNDARIES
C "OPT3" = 1 ==> USE AUTOMATIC EVEN NODE SPLACING
C 2 ==> INPUT ALL NODE VARIABLES
Ok sk ke ok sk ok ok ok sk ke oo sk e sk ok (oo ke ok ok ok oe sk [ ke sk sk ke sk ke ke sk ([ ke sk sk sk e o sk ke [ ke e sk ok ke sk ok ok ok [ ok ke o ok ek skok o

13  WRITE(*,1045)
READ*, OPT1
IF(OPT1.EQ.2) THEN
0PT2=1.
OPT3=2

ELSE IF(OPT1.EQ.1) THEN
WRITE(*,1085)
READ*, QPT2
WRITE(*,1087)
READ*, OPT3

ELSE
WRITE(*,991)
GO TO 13

END IF

\ Cosokabot ok Qo st koot Qoo ok ok koo oolok Dokt ook Dobkokoofobokok 0 ook ook
C INPUT THE TOTAL NUMBER OF MESH POINTS FOR EACH VARIABLE
c "NMPS(J)" = NUMBER OF MESH POINTS FOR THE VARIABLE'J
Cokeskok sk ook ok ok ok ke ok ok ok ok ke ok () ok ok skokeskoke ook [ oe sk sk sk se sk ok 0 ke ok ek ek st ke ( ek e sk sk ok sk D ok skeok ok sk ok ok

DO I=1,NIVS
WRITE(*,1060) I
READ*, NMPS(I)

END DO

Cookeskook sk e sk e ok (0 ok ok ke ok sk ok ook () ok ok ok e ok sk ok ke sk [0k o o sk ke ok s sk ok [k ok ok o sk ok e ook (0 ok sk ke ook e oo ok (] e sk s ek sk ke ok
C INPUT THE DOMAINS.ON THE VARIABLES

C "DOMAIN(I,1)" = LOW DOMAIN BOUNDARY FOR VARIABLE I

C "DOMAIN(I,2)" = HIGH " " "o "

C "SP(I,J)" = DISTANCE BETWEEN NODES J AND J+1 IN VARIABLE I
C I|SM(I,J)II = 1"t 1"t 1"t J_l AND J 1] 1 1
C "yV(I,J) = VARIABLE VALUES FOR JTH NODE OF VARIABLE I

Coke sk ok ke ok ok s ke [k ok o ok sk ok ok ke sk () ok e ok sk ke sk ke ok o [ o ok e ok ok sk sk ke sk (Do e sk e sk ke o sk ok [k ok e sk e ek e ok 0 ok sk ok e sk ke ke sk ok

b0 I=1,NIVS
IF(OPT3.EQ.1) THEN
19 WRITE(*,1080) I
READ*, DOMAIN(I,1),DOMAIN(I,2)
IF(DOMAIN(I,2).LE.DOMAIN(I,1)) THEN
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WRITE(*,3333)
GO TO 19 ‘ .

END IF '

DO J=1,NMPS(I)
SP(I,J)=(DOMAIN(T,2) DOMAIN(I 1))/(NMPS(I) 1)
SM(I,J)=SP(I,J)

Vv(I,J) DUMAIN(I 1)+SP(I I *(J- 1)

END DO

ELSE IF(OPT3.EQ.2) THEN
15 WRITE(*,1081) I

READ*, (VV(I,J),J=1,NMPS(I))

DO J=2,NMPS(I)
IF(VV(I,J).LE.VV(I,J-1)) THEN

WRITE(*,3333)
GO TO 15
END IF
. END DO

DO J=1,NMPS(I)-1
SP(I,J)=VV(I,J+1)-VV(I, J)
SM(I,J+1)= VV(I J+1) VV(I J)

END DO

17 WRITE(*,8888)

DO J=1 NMPS(I)

WRITE(* 1082) J,VV(I,J)

END DO
WRITE(*,1083)

READ*, J
IF(J.NE.0) THEN
* DO K=J,NMPS(I)-1
VV(I,K)=VV(I,K+1)
SP(I,K)=SP(I,K+1)
SM(I,K)=SM(I, K+1)
END DO
VV(I,K)=0.
NMPS (I)=NMPS(I)-1
GO TO 17 :
END IF
. ELSE
WRITE(*,990)
GO TO 13
END IF
END DO

C SELECT EITHER ONE- OR TWO- SIDED DIFFERENCE SCHEME AT BOUNDARIES
Cokakoksksksk stk () ok etk o ek O akoke o ook stk e ok () s ook koo ke e sk sk s ke ok (ko s sk ok ks () k ok ok sk sk s s o

‘DO I=1,NIVS
IF(OPT2.EQ.1) THEN
SP(I,NMPS(I))=0.
SM(T,1)=0. - '
ELSE IF(OPT2.EQ.2) THEN
‘SP(I,NMPS(I))=SM(I,NMPS(I))
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SM(I,1)=SP(I,1)

ELSE ,
WRITE(*,992)
GO TO 13
END IF
END DO
Cotestedeoke sk ok o sk [k ke sk ok e skok (J ok ok stk sk ok ok (O sk ok ke ook ok (ke s ook sk sk e ke [ sk ok ok e ske sk ok o (0 e sk sk okok sk ok
c : ESTABLISH VARIABLE FOR DIFFERENTIAL APPROXIMATIONS
c "D" = DISTANCE OF VARIATION AS FRACTION OF NODE SPACING
C IF INPUT IS DISCRETE POINTS, USE D=1; OTHERWISE MAKE D<<1.

Ck sk sk ok ok 5k ok ok ([ ok s ook ok ok ok ok (O ke ok sk sk ok ok ok ok sk (] sk ok ke sk ok ok ok 3k (015K ok ok ok sk 5k ok ok ke () e ok ok sk sk sk ok ok [ s sk sk ok sk ok sk ok ok

IF(OPT1.EQ.2) THEN
_ D=1.DO
FLSE .
WRITE (*,1200)
READ*, D
END IF

C********O*********O*********O*********O*********O*********O*********

C APPROXIMATE THE VARIATIONS _

C "F1(v(1),v(2),...,V(5))" = FUNCTION EVALUATION INPUT FOR

C ~ . THE GIVEN VARIABLE VALUES

C . "V1(J,K)" = FIRST VARIATION IN VARIABLE J AT POINT K

c UV2(J,K)" = SECOND " " " 1" 1 " "

C OPEN A FILE TO THROW DATA _
C********O*********O*********O*********O*********O*********O*********

WRITE (*,1234)
READ (*,1235) OUTFILE

0PEN(UNIT=3,FILE=OUTFILE,ACCESS=’DIRECT’,RECL=352,
2 _ STATUS=’NEW~’ ,FORM=’FORMATTED’)

C********O*********O*********O*********O*********O*********O*********

C THE FIRST TWO RECORDS CONTAIN GENERAL DATA
C********0*********0*********0*********0*********0*********0*********

" WRITE(3,1110,REC=1) OUTFILE,NIVS,(NMPS(I),I=1,NIVS) )
WRITE(3,1111,REC=2) ((VV(I,J),J=1,NMPS(I)),I=1,NIVS)

C ok ok ok ok ok ok ok (J ok ok ok ok sk ok ok ke ok [ ok ok ok ok 2k ok ok o ok [ ok ok ok ok ok ok ok ok (oK ok sk ok ok e sk ke [ ok ok ok ok ok ok sk ok ok [ ok ke ok ok ok ok ok ok

C FIRST DIMENSION
C********0*********0*********0*********0*********0*********0*********

DO I1=1,NMPS(1),1
ViP=VV(1,I1)+D*SP(1,I1)
ViM=VV(1,I1)-D*SM(1,I1)
D1=D*(SP(1,I1)+SM(1,I1))

IF(NIVS.EQ.1) THEN
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INDEX=I1
VO (INDEX)=F1(VV(1,I1))
V1(1,INDEX)=(F1(ViP)-F1(ViM))/D1

_ WRITE(3,1111,REC=INDEX+2) VO(INDEX),V1(1,INDEX)

END IF
C********O**.*******O*********O*********O*********d*********o********* ’
C SECOND DIMENSION . , :
C********D*********D*********O*********'O*********D*********O*********

DO I2=1,NMPS(2),1

V2P=VV(2,I2)+D*SP(2,I2)

VoM=VV(2,12)-D*SM(2,I2)

D2=D* (SP(2,I2)+SM(2,I2))
IF(NIVS.EQ.2) THEN
INDEX=(I1-1)*NMPS(2)+I2 '
VO (INDEX)=F1(VV(1,T1),VV(2,12))

V1(1,INDEX)=(F1(V1iP,VV(2,12))~-F1(ViM,VV(2,I2)))/D1
V1(2,INDEX)=(F1(VV(1,I1),V2P)-F1(VV(1,I1),V2M))/D2 .

V2(1,INDEX)=((F1(V1iP,V2P)-F1(ViP,V2M))/D2
& -(F1(V1iM,V2P)-F1(ViM,V2M))/D2)/D1 -

WRITE(3,1111,REC=INDEX+2) VO(INDEX),
& (V1(J,INDEX),J=1,2),V2(1,INDEX)
END TIF '
Ok sk ok o ok () sk ok kok ok sk sk () ok ok sk sk o o () ko ok ok ko ok (o sk ok ke ok ok ) ke e ok sk ok () ko ok ok e

c THIRD DIMENSION .
Cotakotskokokeok ok Dok okokok ok kokok O ook ok ok ok ok ook O kb ook ok ok ok koo ook Dok o skok ok Skok ok okok ok ok ook

DO I3=1,NMPS(3),1
V3P=YV(3,I3)+D*SP(3,13)
V3M=YV(3,13)-D*SM(3,13)
D3=Dx* (SP (3, I3)+SM(3,13))
TF(NIVS.EQ.3) THEN
INDEX= ( (I1-1) *NMPS (2)+(I2-1) ) *NMPS (3) +13

vo(INbEx)=F1(VV(1,I1),Vv(z,Iz),vv(s,Is))
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V1(1,INDEX)=(F1(V1P,VV(2,I2),VV(3,I3))
—F1(V1M Vv(2,12), VV(3 IB)))/D1

vi(2, INDEX) (F1(VV(1 I1) V2P,VV(3,I3))
-F1(VV(1,11),V2M,VV(3,IB)))/D2

V1(3,INDEX)=(F1(VV(1,I1),VV(2,I2),V3P)
-F1(vv(1,I1),Vvv(2,I2),V3M))/D3

V2(1,INDEX)=((F1(V1P,V2P,VV(3,13))-F1(V1P,V2M,VV(3,I3)))/D2
—(F1(V1M V2P,VV(3, 13)) F1(V1M V2M,VV (3, 13)))/D2)/D1

Vv2(2,INDEX)= ((F1(V1P vv(2,I2),V3P) F1(V1P vv(2,I2),V3M))/D3
-(F1(V1M vv(2,12) V3P) F1(V1M vv(2,12), V3M))/D3)/D1

V2(3, INDEX) ((F1(VV(1 I1),V2P,V3P)- F1(VV(1 I1),V2P,V3M))/D3
—(F1(VV(1 11) V2M V3P) F1(VV(1 I1),V2M, V3M))/D3)/D2

V3(1,INDEX)=(((F1(V1iP,V2P,V3P)-F1(V1P,V2P,V3M)) /D3
-(F1(vV1P,V2M,V3P)-F1(V1iP,V2M,V3M))/D3) /D2
-((F1(ViM,V2P,V3P)~-F1(V1IM,V2P,V3M)) /D3
-(F1(ViM,V2M,V3P)-F1(ViM,V2M,V3M))/D3)/D2) /D1

WRITE(3,1111,REC=INDEX+2) VO(INbEX),(Vl(J,INDEX),J=1,3),
(v2(J,INDEX),J=1,3),V3(1,INDEX)

END IF

FOURTH DIMENSION

C stk ok ok ok ok o ok ok sk ke sk ok ke skeske (0 ok sk ok sk ok e ke ke ok (0 ke ke sk sk skeske ko sk () ke sk sk sk sk sk sk ok (] 5k ok ok sk sk skeske ke ok [ ok ok ok ok ok ok skooke ok

SRS s

DO I4=1,NMPS(4),1

V4P=VV(4,I14)+D*SP(4,14)
V4M=VV(4,I4)-D*SM(4,I4)
D4=D* (SP(4,14)+SM(4,14))"

IF(NIVS.EQ.4) THEN . .
INDEX=Q((Ii—i)*NMPS(2)+(I2-1))*NMPS(3)+(I3—1))fNMPS(4)+I4
VO(INDEX)=F1(VV(1,11),VV(2f12),VV(S,I3),YV(4,I4))

V1(1,INDEX)=(F1(V1P,VV(2,12),VV(3,I13),VV(4,I4))
-F1(ViM,VV(2,I2),VV(3,I3),VVv(4,14)))/D1 ‘

V1(2;INDEX)=(F1(VVv(1,I1),V2P,VV(3,I3),VV(4,I4))
-F1(Vv(1,I1),V2M,VV(3,13),VV(4,14)))/D2 .

V1(3, INDEX) = (F1(VV(1 I1), vv(2 I2),V3P,VV(4,14))
—F1(VV(1 I1),Vv(2,12),V3M,VV(4, I4)))/D3

vVi(4, INDEX) (F1(VV(1 11) vv(z 12),Vv(3,I3),V4P)
-F1(VV(1,11),VV(2,I2),VV(3,13),V4M))/D4

V2(1,INDEX)=((F1(V1P,V2P,VV(3,13),VV(4,I4))
-F1(V1P,V2M,VV(3,13),VV(4,I4)))/D2
-(F1(ViM,V2P,VV(3,I3),VV(4,614))
-F1(ViM,V2M,VV(3,I3),VV(4,I4)))/D2)/D1
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V2(2,INDEX)=((F1(V1P,VV(2,I2),V3P,VV(4,I4))
-F1(V1P,VV(2,12),V3M,VV(4,14)))/D3
-(F1(ViM,VV(2,I2),V3P,VV(4,I4))
-F1(ViM,VV(2,I2),V3M,VV(4,1I4)))/D3) /D1

V2(3,INDEX)=((F1(V1P,VV(2,12),VV(3,I3),V4P)
-F1(V1P,VV(2,I2),VV(3,I3),v4M))/D4 ~
-(F1(ViM,VV(2,12),VV(3,I3),V4P)
-F1(ViM,VVv(2,12),VV(3,I3),V4M))/D4)/D1 :

V2(4,INDEX)=((F1(VV(1,I1),V2P,V3P,VV(4,I4))
-F1(Vv(1,I1),V2P,V3M,VV(4,I4)))/D3
-(F1(vv(1,1I1),V2M,V3P,VV(4,14))
-F1(vv(1,I1),V2M,V3M,VV(4,14)))/D3)/D2

V2(5,INDEX)=((F1(Vv(1,I1),V2P,VV(3,I3),V4P)
-F1(Vv(1,I1),V2P,VV(3,I3),V4M))/D4
-(F1(vv(1,I1),V2M,VV(3,I3),V4P) .
-F1(Vv(1,I1),V2M,VV(3,I3),V4M))/D4) /D2

V2(6,INDEX)=((F1(VV(1,I1),VVv(2,I2),V3P,V4P)
-F1(VV(1,11),VV(2,I2),V3P,V4M))/D4
-(F1(vv(1,11),vv(2,I2),V3M,V4P)
-F1(vv(1,I1),Vvv(2,I2),V3M,V4M))/D4)/D3

V3(1,INDEX)=(((F1(V1iP,V2P,V3P,VV(4,6I4))
-F1(V1iP,V2P,V3M,VV(4,I4)))/D3
-(F1(V1P,V2M,V3P,VV(4,I4)) -
-F1(V1P,V2M,V3M,VV(4,I14)))/D3)/D2
-((F1(ViM,V2P,V3P,VV(4,14))
~-F1(V1M,V2P,V3M,VV(4,I4)))/D3
-(F1(V1iM,V2M,V3P,VV(4,14))
-F1(V1M,V2M,V3M,VV(4,14)))/D3)/D2)/D1

V3(2,INDEX)=(((F1(V1P,V2P,VV(3,13),V4P)
-F1(V1P,V2P,VV(3,13),V4M)) /D4
-(F1(V1P,V2M,VV (3, I3) V4P)
-F1(V1P,V2M vv(3 13) V4M))/D4)/D2
—((F1(V1M V2P vv(s 13) ,V4P)
-F1(V1M,V2P,VV(3,13),V4M))/D4
-(F1(V1iM,V2M,VV(3,1I3),V4P)
-F1(V1iM,V2M,VV(3,13),V4M))/D4)/D2) /D1

. v3(3, INDEX) (((Fl(VlP vv(2,12),V3P V4P)

—F1(V1P vv(2,12),V3P V4M))/D4
-(F1(V1iP,VV(2, 12) V3M, V4P) _
-F1(V1P,VV(2,I2),V3M,V4M))/D4)/D3
~((F1(V1iM,VV(2,12),V3P,V4P)
-F1(V1iM,VV(2,I2),V3P,V4M)) /D4
-(F1(V1iM, vv(2 12) VaM ,V4P)

-F1(V1iM, vv(2 12) V3M, V4M))/D4)/D3)/D1
V3(4,INDEX)= (((Fi(vv(1 I1),V2P,V3P,V4P)
_vFi(VV(l,Il);V2P,V3P,V4M))/D4

-(F1(vv(1,I1),V2P,V3M,V4P)

-F1(VvV(1,I1),V2P,V3M,V4M))/D4) /D3

-((F1(vv(1,I1),V2M,V3P,V4P)

-F1(Vv(1,I1),V2M,V3P,V4M))/D4

-(F1(vv(1 11) sz V3M, V4P)

-F1(VV(1, 11) V2M,V3M, V4M))/D4)/D3)/D2




173

V4 (1,INDEX)=((((F1(V1P,V2P,V3P,V4P)-F1(V1P,V2P,V3P,6V4M))
/D4
-(F1(V1P,V2P,V3M,V4P)-F1(V1P,V2P,V3M,V4M))/D4) /D3
-((F1(V1P,V2M,V3P,V4P)-F1(V1P,V2M, V3P, V4M)) /D4
-(F1(V1P,V2M,V3M,V4P)-F1(V1P,V2M,V3M,V4M)) /D4) /D3) /D2
-(((F1(V1iM,V2P,V3P,V4P)-F1(ViM,V2P,V3P,V4M)) /D4
-(F1(V1iM,V2P,V3M,V4P)-F1(V1iM,V2P,V3M,V4M))/D4) /D3
-((F1(V1iM,V2M,V3P,V4P)-F1(V1iM,V2M, V3P, V4M)) /D4
-(F1(ViM,V2M,V3M,V4P)-F1(V1M,V2M,V3M,V4M))/D4) /D3)/D2) /D1

PR R RS B R & 8

. WRITE(3,1111,REC=INDEX+2) VO(INDEX),(V1(J,INDEX),J=1,4),
& (v2(J,INDEX),J=1,6),(V3(J,INDEX),J=1,4),V4(1,INDEX)

END IF
Cotesk ok sk ok sk e ok [ ok sk ke ok sk sk e sk sk ([ ok sk ook stk ok sk (0 ke sk ok ook stk ok (0 ok ook sk s sk sk ke ke () ke ok ok sk sk sk ok ok ok (] ok ke ok ok sk sk skook

C .FIFTH DIMENSION
Coksk sk ok ok ok sk ok Dk sk sk okok e skok (0 okok ok skok sk ok ok ok 0k sk ok skoke ke ok ok (D ke ke ook ek ke sk ok ook s sk ok ek ke () sk skeskeoke o sk ok

DO I5=1,NMPS(5),1
V5P=VV(5,I5)+D*SP(5,I5)
VEM=VV(5,I5)-D*SM(5,I5)
D5=D* (SP(5,I5)+SM(5,I5))
IF(NIVS.EQ.5) THEN

INDEX=((((Il-l)*NMPS(2)+(i2-1))*NMPS(3)+(I3-1))*NMPS(4)

& +(I4-1))*NMPS(5)+I5
VO(INDEX)=F1(VV(1,I1),VV(2,12),VVv(3,13),VV(4,I4),VV(5,I5

& ))
V1(1,INDEX)=(F1(ViP,VV(2,12),VV(3,13),VV(4,14),VV(5,I5))

& -F1(ViM,VV(2,12),VV(3,13),VV(4,I4),VV(5,15)))/D1
V1(2,INDEX)=(F1(VV(1,I1),V2P,VV(3,I3),VV(4,I4),VV(5,I5))

& -F1(VV(1,I1),V2M,VV(3,13),VV(4,14),VV(5,I5)))/D2
.V1(3,INDEX)=(F1(VV(1,I1),VV(2,I2),V3P,VV(4,14),VV(5,I5))

& -F1(vv(1,I11),Vv(2,12),V3M,VVv(4,14),VV(5,15)))/D3
V1(4,INDEX)=(F1(VV(1,I1),VV(2,12),VV(3,I3),V4P,VV(5,I5))

& -F1(Vv(1,11),Vv(2,12),VV(3,13),V4M,VV(5,I5)))/D4
V1(5,INDEX)=(F1(VV(1,I1),VVv(2,12),VV(3,13),VV(4,I4),V5P)

& -F1(vv(1,1I1),Vv(2,12),VV(3,I3),VV(4,I4),V5M))/D5
V2(1,INDEX)=((F1(V1iP,V2P,VV(3,13),VV(4,I4),VV(5,1I5))

& -F1(V1P,V2M,VV(3,I3),VV(4,14),VV(5,I5)))/D2

& -(F1(V1iM,V2P,VV(3,13),VV(4,14),VV(5,I5))

& -F1(V1iM,V2M,VV(3,13),VV(4,I14),VV(5,15)))/D2)/D1

' v2(2,INDEX)=((F1(V1P,VV(2,I2),V3P,VV(4,I4),VV(5,15))

& -F1(V1P,VV(2,I2),V3M,VV(4,14),VV(5,15)))/D3

& -(F1(ViM,Vv(2,I2),V3P,VV(4,I4),VV(5,I5))

&

—F1(V1M,VV(2,I2),V3M,VV(4,I4),vv(5,15)))/D3)/D1
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v2(3, INDEX) ((F1(V1P vv(2,12),vv(3,13),V4P,VV(5,I5))
—F1(V1P Vv(2,12),VV(3, 13) VaM Vv(5 IS)))/D4
—(Fi(ViM vv(2 I2) VV(3 13) V4P vv(s 15))
~-F1(V1M,VV (2, 12) Vv(3 13),V4M VV(5 I5)))/D4) /D1
V2(4,INDEX)= ((Fi(ViP vv(2, 12) vv(3 13),Vv(4,14),V5P)

: —F1(V1P Vv(2,12), vv(3 13) vv<4 14) v5M))/D5

—(F1(V1M VV(2 12> vv(s 13) vv(4 14) V5P)
—Fi(ViM,VV(2,I2),VV(B;IB),VV(4,I4),V5M))/D5)/D1
V2(5,INDEX)=((F1(VV(1,I1),V2P,V3P,VV(4,I4),VV(5,I5))
-F1(vv(1,I1),V2P,V3M,VV(4,I4),VV(5,I5)))/D3
~(F1(vv(1,I1),V2M,V3P,VV(4,I4),VV(5,I5))
-F1(vv(1,I1),V2M,V3M,VV(4,I4),VV(5,I5)))/D3)/D2
V2(6,INDEX)=((F1(VV(1,I1),V2P,VV(3,I3),V4P,VV(5,I5))
-F1(vv(1,I1),V2P,VV(3,I3),V4M,VV(5,15)))/D4
—(F1(VV(1 11) VoM VV(3 13) V4P, VV(5 15))
-F1(VV (1, 11) VaM, vv(s 13) V4M VV(S 15)))/D4)/D2
va(7, INDEX) ((F1(VV(1 11) V2P vv(3 13) ,VV(4,14),V5P)
—F1(VV(1,11),V2P,VV(3,I3),VV(4,I4>,V5M))/D5
-(F1(vv(1,11),V2M,VV(3,I3),VV(4,I4),V5P)
-F1(vv(1, 11) VoM VV(3 13) VV(4 14) V5M>)/DS)/D2
va(s, INDEX) ((Fi(VV(i I1), vv(2 12),V3P,V4P,VV(5,I5))
—F1(VV(1 I1),vv(2, 12) V3P, V4M VV(5 15)))/04
—(F1(VV(1,I1),vv(2,12),v3M,V4P,vv(5,15))_
-F1(vv(1,11),Vv(2,I2),V3M,V4M,VV(5,I5)))/D4)/D3
V2(9,INDEX)=((F1(VV(1,I1),VVv(2,I2),V3P,VV(4,I4),V5P)
-F1(vv(1,I1),Vv(2,12),V3P,VV(4,I14),V5M))/D5
-(F1(vv(1,11),Vvv(2,12),V3M,VV(4,I4),V5P)
-F1(vv(1,I1),vv(2,I2),V3M,VV(4,I4),V5M))/D5)/D3
V2(10,INDEX)=((F1(VV(1,I1),VV(2,I2),VV(3,13),V4P,V5P)
~F1(Vv(1,I1),Vvv(2,12),VV(3,13),V4P,V5M)) /D5
-(F1(Vv(1,11),VVv(2,12),VV(3,13),V4M,V5P)
~F1(VV(1,It),VVv(2,I2),VV(3,I3),V4M,V5M))/D5) /D4

V3(1,INDEX)=(((F1(ViP,V2P,V3P,VV(4,14),VV(5,I5))
--F1(V1P,V2P,V3M,VV(4,I4),VV(5,15)))/D3
-(F1(V1iP,V2M,V3P,VV(4,I4),VV(5,I5))
-F1(ViP,V2M,V3M vv(4 14), vv(s 15)))/D3) /D2
—((Fi(ViM V2P,V3P,VV(4, 14) VV(S 15)) :
~-F1(V1iM,V2P, vaM vv(4 14), vv(s I5>))/D3
—(F1(V1M,V2M,V3P,VV(4,I4),VV(5,15))
-E1(V1iM,V2M,V3M,VV(4,14),VV(5,I5)))/D3)/D2)/D1
V3(2,INDEX)= (((Fi(ViP V2P,VV(3,13),V4P,VV(5,15))
—F1(V1P V2P,VV(3,13),V4M,VV (5, I5)))/D4
—(Fl(VlP VoM VV(3 13) V4p vv(s 15)) :
—F1(V1P,V2M,VV(3,I3),V4M,VV(5,IS)))/D4)/D2
-((F1(V1iM,V2P,VV(3,I3),V4P,VV(5,I5))
-F1(V1iM,V2P,VV(3,13),V4M,VV(5,15)))/D4
-(F1(V1iM,V2M,VV(3,I3),V4P,VV(5,I5))
-F1(ViM,V2M,VV(3,I13),V4M,VvVv(5,15)))/D4)/D2)/D1
V3(3,INDEX)=(((F1(V1iP,V2P,VV(3,13),VV(4,14),V5P)
-F1(V1iP,V2P,VV(3,13),VV(4,1I4),V5M))/D5
-(F1(ViP,V2M,VV(3,13),VV(4,I4),V5P)
-F1(V1iP,V2M,VV(3,I3),Vv(4,I4),V5M))/D5) /D2
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" -((F1(V1M,V2P,VV(3,I3),VV(4,14),V5P)

-F1(ViM,V2P,VV(3,13),VV(4,I4),V5M))/D5

—(F1(V1M VoM vv(3 13) vv(4, 14) V5P)

-F1(ViM, V2N, vv(s 13) vv(4 14) v5M))/D5)/D2)/D1
V3(4,INDEX)= (((Fi(ViP vv(2,12),V3P,V4P,VV(5,15))
—F1(v1p,vv(2,12),v3P,V4M,vv(5,IS)))/D4 :
-(F1(V1P,vVv(2,12),V3M,V4P,VV(5,I5))
-F1(viP,Vvv(2,12),V3M,V4M,VV(5,15)))/D4)/D3
-((F1(V1M,VV(2,I2),V3P,V4P,VV(5,I5))

- -F1(ViM,VV(2,12),V3P,V4M,VV(5,15))) /D4

-(F1(V1iM,VV(2,1I2),V3M,V4P,VV(5,I5))
-F1(ViM,VV{(2,12),V3M,V4M,VV(5,15)))/D4)/D3) /D1
v3(5,INDEX)=(((F1(V1P,VV(2,12),V3P,VV(4,I4),V5P)
-F1(V1P,Vvv(2,12),V3P,VV(4,I4),V5M))/D5
-(F1(V1P,VV(2,12),V3M,VV(4,I4),V5P)
-F1(V1P,VV(2,12),V3M,VV(4,I4),V5M))/D5) /D3
-((F1(V1iM,VV(2,12),V3P,VV(4,I4),V5P)
-F1(ViM,VVv(2,12),V3P,VV(4,I4) ,V5M))/D5
-(F1(V1M,VV(2,12),V3M,VV(4,14),V5P)
-F1(ViM,VV(2,12),V3M,VV(4,I4),V5M))/D5)/D3)/D1
V3(6,INDEX)=(((F1(ViP,VV(2,I2),VV(3,13),V4P,V5P)
-F1(V1iP,VV(2,12),VV(3,13),V4P,V5M)) /D5
-(F1(V1P,VV(2,I2),VV(3,1I3),V4M,V5P)
-F1(V1P,VV(2,12),VV(3,I3),V4M,V5M))/D5) /D4
-((F1(VIM,VV(2,1I2),VV(3,I3),V4P,V5P)
-F1(V1iM,VV(2,I2),VV(3,13),V4P,V5M)) /D5
-(F1(ViM,VV(2,12),VV(3,I3),V4M,V5P)
-F1(ViM,Vvv(2,12),Vvv(3,13),V4M,VEM))/D5)/D4) /D1
V3(7,INDEX)=(((F1(vv(1,I1),V2P,V3P,V4P,VV(5,I5))
-F1(vv(1,I1),V2P,V3P,V4M,VV(5,I5)))/D4
-(F1(Vv(1,I1),V2P,V3M,V4P,VV(5,I5))
-F1(vv(1,I1),V2P,V3M,V4M,VV(5,I5)))/D4) /D3
-((F1(Vv(1,I1),V2M,V3P,V4P,VV(5,I5))
-F1(vv(1,I1),V2M,V3P,V4M,VV(5,15)))/D4
-(F1(Vv(1,11),V2M,V3M,V4P,VV(5,15))
-F1(vv(1,I1),V2M,V3M,V4M,VV(5,15)))/D4)/D3)/D2
V3(8,INDEX)=(((F1(VV(1,I1),V2P,V3P,VV(4,I4),V5P)
"-F1(VvVv(i,I1),V2P,V3P,VV(4,I4),V5M))/D5
-(F1(vv(1,I1),V2P,V3M,VV(4,I4),V5P)
-F1(VV(1, 11) V2P, VaM vv(4 14) VSM))/DS)/DS
-((F1(VV(1 11) V2M, V3P VV(4 14) V5P)
-F1(VV(i,;I1),V2M,V3P vv(4 14), VSM))/DS
—(F1(VV(1 11) VoM, VaM vv(4 14) V5P)
-F1(vv(1, 11) V2M,V3M, vv(4 14) V5M))/D5)/D3)/D2
vV3(9, INDEX) (((F1(VV(1 I1),V2P,VV(3,I3),V4P vsp)
—F1(VV(1 11),V2P,VV(3,I3),V4P,V5M))/D5
-(Fl(VV(l 11) V2P, vv(3 13) ,V4M, V5P)
—Fi(VV(l,Ii),V2P,VV(3,IS),V4M,V5M))/D5)/D4
-((F1(vv(1,I1),v2M,VV(3,I3),V4P,V5P)
-F1(vv(1,I1),Vv2M,VV(3,13),V4P,V5M))/D5
—(F1(VV(1 11) VoM vv(3 13) V4M,V5P)
-F1(Vv(1, 11) VoM, vv(3 13) V4aM V5M))/D5)/D4)/D2

v3(10, INDEX) (((Fl(VV(i I1) VV(2 12),V3P,V4P,V5P)
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-F1(vv(1,I1),Vv(2,12),V3P,V4P,V5M))/D5
-(F1(vv(1,11),VVv(2,I2),V3P,V4M,V5P)
-F1(vv(4,I1),vv(2,I2),V3P,V4M,V5M))/D5) /D4
-((F1(vv(1,11),Vvv(2,12),V3M,V4P,V5P)
-F1(vv(1,11),Vvv(2,I2),V3M,V4P,VEM)) /D5
~(F1(vv(1,I1),Vvv(2,12),V3M,V4M,V5P)
-F1(Vv(1,;I1),vv(2,12),V3M,V4M,V5M))/D5)/D4) /D3

-V4(1,INDEX)=((((F1(ViP,V2P,V3P,V4P,VV(5,15))

-F1(V1iP,V2P,V3P,V4M,VV(5,1I5)))/D4
-(F1(V1iP,V2P,V3M,V4P,VV(5,1I5))
-=F1(V1P,V2P,V3M,V4M,VV(5,I5)))/D4) /D3
-((F1(V1P,V2M,V3P,V4P,VV(5,I5))
-F1(V1P,V2M,V3P,V4M,VV(5,I5)))/D4
-(F1(V1P,V2M,V3M,V4P,VV(5,I5))
-F1(V1iP,V2M,V3M,V4M,VV(5,15)))/D4)/D3) /D2
-(((F1(V1iM,V2P,V3P,V4P,VV(5,I5))
~F1(V1iM,V2P,V3P,V4M,VV(5,15)))/D4
-(F1(V1iM,V2P,V3M,V4P,VV(5,I5))
-F1(V1iM,V2P,V3M,V4M,VV(5,1I5)))/D4) /D3,
-((F1(V1iM,V2M,V3P,V4P,VV(5,I5)) -
-F1(V1M,V2M,V3P,V4M,VV(5,15)))/D4
-(F1(V1M,V2M,V3M,V4P,VV(5,I5))
-F1(V1iM,V2M,V3M,V4M,VV(5,15)))/D4)/D3)/D2) /D1
V4(2,INDEX)=((((F1(V1P,V2P,V3P,VV(4,I4),V5P)
~F1(V1iP,V2P,V3P,VV(4,I4),V5M)) /D5
-(F1(V1P,V2P,V3M,VV(4,14),V5P)
-F1(ViP,V2P,V3M,VV(4,14),V5M))/D5) /D3
-((F1(V1iP,V2M,V3P,VV(4,6I4),V5P)
~-F1(V1P,V2M,V3P,VV(4,14),VEM))/D5

. ~(F1(V1P,V2M,V3M,VV(4,14),V5P)

-F1(ViP,V2M,V3M,VV(4,I4),VsM))/D5)/D3) /D2
-(((F1(V1iM,V2P,V3P,VV(4,14),V5P)
-F1(V1iM,V2P,V3P,VV(4,I4),V5M))/D5
-(F1(V1iM,V2P,V3M,VV(4,I4) ,V5P)
-F1(V1iM,V2P,V3M,VV(4,I4),V5M))/D5) /D3
-((F1(V1iM,V2M,V3P,VV(4,61I4),V5P)
-F1(V1M,V2M,V3P,VV(4,14),V5M)) /D5
-(F1(ViM,V2M,V3M,VV(4,I4),V5P)
~-F1(V1iM,V2M,V3M,VV(4,I4),V5M))/D5)/D3)/D2) /D1
V4(3,INDEX)=( (((F1(ViP,V2P,VV(3,13),V4P,V5P)

: —F1(V1P 'V2P,VV(3,I3),V4P V5M))/D5

—(F1(V1P V2P vv(s 13) V4M, V5P)
-F1(V1iP,V2P vv(3 13) VaM, VSM)>/D5)/D4
-((F1(V1P VoM vv(3 13) V4P V5P)
—F1(V1P,V2M,VV(3,IS),V4P,V5M))/D5
-(F1(V1P,V2M,VV(3,I3),V4M,V5P)
-F1(V1P,V2M,VV(3,I3),V4M,V5M))/D5)/D4) /D2
-(((F1(V1M,V2P,VV(3,13),V4P,V5SP)
-F1(ViM,V2P,VV(3,13),V4P,V5M))/D5
-(F1(V1iM,V2P,VV(3,1I3),V4M,V5P)
-F1(V1iM,V2P,VV(3,1I3),V4M,VEM))/D5) /D4
-((F1(V1M,V2M,VV(3,13),V4P,V5P)
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-F1(V1iM,V2M,VV(3,13),V4P,V5EM))/D5
-(F1(ViM,V2M,VV(3,13),V4M,V5P)
-F1(V1iM,V2M,VV(3,1I3),V4M,V5EM))/D5)/D4)/D2) /D1

V4(4,INDEX)=((((F1(ViP,VV(2,12),V3P,V4P,V5P)

-F1(V1P,VvV(2,1I2),V3P,V4P,V5M)) /D5
-(F1(V1P,Vv(2,I2),V3P,V4M,V5P) .
-F1(V1P,VV(2,12),V3P,V4M,V5M))/D5) /D4
-((F1(V1P,VV(2,1I2),V3M,V4P,V5P)
-F1(V1P,VV(2,I2),V3M,V4P,V5M)) /D5
-(F1(V1P,VV(2,I2),V3M,V4M,6V5P)
-F1(V1P,VV(2,I2),V3M,V4M,V5M))/D5)/D4) /D3
-(((F1(V1iM,VV(2,1I2),V3P,V4P,V5P)
~-F1(ViM,VV(2,12),V3P,V4P,V5M))/D5

~(F1(ViM,VV(2,I2),V3P,V4M,V5P)

-F1(ViM,VVv(2,I2),V3P,V4M,V5M))/D5) /D4
-((F1(viM,Vvv(2,12),V3M,V4P,V5P)
-F1(V1iM,VV(2,I2),V3M,V4P,V5M))/D5
-(F1(V1iM,VV(2,I2),V3M,6V4M,V5P)
-F1(V1iM,VV(2,I2),V3M,V4aM,V5M))/D5)/D4)/D3) /D1

v4(5,INDEX)=((((F1(vv(1,I1),V2P,V3P,V4P,V5P)

-F1(Vv(1,I1),V2P,V3P,V4P;V5M)) /D5
-(F1(vv(1,11),V2P,V3P,V4M,V5EP)
-F1(vv(1,I1),V2P,V3P,V4M,V5M))/D5) /D4
~-((F1(VV(1,I1),V2P,V3M,V4P,V5P)
-F1(vv(1,I1),V2P,V3M,V4P,V5M))/D5
-(F1(vv(1,I1),V2P,V3M,V4M,V5P)

-F1(vv(1, 11) V2P, V3M V4M V5M))/D5)/D4)/D3
—(((Fi(VV(l I1) V2M,V3P,V4P,V5P)

" -F1(VV (1, 11) V2M V3P V4P V5M))/D5

—(F1(VV(1,I1),V2M,V3P,V4M,V5P) :
-F1(vv(i,I1),V2M,V3P,V4M,V5M))/D5) /D4

=((F1(vv(1,I1),V2M,V3M,V4P,V5P)

-F1(Vv(1,I1),V2M,V3M,V4P,V5M))/D5
-(F1(vv(1, 11) VoM, V3M V4aM,VsP) .
-F1(vv (1, I1) V2M,V3M, V4M VSM))/DS)/D4)/D3)/D2

VS(INDEX)=(((((Fl(VlP;V?P,VBP,V4P,VSP)

-F1(V1P,V2P,V3P,V4P,V5M)) /D5
-(F1(V1iP,V2P,V3P,V4M,V5P)
-F1(V1iP,V2P,V3P,V4M,VEM)) /D5) /D4
-((F1(V1iP,V2P,V3M, V4P, V5P)
-F1(V1iP,V2P,V3M,V4P,V5M)) /D5

. -(F1(V1P,V2P,V3M,V4M,V5P).

-F1(V1P,V2P, V3M VaM, VSM))/DS)/D4)/D3
—(((Fl(ViP V2M V3P V4P V5P)

- -F1(V1P,V2M,V3P,V4P,V5M)) /D5

-(F1(V1iP,V2M,V3P,V4M,V5P)
-F1(V1P,V2M,V3P,V4M,V5EM)) /D5) /D4
-((F1(V1P,V2M,V3M,V4P,V5P) :
-F1(V1iP,V2M,V3M,V4P,V5M)) /D5
-(F1(V1iP,V2M,V3M, VaM ,V5P)

. =F1(V1P,V2M, VBM VaM, V5M))/D5)/D4)/D3)/D2
-((((F1(V1M V2P,V3P,V4P,V5P)
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-F1(ViM,V2P,V3P,V4P,V5M)) /DS
-(F1(ViM,V2P,V3P,V4M,V5P)
-F1(V1iM, V2P, V3P vam V5M))/D5)/D4
—((F1(V1M V2P V3M V4Pp,VSP)
-F1(ViM,V2P, V3M V4P, V5M))/D5
—(F1(V1M vzp V3M, V4M V5P)
-F1(ViM,V2P, VBM VaM V5M))/D5)/D4)/D3
-(((F1(V1M V2M vsp V4P,VSP)
-F1(V1iM,V2M, V3P V4P V5M))/D5
-(Fi(V1M,V2M,V3P,V4M,V5P)

. =F1(ViM,V2M,V3P,V4M,V5M))/D5) /D4
-((F1(V1M,V2M,V3M,V4P,V5EP)

' -F1(V1M,V2M,V3M,V4P,VEM) ) /D5
-(F1(ViM,V2M,V3M,V4M, V5P)
-F1(V1M,V2M,V3M,V4M,V5M))/D5)/D4)/D3)/D2)/D1

PRI R

WRITE(3,1111 ,REC=INDEX+2) VO(INDEX),(V1i(J,INDEX),J=1,5),
& (V2(3J, INDEX) J=1,10),(V3(J, INDEX) J=1, 10) (va(J, INDEX)
& J 1, 5) V5(INDEX)

END IF

END DO
END DO
END DO
END DO
END DO

CLOSE(UNIT=3)

C********D*********O*********O*********O*********D*********D*********

C ' ' SUMMARIZE FILE DATA
C********0*********0*********0*********0*********0*********0*********

WRITE(*,QOOO)
" WRITE(*,2000)
WRITE(*,2010)
WRITE(*,2020) OUTFILE
WRITE(*,2030) NIVS
"WRITE(*,2040) (J,J=1,NIVS)
DO J=1 JMAXO(NMPS(i) NMPS (2) ,NMPS(3), NMPS(4) NMPS(S))
WRITE(* 2050) (VV(I I, I 1,NIVS)
END DO
NRECS=1
DO I=1,NIVS
‘ NRECS=NRECS*NMPS (I)
END DO
WRITE(*,2060) NRECS+2
IF(OPT1.EQ.1) THEN
WRITE (*,2080)
ELSE IF(OPT1.EQ.2) THEN
" WRITE(*,2085)
END IF
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IF(OPT2.EQ.1) THEN
WRITE(*,2070)

ELSE IF(OPT2.EQ.2) THEN
WRITE(*,2086)

END IF

IF(OPT3.EQ.1) THEN
WRITE(*,2087)

ELSE IF(OPT3.EQ.2) THEN
WRITE(*, 2088)

END IF

WRITE(*,8888)

WRITE (*,2000)

WRITE(*,2000)

STOP
C********D*********O*********O*********D*********O*********D*********
C FORMATS
C********O*********O*********O*********O*********O*********O*********

990 FORMAT(’ !!!! AN ERROR HAS OCCURRED IN SELECTING OPTION #3 !!’)
991 FORMAT(’ !!!! AN ERROR HAS OCCURRED IN SELECTING OPTION #1 '!’)
992 FORMAT(’ !!!! AN ERROR HAS OCCURRED IN SELECTING OPTION #2 --’)

1040 FORMAT(//’ HOW MANY INDEPENDENT VARIABLES? (Il) ?)
1045 FORMAT(//’ CHOOSE ONE OF THE OPTIONS:’//-
& ? (1) CREATE SPLINE FIT FROM EXISTING FUNCTION’/
& ’ (2) CREATE SPLINE FROM SET OF DISCRETE POINTS’)
1060 FORMAT(//’ HOW MANY MESH POINTS IN INDEPENDENT
2 VARIABLE ’,I2,’? (I2) )
1080 FORMAT(//’ GIVE THE RANGE OF INDEPENDENT VARIABLE ’ ,I1,

& ’(2F10.0): 7)
1081 FORMAT(//’ GIVE ALL NODE VARIABLE VALUES IN ORDER FOR VARIABLE’
& ,I1,°.°/)
1082 FORMAT(’ ’,30X%,°#,12,’ ’,F12.6)

1083 FORMAT(//’ INDICATE BY NUMBER ANY OF THESE 'YOU WISH TO USE FOR’
& ’VARIATIONAL DATA ONLY: (I2)’/
& 62X,’TYPE “0" FOR NONE’)
1085 FORMAT(//’ CHOOSE AN OPTION FOR DETERMINING VARIATION AT °
& ’BOUNDARIES:’//
& ) (1) ONE-SIDED DIFFERENCE SCHEME’/
& ) (2) TWO-SIDED DIFFERENCE SCHEME’)
1087 FORMAT(//’ CHOOSE AN OPTION FOR NODE SPACING:’//
& ) (1) EVEN NODE SPACING’/
& ) (2) INPUT ALL NODES’)
1110 FORMAT(A10,31I10) :
1111 FORMAT(32E11.4)
1200 FORMAT(//’ INPUT THE FRACTION OF NODE SPACING TO BE ’
& °USED IN EVALUATING VARIATIONS. (F4.3)’)
1234 FORMAT(//’ NAME THE SPLINE FILE YOU WISH TO CREATE (A10): )
1235 FORMAT(A10)
2000 FORMAT(® ?,79(’*?))
2010 FORMAT(//’ ’,30X,’ SPLINE FILE SUMMARY ’)
2020 FORMAT(/’ ° 20x > SPLINE FILE NAME: * ,A10)
2030 FORMAT(’ ’,2OX,"THERE ARE ’,I1,’ INDEPENDENT VARIABLES.?)
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2040 FORMAT(/’ ’,10X,5(I2,’ VARIABLE °’))
2050 FORMAT(’® 1ox 5(’ » JE10.4,7 2)) '
2060 FORMAT(/’ ; 2ox > THE TOTAL NUMBER OF FILE RECORDS 1s°,14,’.°/)
2o7o FORMAT (*? #*AN OPTION WAS CHOSEN TO USE NON-CENTERED °’
& ’DIFFERENCES AT DOMAIN BOUNDARIES.’)
2080 FORMAT(’ **AN OPTION WAS CHOSEN TO EXPECT DISCRETE DATA ONLY.’)
2085 FORMAT(’ *DATA COMES FROM ANOTHER FUNCTION OF SAME DIMENSION.’)
2086 FORMAT(’ **A TWO-SIDED DIFFERENCE SCHEME WAS USED AT DOMAIN °’
& °’BOUNDARIES.?) ¢
2087 FORMAT(’ #*EVEN NODE SPACING WAS ASSUMED.’)
2088 FORMAT(’ #**THE USER INPUT ALL NODE VARIABLE VALUES.”)
3333 FORMAT(/’ AN ERROR HAS OCCURRED IN DATA INPUT. ENTER POINTS °’,
: & ’IN INCREASING ORDER!*%’/) ‘
8888 FORMAT(/)

END

SR Spliné Function Interpolation Subroutine

C********0*********0*********0*********0*********0*********0*¥*******
SUBROUTINE: SR
PROGRAMMER: Donald Hammerstrom, Graduate Student

Department of Electrical Engineering

Montana State University
.Bozeman, Montana 59717 ~0378

DATE: 1992
PURPOSE:

This subroutine interprets and interpolates a cub1c

C
C
C
C
C
C
C
C
C
C
C
C
C " Hermite spline file which was created by program SPLINER.FOR.
c _

C

********0*********o*i*******0*********0******#**0*********0*********
FUNCTION SR(NMFL;DPT,VARi,VAR2,VARB,VAR4,VAR5)

IMPLICIT DOUBLE PRECISION (A-H;PfZ)
IMPLICIT INTEGER (I-0)

DIMENSION v(5) ,NMPS(5) ,VNV(5, 25) ND(S 2) P(S 4), V1(5)
& Vv2(10), V3(10) v4(5)

CHARACTER*10 NMFL ,NMFL2
CHARACTER*l OPT

OPEN(UNIT*l FILE=NMFL,FORM="FORMATTED’, STATUS"OLD’ RECL=352,
& ACCESS—’DIRECT’)
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V(1)=VAR1
V(2)=VAR2
V(3)=VAR3
V(4)=VAR4
V(5)=VARS

C********O*********O*********O*********0*********0*********0*********

c GET INDEXING INFORMATION FROM FIRST TWO FILE- RECORDS
C "NMFL2" = FILE NAME

C : "NIVS" = NUMBER OF INDEPENDENT VARIABLES -

C "NMPS(I)" = NUMBER OF MESH POINTS IN VARIABLE I

C "VNV(I,J)" = VARIABLE NODE VALUE FOR NODE J, VARIABLE I
Cokesk sk ok o ok sk sk ok sk ke s ok ok ok ok ok [ okeok e s sk sk ok ok (0 ok sk ok sk ok ke ke ok ok (0 ok okeok sk ok ok e s [ ok sk ok sk sk ok e sk s ok o sk sk sk ok ok ok

READ(1,1000,REC=1) NMFL2,NIVS, (NMPS(I),I=1,NIVS)
READ(1,1010,REC=2) ((VNV(I,J),J=1,NMPS(I)),I=1,NIVS)

Gk 3k sk ke sk ok sk [ ok ok e ke ok ok sk ke ke (] o o ok e e ok ok sk ok (ke ok ok ok ok ok ke ok ke [ ok ok ek ok ok ok ok ok [ ok ok sk sk sk sk sk sk sk [ sk ke sk ok ok ok sk ok sk

-C LOCATE POINT
C "ND(I,1)"

.LOW NODE INDEX FOR VARIABLE I

C "ND(I,2)" = HIGH NODE INDEX FOR VARIABLE I
Cokskokskok ek ok Ok sk otk ok sk ook () sk ok ko ok )k okok koo sk ok ok sk ko ko ke (ko sk o ek () ke s ok sk ok
DO I=1,NIVS
ND(I,1)=0

DO J=1,NMPS(I)
IF(V(I) .LT.VNV(I
ND(I,1)=J-1
ND(I,2)=J
GO TO'5
END IF
END DO
5 CONTINUE
IF(ND(I,1).EQ.0) THEN
IF(V(I).GE.VNV(I,NMPS(I))) THEN
ND(I,1)=NMPS(I)
ND(I,2)=NMPS(I)
ELSE. IF(V(I) .LT.VNV(I,1)) THEN
ND(I,1)=1
ND(I,2)=1
END IF
c © WRITE(%,999) I,V(I)
~ END IF
END DO

,J)) THEN

Cokokskoke ko ke ok (ks ok ke sk () o ke skok sk ok o () sk sk ke ok ke ok () ks ke ke sk [k ok ks ks ok (ke sk ok sk ok

c ESTABLISH THE BASIS FUNCTIONS

C "W" = DISTANCE OF VARIABLE I FROM LOW NODE

c "WBS" = FRACTIONAL DISTANCE OF VARIABLE I BETWEEN NEAR NODES
C "P(I,J)" = Jth BASIS CUBIC WEIGHTING FOR VARIABLE I

c "OPT" = ’Y’ QUADRATIC BASIS FUNCTION IS DESIRED AT BOUNDARIES

C NOTE: USE THIS OPT. WHEN VARIATIONAL DATA AT BOUNDARIES IS SUSPECT
Cokesteok skt ok ook ok sk okok kst sookok (0 ke ok ok skskeske ek ok (o skeok ok ke ok skok sk ok s skokeskok sk ok ok () ok ok sk ok ok sk sk ok O o ook ok skok ok ok
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DO I=1,NIVS .

IF(ND(I,2).EQ.1) THEN
W=V(I)-VNV(I,1)
P(I,1)=0.
P(I,2)=1.
P(I,3)=0.
P(I,4)=W '

ELSE IF(ND(I,1).EQ.NMPS(I)) THEN
W=V (I)-VNV(I,NMPS(I))
P(I,1)=1.
P(I,2)=0.
P(I,3)=W
P(I,4)=0. .

ELSE IF(ND(I 1) .EQ.1.AND.OPT.EQ. ’Y’) THEN
W=v(I)- VNV(I ND(I,1))
WBS=W/ (VNV(I,ND(I,2))-VNV(I, ND(I 1)))
P(I,1) WBS*(WBS -2.D0)+1..D0
P(I,2)=-P(I,1)+1.DO
P(I,3)=O.DO :
P(I,4)=Wx(WBS-1.D0) _

ELSE IF(ND(I,2).EQ.NMPS(I).AND.OPT:EQ.’Y’) THEN
W=V (I)-VNV(I,ND(I,1))
WBS=W/(VNV(I,ND(I,2))-VNV(I,ND(I,1)))
P(I,1)=-WBS*WBS+1.DO .
P(I,2)=-P(I,1)+1.D0O
P(I,3)=W*(1.DO- WBS)
P(I,4)=0.DO

ELSE
W=V (I)-VNV(I,ND(I,1))
WBS=W/(VNV(I,ND(I,2))-VNV(I,ND(T,1)))
P(I,1)=WBS*WBS*(2.D0*WBS-3.0)+1.D0
P(1,2)=-P(I,1)+1.D0O
P(I,3)=Wx(WBS*(WBS-2.D0)+1.D0)
P(I,4)=P(I; 3)+W*(WBS 1.D0)

END IF .

END DO - ‘ .

Cotskokkok ko Qoo akok ok sk sok (o ko ko ok ok ook ok sk ok ok (ki skofokok ook [ ek ok sk ok sk ok ok ko sk ok

c INTERPOLATE USING SPLINE FILE
C********0*********U*********O*********O*********0*********0*********

SR=0.

DO 10,I1=1,2°
I1P=T1+2
IF(NIVS.EQ.1) THEN _
INDEX=INDX(NIVS,NMPS,ND(1,I1),0,0,0,0)
. READ(1,1010,REC=INDEX) VO,V1(1)
SR=SR+VO*P(1,I1)
& - +Vi(1)*P(1, I1P)
- G0 TO 10
END IF
DO.20,I2=1,2
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I2P=I2+2

IF(NIVS.EQ.2) -THEN
INDEX=INDX(NIVS,NMPS,ND(1,I1),ND(2,I2),0,0, O)
READ(1,1010,REC= INDEX) Vo, (Vi(J) J=1, 2) V2(1)
SR=SR+VO*P(1,I1)*P(2,I2)
+V1(1)*P(1,I1P)*P(2,I2)
+V1(2)*P(1,I1)*P(2,I2P)
+V2(1)*P(1,I1P)*P(2,I2P)

GO TO 20 "

" END IF

DO 30,I3=1,2

I3P=I3+2 '

IF(NIVS.EQ.3) THEN " '
INDEX=INDX(NIVS,NMPS,ND(1,I1),ND(2,I2),ND(3, 13) o 0)
READ(1,1010,REC= INDEX) Vo, (Vi(J) J=1 3) (V2(J) I=1 ,3),V3(1)
SR—SR+VO*P(1 I1)*P(2, 12)*p(3 13)

+V1(1)*P(1, I1P)*P(2 12)*P(3,I3)
+V1(2)*P(1,I1)*P(2,IQP)*P(3,I3)
+V1(3)*P(1,I1)*P(2,I2)*P(3,I3P)
+V2(1)*P(1,I1P)*P(2,I2P)*P(3,I3)
+V2(2)*P(1,I1P)*P(2,I2)*P(3,I3P) f
+V2(3)*P(1,I1)*P(2,I2P)*P(3,I3P) '
+V3(1)*P(1,I1P)*P(2, I2P)*P(3 I3P)

GO TO 30

END IF

DO 40,I4=1,2
I4P=T14+2 :

IF(NIVS.EQ.4) THEN

INDEX=INDX(NIVS, NMPS ,ND(1,I1),ND(2,1I2),ND(3,13), ND(4 14),

0)
READ(1, 1o1o REC=INDEX) VO, (V1(J),J=1,4),(V2(J),J=1,6),
(V3(J) 3=1 ,4),v4(1)

SR= SR+VO*P(1 I1)*P(2 I2)*P(3,I3)*P(4,I4)
+V1(1)*P(1, IiP)*P(Q 12)*P(3,13)*P(4,I4)
+V1(2)*P(1,I1)*P(2,I2P)*P(3,I3)*P(4,I4)
+V1(3)*P(1,I1)*P(2,I2)*P(3,I3P)*P(4,I14) s
+V1(4)*P(1,I1)*P(2,I2)*P(3,I3)*P(4,I4P)
+V2(1)*P(1,I1P)*P(2,I2P)*P(3,I3)*P(4,I14)
+V2(2)*P(1,I1P)*P(2,I12)*P(3,I3P)*P(4,14)
+V2(3)*P(1,I1P)*P(2,I2)*P(3,I3)*P(4,I4P)
+V2(4)*P(1,I1)*P(2,I2P)*P(3,I3P)*P(4,I4) »
+V2(5)*P(1,I1)*P(2,I2P)*P(3,13)*P(4,I4P)
+V2(6)*P(1,I1)*P(2,I2)*P(3,I3P)*P(4,I4P)
+V3(1)*P(1,I1P)*P(2,12P)*P(3,I3P)*P(4,I4)
+V3(2)*P(1,I1P)*P(2,I12P)*P(3,1I3)*P(4,I4P)
+V3(3)*P(1,I1P)*P(2,I12)*P(3,I3P)*P(4,I4P)
+V3(4)*P(1,I1)*P(2,I2P)*P(3,13P)*P(4,I14P)
+V4(1)*P(1,I1P)*P(2,I2P)*P(3,I3P)*P(4,I4P)

GO TO 40

END IF

DO 50,I5=1,2

I5P=I5+2

IF(NIVS.EQ.5) THEN
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INDEX=INDX (NIVS,NMPS,ND(1,I1),ND(2,I2),ND(3,I3), ND(4 14),

ND(5, IS))

READ(l 1010,REC=INDEX) VO, (V1(J),J=1, 5),((v2(0J3),J=1,10),
(VB(J) J= 1 10),(va(J),J=1,5),Vs

SR= SR+V0*P(1 Ii)*P(2 I2)*P(3 IB)*P(4,I4)*P(5,IS)
+V1(1)*P(1,I1P)*P(2,I2)*P(3,I3)*P(4,I4)*P(5,IS)

. +V1(2)*P(1,Il)*P(2,I2P)*P(3,I3)*P(4,I4)*P(5,IS)
+V1(3)*P(1,Il)*P(2,IQ)*P(S,IBP)*P(4,I4)*P(5,IS)
+V1(4)*P(1,I1)*P(2,I2)*P(3,I3)*P(4, I4P)*P(5,15)
+V1(5)*P(1,I1)*P(2,I2)*P(3, I3)*P(4,I4)*P(5, ISP)
+V2(1)*P(1, I1P)*P(2 IQP)*P(S IB)*P(4 I4)*P(5 I5)
+V2(2)*P(1,I1P)*P(2,I2)*P(3, I3P)*P(4 I4)*P(5,15)
+V2(3)*P(1,I1P)*P(2,IQ)*P(B,IB)*P(4,I4P)*P(5,I5)
+V2(4)*P(1,I1P)*P(2,1I2)*P(3,13)*P(4,I4)*P(5,I5P)
+V2(5)*P(1,I1)*P(2,I2P)*P(3,I3P)*P(4,I4)*P(5,I5)
+V2(6)*P(1,I1)*P(2,I2P)*P(3,I3)*P(4,I4P)*P(5,I5)
+V2(7)*P(1,I1)*P(2,I2P)*P(3,I3)*P(4,I4)*P(5,I5P) °
+V2(8)*P(1,I1)*P(2,I2)*P(3,I3P)*P(4,I4P)*P(5,I5)
+V2(9)*P(1,I1)*P(2,I2)*P(3,I3P)*P(4,I4)*P(5,I5P)
+V2(10)*P(1,I1)*P(2,I2)*P(3,13)*P(4,I4P)*P(5,I5P)
+V3(1)*P(1,I1P)*P(2,I2P)*P(3,I3P)*P(4,I4)*P(5,I5)
+V3(2)*P(1,I1P)*P(2,I2P)*P(3,I3)*P(4,I4P)*P(5,15)
+V3(3)*P(1,IlP)*P(2,I2P)*P(3,IB)*P(4,I4)*P(5,ISP)
+V3(4)*P(1,I1P)*P(2,I2)*P(3,I3P)*P(4,I4P)*P(5,I5)
+V3(5)*P(1,I1P)*P(2,12)*P(3,I3P)*P(4,I4)*P(5,I5P)"
+V3(6)*P(1,I1P)*P(2,I2)*P(3,13)*P(4,I4P)*P(5,I5P)
+V3(7)*P(1,Ii)*P(2,I2P)*P(3,I3P)*P(4,I4P)*P(5,I5)
+V3(8)*P(1,I1)*P(2,I2P)*P(3,I3P)*P(4,I4)*P(5,I5P)
+V3(9)*P(1,I1)*P(2,I2P)*P(3,I3)*P(4,I4P)*P(5,I5P) .
+V3(10)*P(1,I1)*P(2,I2)*P(3,I3P)*P(4,I14P)*P(5,I5P)
+V4(1)*P(1,I1P)*P(2,I2P)*P(3,I3P)*P(4,I4P)*P(5,15)
+V4(2)*P(1,I1P)*P(2,I2P)*P(3,I3P)*P(4,I4)*P(5,I5P)
+V4(3)*P(1,I1P)*P(2,I2P)*P(3,13)*P(4,I14P)*P(5,I5P)
+V4(4)*P(1,I1P)*P(2,I2)*P(3,I3P)*P(4,I14P)*P(5,I5P)
+V4(5)*P(1,I1)*P(2,I2P)*P(3,I3P)*P(4,I4P)*P(5,I5P)
+V5xP (1, IlP)*P(2 I2P)*P(3 IBP)*P(4 I4P)*P(5 ISP)

END IF

CONTINUE
CONTINUE
CONTINUE
CONTINUE
CONTINUE

RETURN

C********O*********O*********O*********O*********O*********O*********

C

FORMATS

C********0*********O*********O*********0*********0*********0*********

999 FORMAT(’ WARNING: VARIABLE ’,I1,’ HAS EXCEEDED DOMAIN '/

&

7 EXTRAPOLATING TO VALUE °’ F2O 10)

1000 FORMAT(AlO 36110)
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1010 FORMAT(37E11.4)

END
C********O*********O*********O*********O*********O*********O****#****
C FUNCTION INDX -

C LOCATE NODE POINT FILE RECORD

Coteoke stk sk sk sk ok [ ok ok skook ok ke s sk (J ok ok s ke ok sk ok ok ok (0 ok sk sk o skeoke sk ok ke 0ok sk ek sk ok ok sk ok [ ok ok ok sk ke ko ok ke (] ok sk sk ok sk o o
INTEGER FUNCTION INDX(NIVS,NMPS,K1,K2,K3,K4,K5)
DIMENSION NMPS(5),K(5)

INDX=0

K(1)=K1
K(2)=K2
K(3)=K3
K(4)=K4
K(5)=K5

DO J=1,NIVS-1,1 .

INDX= (INDX+(K(J) 1))*NMPS(J+1)
END DO
)INDX =INDX+K (NIVS)+2,
RETURN - 4
END :

TRIDIAG r‘I‘ridiagonal Matrix Solver

Coke ok sk ok ok s ok sk (ke sk stk ek ok ek () oo s sk sk sk ok () sk sk sk stk ek ke [k ke sk ok ok sk kol [ sk ok skeokskok sk ok () ke skok ok ok ok
C TRIDIAG

C This subroutine comes from the FORTRAN numerical recipies

C book. It solves tridiagonal matrix form for input vectors A, B and
C C and source vector R. The result is vector U.

Cok ko ok okok ok (ko ko skok ok ok (o sokok ok ok () ok ook ok ok (0 ok ook sk ok () ook ok () ok ok ok sk ek o

SUBROUTINE TRIDIAG( A, B, C, R, U, N )

IMPLICIT DOUBLE PRECISION (A-H,0-Z)

PARAMETER( NMAX = 300 )

DIMENSION GAM(NMAX), A(N), B(N), c(N), R(N), UQN)

C********O*********O**'*******O*********O*********O*********O*********
C DO NOT ALLOW USER TO EXCEED PARAMETER.
C********O*********O*********O*********O*********O*********O*********_
IF ( N .GT. NMAX ) THEN
WRITE(*,998)
WRITE(*,1000)
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STOP
"END IF

C********O*********U*********O*********O*********O*********O*********
C ERROR CONDITIONS APPLY WHENEVER SINGULARITY OCCURS.
C********O*********O*********U*********O*********O*********0*********
IF ( B(1) .EQ. 0. ) THEN

WRITE(*,999) 1

WRITE(*,1000)

STOP

END IF

C********O*********O*********O*********0*********0*********0*********
C BEGIN ALGORITHM.
C FORWARD PORTION OF ALGORITHM.
C********O*********D*********O*********O*********O*********O*********
BET = B(1) :
U(1) = R(1) / BET
DO 10 J =2, N
GAM(J) = C(J-1) / BET. -
BET = B(J) - A(J) * GAM(J)
IF ( BET .EQ. 0. ) THEN
WRITE(*,999) J
WRITE(*,1000)
RETURN
END IF ]
U@J) = ( RQWJ) - AQY) %= UQJ-1) ) / BET
10 CONTINUE ' :

(G sk sk 3k ok ok S 4k ok (0 3k ok ok ok dfeok sk sk sk (J 3k ok ok ke ke ke sk sk sk (] sk ok sk sk sk sk sk sk sk (3K ok ok ok sk ok sk sk ok () ok Sk ok K 3k sk ok ok ok (J ok ok sk ok ok ok ke sk ok
C BACKWARD PORTION OF ALGORITHM.
C********O*********O*********U*********O*********O*********O*********
po 11 J=N-1,1, -1
UQJ) ='U(J) - GAM(J+1) * U(J+1)
11 CONTINUE

Cokesk ke ok sk ok ke ok [k ke ook sk ak sk sk () ko ke ook sk sk ok ke ( s sk sk ke ke e o ok (ke ok e sk sk sk (] 3 ok sk e ok skok ok (] s o o ok sk ok ok o
C FORMATS _ :
Corokok koo ook Ok ko kb skokok (o ok koo ok () o sk kokok skok ok Ok ko ook ok ook ) ok ok e sk o () sk sk ok ok ok
998 FORMAT(’ **ERROR: VARIABLE "N'" EXCEEDS VARIABLE "NMAX".’)

999 FORMAT(’ **ERROR: VARIABLE "BET(’,I3,’)" CANNOT BE ZERQ.’)

1000 FORMAT(’ PROGRAM IS TERMINATED IN MODULE "TRIDIAG".’)

Cokstekok sk ok ook ok sk sk sk sk koo (0 ke ok sk sksreakak ke ok 0 sk skt sk stk ook [ ke ok sk sk skakok (0 o e ok ek sk e sk sk ke ek s sk ok ok ok ok
.C TRIDIAGONAL MATRIX HAS BEEN SOLVED.
Cokeatekoke sk ok ke ok ok s s stk e seoe (0 ke ok s sk stk stk 0k e sk kb ke sk (ke ke sttt s skeok O ke sk stk sk sk sk koo s s ok sk ok
RETURN
END
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VDROP Voltage Drop Model Subroutine

C********O*********D*********O*********0*********0*********O*********

C

C FUNCTION VDROPP()

C .

C DATE: 1994

C

C PROGRAMMER: Donald Hammerstrom, Graduate Student

C Department of Electrical Engineering.

c Montana State University

C Bozeman, Montana 59717

C .

C PURPOSE: _

C This function calculates an electrode voltage drop based
C on theoretical and empiracal functions described in Gupta.and
C Rohatgi, 1982. This particular function is for a non-ohmic

C voltage drop, which is 1nc1uded as part of the internal MHD

C circuit model. .

C

C VARIABLES:

C : '

C B . magnetic flux density tesla
C = BETA . Hall parameter in core flow

C DELTA boundary layer thickness meter
C _ -EFF suffix meaning "effective’ o

C EX - local Hall electric field ' V/m

c POT electrode potential w.r.t. undisturbed plasma V

C SEGR electrode segmentation ratio

C T - core flow temperature K

C THETAWS  temperature ratio used in referenced paper

c TS - slag wall temperature

C W electrode wall temperature K

C Vv . velocity in core flow . meter/s
C VDROPP  * voltage drop returned by function v

Ok sk skok ok ok sk ok ok ook sk sk ok () ook ok ook ook o o () sk sk ok o sk ok ok () ke ok ook sk o ok ok () ko o sk ok o ok () ok ok sk sk ok ok ok

REAL#8 FUNCTION VDROPP( TW, TS, T, POT, DELTA, BETA, V, B, EX,
& . , SEGR )

'IMPLICIT DOUBLE PRECISION (A-H,0-Z)
IMPLICIT INTEGER (I-M) '

TS = DMIN1( DMAX1( 1750.DO + 0.75D0 * ( TW - 1400.D0O ), 1750.DO.
& ), T)

- VDROPP = 0.0DO

C********O*********O*********O*********0*********O*********O*********

C ELECTRICAL SHEATH VOLTAGE DROP
Cokeske ke sk b o ok 0k o oeske kst sfookok (0 ke sk ookokskesk ok ok 0 ok sk sk ke keook ok [k koo sk ok sk [ ook sk sk sk ke ok 0 sk ok ok o skok ke ok ok
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VDROPP = VDROPP + DSQRT( POT * T ) * 9.283D-3

C********0*********0*********0*********0*********0*********0*********
C GASDYNAMIC VOLTAGE DROP
Cokakskokskokok ok s keokskskok keok O ko s ok sk s ok (kok s o kb sk ok skl ke ok (3 ok ok sk o ek ok ok () Kok sk ok ok ok ok

IF ( TS .LT. T ) THEN
DENOM = 1. + SEGR * ( BETA - 0.4D0 )
BETAEFF = BETA / DENOM
THETAW = TS / T

VDROPP = VDROPP - V % DELTA * B / 8.D0O + BETAEFF * DELTA *-
& EX * ( 1.D0 - 7.D0 / ( ( 1.DO - THETAW )**7 ) * FIT2(
& THETAW ) )

END IF
RETURN
END

C********0*********0*********0*********0*********0*********0*********
C FUNCTION FIT2() :

C FIT2 carries out a crude numerical integration
Cok ko sk ok kok [k sk skok sk sk sk ook skt ok Sk stk sk ok [ ok skok st ko ok ok sk ok sk ook skoke sk ke ke () okok ok sk sk ke ke (0 o ok ok skok sk ok

REAL*8 FUNCTION FIT2( THETAW )

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
IMPLICIT INTEGER (I-N)

FIT2 = 0.DO
DO I = JIDINT( THETAW * 1000.D0 ), 1000
RI = DFLOAT( I ) / 1000.DO ,
FIT2 = FIT2 + RI**0.5 * ( RI - THETAW Yk%6 ok 1 D-3
END DO
RETURN
. END

c********0*********0*********0*********0*********0*********0*********
FUNCTION VDROPR()
DATE: 1993
PROGRAMMER: . Donald Hammerstom; Graduate Studeﬁt
Department of Electrical Engineering

 Montana State University
Bozeman, Montana ' 59717

Qoo

PURPOSE -
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-This function calculates an electrical voltage drop'

c

C resistance based on theoretical and empiracal functions

C described in Gupta and Rohatgi, 1982. This partlcular functlon
c calculates the ohmic resistivity to be used in the external

C ‘electrical circuit.

C . :

C VARIABLES:

C

C - BETA Hall parameter in core flow

C DELTA boundary layer thickness . meter .

c -EFF suffix meaning "effective"

C FACTOR factor defined for clean code

C GAMMA ratio from referenced paper

C S slag thickness ' meter

c SEGR . electrode segmentation ratio

C SIGMA conductivity in core flfow mho/meter
C SLAGSIG conductivity of slag wall mho/meter
c T . core flow temperature K

C THETAWS  temperature ratio used in referenced paper

c TS slag wall temperature ,

C W ' electrode wall temperature . K

C VDROPR voltage drop returned by function v

C

Coteskestoke ke ok ok ok ok skok 0 ok sk ok ok skok () ok sk ok ok ok ok ok Qokokokok sk sk ok (ke ok ok sk ok ok ok (K okok ko ok o ok

REAL*8 FUNCTION VDROPR( TW, TS, T, DELTA, BETA, SIGMA, SEGR )

IMPLICIT DOUBLE PRECISION (A-H,0-Z)
IMPLICIT INTEGER (I-N)

PARAMETER( RK = 1.380662D-23, EPS = 6.952D-19 )

TS = DMIN1( DMAX1( 1750.DO + 0.75D0 * ( TW - 1400.D0 ), 1750.D0 -
& _ ‘ ), T)
VDROPR = 0.0DO :

C********O*********O*.********O*********O*********O*********O*********

C SLAG VOLTAGE DROP
C********0*********0*********0*********0*********0*********0*********
C SLAG THICKNESS:

IF ( TW .LE. TS ) THEN

S = 4.86D-3 - 2.78D-6 * TW

ELSE ‘ _
" 8 =0.D0
END IF

SLAGSIG = 4.04D4 * DEXP( -GAMMA )
THETAWS = TW / TS
FACTOR = S / ( SLAGSIG * (1.D0 - THETAWS ) )

GAMMA = 1.256D4 / TS

DO I JIDINT( THETAWS * 1000 ), 1000
RI DFLOAT(C I ) / 1000.DO
VDROPR = VDROPR' + FACTOR * DEXP( .GAMMA * ( 1.DO / RI - 1.D0 )
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& : : ) * 1.D-3 -
END DO '

C********0*********0*********0*********O*********O*********0*********'
C GASDYNAMIC VOLTAGE DROP
C********O*********0*********0*********0*********0*********0*********

IF ( TS .LT. T ) THEN

DENOM = 1. + SEGR ¥ ( BETA - 0.4D0 )

BETAEFF = BETA / DENOM

SIGMAEFF = SIGMA' / DENOM. (
"THETAW = TS / T

VDROPR = VDROPR + DELTA * ( 1.DO + BETAEFF*%2 ) / SIGMAEFF *
& ( 7.00 / ( ( 1.DO - THETAW )**7 ) * BETAEFF*%2 / ( 1.D0 +
& BETAEFF*#%2 ) FIT1( THETAW, BETAEFF, T ) - 1.D0 )
END IF
RETURN
‘END

C****;I<>i'<**O***;kfk****(]*********U*****_****O*********O*********O*********
C FUNCTION FIT1()

C FIT1() carries out a crude numerical integration
otk ok ek ek ek (ks ek ok ok (ko ok ok ok (ko ok ok ok (ko ok ok Qo o

REAL*8 FUNCTION FIT1( THETAW, BETAEFF, T)

IMPLICIT DOUBLE PRECISION (A-H,0- Z)
IMPLICIT INTEGER (I-N)

PARAMETER( EPS = 6.952D-19, RK = 1.380662D-23 ) ‘

FIT1 = 0.DO

DO I = JIDINT( THETAW * 1000.DO ), 1000
RI = DFLOAT(I) / 1000.DO
FIT1 = FIT1 + RI**x( -0.75 ) * ( 1. / BETAEFF**2 + RI ) * ( (

& RI-- THETAW )**6 ) * DEXP( EPS / ( 2.D0 * RK * T ) * ( 1.D0° -

& / RI - 1.D0 ) ) * 1.D-3 .

END DO

RETURN

END
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