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 ABSTRACT
The problem of computlng the temperature and.heat flux

dlstrlbutlon w1th1n combustlon chambers 1s 1ntroduced"

' 'and brlefly dlscussed hlghllghtlng the Hottel—Cohen .

Zone Method Sources of localised errors in. using this
.method are 1nd1cated with reference to systems hav1ng

llttle or ‘no flow reCchulatlon. A suggestlon 1s.ad—-

» ,vanced for mlnlmlslng these errors by . lncorporating in

the system model an equlllbrlum gas compOSLtlon pattern'

that is exp11c1t1y llnked w1th the jet—mlxlng

\_, o

and the temperature pattern.' The steps leadlng to the i

(_r

solutlon of the problem for the resuLtlng complex modeIff

are outllned‘ ‘Pursuant to thls three computer programs

'are~developed and shown to execute satisfactorily;b The

Jflrst program, EQUICALX computes the equlllbrlum com-

p051tlons of the combustlon product gases oﬁ any fuel at

any comhlnatlon of temperature and pressure. The second,

GRAYGAS,Hcomputes 'a mixed multiple-gray+l-clear gas -

. idealisation of the radiative Lehaviour of the burned.

-

. ‘ : g - g :
.gases of_any»hydrocarbon fuel. The third, FTFIELDX'

computes the temperature and heat flux dlstrlbutlon for

an ax1-symmetr1c system using the output of the previous

-two for two operating COHdltlQnS with gaseous propane,



CBHB’ fue1; A unlform gas comp051tlon patterr is pro-

v151onally adopted to facilitate the development of thlS

program. The 1nterfac1ng of these programs to fac111tatev

_the solutlon of the refined, complex model 1ntroduced 1s

vrecommended for future research

"M
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CHAPTER T
- INTRODUCTION Lo

The;design of”combustiop equipment'often requires that
i | ~attention beiéaid in some detail to .the .various aspects
of the'combustion.process. tThese includevthe requisite
size of the combustion chamber, the aerodynamlcs of the
interior of the chamber, as well as the transport of

! . '
thermal energy between the hot burned gases and the cooler -

'iwalls of the chamber. Cons1deratlons of the size of the

combustlon chamber, the combustlon eff1c1ency and thermal

eff1c1ency p01nt to the nece551ty for a study of the aero-

dynamlcs of flow within the chamber. Certaln flow condi—‘
tions (for example, sw1r1) 1mprove the'suppiy'of fresh
‘oxygen to support combustion. - This helps to reduce the
size of the reglon occupled by the flame thereby af-
Lfordlng some. sav1ng in combustlon chamber 51ze."
\ _ . _
.Most combustlon equlpment con51st, in essence, of a

coaxal c1rcu1ar Jet system 1n whlch the fuel issues from

th%'flow surroundlng the flame Jet ThlS may or may not

be recirculatory. For non—combustlon (1 e, cold) systems



some 51m11ar1ty crlterla have been developed to enable the
predlctlon of the existence or otherwise of rec1rculatlon
eddies as well as their location. For combustion systems
this task is mﬁch more difficult. The study of the flows
in these systems has naturally taken the findings from

those of cold gsystems as the starting point.

Heat transfer between the gases and. the chamber walls
depends upon ‘the composition of the gases and on the tem-
peratures of the gases and the walls. Thls sometimes -
nece551tates some 1nqu1ry lnto the computation of the
chemlcal equilibria of ¢he combustion processes under
4varlous condltlons of temperature and pressure. There is
general agreement on the predomlnance of thermal radlatlon
as the mecha 1sm of heat transfer in combustlon chambers.
'!ThlS fbllows fromathe fairly high temperatures usually
encountered in such chambers and a reallsatlon of the

radiative behaviour of the burned~gases, chlefly carbon

‘dioxide  (C 2) and water vapour (H o). Convectlon plays

-

~ but a mino role whlle conductlon, through the gaseous

'medlum, h rdly deserves even a mentlon..

.The passage of radlatlgn through a volume of gasﬂr§\es;
sentlal y an exponential functlon of local temperature,.
pressure (the comblned partlal pressure of the radlatlvely
.actlve' gases) -'via the absorptlon coeff1c1ent (K) - and

A

t . Y
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path (beam).iength. This is stated,concisely in the fami-
- liar Beer's La&, ‘Consequehtly,'the transport of fediation
through the non—iSothermal non—homogeneous systems usually
encountered in combustlon practlce is qulte a complex
subject. As of nece551ty, certain 51mpllfy;ng (often over-
simplifying) assumptions have had to be.ﬁade._'The mote
imﬁediate need ha?‘always beentte ha&e'some estimates of.
vthe'overall gas‘end wall tempérétuses and wall heat flux
.to enable questions relating to overall thermal'efficien—-
cies,veconomics and metailuréy to be.éealt with.
_ & : : : S »

The earliér analyses, therefore,‘have had.to :ely'on some
rather gross 1deallsatlons~of the combustlon systems. They
‘also had to “take account of the relatlvely prlmltlve fa01—
lltles avallable for carrylng out the- tedlous calculations
involved. ‘Addlt;onally, the dearth of thermal radiation-
data'hed to be put up with. Two of the most‘wellfknowh of
_tﬁesetsimplified combﬁstioﬁ.systeﬁ models are,thevLong
vFurnaee‘and the Well-stirred Furnace t19:23j*.

A ’ _‘\\ | .L. .
The Long Fﬁrhace‘ﬁodei»was.uSually epp;ied;to casesein
Which the lateral dimension ofithe'furﬁaee ceuld be. con-

sidered smalllcqmpared'with the longitudinal dimension.

In such cases the gas and surface temperatures and the

o

- * Square brackets delineate numbered references detailed

' “at end of dissertation.
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wa. . heat flux could be conSLdered as’ varylng unl—v
d1mens1onally - i.e., in the longltudlnal dlrectlon only.-l
The combustlon is 1deallsed as essentlally 1nstantaneous
and adlabatlc. Use is made of the emlss1v1ty charts
avallable for carbon dlox1de (CO ) and water vapour-(H o)
as well as. the empirical relatlonshlps ex1st1ng between
the em1551v1ty and absorptivity of these gases. The com—
putatlon and the matchlng of the temoerature and heat flux |

"fields" proceeds along a trial and ‘error route.

T
s

‘The Well-stlrred Furnace model was deSLgned to f1t such
systems as- justlfled the assumptlon of a completely homo- -
geneous and ;sothermal gas 7olume and a single wa. "~ (sink)$

temperature. The 1mpllcatlon of this is that the turbulent

m1x1ng taklng place w1th1n ‘the chamber was Very v1gorous

-

and 1sotrop1c. .Energy balancé?and some phy51ca1 reallsm

were allowed for by 1ntroduc1ng a more or less stepw1se' PRI
drop 1n gas temperature at the exit. The 1nformat10n avail-
‘able from this model was 1n the- form of gross gas and wall

| htemperatures, heat tra fer an thermalvefflc;ency.

: o :%‘

With the advent of the fast dlgltal computer came the ever—‘
\w1den1ng opportunlty to obtaln more detalled 1nformatlon,
at the deSLgn stage, about a combustlon system (be it a

steam plant b01ler, an-oil reflnery furnace, an oven, -a .

laboratory-scale conmbustion test furnace etc.) than could

(.



be furnished by the“afore—mentioned models. - More\sophisti4

\
~

cated models could then be constructed to better represent
]the real-life system ‘than was formerly p0551ble. One of E
the more successful developments 1n thls connectlon has

been the Hottel- Cohen Zone Method- [19 29].

“In this model the gas volumeland the confining Walls.are
represented'as.assemblages_oflsimpler, smaller—sized units
called zones. 'Each‘zone is assumed to.possesslmore'or less
unlform attrlbutes w1th1n 1tself in the form: of temperature'
(and hence black .emissive power) em1551v1ty and absorp-
vt1v1ty. For example, a-c1rcu1ar cyllndrlcal chamber may
“be d1v1ded up by a series of coaxal (w1th the chamber
.‘_1tself) c1rcular cyllnders and- another series of planes
perpendlcular to the chamber axis. Thls produpes gas zones .
that are either whole cylinders in themselves‘(i.e., those'
on the chamber axls) or annular cylinders (farther'from
fthe axis)..fThe surface zones may be.short cylinders (on

- the curved surface) or c1rcular planes or yet annuli (on

‘ the end walls).

'These’zones are regarded as-effecting the ogverall: thermal.
’energyvtransfer of the‘origiﬁgl syStem through simultaneocus
and successive 1nterchange ambng themselves. The radiative

-component of such 1nterchange is theorised as taking place .

through exchange-areas .ex1st1ng between all p0551ble zone



.pairs. These exchange areas-involve, in the first in-
stance, the relative geometr1ca1 locatlons of each zone—palr.
There are, on the whole, three types of exchange areas used
;ln the analysis of ‘radiative .transfer —’dlrectfexchange,’

total—exchange and directed-flux areas. T

The direct-exchange areas (ss, gs, §§)‘are,bin_essence, a
measure of the proportionality of the net direct'radiative !
exchange between any zone-pair to the difference between

“their black emissive powers. The.zone—pair is taken in

isolation from the reat of the system. The value of this §

- !

\ exchange area depends on the nature of the 1nterven1ng ‘ ’L\

{

N -medlum, aS'well as the zonestéhemselves if elther or both

\\ of them are gas zones,'the.ahapes:of the zones and their
‘relative geopetrical,locations. Tabulated values of'theSeS
‘areas exist for cylindrical systems [191. These tables

use as a parameter the product of the mean. absorptlon co-—-

eff1c1ent of the 1nterval between the zone centres (K)

and- a typlcal zone dlmen51on (B).

>
L]

.

._The-totaleexchange areas‘(§§}'§§; EE)-aoditional Yy ta
intonaccount the.contribution, to the net radiative trana-
fer occurrlng between any glven zone—palr, of multyple re—
flectlons taklng place throughout the chamber. .They are.

calculated from the dlrect—exchange areas.



o)
.Each of the directed—flux areas (SS GS GG) measure the
"proportlonallty which the one—way radlatlve flux paSSLng

1
" from one zone to another bears to the black emissiva power

of the emlttlng zone. When the (real) gas in the inter-
&

v zone spaCe 1s 1deallsed as a mlxture of gray gases, the

: dlrected flux area- becomes merely a welghted sum of the

. total—exchange areas correspondlng to the different gray
. gas components. o - | |

!

All the exchange areas are then seen to depend on the com—
p051t10n and temperature of the 1nterven1ng gas medlum.
This dependence would greatly compllcate the application
- 0of the Zone. Method if some 51mp11fy1ng assumptlons were '
:not poss1ble. In combustlon problems it ls customary to
‘ascribe a unlform comp051t10n (usually in the completely-
burned state) to all the gasrzones allke. This 1mp11es‘
the unlformlty of the ‘gray gas absorptlon coeff1c1ents

: throughout the system.\

4BU51ng the approprlate exchange areas, energy balance equa-

"tlons are wrltten for each zone. These equatlons are non-,

RS

linear 1nasmuch as they 1nvolve convectlve)heat transfer
gbetween surface zones and thelr nelghbourlng gas zones,'
bulk flow terms for enthalpy transport between contlguous
‘gas zones be. 1des the radlatlon terms. The first two are
linear functions of zone—temperatures‘whlle the radiation

N\,
\
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terms are dependent on the zone em1551ve powers (i.e., the

fourth power of the zone temperatures) and have temperature-

Llnearlsatlon is sometimes possible whereby one can make
somewhat ea51er the task. of solv1ng ‘the equatlons which

.‘
The results of such solutions are the zone blacﬁ\em1551ve e
powers (E) from whlch the. zone temperatures _are ea51ly
derived. The dlstrlbutlon of the (surface) zone heat
fluxes is then only a step away. :

SN :

Hottel and Sarofim [19] offer a. partlal example of the ap- |

pllcatlon of the method to a- furnace in the shape of a

rectangular paralleloplped w1th square end walls. - 8iddall

[29] presents a step—by—step resume of the method for a
general furnace settlng out a pogzlble lteratlve procedure\’5
for sélving the nonllnear energy balance equatlons éé

does not giye'a spec1f1c numerical example of 1ts success—

1 application.

‘The shértcomiaqi£of the Zone Method are the: a531gn1ng of

the same comp031 1on. to all the gas zones of éEerystem A

-~

and. the assumptlon of complete combustlon. The'former, it

w111 be recalled, is based upon the expectatlon that -the

:, A

" turbulent rec1rculatory m1x1ng occurrlng in the" chamber is

solution must necessarily proceed along an iterative route. .



““volv1ng local absorptlon coeff1c1ents.

" : Lo T . .(.
vigérous,enough.' This expectation is not always satis-
fied,*as in combustion.chambers operating without swirl
and under- such flow conditions that flow recirculation

is minimal. Under‘such flow conditlons the role played
K : ui.\?
by molecular and turhulent dlffu51on pPhenomena in effectlng‘

the mixing process is not‘insignificanti The-very nature
of these phenomena connote the existence of concentration
it _ . 1 ‘

(partial pressure)“gradients in the chamber. -

Hottel and,Sarofiﬁ'ti9]bcomment,on the'applicahiiityaof-the.,,
uniform concentration assumption to situations,where the
‘variations of the loca} concentratlons of the radlatlvely‘
'actlve gases and/or thelr relatlve proportlons are’ negllf..

glble. For other cases c1ted above the need arlses for ' -
) :
correctlons to bs made in the dlrect-exchange areas com-

puted on“the.basis of uniform concentrations. Reference

[19] suggests ‘some apparently emplrlcal correctloﬂs in- vA‘ﬂr

/.

N

. Pieri et al. [27] dlscuss in some detall some of the im--

v 'W\@
pllcatlons of the unlform—concentratlon assumptlon. These

r . : 3

_ concern_the zone temperat§ré and heat flux'dlstrlbutions..

'The dlscu551on centres around a furnace in the shape of a’

_rectangulaﬁf’gralleloplped of square sectlon. They 111us—

trate some of the 1mprovements“to be expected under certaln_ “

flow and operatlng condltlons by allow1ng for the exlstence'



"the exltereglon wall‘zones, The errors in the temperatures

-.,[27].

‘over—estlmatlon of the heat'

The discrep

@
. ~

of'partial'pressure gradients; 'These 1mprovements vary

1n 81gn1flcance depending. on the combustlon chamber size.
4 - . ' i . . . ” b

’;‘..

-The assumptlon of a unlform,concentratlon leads to the <

|

the mlddle of the: chamber as well as the corner wall zone

PN . o

fluxes of the wall zones in

‘temperatures. It also under-estimates the temperatures

\

‘of most of the: wall zones, the gas zones along the burnera

axls, " the heat fluxes on . the burner—end wall zones and on

f,

can be as high as 600 F. The heat fluxes aoparently

exh;blt a lower sen51t1v1ty than the zone tempe

e

errors in.the radiative prOpertles of the system [22 27

atures to

cy between the'values computed w1th unlfo
=
and non-unif rm concentratlons can sometlmes be as hig

as llO% o those calculated with the latter assumptlon\\

T . oy
The.aboye;mentloned-errors are.attributablevto‘ihe com%
promising‘effect introduced by the uniform4COncentration»
aSsumotion-between the highéconcentration (of the combus-

tiod'products) and the IOWer—COncentration zones. Examples

. of the former category of zones would 1nc1ude the exit-

reg:Lon zones,« J

.1atter category. 'This comprom151ng effect also exlsts

1ﬁin the burner reglon typlfylng the

between the hxgher-temperature zones (e.qg., those in the



e,

- and the 1$t4m1x1ng process. It ‘would also account,‘xm-

Consequentl
- Zone Method a zone concentratlon pattern in accordance wlth

'thls postulate. This_would seem to connote the:updatlng,

(R :

mlddle of the- furnace) and the cooler Qnes . (e gd., thosd ,

1

in the burner reglon). Where the concentratlons are ovear—

' estlmated the (gas) zone em1551v1t1es w1ll be too hlgb

’ The zone temperatures are therefore more llkely to be under—

estrmated [271.° ,” c » -

. ~

What may be considered an alternative and»nO”less realis-

_th assumptlon postulates the ex1stence in each gas zone

- of chemlcal equlllbrlum approprlate to both the Zone tem-~

o

- perature and ‘the mole fractlon of fuel (or, alternatlvely,

A

'f‘an alr/fuel ratlo) that would occur as a result of the jet-?

' m1x1ng process Thts automatlcally 1ntroduces a pattern

|

'of concentratlon gradients coupled to the temperature fleld

-

:;p11c1t1y, for any reduc1ng effec;dyhat dlssoc1at10n woul.c

have on the zone comp051t10ns, hence on the gas zon

radiative propertles. Fox lower-temperature zones, the

radlatlve propertles of the gas volumes would be well ac-

counted for.

e *

,‘it would‘seem'idéal'to'integrate with the.
w

-\

'v’

durlng the 1terat1ve solution of the energy balance equa-

ftlons, of the zone. concentratlon pattern;\ A reflned com-

v

plex model of thls nature should prov1de a more reallstlc

» .
] T P
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4

' plcéure of the radlatlve 1nteractlon among the zones of

-2

‘ the system, thereby 1mprov1ng the accuracy of the final

[«

ﬁcomputed dlstrlbutlons of temperature and heat flux.
( .

Hottel and Saroflm [19] suggest that the extra labour in-
volved’zz’such a- reflﬁement of the combustlon system model

imay not lways be worthwhlle. Howeyer, the rather large

/
dlscrepanc1es 01ted earller as ex1st1ng between the pre-'

: dlcted temperature and heat flux dlstrlbutlons\for the

[

unlform—concentratlon model  and those for the more reflned
_ varlety suggest that such extra labour may sometlmes prove

fru1tfu1 , v : o - R "/l ', | o

2

v7{(\§he study reported hereln is a prellmlnary step 1n that

dlrectlon. Three'éomputer programs are developed The
. v
flrst of these, EQUICALX, is capable of computlng:ghe

equlllbrlum .states of reactlng mlxtures of fuel and air

.t various temperatures'and fuel/alr ratios. The pos— ‘ L.

'§;blllty of varylng the overall system pressure is also
,allowed for. The second program, GRAYGAS can compute a
'vmlxed multlple—gray+l—clear—gas approx1matlon for ‘the com— :
: bustlon product gases of any hydrocarbon fuel—alr mlxture.
The last program, FTFIELDX predlcts the temperature and
vheat flux dlstrlbutlons within an ax1—symmetr1c‘gist»com-
bustlon chamber uSLng gaseous fuel. -Use,ls made of ‘the

vHottel Cohen Zone Method. The prellmlnary nature of thls
4

'study dlctated the prov151ona1 aﬁootlon of the unlform—

t

2%
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AR

concentratlon assumptio§\w1th the expectation’ that ana ysis

N ’,

of the more sophlstlcated model w111 follow from a matln

v

» -and extens1on of the procedures embqi;ed 1n the computer‘

~ programs and presented hererﬁ/ Two O eratrng?Condltlons

S

vof the combustlon system are cons;dered and the . assocxated

\

g N '
flow condltlons are. characterlsed by the approprlate values
~
of the Craya-Curtet Number (Ct). One of these is de-

RN 4

\‘liberately chosen to be identical with‘that for the»

(mlldly rec1rculatory) flow surfounding a free-Jet flame

*

burnlng in a stagnant atmosphere [5]. The other is much [D

smaller, representlng a more strongly reCchulatory flow
. o |
8
N - <
The presentatlon covers the varlous aspects of the combus-\

31tuatlon./

~

tlon phenomenon pertlnent to the study. These are separated

into a number of more or Iess self-contalned chapters,_wrth
bthe Appendlces servxng as anrep051tory forsthe requ151te
back—up lnformatlon.f The subject o?:§ombustlon aero-is
E h dynamics’ 1s broached 1n Chapte%)II, focussmng on.- where 1t
) perta{ns to flame length and the use of flow recrrculation
parameters.- Chapter III follows w1th -an 1nexhaustive
treatment of the theory ok complex chemlcal equlllbrla in.

the gas phase. - Next to be dlscussed -1q_Chapter IV, is

_the.procedure for obtalnlng an 1deallsed multiple-gray-

¥ o
plus—clear-gas representatlon of ‘a real gas mass. Chap— B
- , B

ter v detalls the steps undertakgn to set up and solve the®

N E



O | - - ; . 14'

. ‘ N

. angireable system of SLmultaneous energy balance equa-

._tions. Chapter VI offers some appralsal of the study

‘undertaken and the results obtalned -as’‘well as some

”';recommendatlons cqn51dered pertlnent to the quest for

improved accuracy in mathematlcal modelllng of: combus—
tion systems. The Appendlces, be51des prgviding back~
;i1ground and supportlngﬁlnformat ,'also contaln the -

1lst1ngs of the three computer*;\ggrams —»EQUICALX
GRAYGAS and FTFIELDX. |

o



A . ‘CHAPTER II
';mMBUSTIQN' AERODYNAMICS *

_‘2,1 .Ffame.Length

‘ ) ’
-The physical dim .nsions of a flame, whether pre-mlxed or
dlffu51on, is an 1mportant item in the de51gn of combustlon
chambers. This fs due, at least in part, to the un- |
de81rab111ty of the soot dep051tlon that would 1nev1tably
'result from the 1mplngement of a flame on the reIatlvely ’
cool wall £ the enclosure --the wall quenchlng effect.
Such contact between the flame and the chamber walls would
as can be 1maglned have a deleterlous effect on combustlon
vefrlc1ency. As noted in Chapter I, certaln Jflow condi—

tions, sw1rl\ for example, help reduce the s1ze (lengty

and lateral spread) of the flame, thereby permlttlng some

f(.l

\'reductlon in the overall 51ze of the combustlon chamber.
- The optlnum size chosen for the Chambey must necessarlly,'.'
therefore, take into: con51derat10n the expected maxlmum

flame length e

An early theoretical stud} of enclosed lamlnar dlffus:Lon

flames was reported -in 1928 by Burke and Schumann [7].»;
..Numerous other theoret1ca1 and experlmental studles .have
since. been reported on- free and enclosed lamlnar [3, 4,

6, 17 18,28,34) and turbulent [3 9,14,32,33,34,35] ‘flames, -

LI



Naturally many different viewpoints have been represented,

some more successful than others.

For laminar flames the".

that the 1ength of'the f

flow rate,. Vf B’ of the burner fluld and the prlmary air

& is'a function of the volume

- _content of,that_fluld. The latter variable can be repre-t
vsented by the non—dlmen51onallsed alr/fuel ratlo, ¢' (theo-l
retlcal a1r~ ¢B/¢ £ where o t‘lS the st01chlometr1c

, air/fuel ratie); The flame- length is, to all 1ntents and
' purposes,‘lndependent of: burner diameter. Of the numerous
expre5510ns put forward@relatlng the laminar flame. length
to the flow condltlons and fuel propertles, two stand out
as the most widely successful | |
", One of these is a semi—empirieal correlation\due,te_HotteIf‘
and co- rkers'[ll,lal which is expreSsiblevin the form:

L (1)

L, , = Al

113
Le,L = M log10(Vf B f) T+

1.

1n whlch LF L is the dlmen51o less length of the lanlnar
flame,,l e., L L/ B) e the symbols Ai'and Al represent—‘
1ng emplrlcal constants, The quantlty t; 1s a characterlst1c°
bdlmenSLOnless reactlon tlme for: the fuel. It. essentlally'
"‘measures the ‘time taken, sfg;e lssuance‘from the burner
"mouth by the ff%ld on the burner ax1s to attaln the .

‘lq&b‘ Z

.



o \\ : . . | , . -
stoichiometric proportlons deemed to exist everywhere on
ythe flame envelope, 1nclud1ng the flame tip [7,17. 18]

This characteristic.time measure is Fouad o be -
{4 ln}[(l+¢;t)7(l+Qé)]}-l which shows its’dependence oni
¢'. It is to be“noted that t} is a mlnlmum when ¢'—0 ‘

This 1mp11es that the longest lamlnar flames are the pure‘

diffusion flames.

The other 1mportant expression for the lamlnar flame length

S

is a theoretlcal one proposed by Wohl et l. [34] f Thls

 can ‘be put ln the form.;

1. = \f‘ . ver /2y '
‘LF,L = lf//L /(l+l2 LFL ) (2)

where li and#l" are constants whose values depend on: the‘sh

fuei and the prlmary air content of the burner fluad supply.

The quantrty LF L represents the: dlmensronless group

f B /(d )). Equatlon (l) is- sa1d to. work best for

flames characterlsed by high values. of V and: whose |

£,B .
lengths fall into the medrum—large category. Equatlon (2)

";s’supposed to be qurte accurate in predicting the value

<J
of LF L over most of the range of.varlatlon”of'the latter.
. 14 ) . ! . . . ‘ ; : . :

'3

Equatlons (l) and (2) 1nd1cate the dependence of the laminar

£, B and 0 . As Vf B

does Reé_ the Reynolds Number of the (cold) burner-tube

flame length,_if L' on: V 1ncreases so

17
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[

.flow. At a stage thlS enters the turbulent reglme.‘ The - ——

flame remains lamlnar, though, on account of the4vast1y
1ncreased gas v1scosrty to be found ‘in the vicinity of the
(hot) flame envelope. Beér and Chlgler [6] report that_

incredses of -the order of 15 to 20 times the cold value

are common.

_*Naturally such an 1ncrease in gas viscosity can only be
_ expccted to have a con51derable 'lam1nar151ng 1nfluence

cn the turbulent flu&d flow issuing from the burner
SR
orlfrce. At some crltlcal value of ReB (turbulent), how-~

‘ever, the flame 1tself breaks’down 1nto a turbulent

brushllke affalr - the turbulent flame.' This bxeakdown

\,

‘is 1n1t1ated at the flame tip and progre551ve1y approaches

the burner mouth as ReB 1s 1ncreased.‘ It is unable to“-

reach the burner mouth, though on account of the ex1stence
O
of a stable lamlnar stub at the base of the turbulent

: flame.. ThlS stub is referred to as. the breakp01nt 1ength

Table I “from reference [6], llStS the crltlcal ReB

for a

1
number of. dlfferent fuels..



’
TABLE I. Critical Reynolds numbers, p
' Re (cold), for various fuels. '
- {6} .- '
Gaseous fuel ' i Rex10—3_5g
H2 “".v . “ 2, : [
* L ' - “ e c_g & -

Hz : : ”555 8.5,

City gas ' o - 3-4

City gas* : . 5.5-8.% 1\ : .

co - S _ ’ 5 e '
Propane, C3H8 | e 9-10 A

, Acetylene, C2H2 o 9-10 i

;Methane, CH4 o o ‘?3 . ,#ﬁk Yo

* with primary air Vo e . 5

- i ) ) : 4ﬂ"/x Y :
'In the turbulent—flame regime the relatlonshlp between the f;
: U
flame length LF P and the flow varlables as well as the
" Q‘ ;-a» L L

_fuel propertles is very dlfferent from that in the lamfnar e

1s i dependent of V

reglme. In fact,'— £, B

F:r

value ‘may be lower or hlgher than the max1mum laminar flamef~m;”f

length, depend;ng OH the'burner'dlameter. This i% ev17
denced in the}egperimental results feported in.reference
[34]. for'émallet dy it is lower, in which case the flame
- passes through_a maximum'as Rervaries‘f;om the’laminaretg

.



the turbulent regimes. Eor"iarger dy the flame length

increases monotonically even as the critical ReB is
~ Vasl : -

traversed. All this is depicted in Figures la and 1b.

As is the ease w1th lamlnar flames,_turbulent flames have
lcalled forth quite a few dlfferent viewpoints to their’ B
analyses. These approaches have,led to a number of’ &
mathematical e#étessions;relating the'flame_iength to the
§ariou5‘fue1 prOperties»and‘flow variables;  Wohl et a1., ’ o
[34] extended thelr analy51s of the ‘laminar flame to the
turbulent. Fhey emphasised the diffusion phenomenon-ln—
'evolved,-taking intq accourrt its necessafily turbuleat' .
\hature,:apd obtained a somewﬁat :eiiable‘formula.t.The
=a5efulne$s 6fathie formula'is ~hampered by the'heed'fof
\arbltrary correctlon factors to be used in order to ‘ac-
eount for the under-estlmatlon of" the]effect of the eddy_
- diffusivity. | |

: IS
Yaéi'aad Saji [35] basedztheii,analysis upen.an'even more

‘  detailed knowledge of the theorylof turbulence;_sting-a'\\

S

quasi—cylindrical fiame model and'ehunciatiﬁg a 'unit-

' flahe"concept,gthey obtalned an expre551on for LF T

) 2?ore complex than that of thl et al., is

v_of more 11m1ted apﬁilcablllty..--

SRR

.3



Figure 1 a.
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Reference [34}.
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,Hottel et al. [4 17], using the most general approach and-
.argulng from the p01nt of view of. the dynamlc similarity
ot non-lsothern 1 coaxal Jets, vis & v1s the relatlonshlp
between the momemtum change and buoyancy effects, have
deduced for 51tuatlons characterlsed by low relatlve
llmportance of buoyancy, a very general formula for LF e
‘This formula has been shown to glve satlsfactory accuracy,_

averaglng about 90% of the measured values.- It can be put
N . :

1nto the follow1ng form°

= = 10.6 [C...»TF',A/TJ,Q 1+ F 1,,1/2 3
“bp . F IR nP)st,cc Mf:Ma ‘ -
i
: ‘in.Which cﬁ' = l/C‘l . being evaluated at essentlally

st01chlometr1c condltlons. The ratio n~/nP is determined *
-3 : X ,

for complete combustlon. The quantlty xbp stands\for the

dlmen51on1ess breakp01nt length. Thls,q ntitvaas shown‘;

to bear, 1n.general a max1mum ratio of about 0 1 to ‘the
length of the turbulent portlon of the turbulent flame,
i. e., ‘xbp Thls is true for most fuels, the ex—g
~ ception belng CO for whlch the ratlo has a max1mum in the‘ _‘
: nelghbourhood of" 0 84 [17 18]. ThlS ratlo generally de-
_creasesxw1th 1ncreasrng ReB‘_ For most fuels the average_

value 1s about 0 05.
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A comparlson Qf the formulas proposed by Hottel et al.
& "

Yagl and Saj;,~§hd Wohl et al., is presented graphlcally_

"\ R u;.ifxm i .
~&1n Flgure 2 take «frdm reference [17]. The unlversallty‘f S

4

of - equatlon (3) 1s%ev1dent Mf/M being a parameter as
lbwould be expected on the grounds’ that gas dlffu31v1tmes A o

are strongly 1nfluenced by their molecular welghts.-

)
3

‘Beér and Chidier‘[GJ‘qpote_a formula forfﬂf ¢ that is at-
. . R . : . ' Csen , r

~ tributed to Gierither; | \

- . &

:

the value of pF belng more or less the same for most gaseOUS' Ci
fuels. ThlS formula is alleged to. be qulte accurate (to

within 10% oﬁ the measured values). | ‘ ot .; 6

yEnclosed flames in;general behavehdifferently from free'

flames. ThlS 1s due to the effect of the conflnlng walls

;.

“on the flame aerodynamlcs. The confined flame is- more '; 1 -’Q?

Eﬁ@_e ﬁran the freemflame to 1nstab111ty resultlng from
’ r@purculatlon. The conflnlng walls set an upper limit to’
thejdmkunt of oxygen avallable to the combustlon process.‘f

When the secondary air row 1s too low, i. e., when the
feed ground stream* [5] falls short of- the_ entralnment -

T

capac1ty of the flame jet, flow 1nstab111ty is the llkely f"

ﬁ result Such 1nstab111ty usually manlfests ltself 1n the
. 3 .

~ f -
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form of flow recirculation(which can therefore be thought,

of as an attempt by the flame to entrain the necessary

\

' fresh oxygen to support its combustion processes f5333];

The confining walls also effectively prescribe a physical
limit to the lateral expansibn’of the flame. Conflnement

<~

also 1ncreases the flame 1ength be31des tendlng to reduce
the relatlve 1mportanc%‘of buoyancy effects Beér and
Chlgler [6] 1llustrate the 1ncrease in flame length due to |
- confinement. : _The reductlon of buoyancy effects is more

51gn1f1cant for horiz ontal than for vertlcal flames.

2.2 Flow Recirculation

By
AR .

Burke and Schumann 171 .applied the term over—ventllated'

N
\,

;\2"5 '

<

_to flames whose secondary air supply 1s more than is neces—

sary to ensure complete combustlon., Such a flame was
shown to possess a closed envelope ﬁhose shape can be a
»prohlbltlvely complex mathematical expre351on even for they
vefy simple cases treated in the quoted work ’ For a tur—
bulent flame this enVelope exhlblts a random osc1llat10n
_about a mean position, belng penetrated 1nterm1ttently and

randomly (1n space and tlme) ‘by turbulent eddles.'



When the secondary air flow is too low the flame is sald

to be under-ventllated' and its envelope was shown by

.Burke and Schqmann to fan.outwards radlally.unt;l 1t-mergedw

with the confining walls. This would indicate'the com-

’

,plete entrainment, by the flame jet, of the secondary‘flow.

A

This sicuation usually precedes the establlshment within -

the enclosure, of recirculatory rlow. . Flgure-3_;llustratesV'

the point.

> Rec1rcu1atory flow is a complex mathematlcal problem even
. oy ~——

1for the. 51mplest 1sotherma1 1so—den51ty, free-jet systems.-

It has been p0351b1e to establlsh some appllcable simi-

larlty cr1ter1a [5ﬂ6 32,33). This 1s based upon the es—

" ftabllshed fact of the ‘reasonable- constancy of the free-

Jet—Spread angles. : — S | -

The treatment of the rec1rculatlon phenomenon for enclosed
'and free non—lsothermal non—lsoden51ty, (combust;on)
systems has usually taken the form of an ertrapolationhofzt
the results for the 51mp1er 1sothermal isodensity,hfree*
. Jjet varlety. -Sunavala et al. [32]‘p01nt out the close
ksimilarity between the behaviour of the early stages,of\.

.;the flame jet w1th that of a free jet. . The conflnement of

<

a flame jet nece551tates the 1nclus1on 1nto the approprlate '

{
‘51m11ar1ty criterion of the ratlo of the typlcal lateral

’dlmen51ons of the combustlon chamber and burner, for

<
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example, the dlameter ratlo, D, for a- Cyllndrlcal system
[331. o
}.

Arguing from a phy51cal po1nt of v1ew,.Thr1ng and Newby

[33] have shown reclrculatlon to denend on the relatlve
strengths' of the prlmary (jet) and secondary (groPnd—"

'g*stream) flows.v Thls relat1v1ty 1s expressed in the ratlo‘yu

.xen/ij whﬁeh exrsts between the ax1a1 dlstance, from ther

U 5

plane of the burner mouth, f the plane at Whlch complete
fflentralnment of the seconcary air flow wduld occur (X'ayv
.~and that of the plane at wh}cn the steadlly expandlng jet .
would hlt the walls of the enclosirg chamher. Thls ratlo';
can- be shown to be proportlonal to the quantlty CfD the $‘- |
first member of whlch stands for the (hypothetlcal) mass ] A
‘fractlon‘of E?e fuel 1n4a thorough pre—mlxture-of the : i
primary-and secondary flows. ThlS product 1s essentlal for
the deflnltlons of the similarity parameters’ known as the p
'.Thrlng-Newby rec1rculatlon crlterlon (B ) and the Modl-'

lfled Thrlng-Newby crlterlon (BTN) [6, 32] (see Appendlx A).ln
’Elther parameter can be used to predlct the occurrence or’
‘otherw1se and the location of rec1rculat10n eddles.-,The

raw materlal' for all thlS 1ncludes 51mply the mass flow 4
‘ rates of the prlmary and secondary flows and the dlmen510ns e
:ofAthe jet (burner) and conflnlng chamher\Tt] ~ For com-
: bustlon systems é&N has'been-found to be qu}teva reliahle'“
'_similarity.parameter.,,mhis is.depicted in Figure 4.; This'-

. o ¥ N ST

N,
e

L



29

..__ _..}cold'

—— - ——
— . c—

— S S & ®

}Wilh flame

1 3 1 1 '
0 2 1. 6
Axial Distance.x :

,»FIQURE 4. Use Of.Btn and_BTN as  :Q~;,V_ ’__ -

SimilarityQParametersa“w e
for enclosed Jet Systems.'; ?:“ 
- From Reference [33].1- ’
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lflow sxmllarlty [5 6]., Becker et al. [5&

30

flgure alsc illustrates. that for isothermal systems Btn

’

is the more approprlate flow parameter.

e

An analogous parameter - to B 1s the Craya-Curtet Number,

Ct, which is derived from the fluid- dynamlc equatlons of

'motlon.’ It has been sh6wﬁfto be more or less identical

with'B w1th1n the range of values. from -zero to unity

A[6]. Belng derived from.the fundamental equatlons of

motlon, it is the more rlgorous and accurate 1nd1cator of

fﬁ’ ve indicated

the use of Ct in enclosed”isothermal, isodensity jet

.systems and have described it as a unique criterion, for

-a’given diameter'ratio,dD,.oﬁ»dynamic similarity.~ It

usually varies in value, for 3et—ty€9 flows, from

(D -0.5) 9 > to 1nf1n1ty for: glven D. For rec1rculatory

_flows they have shown that the Ct can be used contrary

to the suggestlon of Beér and Chlgler [6], to statlstl—
cally correlate the dlfferent attrlbutes of the recircu-

lation eddy - 1%% eye,_upstream edge, downstream edge, and
_ b

" _the assoc1ated volumetrlc flux of fluld

2

Becker et al, alsobdiscussed the significanc;>of the ct

5
v

_ value of'OJJS. It represents the borderllne between flows

l

that are rec1rculatory (with Ct smaller tha‘ O 75) and

those that are not (with Ct larger than 0. 75 {.

;\

FloWs whose

" Ct fall between the values of 0.5 and 0. 75 possess very

< S
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s
s

\\\\ little recirculation; Smaller values of Ct represent flows

¢

having progre551vely stronger rec1rculatlon. For such
flows the assumptlon of a unlform concentratlon is tenable.
On the other hand, for flows that have little or no re-
c1rculatlon (1. e., w1th Ct greater than about 0.5) the

valldlty 1s lncrea51ngly questlonable. Becker et al. also

demonstrated quite conclu51vely the possibility of re-

-produc1ng in an enclosure flow condltlons that are, to

all 1ntents and purposes, dynamlcally Similar to those
assoc1ated w1th a free jet 1ssu1ng 1nto a stagnant free :
stream.' Such flow condltlons are characterlsed by a Ct

of 0. 673

¢

Forvany-given sYstem (withpa given D and fluid supply con-

dltlons) there exists a 1: l correspondence between B
(or BTN) and ¢' (the theoretlcal alr) as well as between
Ct and ¢' (see Appendix A). For the system studled, D

had a value of 72 which ‘gave values of Ct of 0. 673 and

~0.230 when ¢ was 3.0. and 1.0 respectlvely.



CHAPTER?III

‘CALCULATION OF EQUILlBRIUM QOMPQS‘ITIONS

3.1 Introduction S 9

1
- The radlatlvely actlve gases of pr1nc1pal 1nterest in com-

' bustion studles are carbon d10x1de (CO ) and Water vapour
I(H O). The em1551v1ty as well as the absorpt1v1ty of any
glven volume of combustlon prdduct gases depends upon the
partlal pressures of these two gases, among other thlngs
[19]}. The unlform-concentratlon assumptlon, throughout the
combustlon chamber, dlscussed earller in connectlon w1th the
, Zone Method (Chapter I) has been portrayed as leadlng to
locallsed errors’ 1n the calculatlon of temperature and heat
flux dlstrlbutlons.- These errors are more serlous in the ~/
former than the latter [22 27].

Gas zones can attain temperatures that are hlgh enough for
the effects of dlssoc1atlon to become 51gn1flcant S In that
case the zone concentratlons should be computed to take‘LZ
account of the phenomenon. Thus the radlatlve 1nteractlons
of the zones of the system w1ll be more truly assessed An

analogous situvation could arise during the iterative solu—

tion of the energy balance equatlons mentioned earller.

32
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The analogy uould becoﬁe clear upon considerin§ the itera-
'tlve solutlon to be somethlng of a non—steady—state operation
of the system, the 1terat10ns representing.some hypothet1ca1
time scale. Thus the valldlty of the final results of the

vcomputation would be enhanced.

Gt

>

An additional motivation for the investigation of the com-~ aﬁ"'
putation of the equilibrium cOmpdsitions of reacting systems

was the need to have on hand a documented facility of that
nature. Its inclusion herein also lends completeness to |

this study. -

" Combustlon and chemlcal llterature abound in studles of the -

x

’fequlllbrla of reactlng systems [12, 13, 26 36]. . Zeleznlk and
Gordon [36] provide an extensive list of references.“;Their
‘paper deals in some detail with the chemical= thermodynamic
‘and mathemat1ca1 aspects of the subject and it 1s their |

”Zhodology that was adopted and w1ll be briefly outllned.

~

In general there are:’ two schools of ~thought on the problem
of equlllbqgum computatlons- the equlllbrlum constant for-

mulators' and the 'free energv mlnlmlsers' [36]. By es--

. -.{1 :
u

)
tabllshlng the relatlonshlp between equlllbrlum constants

and free energy, Zeleznlk and Gordon have shown the two
partles to have much %n common.v Differences between.them_

)
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)
seem to lie chieflyvin the detailed manipulation of the

equations describing the reacting systems.

>

In essence, the. computatlon of chemical equlllbrlum can be S
¥,
v1sua112ed as the solutlon of a set of non-linear equatlons e,
of the form,.' '
2%(x) = 0 O ()
where x is vector representlng the statf?v r;abhgg@of the :
hreactlng system In the equilibrium conf“ ch these_'

equatlons are’ essentlally equlllbrlum conetant éxgre351ons
for elementary reactions involving the spec1es present in -
the systemt‘ In the free'energy minimisation approac the

determlnatlon of the extremum of the free energy functlon,

-Q(x) say, becomes the solutlon of the equatlon.
(@/ax) @ (x) =0 - - (6) .-
A comparison of equations (5) and (6) indicates two pos-

 sible relationships between gf(z)'end'gjx)i-

2 () = (d/ax) 2 (1) o e

It

or 2 (x)

M belng any PD matrlx, the unlt matrlx,,for instance, - and

the transpose-of.gf°[36].

.
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Naturally the solutlon of the equlllbrlum problem would be

greatly facilitated if the~equatlons (S) are kept ‘as 51mpf§

as’ p0551b1e. This is. achleved through the use of the for—'

<
matlon reactions of the chemlcal species present 1n the

system.

.1\

3.2 An.Overview of the Theory
: - N 'gu .
For any system operating at a.constantﬂtemperature and pres-

. sure, the equlllbrlum state is marked by the fact ‘that the

Glbb's free energy of the system is at a mlnlmum. This con-
31deratlon would apply to a 1arge number of combustlon
systems. Thls free energy functlon is a functlon of the - :
system temperature, pressure and comp051t10n. Invother

.0 ¢ . . )
words, for a qhemlcal system,contalnlng 1~ species the

" Gibb's functiOnVCan{be stated as ' o e

G = GQ(T,P,‘nl,nz-,‘ -es Myo) 9

K}

It is an extensive property and as such must satisfy the

equation

G = I n.u. " g T (10)
j=r 2L | - o
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//
The equilib¥ium condition can therefore be stated as,
7
- - ! 4 . 7
=0 . S - an

For gases, to which the theory presented here 1s 1nten-
tionally llmlted the chemical potentlals (u ) are. deflned“'“

as

}

.’}'.’:) V‘)“% *x ‘ » | ' - ~ : ’
f“al u¥(T) + RT In (n;/n) P a2

where the u*(T) are the zero—pressure chemlcal potentlals

- at the temoerature T and n is related to the n, by

In;,=mn ’ o : N (13)

In writing the formatlon reactlon equatlons mentloned earller
the reacting. system 1s con51dered to be no more than an . -
tassembly of i° spec1es of whlch x° essentlally constltute

- the h'bulldlng blocks' for the remalnder. These ko spec1es‘

‘are referred-to as the ’components' of the system.

In a 'C-H-O-N' (Carbon—Hydrogen Oxygen—Nltrogen) combustlon

system the approprlate spec1es could 1nclude C H2,02,N2,C0 2

C0,:CN,H, HCO, HOZ,Hz ‘o OH, N /NO (i® = 15) of whlch the flrst

four COnstltute the components (k© =-4). These are the



chosen sets of species and components for the combustlon

system conSLdered in thls study.

?Xf@he formation reaction equations for the remaining i°® - k©
(‘:1 s . . . - .

species are then of the form; b o . ?
50 e o ; .
L Vv,.F. =0 k°<j<i , (14)

where the v, i3 are - st01chlometr1c coefflclents and the F. are‘

,'mathematlcally symbollzed 1n terms of the components as,
’ ¥

F.o= T (F).,., , 1<i<i® I - (15)
Pok=l o KVki | B

W

in which vil is. the number of molecules of the k th component -

contained in one molecule of the 1th species. The coeffi-
cients Vi3 ana'vii_must then satisfy the relation,

io° | : , | T o
lzlvkl ij. 0o o _ _ | -(16)

the chemlcal formulae of the spec1es. These formulae can be

37
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The chemiCal law of3conservationfof‘the atoms'(mo}ecules)'

.of the components has to be satlsfled at all tlmes durlng

the chemlcal reactlon._‘ e

A conservation equation,Can-therefore.be written for the
molecules of. each component, giving,
e .
T (v

n.) - b2
;1_1 kl.l

k

N
-
&

(17)

where bk is the number of molecules of component k at the/

start of the reactlon. The use of equatlons (16) and- (17)

transforms the equlllbrlum condltlon (equatlon (ll)) 1nto

'“the form, . - ' “‘, - . o

the dimensionless formjbeing?preferred.

uy z vkipk‘ 0 . RR o t18)-

- ° B RS

To complete the thermodynamlc descrl :lon. of the system 1t

among T,p,S,H and V. In combustlon problems the ch01ce

A
;

~is requisite to specrfy any two state varlables chosen fromj

38
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3.3 Method of Computation

or . J(xg).8x,

might be, - . . R

where PO and TO are constants.

Equatlons (13), (17), (18) and . (19) constltute a(§ stem of

i +3 equatlons in ‘as many variables (n belng oﬁé of them).
In theory a solutlon is possible. The system,ls,non—llnear.’
on account of equations (18) so the sdlhtioh.must'éroceed

iteratively. . This is EOnsideredvih the next section.

o

' C
A sultable procedure is the so-called Newton—Raphson 1tera~

t;on {36]. In this method some initial estlmates of the

_variables X are made,,and at each subseguent 1terat10n I

]

for the next' “-"(I+l)th -- iteration in a functional manner,
i,é;,

ESTRIE - 3y @ xp) o)

o (2‘.1') o L (2

where g is the Jacoblan matrlx and A§I+1 X141 —I

. ' » . _ ‘ : L.
- the current values of x.are used to recalculate the variables
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’ Thls klnd of functional iteration can ln theory be carrled
out on the system‘of equatlons (13), (17), (18) and (19),,
'thereby progre551vely approx1mat1ng the equlllbrlum com-~
_p051t10n of the reactlng system., However, one 1mportant ob-
servatlon needs to be made. In theory, as the equatlons
stand there is nothlng to prevent the mole numbers _be-
”>com1ng negatlve at any stage in the 1terat1ve process. Butw

phy31cal reallsm and the very nature of equatlon (12) (whlch

|
'

should be always satlsfled by the varlables 1n equatlon

(18)) demand that the mole numbers be -always pos1t1ve. Anv;

¢

: effectlve artlflce that ellmlnates thls prospectlvely awk-
ward s1tuat10n 1s to use the logarlthms of these quantltlest‘

~as the varlables rather than the. quantltles themselves.

‘r051ng this approach and performlng one or two convenlent

\ .
varlable transformatlons (see Appendlx B), one would obtain -

Vthe follow1ng set of equatlons-‘

ki

’ 2 (gkk‘uk ) + EkAln n = eg - z v'.G. o . (22)
k'=1 | b, L ._

e



2

I (E.u ,)+(e)A1nn=_.e +G¢ 23 |
k'=1 kk | vn ( )

-~

1<k <k°

o~

o
fi
M
<

"
o
i
e
?

Iy 4 \ Cy é-()
B R :\&:’-n’. l '
and €., o r=n <% n.
. n : B =1 1



In an expanded form these equatione look like this:

' e v ] - 4 7 T v LR .
11 faa e B0 & | Ly ©'p,1*V"138
] o ' ' . :
221 22 ce- B3O & | | uy Ei;,z*f"zl
v : vy E : | * v \
Ekpi EkOZ. --- gkoko .0 - ukO ?b,ko + kaol
; | ) i
El Ez --e TELO (ven)_ ;Aln’ﬂ B G - .
D ) . » 4 ’
1 <1ixg i° Efﬂb ;

a2

At ;ech iteration.(I) this matriX“equaﬁion is. easily eolved=ff*

- L

The mole numbers and the total number pf moles are updated

u51ng the u and the approxlmate relatlon-'

Ll xp = (x 1+1 —X; )/x

from which. X, . = x. + x.Aln x.

. T+41 T Xp * Xy T (24b)

. The rlsk of over—correctlon, whlch would be - run should equa-

tlon (24b) be used as it stands, is con51derab1y reduced byff

Ya

‘:{ .
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~

. . . . ' -~ -
using a modified version of the same equation;
5 Y (-
e ‘ _ : ‘ v
~ 3 rten : .
Trel T ¥p t AT xpAlnxp (24c)

in which A"' is am emplrlcal step—51ze factor. Reference

[36] recommends ghat A"' be determlned such that,

mn-nx‘,s. AN e
-‘ : , . }. ’:_\_\w _ | X :
‘Aln .‘(ni/n)-"_{_ 2; for (ni/q)g_ 1078 ' (26)
. - . ! . . .
- Aln (ni/h)-éﬁ—%falg.- 1n‘(ni/n); for’(ni/n) <'10:8 %(27e)_j

. . r . .',.,, oo . . ) ) . L
- Equation (27a) may be written more informatively in the form;

“ oot 2,

Al (ng/m) € 1n(107H - 1n (n;/n); for (n;/n)<107% ‘(27p)

. 2/
s 4

”ﬁvidéntlf_the vélue of X"' varies from 1terat10n to ltera-'i‘
:tioh; Its’ use, §ub3ect to the condltlons llsted in equa—
vtlons (25), (26) and (27a) or (27b), would 11m1t the growth
'of all currently 51gn1f1cant spe01es (w1th n. /n 2 10° ) to

‘a max1mum of e (equatlon (26)). The currently 1nsxgn1f1— |
’cant spec1es (Wlth n. /n < 10 ) are also prevented from sud-‘_”'
 den1y rlSlng to mole fractlons in excess of 10 4 (equatlon

(27a) or (27bf).



.
'The iterative‘process is carried on until acceptable limits
of errdr are' attalned The approach to those llmlts 1s

v monltored by an error parameter (v) glven by,

k ‘ .
1 2 2 -
v = [X(E' ) + ¢ + I e=".] . (28)
2 k=1 b'k —1 Hyd: -
) 5 | \\
o ‘]
L . _ S e
'where E~ . = Y. - I vi luk. It can be séén from equation

H,1 ‘1 k‘l :

(28) ‘that ¢y is essentlally somethlng of a 'root mean square
error' follow1ng each lteratlon, in the computed spec1es\
;mole numbers, total number of moles and the chem1ca1 poten-
tials. When this quantlty is small enough dependlng on the
' de51red accuracy, the problem of computlng the equllXErlum |
-composition of the reactlon products w1ll have been expended
with. A ® n]f, | .

'éﬁ.

3.4 com uted Results

: Appendlx B contaln% a llstlng of EQUICALX, a computer program

wrltten 1n FORTRAN IV to carry out the computatlon ‘procedure

o
X w

,descrlbed above. - Sample results of that program are re-
produced in Table IT for heptane (C H16) at 2700 R for three
values of 9'. Slmllar ‘results for the same fuel are" taken

from'reference [8],and,1ncluded in thatgtable_forfcompariSOn.

44
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TABLE II. Mole fractions computed by EQUICALX -for the

products of the combustion of Heptane
(C7H16) in air at 2700 R (1500 K) for
¢''=""0.5, 1.0 and 2.0

compared with - : .
similar results given in reference (8].

)

Computed by EQUICALX from Réfereﬁéz"[BJ
Species | '=0.5 | 1.0 2.0 | o.s 1.0 | 2.0
e 0.0 Jo.o Jo.o |- -] |
H, 0.14427 o;¢0001..q.ooqoo 0.14559 | 0.00004 | 0.09000]
o, 0.00000 q€b6§§§*}Fiiﬁi%%£i§§gboo§§@9.2&%@; 0-10046]
N, {0-57961 | 0.733185F 0.76006 *gﬁ$5§§4”¢3{§§§?@é q.jszobwf
co 0.16121 | 0.00002 | 0.00000 b.16§i;skogéo§o§i|9.oqdoo
co,  [0.03498 | 0.12408 10.06436 | 0.03371 0.12381 |0.06422]
Jen lo,oﬁ - |o.0 0.0 -— - -
| |o-00001 | 0. 00000 0.00000 | 0.00001 o.obqu’éq,odooo
HCO 0.00000 | 0.0 0:0 - f' - Mﬁfkﬁﬁé; |
o, - foo 0.0 | 0.00000 . -~ i B E
”26‘ 0.07995 [ 0.14181 .0f07352_'0;07819 0.14155 0;07337 |
o 0.00000 | 0.00000 | 0.00000 | ——" N e EE R
OH 1000000 | 0.00002 | 0.00006 |-0.00000 o.ooooiv 0.00006| |
’\ o fou0 R i
o Jo.00000 0-00008 | 0.00089 | 0.00000 | 0.00002 [0.00089
hr - -~ |- 10.00686 | 0.00868 [0.00900]




" The effectlveness and accuracy of the above procedure are

now ev1dent.

Né in correspondlng columns of that

o

t7k{'

-

Dlscrepanc1es between the concentratlons of

le almost exactly

raccounted for by the dlfference between pure and atmos-

pheric N

v

3

20

Mole fractions-of ¢o, co

TABLE III. ), and HZO present in

- the products of. the combustlon of C3H8 with

. air -in the temperature range 1000 - 4500 R

(¢' = 1.0)
| ,
1000 Rf 1500 | 2000 | 2500 | 3000 | 3500 | 4000 | 4500
Co 0.0 f0.0000]0.0000]0.0000| 0. 0004 0.00200.0104|0.0279
,‘Foz 0.116310.1163[0.1163 |0.1163 0.115910.1136/0.1050|0 0856
H,010.1550(0.15500.1550 [0.1550] 0. 1548 |0. 1539 0.1498{0.1385
: 3 \\ s
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Mole Fractions of’ Co, CO2 and HZO present in .

47

TABLE IV.
~the products of the combustion of C3Hg with
. ~air in the temperature range: from 1000 R to :
'4500 R (¢* = 3 0) ’
1000 R| 1500 | 2000 | 2500 | 3000 | 3500 | 4000 | 4500
co [0.0 0.0 0.0000(0.0000{0.0000{0.0001}|0.0008|0.0038
<) - . s S - o s o S Ay -
CO, |0.0409]0.0409/0.0409/0.0409 |0.04090.04080.0400]0. 0358 |
. - o ) . | ‘ . ) ) ’
"H,0 [0.0545]0.0545]/0.0545|0.0545 {0.0544 [0.0539]0.0524 |0. 0484

. T8
-
. E)

- \It is p0551b1e to tabulate, u51ng EQUICALX the gas comp031-
tlon follow1ng the combustlon of ‘any fuel at any temperature

and theoretlcal-alr (Q'). Thls is done for gaseous propane

(C ) in the temperature range 1000 R to 4500 R and at two

‘values of o* (1 0 and 3 0), as deplcted in JTables. I11 and

vev¥v; Only the mole fractlons of Co CO2 agg%?g
sxnce the latter two a;e of the most lntereéx in ‘tafe
}réported.‘ €O is 1ncluded merely forﬁtomoarlson with thel{_
. e & & NN

gases. B a_‘: ) rvg g R _

(0] aregglsted

other two .
S | o Lo
“The . 1ntegratlon of the equ1llbr1um computatlon schem%d}nto

the calculatlon of. the dlstrlbutlons of temperature and P

wall heat flux is a falrly stralghtforward matter, as will ©

be dlscussed in Chapters V' and VI.

i



CHAPTER IV R

THE «ADIATIVE, PROPERTIES OF COMBUSTION PRODUCT GASES

4.1 Introduction ’_ _ - _ t

Thermal radlatlon is a form of energy transport whose emis-
sion or absorptlon by matter is a consequence of the pos-—-
session or results in the’ 1ncreased posse551on, by matter,
of temperature. It collectlvely refers to the 1nfra—red
the v151ble and. the ultra—vxolet forms of radiation.
Thermal radiation represents, therefore, a small portion
of the much wider family of electromagnetlc wave phenomena

whose members range in wave length, A, from the very—short—

wavelength Y—-rays through the x—rays, thermal radlatlon, to’

i

the long—wavelength Hert21an (radio and electrlc) waves.

These wave phenomena have at least one thing in common:

L}

V//they all travel at the same characterlstlc speed the speedv

of 11ght Consequently thelr freqdencres vary in a reverse‘

manner to thear wavelengths as the spectrum 1s traversed
R - o B
.Electromagnetlc waves result from or grve rise to energy-
level tran51t10ns W1th1n the atomlc/molecular structure of
matter. The atom 1& theorlsed as consrstlng of a central
'core, the nucleus, surrounded by a number of electrons all

-

statlstically dlstrlbuted in dlscrete energy lé&els, the

a8
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in question.

- Wmena to be lumps or partlcles (quanta) of energy. Each

49
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- number of electrons per nubleus depénding on the species

of matter (atomlc number) and 1ts state of 1onlsat10n.

The nucleus 1tself is composed of even smaller unlts than

itself, 1nclud1ng the so-called nucleons' (protons and
neutrons) and other more esoteric partlcles. These nucleons
are also arranged 1n nuclear energy levels. Atoms bond to-

gether to form molecules whlch may be symmetrlc, e.qg.,

H2,02 and N2, or asymmetrlc, e. g., C02, Hz, SO2 and CQ.

These molecules are perpetually in v1bratory and in fluids,

‘V.

_ rotatory as’ well as translatory motlonx The vibratory and -

‘rotatory motlon of ‘the ' molecules take place

only in a number of dlscrete_asSOCiated energy levels.

It is the tran51t10ns that occur among the energy 1evels

\

enumerated above that are respon51ble foﬁg or ,that do|

{

result from, the 1nterplay between radlatlon and matter.

o)
These tran51t10ns occur only with the: em1881on or absorp—
tlon of radlatlon posse551ng energy exactly equal in magn1~

tudg-to,the energy dlfferemtials:among the energy’levels”

. ‘ :
The Quantum Theory postulates electromagnetlc wave pheno-

quantum is assoc1ated w1th a partlcular wave (frequency)

and w1th acpartlcular energy—level transicion w1th1n

'matter. ‘The 7-rays are associated with nuclear;energy—level”



" transitions, X-rays with‘those of the lower electronic

'nergy levels,_whereas the ultra-violet and'the visible'

'tran51tlons occurrlng among the hlgher electronlc energy 1

levels. The v1brat10nal\and rotatlonal energy—level

tran51t10ns occur sequel to the emlSSlon o? absorptlon

..

‘of lnfra-red radlatlon. The longer—wavelength members of
_the spectrum, e. g., the Hertzian waves have to do w1th

the exc1tat10n of (1 e., energy level, tran51tlons amoug)

the valence electrons of matter. Such ergltatlon 1s the
result of the appllcatlon to matter of an electrlc poten—

tlal o
“@ . B

’lThermal radlatlon is emltted and absorbed by all bodles

at an temperatures above absolute zero. The amount emltted
anc “b‘orbed by matter lncreases w1th the absolute tempera—
ture of the sou;ce (emltter). Generally, in most computa—_-

tlons of englneerlng heat transfer, thermal radlatlon be-

comes - 1mportant only when the absolute temperature of the

'-emltter lS t *nds of degrees. Thermal radlatlon, as

hinte@® to abc is dlspersedkﬁhrough the spectrum of wave-
}

- lengths; Thls is due to the statlstlcal nature of all

atomicumovements. The general level of such movements de—

'\»

termlnes the general 'level' of wavelengths of the sxgnl-

flcant emltted radlatlon, as deplcted in. the spectral—

';dlstrlbutlon (spectro radlometrlc) curves sketched 1n

S0

<
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a £

. ~ v ."-." )
A,

Figure 5 for an ideal (black . body) rédiator. The black-
body»radiétpr emits (and absorbs) the maximum possible

radiation at any given temperéture. The shapes of these
curves are given by'the so-called Planck's Law [19,24];.

s

E, = (C,;/A%)/ (2T .1y ~ (29a)

B

N

‘where Ci and C, are the Planck's constants (first and

second, respectively) and E, the monochromatic emissive

power. of the emitter.

.It is evident frém‘Figure SVthat,‘in general, the hotter"
a body, the Shéftérithe anelengﬁh‘fange fbr the major
part of the emitted :adiation and thé morevgéaky the spéct~
roradiometric curve. The converse isvtrue for cooler |
bodies. ‘Fof examplé, the sun, at aitémperétur  of about
10 500 R emité.dvgr 903 of‘itsvthermallradiAtion‘ tween
0.1 and 3u whereas a body-at abbut.z S50Q)R emit$ bgﬁween

1 and 20p [24]. The total thermal radiation emitted by a

body is.the'area¢under its spectroradiometric curve. This'

~has been-fbund to be related to‘its té&peratﬁre as follows;
s -

- E'= or? (29b) .-

40 . R C ' .n . . .
LY : ‘ ~ . .
which is the St‘e'-Faxi.-Boltzmann Law, o being the Stef{ an-
‘Boltzmann constant.

- SEUEL : : . N
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Figure

5. Spectroradigmetrig" Curves for a
Black Body at Various Temperatures.
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(/A\ crea51ng wavelengths

»

\ -

/

whlch requlres that for a body 1n thermal equllxbrlum‘

For solids, the vast majority of which arevopaque to thefmal
radlatlon, thlS phenomenon 1s&essent1ally an af' r of the
solid surfaé? ‘ ‘Most SOlld surfaces do not ems- chermal
radlatlon in conformlty'W1th the spectroradlometrlc curve

of the 1deal radlator. ~ The monochromatlc em1551ve power

of conductors at a glven temperature decreases thh in-

J

wWhereas 1t 1QLreases 1rregu1ar1y for
non-c0nductors. The monochromatlc em1331v1t1es of the ’
(real) surfaces vary in a 51m11ar fashion with: wavelength.
It is usually p0551b1e, however, to adequately approximate
a real surface wath a gray surface - one w1th ah emig-

51v1ty that 1s constant’ throughout the spectrum [19 24].

The spectroradlometrlc curves of gray surfaces then dupll-

‘cate that of the black—body surface on reduced em1531ve-

e

power scales. ;5

All ‘the statements made above as wellwas those to follow
w111 still hold rf for em15s1v1ty one xead 'absorpti—'

v1ty . bearlng in ‘mind that the temperature of 1nterest

- is, and w1ll ‘be, that of the emltter.' Use of the emitter

temperature ensures the satlsfactlon of Klrchhoff's Law

h‘ul = A' For .a gray body this requlrement becomes a = e

(1nvolv1ng, in. effect, 'total' hemlspherlcal values)

-



lUnlike what happens in solids, ﬁhermal raa}ation in fluids
is a volume phenomenon._ In combustlon studies; gases‘are
" of much greater 1nterest than llqulds, from:the point ofﬁ
. view of radlatlon heat transfer. . The emission of‘thermal

radlatlon in gases (as well as 1ts absorptlon) is a

.
»

'functlon‘ of the nature and the comp051t10n of the gases.

as well as the tempe atures of the emitter and the absor—

‘ber. The emission from the gas proper is non—lumlnous,_

,but the presence of solm@ partlcles like soot adds a lumi-

nous component to the radlated energy besides lntroduc1ng

. the phenomenon of radlatlon scatter.

The Bouguer—Lambert Law states that the attenua=tion of a
colllmated beam of radlatlon pa551ng through a volume of

gas ‘is an exponentlal decay function. This le\as to the‘

<

-followlng expre531on for the mohochromatlc em1551v1ty of

-

the gas

~K)L .

l EA,L =1 - ¢ V- ‘ o ‘ ,-‘."(3\'0a) _

where the~Kx is the monochromatic extlnctlon coeff1c1ent
§ﬁ
+ for absorptlon. The ‘assumiption is tac1tly made that the

gas is homogeneous, in which case’ KA is constant along the

L -

. beam length. Thls beam;length L is usually deflned as

the radlus of a hemlsphere contaxnlng the gas whose radla-;

.tlon is percelved at the centre of the flat face.l In

\.
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. A oy N ,
general, Kl varies thrOughout the spe¢£%umr An ideali-

'satlon'is usually concelved in the. foﬁﬁ‘of the gray gas -

»A‘/

‘one whose absorptlon coefflclentq by analogy w1th the emis-

o
RS-

fwsiultonf a gray surface, is constant throughout ‘the spec-

’jltrgﬁ;ﬂflt is. a very useful concept as will be seen shortlyi)

vl N
e e
ur‘°«,_‘v'»

"°f“A real gas has nelther a spectrum—w1se constant absorp-

e thH‘CO&fflClent, nor one that is a contlnuous function of

uh wavelength.‘ In combhstlon the term real gas' usually

deﬁotes elther CO 6r Hzo or some mlxture of the two.
These gases have radlatlve propertles that are complex
functlons of the partlal pressures of the gases, the total

pressure and temperature. They are subject to several '

"'br%adenlng phenomena 1nclud1ng pressure— colllslon-
. PR L 4 '

l,self—rand line—broadenlng. .They also overlap 1n several

anebands, resultlng in- thelr radlatlve properties not

3Lbe1n§ strlctly addltlve.. In addltlon they seLect1vely~f

LT gis b :
v emlt and absorb in §£;E wavebands whilst belng transparenfﬁ*

”to the rest of the spectrum. This selectlveness has o

orlglns in the resonance of the molecular rotations and

{

. vibrations that have been referred to earlier. A conse-

guence of this behaviour is that a plot of KA versus 1/ .

usually is a series of isolated roughly triangular shapes
dispersed through the spectrum, as sketched in FigureFG.

The values of K, are.more'or less,SYmmetricallabout the °
‘"mean values of 1/X (corresponding to the apices of the

I ws -

( .
LA
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'triangle‘s) The gaps between succes?slve 'trlangles' are
| referred to as the w1ndows' and they collectively repre—,
sent the clear' éasﬂ(radlatlvely transparent) component
ofdthe real gas. Charts have been complled and publlshed
for the emissivities of C02, H20 and other gases. Hottel
and Saroflm dlgcuss these at some length 1n their book.
Some cdmplex correction factors and schemes have heen de-

'veloped to reduce the errors 1ntroduced by the various

ephenomena cited herein.

It is ev1dent then that some 51mp11f1catlons are mandatory
if the em1331v1ty charts of the gases CO2 and’ HZO are to

be usable for the purpose of SOlVlng the energy balance
eqnatlons cited in Chapter I. Fortunately thlS is 90551b1e
in the form of an 1deallsed multlple gray gas and clear gas’ |
mlxture that approx1mates the radlatlve behaviour of the'

*real gas.

4.2 Gray Gas ApprOXimationsb

' ) 0L by ?q< :
The basxs for thlS artlflce c&n\besestabllshed qulte Y

s1mply by taklng the deflnltlon of the total hemlspherical

;em1551v1ty of any volume of gas. .ThlS ;s,'

L . o ' 0 b0
: o gg._L = I AL Ex/ﬁl / I El .dl
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which can easily be transformed into

% oy
1 =]

1 ~ - . .
RS VPR R £
. where f =-I (E)/E) dk This. quantlty is the fraction of

(o]

the total em1531ve power occurring within the wavelength

1nterva1 from zero to A. It becomes unlty, natura;iy, when :

the upper llmlt of 1ntegratlon 1s taken to 1nf1n1tyr///"* .

: By “invoking the congrvence between. an 1ntegral and the summa-.

tuon of dlscrete strips of area under a curve, .

it is p0531ble togge*express.the integrat in equa-
tion (30b) as the summation:.
( 4 . o .

m - [ ‘,__ : )
€ =" § Af, (1 - e Kily (30¢)
g9,L i=1 1 . ‘ . '

[
¥

in whlch the R are constant the Af belng the fractlon, o

- of- the. total em1531ve power. falllng w1th1n the range(sh '

LY

of A to whlch the mean of K * AK/2 would apply (see

c‘

Flgure 6). The number (m) of the discrete items under

the summatlon s&gn can concelvably be very’ large. It 1s

‘?

ev1dent from Flgure 6 that “the ranges of A to whlch

‘Ki * AK/Z apply are not necessarlly contlguous. .However;

this is really ;mmaterlal as long as the proper values of
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.Afi are used. ;Using’the definitfo:Kof a gray gas, equation -
(30c) can be looked upon as the weighted sum of the emis-

El

sivitieS'of 2 number (m) of gray gases. The welghtlng

~

factors, Af can be alternatlvely symbollsed as aG i SO’
[ .
that equatlon (300) becones,
-K; L . :
: = : - i

It has been’foundtin'practice that m rarely exceeds 3 [19,
20,22,27}. .For this ety%y-m”=v2 was found_to yield’satis_

' 'factory‘acouracy;_ The'temperature variation'of eg,L demands
that the aG i and the K be functlons of temperature also.
The potential dlfflculty resultlng from this is obv1ated |

: by keeplng the K constant at some mean values, whlle the'
G i are forced to account for the temperature varlatlon

of € The procedure for computlng the a. . and the K/_"

g,L”. G,1 L
have been outllned by Hottel and Saroflm [19] and w111 be';ﬁ

briefly reviewed.

4.3 Method.offComputation_

The em1551v1ty of an irregular gas volume, -as percelved at

a p01nt w1th1n the volume, is a function of beam length

L. ThlS varlé; wlth dlrectlon.. It is customary, therefore,

to deflne a mean value, Lm

ﬁ"ls is recommended to be

-

-



s>

o

<

L= om0 e

t

Using this mean'value, a table is pPrepared of eg L versus‘
L whlle the latter varies from the mlnlmum value to be en-

&\_uﬂ“
countered in the system to somethlng more than twice the

: mean beam length [19 29{} This is done at the temperature
in the middle of the expected temperature range. - quuatlon

'(30d) is then recast 1n the more general form,

S i_l : ' ) ’ m
- - {5 =KL - ~Kj'L .
(eglw eg'L) U (lvl)leaG' € ;J .-.i‘iiaG'i' € . (32)

’where u* (i—l) is a unit-step functlon hav1ng a value of

zs ro for i<l and unlty for all 1>1. In other words,eit
ls zero durlng the computation of aG 1 and Kl." The quanev

tity egv; (the gas emissivityaat infinite beam'length) is -
v s 1S 38 | ‘ . DA

o ‘inen by;
.Aer{:.usg;gw E aG,l “~l - aG'o ) (33a)
AR . Lo fg> J'ﬂl 1 ) \ R :

*ﬁhere’aéldhis the weighting factor for the clear 7as com-
LT - G, . . . o . .

ponent;5‘il' N

.. . . ..';7 !
If the RHS of equatlon (32) is assumed to be arranged such
that B T "‘l‘:'?fvf-.-’ oL

. (3,‘?~ ! . R .)'

60



-A'repeated application‘of‘

suggested values of L are L and 2L m°

_y for all i* . . (33b)

then one finds. that at 'la?ge values of L the RHS of that

:uequationxvill.be.dominated bx’lts flrst member, i. e., by *f

ag ;i e‘KiL. Consequently if a judicious choice is made of
L4

€g, then a semi-log plot - using common logatithms, of the
r

LHS of equation (32) versus L would, at large enough values
of L, be a stralght llne of slope --Ki with an intercept on

the vertlcal axis of log aG ce /
' , P

%2,

is procedure w1ll yleld all

the pairs‘of aG i and K ‘deemed necessary to satlsfactorlly
L4

'approxlmate the em1551v1ty of the real gas at the glven g

temperature. As 1nd1cated above the number of gray gases hé
fequlred is generally less than 3. The welghtlng factor, g

ag 0,‘for the ‘clear gas' &omponent is calculated re51dually
[ A .

from equation (33a). At other temperatures in- the expected

noo

- range the aG'i are re—caléhlated (keeplng the K unchanged) ol
L4 y

by matching the computed with the actual values of emls—

sivity at convenlently chosen values of L. For m—2 the

Having calculated‘the aG:i at the selected temperatures
’

coverlng the expected range, the next step 1s to obtalnl ;‘
the best. polynom1a1 (ordlnary) 1n T to fit the temperature

varlatlon:of each as i A good way of d01ng thls is flrst
S, . . "Y/ ‘,

61
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to’ obtaln the-best Chebyshev polynomlal (w1th the minimax

property of such polynomlals) to flt each a. i over the

‘ hea511y converted 1nto their equlvalent ordlnary polynomi

temperature range._ These Chebyshev polynomlals are thzn\\\

J/ \
thereby retalnlng the accuracy of the former. Standard
subrout;nes for these polynom1a1 operations are available' -

in the IBM Ssp (Scientiﬁic Suhroutine Package) .

The-ordinary polynomiais representing thefaG i can be
' : o : - e

generally'written thus;

in genéral a quadratic (j —2) ynge adequate. However;

for the cases studied (propane gas—a; wmbustlon at

o' = 1.0 and 3.0) it was foundvneceSSa gto use polynomlals
.with j -5 to obtaln an acceptable accuracy. Thls was par—

'tlcularly true of the very last gray gas component to be

5

4computed which would suggest s1gn1f1cant round-off errors

accrulng from the computatlon of the earller gray gas

-

components. The dotted portlons of the curves for aG 3 in

Figure 7b -and a, in Flgure 8 1llustrate thls last point.

G,2
5Equat10n (34a) can’ now be used to express the em1551v1ty

.62
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"t .
> C\\ |

(>r absorptivity of the real gas mass, at any beam length

(L) and temper: are (T) as,:

. m  JImax o er .
€ © g ) = I (E bT))(1-eTiY) . (34b)

il
nl

A computer pfogram named GRAYGAS was written to carry.out
the above procedure and is listed in Appendix C. It in-

corporates calls to the SSP subroutines mentioned above.

4.4 Results

Figureé 7a (curvé 1) and 7b present the outpﬁt”bf this'

pzqgram'for’a'test case. They show a mixed 3+gray+l—c1earv

idealisation of an equi-molal mixture of CO 0 at

2

apd'H2

2500 R. The total pressure of the gas mixture is one at-~

mosphere and the mean beam length of the enclosure is

3:4 feet. The range of beam leﬁgths used was as in Eigure

6—26.of.:éfereﬁce [19], the fuil_(i.e., the non-dotted)
curve of which is reproduced in curve 3 of“Figure'7a.

Curve 2 shows the ¢
, v q,L

vs. L' as computed by GRAYGAS inter-
polating within the H,0 ang CO, emissivity tables. The

¢ o . . o -
latter were constructed using the emissivity charts in the:

same reference. The discrepancies observed among. these

cﬁrves_can bdfattributed to a number of factors. These

a . s
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Figure 7b.

.an .Equi-molal Mlxture of co
‘at 1 atmos. Pressure
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&

* include the extrapolation of the (semi-log) charts to higher

temperatures; the interpolation within the small-scale

charts, especially at the very long and-the'yery short beam
'lengths;;the.unCertainties inhérent in the corrections ‘for

the pressureébroadening and spectral overlap phenomena as

well as the roundfoff‘enrors'inevitable in'single—precision

[ 4

: \

It may be"noted at thisi§01nt that the procedure as. set out

by Hottel and . Saroflm [19] réquires m to be spec1f1ed at
the start of.the computatlon, to be changed if the accuracy'

Obtained is not acceptable. ThiS~need not'be'the caSe if

it ‘is borne in mlnd the assumptlon of equatlon (33b) in-

‘dlcates at least an order of magnltude dlfference between o

successxve gray gas absorptlon coeff1c1ents. This connotes

‘an order of magnltude dlfference between the welghtlng fac—
tors.. Furthermore, the maximum contrlbutlon of a ‘gray gaSj

to the em1551v1ty of the mixture is 1ts correspondlng

welghtlng factor. Consequently, th need to calculate the,
o

ith (say) gray gas ‘would not ex1st 1f 1ts maxlmum contrlbu—V

ftlon, G,'; estlmated at about }0 G i 1, is negllglble.

Thls ‘ensures that no more gray gases are calculated than

i are necessary to approx1mate the real gas system to an‘

acceptable degree of accuracy (See Appendlx C). .

.
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The prqgram GRAYGAS' was used to approximate the products

of propane-gas—air combustlon at Q' = 1.0 and % 0. The

results are shown in Figure 8 and Table V. .

lustrates the varlatlon w1th temperature of the a

hithe latter lists the b,

i,

ij and the

K..
1

The former 11—

G,i whlle

TABLE" V.-

3

Gray‘gas_ektinctioh coefficientsq(K{).and'the
.. ‘temperature coefficients for polynomial (in T)
.approxlmatlons to the gray gas emissivity
Welghtlng factors w1th1n the temperature range‘
1000 to 4500 R (2* 1. 0 and 3. 0) '
S . -
3" = 1.0 et = 3.0
il I . _
‘K, 1.214989\ | 12.747631 | 0.863911 | 26.484680
. ' . i o . .
b,
ij
=0, | 0.53724 .. | -0.50682 |-0.68503 [ '0.21875
| o°) | i ee) (10°) (10°)
1% 1-0-57285% 0.10828 | 0.18238 - -0.44917
. (10-3) o 0=2) | 0-2) - | - (1073)
2 0.49245 . | -o. 85458 -0.14268 0.36157
. ] (r0=6): €107% ' (107 . | (1078)
3. 1-0.23079 - 0.32558 | 0.52167 -0,14131
] @e™?) (10-9>_-rf- (1077) (1077
4 0.50079 *.-0.60475 | -0.92702:- | . o. 26f§o .
| (oml3) " (10-13) (10713) (o)
5 .1-0.40724 [*' 0.43945 | 9.64613 -0.19797
J (10-17) p10‘17), (1071 % (10717)

aft

67



- v
.m '
/
%G v -
any . :
%2 i
' 110 |- i , i ,
S :
< . . .
. $'=1.0
. —_—— ¢'=30
¢ r\\\\ RN - == — — Section with
_ -~ « . ~ \ 2 ~ N . . ‘
110" : ~ - \ . d?ubuul ;ccuracy
3 N\
- N -
‘/ L] 1 L] \ | - 1
- 1000 ~ 2000 - 3000 : 4un,‘ 5000
. - Tenrperature. R ' _ . R
Figure 8. Temperature Varlatlon of" the aG i for the
g B . c r}

Combustlon Products of Gaseous. Propane
(C3 8) and}Alr (¢ = 1.0,

3.0;
Total Preséure '

1l atmos.

i

.



CHAPTER V

'TE@E%?URE AND HEAT FLUX DISTRIBUTIONS - THE ZONE METHOD
5.1 The Combustion System Model

. The sysg@ﬁ-underﬁstudy is now"briefly'described. A

| horlzontal cyllndrlcal test combustion chamber 6 feet
'.long and l 5 feet in- dlameter encloses'an ax1glly posi-
. tioned turbulent flame. The flame 1s maintained by a
constant supply ‘of gaseous propane (C ) thrOugh a 1/4-
~1nch dlameter fuel Jet surrounded by a unlform annular

secondary a1r flow.J The mass flow rate of ‘the fuel was

- fixed at-9. 75 lb /hr. and two dlfferent air supply rates

were spec1f1ed so that &' =-1.0 and 3.0. The amblent and
. L ) ]
fluld supply temperatures were taken to be 537 R

»

This system 1s modelled as a closed cyllndrlcal chamber

- with a plug flow dlrected towards the¢ exlt"end and ex- -

. haustlng throughfaﬂ ex1t hole 6 1nches in’ dlameter located »
-on the axis. It 1s reduced to a collectlon of zones, gas
“and'surface, in accordance wrlh the Hottel-Cohen Zone

Method; The gas volume is lelded into 4 contlguous cylin? d
drical zones coaxal w1th the chamber. The ‘curved surface

of the chamber 1s srmrlarly d1v1ded into 4 shorter cyllnders.

_The,lnlet end is taken as ‘the flfth surface zone whlle the

exit end, excluding the exit hole,-makes_up the sixth.

,;t“; ‘-'» ¥ '_:_‘ . /( 69 k



This s1mple coarse-zone conflguratlon, sketched in Flgure 9
dwas adopted in order to facilitate the development)of the
computer program requlred for the exerglse dlscussed 1n
thls chapter. Naturally, a flner zonlng cohld be used and
would be required,er more realistic and accurate reSults, _
Further comment is reserved for later thlS sectlon. For

" each. zone an energy balance equatlon is wrltten.y ThlS -

equatlon can, assumlng steady-state cond1§gons, be summarlly

stated in the general form;

‘rate of,energy'gain - rate of{energy loss = 0 -7 (35)
P -

. . 4«

_The search fOr the solutlon of the s1multaneous equations

.of this kind constltutes the malnstay of the Zone Method.

v .
) P i

' For a typlcal gas zone, ‘the flrst member of equat10n(35)

i would 1nvolve the rate of energy generatlon w1th1n the

: 3
zone, Thus the combustlon (heat generatlon) pattern needs o

be known 1f the problem is to be solved For the ax1—

symmetrlc system under study, the chamber—fuel Jet dlameter

.ratlo is 72. It seems reasonable, then, to presume the-
combustlon process ‘to occur along the chamber axgs. In g !

other words, if the system possessed more .than one gas
4

'zone in the,radlal dlrectlon, then the energy generatlon

term in equatlon (35) wou%p not ex1st for all gas zones

except those 51tuated on th
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. ~s

‘ occurrlng in the i e§¢[?7j'

m1x1ng-process—depénd* % 3 xiStn

within thellength of the same occupied by tﬁg flame. -

" The length of the flame is thus also required. It may be

~F

computed uS1ng one of the two relatlonshlps presented -id

1

Chapter II. For thlS study equation (3) was used on ac-'

/
count of its establlshed unlversallty and rellablllty

[4 17]. 1t predlcted ‘a flame. length of 4.7° feet.ﬁ Equa—

tion (4) ‘was employed to check that computed flame length

w1th whlch lt was found to agree W1th1n 5%.
s

-

-
A b

The computationdoflthewradiative exchanges -among the zones
requires information on the gas zone compositions. . In

' : o A '
Chapter I it was stated that in the“application of the Zone

Method a. unlform, constant gas th~351tlon was usually

;:assumed\to be 1n effect [19 27,29]. Thls usually leads

to locallsed errors in the comp%ted dlstrlbutlons of tem-

perature and heat flux and these errors are’ sometlmes

'51zeab1e [27] Some 1mprovements would, naturally result

if allowance is made for the partlal pressu;e gradlents

v .

f- .

in eac:/of the gas zones :
somewhat the coupllng among the gas zone radlatlve 'G?perf‘
P -

tles, the zone' temperatures and\the m1x1ng process. " During
4 v oo

PR

92



"~ an iteratiVe procedurevthe zone temperatures would vary
from iterationtto iteratgon. The assumption of a zone—a
temperature—and—mixing—process-dependent eguilibrium com-—
p031t10n would therefore, add both to the rlgour of, and‘ -

-the computatlonal effort requlred by, the combustlon

1

system model. - = - .. 2 ,Q" : - ‘ ..

: .
It is often rewardlng to 1mbue a theoretldal model such - ° .

as thrs w1th all avallable conceptual and mathemat1cal

> /

rlgour; In thg\llght of thls‘ Hottel and Saroflm [19]

1
-y

‘have suggested the 1n1t1atlon of a theoretlcal ‘Tmodelli

exercise w1th the most rlgorous approach as a possxbl

. means of abstraqylng the value of the model, presumably

[

through the subgéguent progress1ve and selectlve shedding

of varlous aspects of that model;, One cannot'cav11 at
: . . . f B

this propositiOn; HoweVer, 1t sometlmes happens that other

con51derat10ns make the opp051te approach more attractlve

and fea51ble. Such is the case Wlth the work reported
'Qherein. o ' |

N\

The setting up and successful operation”oﬁ.the'subordisw“

nate, constituentfaspects of‘the complex theoreticallmodel
r _
was regarded as’ a necessary 1n1t1a1 ‘step towards thelr even—-

“tual merger ‘into the comp081te systen Consequently the

\;unlform, constant comp051t10n assumptlon was prov151onally tQ
adopted w1th the expectatlon that the outcome of thlS work
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A .

w1ll be of value in the eventual 1nclu510n, 1nto %ge Zone
wMethod of analy51s, of varlable, non-unlfdrm gas comp051-’
tions. . @ R JEE .
The program GRAYGAS (Chapter IV) 1s used to obtaln an.
1deallsed multlple—gray+l—clear—gas mlxture for the burned
o

gaSes. ThlS program also flts a polynomlal 1n T to each

: G i w1th1n the temperature range l 000 R - 4 500 R as
outllned The output of thls program serves as data for _J"J

the solutlon of the energy balance equatlons to be dlS-‘

cussed later in thls Chapter.; }ﬁ"'

"

PN

R

w§;2.'ExchangefAreas. R ,';""f:w_ga;”Jﬂj*gvl';n"tg-;_ ’

; s
P . N [

K . .
o,

‘p:The real 51gn1f1cance of the gas zone comp051tlons lles in B
thelr effect on the radlatlve propertles of the gas zones
" and,. through the latter on the exchange areas construed to

exlst between all the zone—palrs of the system [27]. : n_

fthe non-lsothermal systems usually encountered in combus—

tlon, the dlrected—flux areas are of predomlnant 1nterest
(see Chapter I) They are calculable from the total—

’exchange areas as follows,;

B5%5 7 :-2"aG,_,j_--.,‘.-,f',,Z‘)v‘, RN - .(3:5,).% ,



-/
where 2 represents the symbol for a general zone, gas (G)
or surface (S), 11 being unlty for all gas surface,
'surface—gas.and‘gas—gas 1ntercﬁ%nge but zero (tO'lnclude :
the_clear gas,contribution)'forisurfaceésurface'interé_‘S
change. The weighting factors aGii. |

are computed as in-
/ o . ) h N . R
Chapter IV. The numerals i and j refer to the zones. The

total-exchange areas (22) are computed from the direct-
i‘exchange‘areas (EE)~[19]. The latter haye*heen computed .
for a number of combustlon system conflguratlons for whlch . i)

formulas and charts have been developed

3

For cylindrical chamhers Hottel and SaroflmftlS]'furnish

a set of tables attrlbuted to 'H. Erkku. These tables are ,
dlrectly appllcable to chambers whose lengths and‘dlameters | {'*,
are such that a common typlcal zone dlmen51on, B say, is

'ea51ly stated.. The tables then prov1de the 1nter—zone
dlrect—exchangelareas for varlous values of KB, where K is

a gray gas absorptlon qoeff1c1ent appllcable to the system.

.There are as many dlrect-exchange areasr for any zone-palr,'

as there are gray gases 1n the medlum betmeen the. zone |
’-centres. mh‘atables are appllcable to systems wf&h up to

12 ax1al and 5 radlal gas zones. They therefore

the dlrected—flux:areas to'be_computed.

One drawback on the use of these tables is that (cylindfi-
 cal) combustion chambers are not always of dimensions ‘that



are integral multiples of.a common‘dimension, B. .Further—
more, systems are often encountered with a larger number
of axial gas 2ones than are covered by the tables. ThlS
usually results from attempts to keep KB w1th1n the ‘range

;

some approxlmate, but not so 51mple—to-use, formulas for
such systems. Another apparent defect in the tables is
the need to apply to the tabulated exchange areas correc—b
tlon factors whose values are often unknown or difficult
to determlne. Addltlonally, Hottel and Saroflm advise the
av01dance of KB values ln the range 0.4 to 3.0 whlch prac-
tlcally 1ncludes the range of KB used in the tables. For

"KB ' in excess of 3. 0 (1 e., for? optlcally tthk' gases)

“they recommend the diffusion approx1matlon for radlatlve
#

. transport [1 lo0, 19 21, 29]. ' The values of KB encountered

'in this work ranged from l 3 to 39 8 (see Table VI for

- the values of K at the dlfferent Q_). ‘ ' ‘v:j?“w

. . - e Tav,, -

. . . & .
T : : : # a--,;

ThlS concept-of dlffu51on is attrlbuted to- S Rosseland. o

It consxders the transport of radlatlon through an optl-

cally thlck medlum as belng akln to ﬁhe d1ffus1on process
or to thermal conductlon The dlffu51ng or conducted

3
1l

materlal 1s the thermal radlatlon quantum the photon.

‘v

031ng this concept, formulae are’ obtalned for the diﬁeCted-f:;A

- flux areas. It is usual to assume that the zones are only-

1nfluenced by thelr nelghhours except in surface-surface

of the tabres (0 to 1. 25). Hottel and Sarofim [19] suggest

76
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4

eXchange in which the clear gas contribution ieeundimin—
. ished.

The use of the diffusion abproximation is facilitated by
the- deflnltlon of a certa$n absorptlon coeff1c1ent, the
Rosseland—mean absorpelon coefflclent K', which is given

by,

A _ S '
(1/K3) = .‘IVEX(BE)\/BS) ,ax | . @ra)

o]

£

% |
which can be put in the form

i

1

(1/K}p) = I (1/KX) agx - §<:><3(/ ~ (37b)
o : ‘ ' . L

where KA is the monochromatlc absorptlon coefflclent at

wavelength A f* belng deflned by

A - T ' . o
CE* = I (3E>‘/3.E))\ daa- o . o . (37¢)
' o . B n ' ,

.’The quantity £* 1s ea511y shown to be related to f deflned
“in Chapter IV (see Appendlx D). Wlth the tac1t assumptlon
'of a step—w1se relatlonshlp between K and A [19] and hence

A f‘

between K and £*, equatlon (37b, ;s.tpen trensformedllnto
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o | | |
(1/K}) = _zl(aG i+%- T g;c;,i)/xi - (37d)
: S i= ’ , .

which shows that Ki can be calculated from the ag ; and
i ! B . [

Ki and as such is as much a function of temperature as

they are.

For.two adjacent zones i and j whose interface area is
e '

Aij' thendirected—flux area is

(38)

where T} is the temperature of the emitting. zone and B is

ne centre—centre-dlstance. This formula is. dlrectly

i
. ’A" » a

appllcable to homogeneous gas—gas exchange.' For gas—‘

surface, surface—gas and dlSSlmllar gas-gas situations

[21] it glves erroneous results ; h&zuge of the
ex clusion, fnm:lts derlvatlon, of the phenomenon variously .
known -as ‘energy jump® [10],"temperature jump [1,19] and

'radiat{on slip" [21]. Thl@ phenomenon manlfests itself

in a temperature i contlnulty at the interface. The orlgi-

nal concept of(the dlfqulonﬁapprox1matlon, whlch works so

Bt

well in the inte rlor of a homogeneous gas mass, 1is unable

to detect-or acd unt for thlS dlscontlnumty.,. R
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Delssler [10] discusses this phenomenon in some detall

He cites some earlier works that use a 'flrst order energy
Jump' giving 1nsuff1c1ently accurate estimates of the tem- -
perature Jump.. He also proposes formulae for hlS 'second
order energy jump'. whdch yleld what appear to be a remark-"
able 1mprovement in the. accurac; of the predlcted tempera—
ture dlscontlnulty in the reglon around the 1nterface, a
solld wall for example. For an emltting—absorbing gas" ka
fldw1ng unlformly through a thbe of.diameter; d -he- puts‘

forward the following formula for the dlrected—flux area

(per unit 1nterface area) between the ‘gas and the wall:

,l.

e -g S Py oy (Kg 3K ')
GS/a) ™t = (ZeyTl o L3 e 1y g, = l)+-2—7
. = &= T2A TRZTR e 22 Q(K, la )
| g 5 R . 4R 2D
(39)'

where Eg and E are the em1551ve powers at the tube centre
"'and at the wall surface, respectlvely, Ké is related to.

: the Ké and 1is deflned as

rey = [y PR . o
(l/KS) T‘fo(l(xl)(eEl/aE) dl“ | | (37e)

‘which leads to .=

L e ey g R
e | SO TR : b -



(A/Ky) = z:(a S FT g;G 1)/K; N & 143

- : - )

. The development of thls relatlonshlp ls outllned in Ap-—-

pendlx

h It is n'table that Kp and Kg are_computed at the~tempera—
“ture of the emitter»to aCCount for the dependence of GS?
on emitter temperature.. Thls reqplrement also ensures
that Klrchhoff's law is satlsfled should the emlttlng and
‘ thé‘absorblng zones both attaln the same temperature.
-Equatlon (39r~can be applled in the Zone Method if d

to the wall, Eg-and E becomlng the gas and wall zone black

emJ.sSJ.ve powers,

The radlatlve exchange betveen a flowlné gas and the end
walls of a cyllndrlcal chamber,'taklng account of the' |
!energy Jump, has rece}ged no treatment 1n the avallable
.llterature.° As a flrst approxlmatlon, however, the formula
developed by Delssler [lO] for a statlonary gas'ﬁass be-.

tween parallel walls may be cautiously adopted;‘viz;; BN

(40)




o the” clear gas contrlbutlon.f From equat;on (26) thls“would

.be°% e i‘-ff < f”ftA';j R

. ; ) ) R \. | - : o "
X . ___m = . »:,-:"__r_\r_». . . o | . )
= %% % %0 B0 S
. ] ) . . e - . »’ ", ' ‘ . -~ -

) \ ‘I(;
A, l;i.‘;_-i N
5.3 ThefEnérgwaalancé]EQuat%ons o . .
; . Lot 9 L’ . -»j‘ BTN EN . L .

&

e~

wFor a surface zone, the flrst comp031te termkof equatlon

¥

~(35) is made up of . ‘@a o By -
(1 the direct one—ng flgi’from;ail_zones,;{neludihq
) self-irradiatibn and "': : :'”7 ' . S ff

(2) the'internai co ectlve heat transfer from the nelgh-

N
"f-c "1

bourlng gas zone whereas the Second term)lncludes

(1) the radlatlon emltted by the surface,ﬁof the general

: . . . . . .
form € A. and - ' C _ %‘»ﬁﬁ. T

v%z)’convectlve ‘thermal losses from the exterlor of the

system to the surrounalngs, in the general form .

!
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hA(T —T ), which contains the appllcable heat transfer

coe§:201ent (h), zone surface area (A) and temperature
i (Ti) and‘the amblent,temperature (Tb). )

. . .o s | . - ‘ ‘ ! ‘ v . R ) ‘ L ‘ ) . | }
If the zones of the system are so numbered that the first

*N' zones are surface zones, the rest being gas zones,

then ‘the energy balance equation for afsurfacetzene may

be symbolized in the form

N N ' N , o :
T S.8.E, + I G.S.E, + I 8.h ('r-'r)
J=1. 37173 ]"‘N'Jll J J=N'+1 1] Cg ij

Vo : . l‘ . . : : : d

L (42) 7%

.

. . /
T EsPy T Beg? (TyTg) = O

fgr”l <ig N, where N and N are the number of surface ,
% . ’ .

zones and the total number of/zones, respectlvely, G'J
. /

1s a nelqhbour—selector operator, belng unlty for gas. zones

adjacent to the surface zone but zero for all others, hg

and h are the gas 51de and amblent convectlve heat trans—

N

' ier coeff1c1ents,'Aij the 1nterfac1ad area between zones

3

. i and j, and A, the area of 'zone 1.

For a gas zone the rate of energy galn, neglectlng conduc-

X

tlon through the gas, w1ll include
. g

.



I A
(1),d1rect one—way fyux from all zones, selffabsorption
1nc1u51ve, , ‘ '

(2) energy generation'rate onfaccount of combustion pro-

cesses taklng place within' the zone, and

A3

- (3). the bulk enthalpy 1nflow from the nelghbourlng gas
zones. | f' S, -

EN

The rate ofrenergy loss will behmade up of

(1) -all radlatlon emltted by the gas zone, of the generil_
'\ form 4KV, where V.is the volume of the zone, :
,{2)ﬁconvect1ve heat loss to the- ne’ ghbourlng surface zones,
and

(3) bulk enthalp§’outhOW'to the_neighbouring gaslzones.

The plug flow assumptlon stated earller has the effect of

forc1ng each gas zone to recelve bulk lnflow only from the J

gas zone lmmedlately upstream oletself Slmllar con-’

‘siderations’ would hold for the bulk outflow.

\ bd

# . ) \

:If the gas zone numborlng is carrled in such a manner that .

~

the zone numbers 1ncrease downstream and outwards radlally,
then the energy balance equatlon for a typlcal gas zone

takes the mathematlcal form-
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';.ared, S the approprlate mean 5pec1flc heat at constant

‘ /7 A} \ >
N— N — ’ ' . -
L SGE, + I G.G.E, + m'C A, -~ . (T. .-T.) + Q. .
j=1 313 yoyp d 13 PLA-L il O ol
Lo omo - SR L
- (- Z 4a,.’.,K, V.E. - "L §'!.h T—T
.(if=l TGy it i) 131 4o ided 13( 2

. \ ”

[y

. ,..J"
o

“for 'N" +1 < i g N, where f' is the. mass flow rate per un;n

t, \
'—-

presSure for the temperature range encountered and Qc i

the rate of combustlon—generated energy release within the

¢

gas volume.h For this study Q ; was zero for all zones
5 \ "F'

except those re51d1ng on the chamber ax1s and contalnlng

/

Il

at least some“part of the flame. It waS'assumed tO‘be

dlrectly proportlonal to the proportlon of the flame con-

: ta;ned»1nithe‘9art1cular zone. -Equatlonsu(42) and (43)

then constitute a set of N simultaneous equationg in as
many unknowns, vis;,_the'zcne,emissive'ﬁowers,

5.4 The Solnticnvcf the Equations

. . N | ° . n : ’r L i
i . : - S e -~

. Thése equations are nonlineéar, containing terms in E with
' ST R - . . ’ .' ’ R ) . ' B
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§
'temperature—dependent coeff1c1ents as well as terms in T.
Thelr solutlon must therefore be obtalned 1terat1vel\
Some simplification may be attempted to fac111tate the
solutlon. Thls may be 1n the form. of a 11nearlsatlon of
the equatlons ~ by convertlng the terms 1n T to thelr rough
equlvaients in terms of E [19] When thlS is done,'one
obtalns the follow1ng set of equatlons, 
L {s.s. -68..1 +h' - )AL+ L &8'...h' E
J=l{ j1 ‘lj[,(ES, Srj) J (j'=Ni+'l,JJ' g J J J J)]}
+. I G.S. + 6. 'h" LA E. = -h AT o (44).
TR Tt R R '
—
for 1 < i < N' and
N' : : .
Z(5.G. + &', ..A..)Ej
-E{SJGI- 'GthQ:Jl 31) ]
=7 : B
+ Z [G.G, + &§. . h" A,. - 8..( T 4a. i v ‘
j=N" llj 1 hij,lel b,]l ji ‘13 1‘—1 G, ' j_
e R o . (45) )
- (L 8. R L ALY < s h!''..A. .1 E, = -q_ .
.'.. (j'i:lé'Jj" g, 5'3) ,_Jt.l.'*‘l_ b,ji :Jl] 3 G

Y0NS
Ny




for N' +1 Ji<N , . I M | Lok

h' . =hT./E., h'' .. = h (T=T.)/(E.~E.} -
where h s:3 s J/EJ' g5 g(_JTl)/( 3 i

AT (Pt /(e L T
and hb,ji_m Cp(Tj Ti)/(Ej Ei) all of them computed at the

current temperatures and emissive powers. Aji is the 1nter—,-

9]
B

face area between nelghbourlng zones j and 1, whlle A 18
the area of the ith surface zone.
: “

The set of equations can be summarised in matrix form thus

v ME=R - - '\(49) :

where M is theVmatrﬁx of the-éoefficientstof_the Ej,:E S
a vectorecomprising'the Ej; and R the>vector‘of.the'RH§‘

.of the set of equatidns. ' S . LT

‘Siddall [29] Squeste a prdcedure for solving these equa- -
tions. The essence of that procegurevis‘adopted,fwith
.. slight modifications, and will be briefly outlined“as,

| follows:, R

(1) £ill in the vector R. using the 5pec1f1ed ambient tem—v

perature, convectlve heat transfer coefflcleﬂt (h ),

and combustlon pattern, P
| e

S |
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(2) guess the dlstrlbutlon of temperature among the zones

- ; ’

of unspec1f1ed temperature W1th whlch tO“

o e

(3) calculate the dlrected—flux areas (ZZ) in accordanc% 3

<l

i ‘«

. with, equatlons (38), (33), (40) and (41). U51ng*these . 0

z

and the speclfled gas—51de convectlve heat transfeﬁ R

- . | o
coefficient, R ST B S
(4)¢compute theﬂelements of M and" S : .Q "fdg'

(5) solve for E the new temperature dlstrlbutlon. Thls
¥ 15 done elther 1rectly by Gaussian ellmlnatlon or by

the Gauss—Seldel procedure depenvlng’on the condltlonlng

of M whlch in turn depends on the orderlng ‘of . the system

- O]

of equatlons as well as the current temperature dlstrl-

butlon. Hav1ng computed the vector E then

e
'

(6) test its members for agreement or otherw1se w1th the .
o ? ‘r‘ . : )

prev1ously computed values of“the;same E If there is

: conSLderable error, go bacK’ tep°3,above and repeat.

S, gcy'ﬁd '

calculatlons, l‘"wE {
) '(
(8) compute the total rate ///
1ngs as, " -
N'* -e»

Q = I ha; ('r _pt )

an




L 5

,\._'S'

and the net heat generation,rate'(oé)'as SRR T

P T . .“_, )
QG3 _QH m'CpAD(Texit Tinlet)

L

Where Q* 1s the overall heat release rate, the cross—

-

'sectlonal area of the chamber, ‘the subscrlpts to the tem-

...'., M

peratures belng selfwexplanatory. The quantltles Q and . Q
should agree w1thln acceptable 11m1ts. For thlS study an
Stk agreement of 80% or better was con51dered adequate for the

'coarse-zone conflgurat10<\used on account of the approxlma-

tlons pentalnlng to the comp051t10n,_flow -and - combustlon

,,.5.

patterns and the energy balance equatlons themselves.
& . .
13

A computer program, FTFIELDX, was wrltten to apply the pro-

cedure rev1ewe& above., ThlS program is llsted 1n Appendlx
‘i\ .{-‘;“,1-.,_
“OD. "It uses, as part of 1ts input, the output qf GRAYGAS

: e
(see Chapter*IV) to fac111tate the execution of step 3 of

.:_ ”&’ ‘o

the pra)%edure G g

8is igcc'r‘_npiﬁééa-g Rée’éixji’tié* e

q,_._ / . o . -

fThe outpﬁt of the program, for the assemblage of 4 gas

éig'and“ﬁ surface zones, is’ llsted in Table VI and is d1agram~
30 RS ;3 ;
v matlcally dlsplayed 1n Flgure 10 for @' 1 0 and 3.0.
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The-cﬁtVeskin Fiéu "7 exhib!' crends in gehetal agreement
.Qith those repo. - 1 Ffom/experi:,nts 33] with, and theo-
"reticalxpredictions L. 7] %br, some en-losed combustlon
systems. Figures 11: ', 7 1luézrate these.results.
— -
TABLE-VI; The temperature and heat flux d;strlbutlons, }
the Q and -the Q of the combusqlon system : 1
(¢' = l 0 and 3. 0) o
o _ Temp. (° R) , Heat Flux ’
S . . (Btu/hr. ft.2 °Rr) -
» | ¢{=1.o. 3.0 . 1.0 | 3.0
end zones | 1 1446.7 | 927.5 5458.0 | 2343.0
|2 1076 9 | 1046:1 | " 3239.1 3054.6_
wall zones| 3 |1389.6 | 878.4 |  5115.9 | 2048.3
4 1528,3/ 1093.8 7 5947.7 3340. 7 _
-ﬁg "5 1494.9 1221.7 ) 5747.4 4107 9 .
6 | -931.0 | 980.9  2364.2 | 2663.2 .
gas zones | 7 1563.4 1000.1° ; S  i o ' ' '_,;
1843.7 | 1301.2 - |
9 | 1868.1 1494.7
10 1099.% | 1148.0 .
g (x10° Btu/hr.) - o170.3 | o117, ).
e - T - ©150.3 | 94.9
o9 (per cent.) . . gglz [ gg.g

Y




L8} ’ )

r

S It is clear'that the iterative prOcedure set out abogp—and N

employed in the computer program, FTFIELDX, ylelds results

in qualltatlve agreement with the expected system be—

-
L]

"hav1our in practlce. The max1mum temperatures compare

awithfthe adiabatic flame temperatures. From a detailed

quantitative viewpoint the temperatures and heat fluxes

AN

may not. be in very good'agreement,with'measured values.

'This is partly due'to the'assumption of a uniform, constant

concentratlon ~and partly to the apparent contradmctlon be—

‘ -

. tween the plug flow assumptlon and the pheonomenon of flow

’recirculation. ‘The former source of Error would be more
51gn1flcant for the low re01rculat10n case (Ct = 0. 673,
Q'v? 3.0) while the latter would affect the higher’reqir¥»

culation oase (Ct = 0;é30,,¢' = 1.0) to a greater degree.

”
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Fiéure 10.

e N
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. N ‘
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' o ,
- Resuits for "= 1.0
_—— - Resu!t.z for d'=3.0
< . e Gas Zone Temps.
1@»- . X Surtace Zone Temps.
+ Wall Heat Fluxes
J . ,
) . ,
- ,14(!)-,: ' )
‘o% ’
3w
. ] .
. o :
~L B o
[ 1@ N <46 s
-
0 V_\
o AN
c 800 1 2°¢ :
N w, E R '
- \b R
[} e : a
v o, 14 2 a )
& p =
. 5 O
. ‘f 3 = \
. v U |
Zohe T 1 3 4 ., 5 i 2, = { ’
Number > 2 1 6 o & ) surlace
7 8 19 10 : .
AXML ' | ' gas ‘.
' o 3 6 ft ¢

Temperature and’ Heat Flux Dlstrlbutlon
Computed by FTFIELDX:for the Ccnfined-
Turbulent.Flame Jet System Studled

$(¢'=10and30) L
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" % . Figure lla.
» - L : . . . R .
= . Measured Axial T eratures
52 . /for Two Enclosed urbulent
(3]
5 vJet Flames. Re erence '[33)
‘a = .
E - .- \
© - i ) _
1.8k . - :
E ’ / \
»x . 1
< . .
¢ 1 1 ﬂi L - s
. 2 - . ‘ ~ 'J“r"‘; :’:,
Axial DiS'W' - . ~ | o N
- ‘\l o 4 - )
<_F. 3 ‘ s
iy . } -,
X - X . . (
T ask N N ) ; P Flgure 11lb. . .
.2 U ‘o Computed. Ax1a1 Gas, ’
2 4} > : B Temperature plstrlbutlon
E | el T, for an Enclosed-, Turb\xleyt
o3 _\ : S 0 Jet Flame ( niform-Con-
= \7 : -0 < centration) Reference
E g L g | IR Wl [27], 'Run 7,
< 3 o, 4 . © 8 Sy ' ,
, "ll\xial Distance {f1.)- ' A ' ' 5 L :
’ ;’* 5 ‘ : .
. . L 3
-~ R, . A :
Y- - . ‘;. \t‘..‘
o~ I . ' . . s
) , 0
'E«‘ )*’ ; P, Bl
;.t_ ~ ~ ! N
3 .‘ .
}\ x Fn,gure llc. )
2 30} - - | " Computed Wall Heat .
X i Flux Dlstrlbutlon
A B .
x . ; for an Enclosed:
2, ', ' Turbulent; Jet .
- S Flame (Uniform
§ i . Concentration).
: D .. Reference [27] .
= DO '
L Y Run ]
z . . S ! .
. l ~N
ZOne - " o ) , 3 4 2 1 :
No,™ 1 1 ;2371 .3, > 1 | I N
Radial Dist. | Axial Distance ,: Radial Dist i : -
. [] . . . »
A . ’
Burner End '  Lateral wall- Exit End.
.. .
( ‘ e

-
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~  CHAPTER VI L — 2 . ’ <
B o . . S
: Doy o R ‘. ' v ‘ R RN P
é’oncwsx_ous ANp-REcpbiMENDATIONs,- T,

S « L . . .*' . [
. B ;o . Lo .

, TheicQaXEJ‘jet system, whlch typlfles most combustlon. o 13",

- b . ')‘ :

S i gy
systems, ‘can’ be suCglnctly represented by sxmlfarity para- & ff b

¢

meters of, the Thrihg—Newby or the Craya—Curtet varlety.,

[ N N
&

v These param%ters ewcapsulasﬁ41nformatlon about the aero-

dynamacs of _the combustlon systeg 1nterlor, v1s a v1s f -~

K u H )

'»flo& rec1rcuiatiop and Jet mlxlng.

'recirculatiou within the_combustion~chamher (i.e., at low

':values ofzthese parameters) would valldaté the assumptlon
lof a uniform comp051tlon throughout the chamber, For

“’other systems w1thout a strogg rec1rcu1atory flow some o _ ‘ -l
allowance needs be made for the ex1stence of concentratlon. T n
gradlents in the inteYests of accurate predlctlons of the ¢

o
temperature and’ wall heat flux dlstrlbutlons w1th1n the

L : : : Y

Charnber. T : 5 . | . ' | T o LR

.‘_.

L3

O

1 .‘.
. oy v

/

"A'suggestion has been.put.forward of a means of making .t . s,
'such an allowance, namelylb the existence'of equilibrium'

/
gas comp031t10ns, 1n the ‘zonés, that is llnkedgto ﬁhe

"zone temperatures and the Jet—m1x1ng process. Pursuant

to thls amcpmputer prOgram, ESUICALX has- been developed . o ;

to carry out the~c9mputatlon of equlllbrlum comp031t10ns._"
._&\;»

~ThlS program has been shown to yleld qulte accurate results;

| . . N _ o

,f:\’ o . . 5] ‘ﬁ93 ,:v A J .
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ﬁa,tated 1f the real' gas contalned th rein is- 1deallzed as -

) - )

a mixture of a relatively small number of gray gases and

a 'clear' component. To thls end a computer program named

-

GRAYGAS was developed and as 1nd1cated by the dlSCUSSlon
é .

in Chapter Iv, gnves results that are satlsfactorlly

_accurate. Thls program prov1des a vital. llnk between the

1 ;

. \_ .
-_emlsSLV1ty charts and the computatlon of the temperature

and the heat flux g&strp\ut;ons. g"

o

-

7~

) system studled w1th the ald of a thlrd computer program,'
&kFTFIELDX, whose output was shown to agree qualitatlvely with‘
'“publlshed measured values.'\zhaw%s 1nd1cated,,1mprovements

'1n the%}ccuracy of these results are “to be expected if the

"-Ltheoretlcal model 1s further reflned ThaS‘ls due‘to the

' coupllng ex1st1ng among the temperature and heat flux dls-

.trlbutlons, the . concentratlon gradlents and the Jet—m1x1ng

prbcesS.v h'pnb,d’;‘f__v"” , ;@v‘,

N Hottel and Saroflm [19] have suggested that when the varlah”"
: tlonslln the local cohcentratlons of the radlatlvely actlve

gases and/or thelr relatlve prOportLons are 81gn1f1cant, .

Tk

the theoretlcal model should allow for thefion—unlformity |

of the gas concentratlons.e The assumptlon of an

L - . ~ i 37 : U
T . U -

. L B N Lo L
The\executlon of - thlS latter step was carrled out, for the—ﬁ;zi' '

/

2t : . . , I L . - S L N EA ,
< » G L : ] e . o . F? AT . . . Lo
SRR w0 o e ' . . : . . -



95

equilibrium gas comp051t10n pattern llnkédfto the zone
y

temperatures and mixing process is one w of d01ng this

' The output of EQUICALX ‘shown in Tables II III and % /

‘1nd1cate tHat although the equlllbrlum comp051tlon, for a

\

" glven ¢', does not change very much w1th temperature as

plong as the latter is’ not too high (i.e., 1ess_than3about 4

-

3000 R for ¢' = 1.0 and about 3500 R for o' = 3, o), the -
‘ A : .
‘relative pro- )rtlonsrof C02 and H20 change 31gn1f1c tly '

'-Wlth ®'. Tre connectlon between this fact and the egu111~
..brlum gas comp051tlon postulate mentioned eiéi\er hould
. 2 :

| _now be obvious. o S '
™ 4 T f’“ -~ _..r
o i
The procedures outlrﬂéd in Chapters III IV and v whlch
. are}embodled in EQUICALX,'GRAYGAS and FTFIELDX should prove
.useful in settlng up and analysrng the more sophlstlcated .
Amodeléthat would account for thls 1nterconnectlon among
'the temperature dlstrlbutlon, the.heat flux dlstrlbutlon,
.the gas composition pattern and the Jet-m1x1ng process.
ThlS may take form of flrst computlng’ihe valuevbﬁ ¢' for
’ each gas zZone in° the absence of combustlon and as deter—-~
._mlned'by the ]et—mlxlng process. The one-to-oﬂe;cqrres- lt
,"‘pondence exrstlng between ¢' and the equlllbrlum gas come"
position of each zone at any glven temperature should deter-
d'mine the radlatlve behav1our of each gas zone. By u51ng the
’
ﬂ procedures descrlbed in Chapters IV and Vv, the ana1y51s of
4»the model can be - carrled through to obtaln the temperature

. . \i’e“ :

and ‘heat flux dJ.strJ.butlons..'fT
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'APPENDIX A S T

THEORETICAL AIR AND RECIRCULATION CRITERIA

A.1l Relationship bétween $' and Ct

e

Becker et al. [5]-give'themfollowingAexpreSSiqn for Ct}

IS ST SR RS S /2 L
€t = U/l 07050 2+ 2 (Us 0~ k” (A1)
.wherg U, = (Uj,O[D ) ;2,+ Us'o and»p is the §1ameter‘3

' .ratiode/dBf.v By making the substitutions ¢ = 1 + 2.

B .C‘Z
R — - 2 7 5 ’ » . ‘ A
B =¢1 1/D and U = FIS'O/UJ__'O + One obtains
y | R
=128 + 1) -1/ @+ 12 @2

v

, : ' 4,D ' D

'~ This directly relates Ct‘and U for afy given D. Beér and

Chlgler [6] glve an expression for the ratlo of the secon-

dary and prlmary mass flow rates that can be. put in the

form;
e . 2 Ps 0 ‘ R [
“s/“f (D }).57- .U ' | | (A.B)
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': For a hydrocarbon fuel cxHy'

.« .o .‘_' ) —Dga .¥- " V p | . y
OSSR S8 R R

- @ | A}
Consequently; equations'(AFZ), (A. 3) and.(A.d) furnish a

l» relatlonshlp between Ct and &'. This is graphically de-

. plcted in Flgure A 1 for two temperature ratlos _
(T s,O/rJ,O = l.Qhand 1.4) of_the secendarytalr to the fuel

jet, D serving as & parameter. ' ' PR

From this chart Ct and %' cen'be easily correlated. For
~example, if D=72" and T / 'y 0 1‘0'(for the:system'
.studled) then a Ct of 0 673 corresponds w1th an 0"of

3.0, whlle o' = 1 0 would correspond with Ct 0. 230.

\

P . - e . " |' | ‘ |

A.2 pRelatlopsh;p between Q:_gnd Btn'_BTN-

Beér and Chlgler g1ve a deflnltlon of the Thrlng—Newby

crlterlon that can be expressed as:

) . . - h. 'A',Q. . ) .
1 e ) -
- > G °7:0) 1/ 1y v T - 201Y/2 (A.5)
£ Ps, 0 | C% e : - » '
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Figure A.l. 'CF vs ¢' for 'I‘S'O/T'J’o : l.Q, 1,4_" :

at Various Values of D. |



a3 T ’ ‘ : (
557, S _ .

B = - J-lo 1/2 S
o fD Ps,0 : '
) ; “
Hence |
- / . ' :  ¢n |
Ben = Bpy / [1+ Tk - 01 | (A.7)

Ct

'Equatlons (a.3) to (A 7) 1nclu51ve embody the relat;onshlp

 betweeantnvor BTN and 2'. Slmllar con51derat10ns apply to

- this relationship as were discussed in connection with the

Craya—-Curtet Number‘(Sectioh Al).
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[ TRANSFORMING THE EQUILIBKIUM«p" DMPUTATION EQUATIONS

B.1 The Equations | K
. . | A
g

Equation$ C13),'(l7),"(l8) constitute a set of i0’+ 1'>

equations in as many variables: - ‘ ’ \kk.
o L R
., - & vw.u =0 oL . (18)
bog=y KK ' S :
- A
ko <ig i0
.. ‘
;0 | L |
o S : L
3 (vkn ) +b. =0 o a7n .
i=1 '
“1egxkgx® L
and .0 o : /

- AS commented on . in Chapter III these equatlons ‘are non-

4 ' .
llnear and as such enly be solved 1terat1vely. A

<

"-recommended llne of approach is the Newton-Raphson meﬁg\df

[36]. Furthermore, the rlsk of obtalnlng negatlve ‘mole
\ : . o
' numbers nece551tates the adoptlon of some artifice to -

f .

ensure the avoidance of that potentLal dlfflCUlty._ This

.[ is by way of replagigé the mole nunbers w1th thelr.?
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logarithms .as the'newﬁvariablgs. 2
In applyin§<the Newton-Raphson functlonal 1teratlon (equah
- tion (21)) to the set of eqﬁatlons, use would‘be made of the - i
wv:follow1ng," s H C AR |
‘ \ S
= _ = ' K _ ’
uy pi 4+ 1n éi Inn
. from which follow . =
—_ : Cpem e R |
aui/a (ln nJ) = nj (3ul/3nj) ',l;;jf:;.; Gij .
and .
. o3
;7% (In'n) =n (34, /0n) = -1 .
- - _ ) |
One then obtain$ the follow1ng "et-of equati6ns:‘
| e o [EORE
L x° o
(1 - z v ) Aln n. - (1 - _'X‘v ) Aln n T
k‘_l‘ . k'=l ' . '
o . k° '_ ST
= - - T \)' B.1l
o .0 :
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§ 4§§ RN
. S ) W “ \ .
» io / c i . o .

] . P e ' ) ) . b

E Vy;n;81n n; e b,k | o (B.1b)
i=1 " . . _ S
1< kvg x° ' R
. ‘ -ix’é

n éln n - .E n;AIn ny o =-e o 0 (B.lc) X

. ‘ ) o . . . . } o
‘,- < . . .

" where the e's are as deflned in Chapter III follow1ng egua—i?

,tlon (23). Upon 1nspect10n, equatlon (B la) ~would seem to

s

-1nd1cate the need to deflne a new. varlahle,

i = u, + Aln n; - Ala n

'By maklng that substltutlon, equatlons (22) and (23) of

-~

h Chapter III are obtalned "the solutlon of whlch constltutes

the obJect of the computer program, EQUICALX llsted in
: *=

thlS Appendlx. At each 1terat10n the corrected mole numbers-
'are computed u51ng the Aln n, 1n the format of” equatlon
(24c) (Chapter ITI). These Aln n, “are in turn computed

: from the u, thus; o




b4

Q‘B;z"The,Compﬁter Program, EQUICALX:“‘

108

&

" A 1lst1ng of thls proqfam follows.. The prograﬁ, written
1n FORTRAN IV, was run on an IBM System 369/67 machlne at

the Unlver51ty of Alberta Computlng Serv1ces lnstallatlon.
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‘EQUICALX ' . 109
COMPUTES EQUIL COMPOSITIONS IN CgﬂBUSTION’pp:CEssss
METHOD OF COMPUTATION = - NEWTON-RAPHSIN FUNCTIONAL
_ o ITERATION AS OSVELZDED BY
p . ' ZELEZNIK AND GSROOP
DIMENSION STDMU(ao.ZO).CHEMU(so).
e TMP(2C sSPECS(30)3VNU(3055),aKZ(5),
- BNJ(30,3)-BNJG(30-3).NBNJG(30)oBVL(3)oBNLG(3)oBNS(3)o‘
."RMEX(B.B).UVEC(B).CVEC(B).ARR(99)-DLNJ(30.3)-
- ‘ERRPSI(!SOO) o B :
STOMU STD-STATE CHEMICAL POTS ‘OF SDECIES
. CHEMU CURRENY CHEMICAL POTS OF SPECIES
T™P TEMPS OF AVAIULABLE STD- -STATE CHEMICAL POTS
SPECS SPECIES LIST 5
VNU : STOIEdzCUEFFICIENTS oo .
QaKZ - TOTAL# OF COMPONENT MO ECJLES PRESENT 2
BNJ - # OF MOLECULES OF EACH SPECIES. - '
C. BNJG INITIAL GUZSSES AT MOLE NOS e
c nBNJG SERIAL # OF SPECIES )
€ BNL : .~ CURRENT TOTAL.MOLE NOS
C BNS - SUM OF CURIENT SPECIES MOLE NOS .
C BNLG = GUESSED TOTAL MOLE NOS
C RMEX ' JACOBIAN MATRIX ’
'C UVECCVEC VECTORS ' : .
C ARR . INPUT ARRAY FOR 1BM sSSP RourxNE *GELG? Iz
C DLNJ - . ' INCREMENTAL LOGS GF SPECIES- MOLE NOS ‘//
'C  ERRPSI ERROR FUNCTION ARRAY - '
C : o ' .
C DATA INPUT o g SR _
R 1, MSPEC. LCOMP,NPH,NGES, NTEVPs NTMP,KDT
FEAD 251, ITA, ITZ, NITER . : .
READ 252, (SPECS(I),I=1.MSPEC) " R
READ 252,. ((VNU(T+J)sJ=1,LCOMP) 1= =1,MSPEC) !
REAoﬂess.((NBNJG(N).(BNJG(N.L).L 1.~°H)).N=1.NdEs)
' READ 27C, (BNLG(LFA)s LFA=1,NPH) .- : 2
READ 256+ (QGKZ(I)s1=1,LCOMP) ' .o ’ '
READ 257, (TEMP(d)¢1=1,NTEMP)
"READ 2575 (TMP(I)+1=1,NTMP)
‘READ 384 R,PRES
READ’259.:TOL.CRFLIM9XJLIM
READ'Eﬁlh_(STDMU(IoJ)-J I.VTCMP).I 1.uspsc)
c : _ ‘
C “MSPEC # OF SPECIES : o o
€ LCOMP # OF COMPONENTS
Cig NPH ' # OF PHASES (MAX=3) SR :
.- NGES.- ‘ ¥ OF GUESSED SP~CI:S MOLE 'NCS . =
NTEMP ' # OF TEMPS OF INTEREST o '
NTMP ‘# OF TEMPS. OF AVAILABLE STC-STATE CHEM POTS
KDT . - CODE FOR IDENTITY OR OTHERWISE OF STEMPS, 'TMPe
ITALITZ FIRST AND LAST TEMPS OF INTEREST : 'S
NITER . 'MAX NO OF ITERATIONS SPECIFIZD (< 15C0)
TOL = =  ERROR’ TDLERANC: FCR *GELG®*
ERFLIM  MINIMUM VALUE FOR ERROR PARAMETERK
XJLIM MINIMUM ALLCWABLE MOLE —RACTION "
R . 'UNIVERSAL GAS CONSTANT
" PRES '-,. PRESSURE e S .
_ R , N

A0 AAMNAANAONAO

Q'Do“ 2. N—I.NGES . o Lo fC_‘ I .
DO 1 LFA=1,NPH : : o . _



'NN=NBNJG(N) S : S 110

BNJ (NN,LFA) = BNJG(NsLFA)
1 CONTINUE ‘ L
2 CONTINUE. ' e :
. DO 3 LFA=1,NPH ’
BNL (LFA)=BNLG(LFA)

W

DO 5 LFA =1,NPH L N | R |
BNS(LFA) = 0 ‘:7 ‘ : _ . . /\
DO 4 J =1,MSPEC i ‘ ' ' : ‘ .
4 BNS(LFA) = BNS(LFA) + BNJ(J.LFA) ' - R 4]
5 CONTINUE - o ) J '
LNP=LCOMP+NPH v \J '
PRLOG = ALOG(PRES) - N o
DD 240 "TEMP = ITA,IT2Z . _ - o
GOTO (10+6), KDT ' : : - -
€ IF(TEMP(ITEMP) .GE. TMP(1) .AND.  ° C
.  TEMP(ITEMP) .LE. TMP(NTMP)) GITD 7 .
PRINT 322, ITEMP,TEMP(ITEMP). . : ‘ e )
. 6OTO 20, - » R : S
7 DO 8" IB=1.NTMP ‘ R R
- IE (TMP(18) +GT. TEMP(ITEMP)) ' GOTGC 9
'8 CONTINUE : ’
9 FR = (TEMP(ITEMP)—TMP(IB 1))/(Tup(aa)-7up(xe 1))
1G CONTINUE
IHOLD = 0 : o
. ‘ .oo 195 ITER = 1sNITER ' 4 ' .
c . o
-C COMPUTE THE CHEMICAL PDTENTIALS
14 CONTINUE . - . A v v <
DO 35 LFA=14NPH -~ ' - '
DO 30 J=1,MSPEC ~
. XJ = ABS(BNJ(JsLFA) 7/ BNS(LFA))
‘XLOG = ALOG(XJLIM) ’
IF (XJ «GE., XJLIM) XLEG = ALDG(XJ) o ' o
GOTO (25+20)+KDT ' : N L e e
20 USTD = FR*STDMU(J-IB)+(I—FR)#STDMU(J.IB-I). ' T
. GOTO 29 ‘
25 USTp = STDMU(J.ITEMP) o . -
29 CHEMU(J) = USTD + PRLOG + XL0G ° [ TN
30 CONTINUE '

'35 CONTINUE - ' R - a A \
_TEST FCR CONVERGENCE . . s - . |

\

(A) EVALUATE ERROR PARAMETER = .~ &- S L ey
40 SUMQ@=0. d / ‘ ‘ o
' ERF = 3%*MSPECHERFLIM

DO 43 K=1,LCOMP
SUMB=0, ‘ -
o DO 42 LFA= I.NPH : L . '
V- SUMA=0, I i
. DD 41 J=1,MSPEC o o .
41 SUMA= SUMA+VNU(J,K) *BNJ(J.LFA) : ' N .
_ 42 SUMB=SUMB+SUMA o : o ' .

. 43 SUMQ=SUMQ + (QKZ(K) - SUMB)**Z ‘ T \

' SUMN=0, - ¥y R : X : :

. . DO 45 LFA=1,NPH . : S E i o
: 45 . SUMN= SUMN+(BNL(LFA) - BNS(LFA)) *%2 o - '
. - SUMG=0., _ T '

- DO 47 J= l'MSPEC : o S
”SUMB =0.. '-“[ . Y

noo

. ! ‘ L4



DO 46 K=1,LCOMP S
|46 SUMB=SUMB + VNU(J»K) HEMU  (K)
47 SUMG = SUMG + (CHEM&QJ ~ SUMB) *%2
ERRPSI(ITER) = «5% (SUMQ + SUMN + 5SUMG)
IF (ERRPSI(ITER) .GE. ﬁRF)T’ﬁoru 54
Cc :
C (B) EVALUATE MOLE FRACTION coanecrlons v
1 IF (ITER .EQ. 1) GO TO sa
DO 49 LFA =1,NPH . -
JCOUNT = 0
PO 48 4 =1,MSPEC
X3 = BNJ(JsLFA) 7/ BNS(LFA)
DXJ = XJ * DLNJ(J.LEA)’ N
IF (ABS(DXJ) .GE. O.SE- -05) GO TO 48
JCOUNT = JCOUNT + 1 :
48 CONTINUE ) o
. "IF (JCOUNT .LT, MSPEC) GO TO 54
‘49 CONT INUE ‘

SO PRINT 300, TEMPCITEMP) ° '
"+PRINT 259.SUMQsSUMN,SUMG | - v
PRINT 311 <

DO S3 NR =1.LNP

S3. PRINT 321, (Rnex(nn.vc).uc —l.LNP)' CVEC(NR)

© . PRINT 311
& PRINT 271, (CHEMU(J).J =1.MSPEC)
: PRINT 310 v o o ot
PRINT 270+ (BNS(LFA).LFA =1,NPH)
, GO TO 196 , : S
C oo - o e

C SET UP MATRIX *RMEX?
'S4 DO 70 K=1,LCOMP
: DO 65 I= 1.LCOMP
BKT =0. )
oo /60 LFA—I-NPH
SUM=0, . :
‘DO S5 J3=1,MSPEC - =
" ADD=VNU(J,1) *VNU(J.K) * BNJ{JsLFA)
. SUM=SUM+ADD - o
SS CONTINUE
60 BKT=BKT + SUM
165 RMEX(KsI)=BKT
- 70 CCNTINUE .
© . DO 90 LFA=1,NPH :
LEF = LCOMP+LFA . . - g
00 85 K=1,LCOMP
SUM=0," oo
D0 80 J=1,MSPEC
ADD=VNU(J ,K) =* BNJ(J-LFA)
82 SUM=SUM + ADD-
: RMEX(KsLCF) = SUM
 RMEX(LCF,K) = SUM
85 CONTINUE <« = - , _
: RMEX(LCF,LCF) = BNS(LFA) - BNL (LFA)
90 CONTINUE ' : B ’
c [
c FILL UP *CVEC*
100 DO 140 K=1.LCOMP v
SUM-OQ . S S

DO 135 LFAS1,NPH =, o
_SUMA=0, — o ‘ _///{



S

‘162

130
135

140

suue-o.

DO 130 Jy= I.MSPEC
ADD=VNU(J+K)*BNI(JyLFA)
SUMA=SUMA+ADD
SUMB=SUMB+CHZMU(J) x* ADD
CONTINUE o

SUM=SUM + SUMB - SUMA
CVEC(K]) = SUM +'QKZ(K)
CONT INUE ’

DO 150 LFA= l.NPH

-

' GBFN=0,

145

150

DO 145 J=1,MSPEC

GBFN GBFN + BNJ(J,LFA) *CHEMU(J)

CDNTINUE

CVEC(LCOMP+LFA) = GBFN - BNS(LFA) ¢

CONT INUE"

SOLVE FOR UVEC

154

REARRANGE DATA FOR 'GELG
DO 160 J=1,LNP =

JdJ=0J=1) * LNP

1585
160

CIER = 0 ' o
CALL-GELG;(UVECfghR.LNP.IgTOLoIER)

CCMPUTE CORRECTED SPECIES MOL= NOS AND TOTAL MOLE NOS

-1€1

(A)

1€6

DO 155 I=1,.LNP
ARR(JJI+I) = RMEX(IsJ) .
UVEC(I) = CVEC(I)
CONTINUE.

CCNTINUE

IF (IER .EQ. 0)
PRINT 251, IER
GaTo 250

~eoTo 161

LCF= LCOMP+LF A
DO 180 LFA—I'NPH

DETcRMINE OPTIMUM STEPSIZE FACTOR

UI=UVEC(LCF)

L7

TF(UAB +LE. 2.0) GO TO 162

FACT = 2,0 7/ UAB
Uz = 2, .+ Ul

‘DD 175 J=1,MSPEC

SUMA=0,

" XJ = BNI(JsLFA) A BNS(LFA)
IF(ABS(XJ)[.GE.'XJLIM1-GO TO 166

XJd = XJLIM
BNJ(JsL.FA)
XJL—ALOG(XJ)
UX = = 11,212 - XJL

CIF (XJL oLT.. - 18,5) Uz =

170

DO 170 I=1,LCOMP

. SUMA=SUMA+VNU({J,I)*UVEC(TI)
LY = Ul + SUMA - CHEMU(J)

.DLNJ(JsLFA) = OLJ
IF (DLJ .LE. 0.) GO TO 17S
IF (DLJ .LE. UZ)} - GO TO 175 .

RATIO = ABS(UZ / oLJ)

" IF (RATID «LT. FACT) FACT

b
UAB=ABS(UI) A a4

XJLIM * BNS(LFA)

Uz + Ux '

112
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. 301

1198 PRINT 301,

2 PRINT

. 225

- 251

289

175 CONTINUE

\ .

(e) APPLY coupuvso CORRECTIONS
177 BNS(LFA) 0, ,

> DO 179 J= l.MSPEc e

ADD =
BNJ(JsLFA) ="
~ IF (BNJ(JsLFA)
BNS(LFA)
CONT INUE
ADD = FACT * Ul x BNL(LFA)
BNL(LFA) BNL(LFA) + ADD

IF (BNL(LFA) .LT. 0.) BNL(LRA) =
CONTINUE" I C .
 PRINT 311 : )
CONTINUE -

GO TO 50

BNJ(JsLFA) + ADD
LT. 0.) BNJ(JIsLFA)
BNS(LFA) + BNJ(J,LFA)

178
179

180

195

. OUTPUT : : S .

196 CONT INUE
PRINT 320
. PRINT 311 ,
DO 198 I=1,1TER.S '
“ IA = 1-1 - Y
18 IA + &
IC=1 + &

oo

PRINT 312
IF. (ITEMP -
PRINT
PRINT
PRINT

. o J=1+MSPEC)

PRINT 310

‘PRINT 303.(BNL(LFA).LFA 1.NPH)

324

311
D0 23C L=1,NPH . : .
PRINT 323,L ' *

- PRINT. 310 Lo LY '

DO 225 J=1,MSPEC '

XJL =
RINT 302, SPECS(J),,XJL o
ONT INUE ", e T ‘ s

CONTINUE ‘ _ | ,

stop. .- A

.EQ. ITA) PRINT 38
‘313.(L,L—1.NPH)

311

CPRINT

230
249
250

FORMAT(1015)

252 -FORMAT(10(1X+A4)) . o

253. FORMAT(4F5.2) - = Sy
255 FORMAT (B8(15,F5,1)) ' o
256 FORMAT(4F10, 3) co o
257 FORMAT(S5F10.1) - - i
258 FORMAT(2F10.,3) R
FORMAT(8E10.,3)

261 FORMAT(5F15.3) .

270 .
271
300

FORMAT(S5F10,3). & -
FORMAT (*1%,1Xs//T50,¢TSMP = - ¢
FORMAT( 110.4(515 3.1109&€15?3)

—

z;;

‘FORMAT(3F10.3)° . . o

FACT *. DLNJ(J-LFA) ) BNJ(J-LFA)

=.o.

BNS(LFA)

' 113

LN

BNJ(JsL)/BNLCLY o

e

IA.((ERRPSI(J)%J).J I'IS)-ERRPSI(IC)

302.((SPECS(J).(BNJ(J.LFA).LFA loNPH))y

o=6 1-2X:'D:G Re)



FORMAT(40Xs34, F20,5)

zc2 o
303 FORMAT(T36.*TOTAL NC. MDOLES =*,F10.5)
503 FORMAT(1X,15,F20,5) ' . '
209 FORMAT (//TE0,"RESULTS')

310 FORMAT{*-¢,1X)

311 FORMAT(® *,1X) . o

312 FGRMAT (*1°,1X) ' o

313 FopuAT(///Tax.'sp_cxcs-.r<7.-MOL= NOS*,

- _ //Tag.-qucc-.Ixo.?lzn)
«20 FORVAT(//TSOo'EnRO« PARANMETER TRACE')
321 FORMAT (* ®,EF10.3,F10.3)

322 FORMAT (° l'-lx'///TSS.’TEND('oIZo‘) = '9?8.1.5Xo“

e *OUTSIDE FANGE OF TNP) o P

‘323 FORKAT (--'.T51,'PHA<E'.IS)
324 =DRMAT (///T44»'MD'E FRACTIONS®)

END

4
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GRAY GAS APPROXIMATZONS TO REAL GASES

- C.1 Terminatioh of the’Gray‘Gas Compﬁtations

ihe cohputatioh'of‘a.mixed'gray+1-c1ear4gas approximation
to a real gas. 1s, in essence, approached through the pro-
'gre551ve extractlon of the contrlbutlons of succe531ve
: gray gases to tre radlatlve propertles of the real gas._'
ThlS is effoct- 3 by performlng the comﬁutatlons w1th1n the

beam length ranges in whlch the dlfferent gray gases ef-

-~

fectlvely control_all variation of the radlative properties'

ofsthe overall gas mass.

ALY

‘As suggested by the d15cussxon 1n Chapter IV the order of
extractlon Sf the gray gases is that of 1ncrea51ng ab~
sorptlon coeff1c1ents, K . .Successlve Ki are at.least an
order of magn;tude_dlfferent from one another,.andiso are’

the a_, . . b

The computation of the component gray gases is to be»teré
minatedﬁif.the estimated maximum contrlbutlon of any as

yet uncomputed gray gases (i.e., its welghtlng factor) ‘is

' judged insignificant. Thus the spec1f1catlon of this dls-

(%

crlmlnatory level of 51gn1f1cant contrlbutlon ann1h11ate°

i
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<

any need for an a priori statement of m, the total number

‘of gray gases required;

The-extraction of each gray«gas'is carried out within t@é;

range of beam lengths in Wthh the variation of its con- -

tribution determlnes the varlatlon of the overall gas -

property.v The upper’limit of this range of beamdlengths

to-be computed., At this ﬁpper‘limit, the contribution of;yﬁ'f

As a check on the decision to terminate'the cOmputatioh.l‘

»

‘,of the gray gases, 1t may be worthwhlle determlnlng the

ax1

'»:beam length L"'-.'at Wthh the contrlbutlon of the un—

computed (1th) gray gas 1s at the mlnlmum allowable level

(0 0005, say)

- can be estimated for each,gray gas except the very’first_“-

6

the gray gas is Just beginning to be 1n51gn1f1cant, for *‘;
'example, at 5 per cent. of its max;mnm value- : ,“Rf '
4
. ' _ .
. : £ . AT ) SRy Lo
ie.,  1-eFilmax,ig's (o™ -, - - 0 W
'é'“'. . o ‘?~4,§f :;La
i.e., ..‘7 L e 5(10 l/Ki ;"q,#;w: i«f R
i@
y ' ; v 3. - : Y4
t . 3 . - . . .
therefore_v ! Lmax,i }5(10 )/ Ki 3 ;
.



(1 - e Kilmax,i) ~ 5(10"4)

«

¥ G,1
» . ) ) ' ) ~ ‘
i.e., . ,Lmax,i ~ 5(10 )/(aG 5] l)
'y ‘ . ) . [} ~.
ﬁﬁf},e., , . Lmax,i 'f 5(10° )/(aG 1-1K1—l)

o

Thus the decision to terminate would be vindicated if

' . > L .
max,i¥ =  “max,i

' C.2 The Listing of GRAYGAS
g" The'graygas approximation program,‘GRAYGAS employlng the

w

technlque set out 1n Chapter v and this Appendlx, 1s
llsted in this- sectrpn. It is. a FORTRAN IV program that

% was successfully run on ‘an IBM System 360/67 computer

) ) .

Alberta,v"

"talled at the Computlng Serv1ces of the Unlver51ty of =

117



fnonnananA

oo

AN AAAAAANA noanAnNOANNAN

118

GRAYGAS SR o ‘ '
-COMPUTES A MULTIPLc—”PAY-DLUS—CLEAR ~GAS APPROX IMATION

TO BURNED GASES IN A COMBUSTION CHAMBER OF GIVEN )
GEOM USTING AS MANY ' GPAY GASES AS REZQD

(MAXIMUM S) : v S
—FITS A TEMPZRATUSE POLYNOMIAL TGO EACH GRAY GAS WT-ING
FACTOR OVER A GIVEN TEMPERATURE RANGE S '

&

- ‘DIMENSICN EC(30, 20)'EU(3O 20)._6(5.30).AGI(5 30)., ’

- : GA-‘(SvS)oGMA(SQS).DELTAT30.20)ODELTB(3°'20,0
e - .PLC(39), PLW(32), » PUR(10),PCHL(15),

- - TGPL{20)sTG(30),TD(S), ‘

. "BMLC(Z0), SIGMA(cO).SLK(S)'EGAS(cC)-VGI(ZOD'

. ' AGZ(39),AGR(200),GAR(3D), . . ‘

= - NPYT(S),FLU(S).RCF(5),VEC(5),VECS(5)

e o
COMMON  /XFE/Z1B,JB,EA.EB.

. a ‘»v/PDL/NTG.NGRAY.MP'
EC,EW - . EMISSIVITY (EM) TABLES FCR coz.Hzo ,
EG = - GAS EM VS BEAM LENGTH (B- Ll Vs TEMPERATURE (TEuP
AGI,AGZ . = EM WT-ING FACTORS . - .
GAM,GMA . MATRICES: . . AT A
DELTA,DELTS .EM DATA CORRECTION TABLES - - e
PLC+PLW = PL-VALUES FOR C02.H20 EM*S
PWR ' PRESS—RATIOS FOR AVAILABLE H20 o
L ~ PRESSURE~-BROADENING. CORRECT-IGNS SRS
PCWL . PL-VALUES FCR EM CORFECTIONS e
. TGP , TEMPS FOR AVAILABLE EM . DATA . -
TG _ " GAS TEMPS OF INTEREST -
- TD . TEMPS OF AVAILABLE EM CORRECTION DATA -
BML’ -~ . BEAM LENGTHS (B-L)
SIGHMA : - B-L/MEAN 8-L RATIGS .
SLK .. ' GRAY GAS EXTNCTN cost
EGAS - . 6As EM vs B-p TABL= AT MID-RANGE TEMP
vG1 VAR 1ABLES
AGR,GAR,NPVT, '
VEC,VECS = VARIABLES S .
FLU,RCF . WORKSPACE (FOR ‘CSULNIL)

’,
. s L’ .



R 4

C DATA INPUT

C

ABABANNANAANAAANAANAAAN

Nous N~

" FORMAT

KE = 1

‘FORMAT
FORMAT
FORMAT
FORMAT

FORNAT
READ(S.I)

READ(S,.1)
READ(S,1)

READ(S+6).. . oIAM.Akxs.oND.xND

READ(5,6)
READ(S,4)
READ(S.4)
READ(S,4)

READ(S.2)

READ¢S,¢)
READ(S.G)
READ@SoS)

,.:READ(S-S,

READ(S-G)
READ(S.G)

,READ(S.?)
' "RERD(S,7)

Uy«-

‘NTG - -

NGR
NSSG

NG

NTGP %
NPCsNPW
MP B

NF o NL
‘DIAM,AXIS,
" DND + XND

- PDBsPERM,

PLI

| CCFACs CWFAC

PHI

GET MICOLE RANGE TEMP

o 119

(S1S)

(F10.3,C9F5,.3)

(5E15.6)

(2F10.3)

(SF10.3) _— S . -
(6F10.5) ‘ S o

NTG.NGR‘NSSG.NQ
NTGP s NPC ¢ NPV ¢ MP
NF » NL

.,

»PERM,PLT.

‘EGMlN

EMIN,DTMIN

(SIGMA(ISIG),ISIG=1,NSSG) R
(PLCCIPC) o (ECCIPC,ITGP),IT32= 1+NTGP) s IPC=1,NPC)
(TGPUITGP)+ITGP =1,NTGP) ; :
(TG(ITG)41TG=1
CCFAC,CWFAC S
. p H I . ’ ' LAY
-(ZET(Iz).Iz—u.NZET) :
(PLW(IPW), (Eu(le.ITGp).ITGp
ATDUI)sI=142) -

(PWR(1)+I=1,6)
(PCWL(I)s1I=1,10)

((DELTA(I,J)s 4=146)41=1,10)
((DELTB(I-J)- J=146)0l= 1.13)

1-NTG)

1.vTGP).Ipw 1.NPW) -

# OF GAS TEMP”OF INTEREST

MAX # OF GRAY GASES

# OF B-L/MZAN B-L RATIOS CJNSIDERED
MIN # OF TERMS IN STR-LINE-FIT '

# CF TEMPS FOR GIVEN C02, H20 EM®S

# OF PL-VALUES FOR C0O2,H20 EM. DATA
MAX DEGREE OF TEMP POLYNDOMIAL

APFROX TO THE WT-ING FACTORS

ENTRY # OF MIN.MAX TG OF INTERES%“‘*

'DIMENSIONS OF coMma CHRMB=R

M!N FRACNL AGREEMENT BETWE= N.

'-PREOICTED & ACTUAL VALUES AT MAX B-L UF':

LHS OF EQN ( )e

—~ACTUAL & ALLOWABLE M:AN SQ—ERRGR -

FOR STR-LINE-PLOT o e

=(L-MAX) € (L*-MAX) - APPENDIX C

CORRECTION FACTCRS FOR CO2,H20 EM*'s . -
INVERSE OF EQUIVALENCE RATIO ' ‘

(TG—M[DRANGE)

RANGE = (NF + NL) /2

MIDR =-RANGE .

TGMR = TG(MIDR) v ' - :

FR = (TGMR-TD(1))/(TD(2)-TD(1)) o R
IF (FR LT, 0) FR = 0 B :
DEN = 1 + 23, e*pux yg_

ZETA = 1,0



c

<

. CoL : , ,
*C  CONSTRUCT THE GAS EM VS, B-L TABLE
‘ AT TG-MIDRANGE

- C

.13

35

Fz

PRC =

',PRw
PTOT = PRC

GET THE MEAN B-L

20

. 63§£

25

27

3¢

Wl

PRF =
CALL
JBS =
L.

XLM =
PRINT
PRINT

TFR =
KODE =

IF (KO
PRINT.

- PRINT

GO TO
JB8X =

‘DO 4S5
JdB = g

‘18

" ZETA /(DEN + ZETA)

3*FZ
4%FZ

o

325,
360G,

O.
o

+ Pév g[ﬁ"
"PR = pr/PTOT

y“,

XL ™

TGMR

3
]
/

DE «NE. 9)

395
276,
200
18

ISIG—I-NSSG

BX

TGMR -

qﬁ
BEAM(AX IS, DIAM.xNo.oND)

7

_\'_".

BM = SIGMA({ISIG) * XLM

BML( IS

1G) =
PC = PRC * BM

8M

PW = PRW * 8M
PL = PC + PW
EGX =

KD = 1
KE =71
PFR =
KODE =

CALL FIND (PLC.NPC.PC PFR.KODE.I)
_ Go" TO 20

co

IF- (KO
PRINT
Xp = p
uP = p
GoTOo

0.

0. "
0

DE «.NE. 9)

29S
C.

LC(1)

27

CALL, EINT (Eq,TFR.KE) ’_;

u’a l?'

CALL :FIND (pLu.pr.pw.pFR.KooE.tl
GO To 3@

oquc

Ee 9)

XP

KD %
PFij 0
KODE =/§\
1IF (KODE, N
PRINT 300
XPi'= pw
UP = PLW(1)
PRINT- 276,
PFR = XPXuUP
KE = 2

. GOTO (20,30), kD

RN
IR

-

CALL EINT (EH.TFR.KE]

FAC =
ADD =

¥

CWFAC
OQ'

T

&

FIND . &Pwdﬁéﬂpn.pné;o.l)

N

+CALL FIND. (TGPgNTGP.TGMR.TFR.KCDE.11
GO TO 15

120



-

IF (EA .NE. 0.). ADD = FACK(EB*PFREA%(1-PFR) )
40 EGX = EGX + ADD | R '
- IF (KD .EQ. 1) GO TO 25 ° . -

PLF =0 Lo _ . :
KODE = 0 - I LA
CALL F!ND(PCVL.!O.PL PLF,KODE.1)
IF (KODE .NE. 99) GOTO 42 . B &
I8 = 10. o Y "
PLF = 1,0 ' .
42 JB = UBS- .
43 CALL EINT(DELTA.PRF.OI) 
_DELA = PLF*EB+(1~PLF)*EA
CALL EINT(DELTB.PRF,01) o
DELB = PLF*EB+(1~PLF ) *EA .
DEL = DELB*FR+(1~FR)#DELA *

IF (EGX .LT. DEL)} DEL = o. S*(EGX-DEL)
EGAS(ISIG) = EGX-DEL
IF (PL .LT. PCWL(2)) DEL = oO.
45 CONTINUE . -
" PRINT 320 '
PRINT zzo.(eML(I).l 1.Nssc)
PRINT 220, (EGAS(I).I 1.Nssc)

CALCULATE THE EXTNCTN COEFS S

, NS = 11 K SR
My = 1 . B . S
NU = 2 . o ‘

-~ AGSUM = EGAS(NSSG/B]
AGSTP = 0,2C*(EGAS(NSSG)- AGsun) b
PER = ERM . A o
PEL = ALOG10(PER) : o .
POL = ALOGIO(PDBD B f e T
PLLN = ALOG(PLI) N\( . - i

S0. AGO = 1.0 : : v g T

, NGRAY = NGR e T
"oMx = 0,9 g . T
DO 70 IGRAY =1,NGRAY e e e
IF (IGRAY .GT. 1) GOTO s1 ) -« . S
£ =0 T oo }_ S
KsS = o0 ' | R
CALL ' FIND (EGAs.Nsss.AGsun.F.Ks 2) e N
PRINT 24¢C Ve 7 . ) -
PRINT 216, AGSUM
PRINT 241 ‘ . I :
IF (KS.EQ.9 .OR..IB.LT.2) GOTO 80
IF (SIGMA(IB) .LT. SMX) - GOTO . 80 - -

SD = 10%%0,2 ' S :

51 SREF = 0.01%SMX/SD

‘DO 53 .I=1,NsS

SREF = SREF*SD

S = SREF -

IF (1 .EQ."1) S = 0
Y BMLIT) = SaxLM '

FR = 0,

yKS:O . ’ . , .
EGX = 0. o R ¢
CALL »’»FIND(SIGMA&NSSG.S.FR.KS-Z)

IF (1B .GT. 1) EGX = EGAS(IB- 1)*(EGAS(IB)
+7EGAS(IB-1) ) *¥FR
IF (KS .EQ. 9)EGX = S#EGAS(I)/SIGNA(ID

. “.,1," /’  e ER o “"
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53

$8
..54

- 52
57

59

60

65

GAR(I! = EGX

CONTIMUE

IF (c4L(NS) .GT, BML(2Y) GOTO
DO 58 I=2,NS ' ‘

J = NS-I+2

HB '= BML(1I) -

BML(I) = BML(J)

BML(J) = HB : o i

HG = GAR(I) ‘
GAR(I) = GAR(J)
GAR(J) = HG -
CONTINUE

DO 60 I=1,NS

ARG = AGSUM - GAR(I)
"IF (IGRAY .EQ. 1) GOTO s6

’;/¢f/i;:
56

IGRA = IGRAY - 1
DO S5 JG=1; IGRA

ARG = ARG - ACI(JG.I)*EXP( SLK(JG)*BML(I))

CONTINUE
IF (ARG) 52#5%) 59 '
IF (IGRAY .EQ. 1) GOTO 80

Fl2 = 172 ST - §

IF ((FI24BML( T-1 }/XLJ) -LE. ?)
SMX = BML(I- 1)/kLN ‘
GOTO ' S1 v

NGRAY = IGRA»

‘GOTO 717

VGI(I) = ALDGlO(ARG)
AGR(1) = ARG
CONTINUE.

OB = VGQ-VGI(NS) *

54

GOTO

‘SK—(VGI(NS—I)-VGI(NS-z’)I(BML(NS-l) ~3ML (NS~ 2))
VGO = VGI(NS-I)+$K*(BML(NS)-BML(NS°1)) '

IF (CIGRAY/NU) .GE., 1}. GOTO 65 .

IF (—Aastos)/poL-1)65.72.7a
CONTINUE i
NSQ = NS-NQ+1
DO 68 L= 1.Nso 

A= o.
B = 0.
C = O.
o =.0,

DO 66 I= L.Ns .
BL = BML(I)

VG = VGI(I)

66

. 80T
'SLN

67

68

A + BL

B + BL*BL

C + VG

D + BL*VG
CONTINUE .

ZL = NS-Lfl
A¥XA-BRZL
(A*C-D*ZL)/BOT
AGL (A*xD- B*C)/BOT
ERR 0.,' :

DO 67 —LoNS

ono>»
N

uwru_n

ERR = cRR+(AGL+SLN*BML(J)-VGI(J)l**Z
ERR := SQRT(ERRZZLY}

IF (-ERR/pEL-l)sg.ee.éa
CONT INUE

N

- 122



;
PRINT 308s L, BML(L) L@
PRINT, 307.SLK(IGRAY).AGI(IGRAv.l) i
AGO -= AGD—AGI(IGRAY-I) )
- XLT = -PLLN/SLK(IGRAY)
CXLI = EMIN/AGI(IGRAY-I)ISLK(IGRAY)
JIF (XLI (LE, XLJ) NGRAY = ‘TGRAY
SMX = XLIZXLM
" PRINT 230, XULI
' 70 CONTINUE
<71 CONTINUE _
‘PRINT 225, NGRAY
NGC = 0 R
. GO TO 85 '
72 GOTO (79:78,76) s
73 AGSUM = AGSUM-DB*AGSTP/(DB-DA)
- GOTO 77 . _
76 IF ((DA-DZ)*(CB-DA) .GT. 0). GOTO 78
XA = .5*(DB—DZ)/(-DZ+2*DA—DB) .
'XB = (DB-DA)*(CA-DZ) 7 , |
XC = (AGSTP+X8/AG$TP)*XA - ‘
. . AGSUM - AGSUM-AGSTP+XC
77 NU = 1
: - GOTO 81 : _
- 78 IF (DA*DB .LT. 0) GOTO 73 R a
DZ = DA . v . - _ » . ’ 7 )

© _NQZ=2L : .
69 SLK(IGRAY) = ABS(SLN)*ALOG(10,0)
AGICIGRAY 1) = 10%%AGL
IF (IGRAY .EQ. 1) PRINT 340
IFCIGRAY.EQ.1) PRINT 220, DB.ERR.PDB PER.PLI
PRINT 306, IGRAY
- PRINT 220, (BML(I).I-l,Ns),-
PRINT 220s (AGR(1)s I=1,NS)

Y

79 DA = DB

TIF (MU LT. 3) MU = MU+1-

80 AGSUM = AGSUM + AGSTP

81 CONTINUE ' o

- IF (LAB .EQ. S50) GOTO 82
PRINT 335, DB o -
IF (LAB .EQ. 562) GOTC 82
PRINT 330 ' :
PRINT 215, (BMLCIJ+sI=14NS)

- PRINT 220, (AGR(I)s I=1,NS)

82 1F. (AGSUM .LE. 1.) GO TO S0
‘GO TO 200 ‘ S

CHECK

85 PRINT 240 L , .

PRINT 310 S

PRINT 311

ES=0. :

60 90 I1=1.NSSG SR :
BMLCI) = SIGMA(T)*XLM L : |
" EGC = 0. PR
DO 89 J=1,NGRAY
TPJYI = SLK(J)*BML(I}

AD = AGI(Js1)

sSU = o0, T - - o

IF (PJUl LLE. 175.0) wsu‘=WAo*Exp(-=41)

EGC = EGC+AD-SU B S
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OO0

89

90

CDNTINUE
PRINK}BJS.BML(I)'EG S(I)sEGC
E = 100*(EGC/EGAS(I)J4)

PRINT 312, E

CONTINUE
PRINT 245
IF (NGC .EQ. 1) GOTO 134

v

CONSTRUCT A TABLE OF GAS EMISSIVITIES
GAS EM'S VS B-L VS .TEMP N

DO 13C ITG=1,NTG
FR = (TG(ITG)-TD(1))/7CTD(2)-TD(1))
IF (FR .LT. 0) FR=0,

TFR = O

94

KODE = 0 ., ;
CALL FIND: (TGP.NTGP TG(ITG).TFR.KODE.II

- IF (KODE JNE, 9) GO TO 94

PRINT 30S
PRINT 276, TG(ITG)

GO TO 200

JBX = IB

BMX = SIGMA(NSSG)*XLM

DO 125 1I=1,NGRAY

BMN = —ALOG(PLI)/SLK(I)

. BML(I) = 0.S*(BMX+BMN)

BMX = BMN )
IF (NGRAY. .EQ. 1) BML(I)/= XLM
JB = JBx - v

PCL = PRC*BML(I) L o

PWL = PRW*BML(I)

LPL = PUL+PCL
EGX = 0. -
KD = 1 _ ~ C _
PFR = 0, - " _ ;,“ : _ g[
"KODE = 0 :

110

115

120

121

CALL FIND (PLC,NPC," »LoPFR.KODEol)
IF (KODE .NE. 9): GO TO 100

PRINT 295 '

XP = PCL

uP = PLC(1).

GO TO 115

-CALL EINT (Ec.TFR.KE)

FAC. CCFAC
GO TO 121
KD = 2

PFR = O,
KODE = 0 ".> :
CALL FIND (PLw,Npu.PUL.PFR.KooE )

IF (KODE oNE. 9) GO TO 120
PRINT 300

i

XP\ = PWL

Up PLW(1)

PRINT 276, XP
PFR = XP/UP
KE = 2

GO TO (160,120), KD

CALL EINT (EHoTFRcK&)'

"FAC _-CNFAC

IF (EA .NE. o;).Abb,='FAc*(Ee#pFR+EAt(1-pFR))-;

124



122 EGX = EGX + ADD N ~K°‘ ‘ 125
'~ IF (KD JEQe. 1) GO 'TO, 110, S
PLF = O ,
KODE,.= 0 . R SR '
"CALL FIND(PCHAL»10¢PL,sPLF,KODEs1) ) s
IF (KODE NE. 99) GOTO 123 : oo '
I8 = 10 ‘ . RS
PLF = 1,0 ’ .
123 48 = JBS - A S S
124 CALL  EINT(DELTA,PRF,01) '
. DELA = PLF*EB+(1-PLF)*EA
CALL  EINT(DELTB,PRF,01)
DELB = PLF*EB+(1-PLF)*EA
DEL = DELB*FR+(1-FR)*DELA T o
IF (PL .LT. PCWL(2}) D=L = 0. o N
"IF (EGX .LT. DEL) DEL = 0, 5*(EGX-DELD - o 7
EG (I+ITG) = EGX-DEL, ) L
‘125 CONT INUE P o . -
130 cofiTINgE - 7T T T e

\

g3

.....

DO 131° 1=1 NY6 ;
PRINT 285, 'TG(¥)s . ¢ .
e it (EGUIST). J=1.NGRAY)
131 CONTINUE S
- DD 133 I=1+NGRAY o : o
DO 132 J=1,NTG ‘ ' '
IF (EG(IsJ) .CGE. EGMIN) GOTC 132
NGRAY = '1-1 : SR
PRINT 225, NGRAY
NGC = 1
GOTO 85 - . . (
132 CONTINUE = g S
“133 CONTINUE ’ '
*c CALCULATE THE WT-ING FACTORS
 FOR ALL TEMPS -
c' WITH CONST EXTNCTN CQEF : .
134 DO 140 x-l.NGnAv , ‘ : :
’ DO 135 "J=1iNGRAY _ : Lo e
PII = SLK(J)*BNL(I) o ' -
SU =104 o ‘ ‘
IF (PJI JLE. 175.0) SU = EXP(-PJI)
‘GAM(I+J). = 1.0-SU - L
L. GMA{(I'sJ)- = CAM(1,J)
135 CONTINUE :
140 CONTINUE -
- PRINT :240 °
PRINT - 345
DO 141 L=1,NGRAY SR
141 PRINT 215, (GAM(IsJ), J=1.NGRAY) R Do
'~ _PRINT 2a1 [ T IR S e
o IF (NGRAY .EQ. 1) GOTC 157 o o
C TEST FOR ILL-CONDITIONING SRTE TR
. DO 144N 5} s NGRAY R S T
SUN = 0.: - ’ : T : ’
, DO 142 J=1,NGRAY = ' CoE e
142 SUM = SUM+GMA(I,J)**2
RMS = SQRT(SUM/NGRAY) o
: DO 143 K=1sNGRAY y N A R
143 GMA(I+K) = GMA(I,.K)/RMS B o R
144 CONTINUE , S S T
: .D'r“_,= O. v : R Cu



C

150 DO 151 K=1,NGRAY _ ' ‘ S

Hoo

M =0 ‘ ) o ’ (126
CALL CSLND(GMA.S.NGRAY.DT.M.GMA) : '
PRINY 309, DTo" ‘ : S ) )
PRINT 350 o . . o "
~ IF (ABS(DT*10%**M)-DTMIN) 146,146,155 . '
USE APPROPRIATE CSLIB SUBRTNE FOR ILL-COND EGQNS
146 DO 152 J=1,NTG 4 _ _ .
DO 147 1=1,NGRAY S _ - &
147 VEC(I) = EG(I4J) ‘ ' '
~ IF (J .GT. 1) GOTO 149

148 CALL CSLNIL(GAM.VEC-VECS-NGRAY-FLU.RCF-NPVT)

'GOTA 150
149 CALL i CSLNIS(VEC-VECS.NGRAY) i

151 AGI(K+J) = VECS(K)

152 CONTINUE - : o S
"GOTO 175 ' _ o ‘ o

'COMPUTE = INVERSE OF MATRI X v ‘ _ , o

155 GOTO (157.1=8s173'17aol73)’ NGRAY
137 GMA(1,1) = 1, /GAM(lol)

-

GOTO 159
158 DT =0,
M =20 . :
CALL . CSLNI(GAM.g.NGRAY.DToM.GMA)
PRINT 309, OTsM.
PRINT 3S5
159, D0 162 J=14NTG = -
. DO 161 1=1,NGRAY o S -
AGI(IaJ) = 0. : ' :
A 160 K«l.NGRAY B
160 AGI(IqJ) AGI(I.J)+GMA(I.K)*EG(K.J)
161, CONTINUE
162 CONTINUE
-GATO 175" : L
USE  APPROPRIATE sslea SUBRTINE FOR. WEL. -coNo EQNS

173 CALL XMDVE(GAM.GAR.NGRAY.NGRAY.S.1)
CALL . xMOVE(EG.AGR.NGRAY.NTG.ao.l)
IER = 0
CALL GELG(AGR.GAR-NGRAY.NTG.O , SE~- cs.IER)

“IF (IER .EQ. 0) GDYO 174
PRINT 206, IER ’ ’

GOTO 200
174 CALL xnovs(AGI.AGR.NGRAY.NTG.30.2) e
175 DO 177 ITG=1,NTG . S N Sme
" AGZC(ITG) = 1.0 : s - LTy S
DO 176 J=1,NGRAY L e e
176 AGZ(ITG) = AGZ(ITG) - AGI(J,ITG) & = S
177 CONTINUE _ L e Sy
RESULTS.
s
' PRINT 245
~ PRINT 25S L : _ .
. GOTO 178 ) L L e
5 PRINT 265s DIAM , AXIS o . h
178 PRINT 256, PHI : ’ -
. PRINT 240 : - ’
- PRINT 270

. PRINT 275, (SLK(IG#AY),IGRAY'=1.NGRAV)
~PRINT 280 : : Lo ‘ :



PRINT 281 . o R
PRINT 282 o ' ‘ 4 : 127
. PRINT 284 ’ ‘ ’
- PRINT 283
' DO 179 ITG =1,NTG .
PRINT 285, TG(ITG)yAGZ(ITG),

L. (AGI(IGRAY,ITG)s IGRAY=, ,NSRAY)
179 CONTINUE - TR 5 |
CALL  POLY(TG.AGIsNTG,NGRAY,MP)
180 CONTINUE ' , I |
200 sTOP ' |

206 FORMAT ( 110)

210 FORMAT \(F10.1)

215 FORMAT (/10F13,5) :

216 FORMAT (//T55,%AGSUM = * o FL0.5)
N 220 FORMAT (/10E13.5)

22S FORMAT. (///TlOo'TOTAL N3 OF GRAY GASES = 9,12)
230 FDR_MAT_(///TZ.‘BEAM LENGTH FOR MIN GRAY GAS o,

. . YEM CONTR =*,E13,.5)
240 FORMAT (%-v) :
241 FCORMAT (//) S : .
245 FORMAT (*1v) S L)
255 FORMAT(TSB.IIH**RESUL?S**///) SRR Q&%..
m%se FORMAT (//T27,°PHI = v,F6,.1) “ : ey ¢
265 FORMAT (/26Xs6HDIAM =,Fs, 253 10X+sBHLENGTH =,F5,2)’
270 FORMAT (%=*, 5X,¢GRAY-GAS EXTNCTN COEFS")
27S FORMAT (10X,5F20.6)
275 FORMAT (10X+3F10,.,5) :
280 FORMAT (////45X, *GRAY-GAS EM wr -ING FACTORS') '
281 FORMAT (/T20+°*GAS TEMP') :
282 FORMAT (*+°,T30,%A,1:1=1)
283 FORMAT (T22,'DEG R*) S YA
284 FORMAT ("+',781,°C%,13X," 1°413Xs%2%,13x,03%,13x,
e T4 ,13X,'5%) . e T
285 EORMAT (/F27. 1,730,6514,5) S E
- 295 FORMAT (10X,*#*PLC TBL TOO: NARROW®%v) ’
: 300 'FORMAT (10X, ***PLW TBL TOO NARROWK%S%) -
305 FORMAT (10X.*** TG TOC LOW FOR TGP TBL *v) '
306 FORMAT (//T2,°GRAY GAS . # 512}
. 307 FORMAT (//T2,'EXTNCTN COEF’ =0 ,F10, S
' e _ 'EM WT-ING FECTOR =',E13.6) - “
‘308 FORMAT (//T2,°STR LINE PLOT EFFECTIV:LY STARTS v,
: ‘AT PT # *,12, 4
g * - CORR BEAM LENGTH = .ElZsS)
309 FORMAT (/'DETERHINANT.jm{T?S-?MATRIX : ',F10,.5,

o

. .. o e
-310 FORMAT (///T40,%CHECK EG'VALUES‘ G
. //T35,YBEAM LENGTH® , TS0, * ES=-JLD*,T60,
, . . YEG-APPROX'*) * C
311 FORMAT ('+-;776.'5RR0R-//)
- 312 FORMAT (*+9,T70,F10,.2) o
215 FORMAT (T22,E12.3.E12,3,£15.5) ‘ T
320 FORMAT (///T2.'A DISPLAY OF BEAM CENGTHS AND v,
e *CORRESPONDING EMISSIVITIES FOLLOWS :*//)"
325 FORMAT (*1%///T20,%MEAN BEAM LENGTH =22 E20.6//7) £
330 FORNAT (/7/T24°A BEAM LENGTH VIZRSUS VGI-VALUE LR
« 'CHECK PRPNTOUT FOLLOWS :v//)
335 FORMAT (//T2,*INDICATED ERROR IN VGI-VALUE®",
e "*AT MAX BEAM LENGTH ;¢ o
. s /rzs,-sra LINE PLOT ASSUMPTIDN :-.Els;s)




nrﬁn¢wa¢1

neaA

f

. 340 FORMAT

(/T2,€X+"DB = *,8X."ERR = %,7X,*PDB = ¢,

] e 7X2*PER = *,7X'PLI = v}).
345 FORMAT

350 FORMAT
355 FORMAT"

360 FORMAT
: 'V'DEGREES R*/7)

END

(/T2,*COEF MATRIX FOR EM-WTG FAC CALC :v/)
(*+#°3T1Ss *NORMALISED")

("4 T17.,°ACTUAL") .
(//T20+*"MID-RANGE TEMP :% ,F12.1,

SUBROUTINE . POLY(TG.AGI.NTG.NGRAY.M)
‘POLYNCMIAL~FITTING SUBROUTINE

TG
AGIX
NTG
NGRAY
M

BCH
BN
DAT, WK

PRINT 26, M

TEMNPS
DISCREET FUNCN VALUES (WT-ING FACS)

# OF TEMPS

# OF SETS OF FUNCN VALS' (E.G. GRAY GASES)
DEGREE OF APPROXIMATING POLYNOMIAL '

DIMENSION . TG(30).AGI(5.30).

BCH(25) ,8N(10) »DAT(25),WK(20)
TEMP COEFS FOR APPROX CHEBYSHEV POLY
. TEMP COEFS FOR EQUIVT ORDINARY POLY
WORKSPACES FOR SSP SUBROUTINES

DO 1 ,J=1.NTG

© 1 DAT(J)

DO & I=

= TG(J)
1+NGRAY

PRINT 25, 1

DO 2 J=

1+NTG S ' :

2 DAT(NTG#+J) = AGI(1,4)
DAT(2%NTG+1) = =1}
\TA =>°o '
T8 = O.

IER =
CALL

o

APCH(DAT’NTG’N.TAoTBoBCH.IER)

PRINT 23, I1ER S v S
_ PRINT 22, TA,TB - ' '-_ !
"PRINT 28 = - B '
DO 14 MC =1,M .
MI = MCx(MC-1)/2+1
M2 = M1+MC-1 .
PRINT 5, (BCH(IB),IB=M1,M2)
14 CONTINUE o ‘

IER =
CALL

o

APFS(BCH'MqIR-OZ.C SE- 05.0 SE OI.IER)

PRINT 24.,159
PRINT 27, IR

DO 3 K=1,1IR

KB = K*{(K-1)/2+1

KE = KB#K-1

PRINT 9, K
PRINT s.»(BCH(IE).Ia KBy KE) -

S DO 13 IB =1,K _ o : o
13 EN(IB) = BCH(KB+IB-1) - - ‘
CALL . . TCNP(TA, TBs BNsK s BNy WK)
PRINT 12 ' '

- PRINT S, (BN(IB).IB loK)

- PRINT 21, K
DO 11. JJ=1sNTG -

S ='BN(1)
T =1.0 T
IF (K .LT. 2) GOTO 1S

DO 10 II=2,K



=
u

T = TETGLIJ)
10 S = S#BN(II)*T »
1S5 ERR = (S/AGI(1,43)~ -1)*100,
IF (I+K.EQ.2 .AND. JJ.EQ.1) PRINT 8
PRINT 7, TG(JJ).AGI(I.JJ).S.ERR
11 CONTINUE
3 CONTINUE
.~ 4 CONTINUE .
S FORMAT (SE20.5)
6 FORMAT (/S5110)
7 FORMAT (F27.1+2€E20.5,F20.2)
.8 FORMAT (/Taz.'rsup'.739.'AGI-0LD-.759.

.

. *AGI-NEW®,T81, *ERROR®//)
9 FORMAT (///T1.°DEG OF APPROX POL 2% ,I5/T1.
. *CHEBYSHEV POL COEFS?) PR
12 FORMAT (/T1,"ORDINARY POL COEFS") #

21 FORMAT (/T40.!5.5X.'CCH9UTED RESULTS/)
22 FORMAT (/T1,°*CHEBYSHEV ARG. TRANSFMTN FACTRS: ¢,
- . "XD = _'514 5.'x° = Y,E1v,.5)

23 FORMAT ' (/T1,*APCH SUBPTN RTRN CODE : -.121
24 FORMAT (/T1,*APFS SUBRTN RTRN CODE : *,12)
25 FORMAT (*1°,////TS50.°GRAY GAS 8 *,12) | ‘
26 FORMAT (//T1.°% FUNDMNTL CHEBYSHEV FNS USED : v ,12)
27 FORMATY (T1,*DIMNSN OF LEAST-SQ FIT OBTAINED :°%,12)
28 FOFMAT (Tl.'APcu SUBRTN RESULTS®*)

RETURN o
END. L o :
FUNCTIGN . BEAM(AXSSsDIA +XNS.END)
C  GIVES THE MEAN BEAN LENGTH OF A CLOSED CYLINDER
: UA = DIA *DIA
"UB = END*END
“UC = (DIA ¢+ END)*#Z -
UD = XNS 7/ (CIA - END). ¥
UE = SORT(1 + 163uD*UD)

UTOP = 4%UA#AXSS + UC#*XNS/
UBOT = B8%DIA *AXSS + UAX(2 + u:) + us*(z - UE)

BEAM = 3, St(UTOP/UBOT)IZ ] - :
RETURN _ _ : : .
END _— o S ' 4
'SUBROUTINE = FIND (RAY.N-Q.FR.KDR.KF) ' '

C AN INTERPOLATICN ROU@INE. LOG OR LINEAR -
C DEPENDING ON KF,
€ IN A GNE DIMENSICNAL ARRAY .
‘ 'DIMENSION - RAY(30) “
CCMMON /XFE/IB .
IF (Q .LE, RAY(N)) GOTO S

KDR. = 99
IB = N .
GOTOD 25

S DO 10 I=1,N o o
- IF (RAY(1) .GT. Q) GO TO 15
10 CONTINUE =~~~ * E

15 1B = .1 _ . v ‘ S
o IF (I8 .GT. 1) GO TO 20 S S

KDR=9" N .

. ~-GD TO 25
720 GOTO (21+22)s KF .
" 21 FR.= (o-pav(xa-l))/(nAv(lanonAV(xa-x))
6D TO 25
22 IF (RAV(xa-ll‘.ec;;o.l~ GOTo 21

/ : ) ‘ ¢

S e



C
C

C
C
C

25 RETURN

FR = ALDGIO(G/RAY(IB 1))/ALOGIC(RAY(ID)/RAY(IB 1)) 130

END L ,
SUERQUTINE EINT(TEBLEsFRK)

LINCAR'INTEPPOLATION

IN

AN

A 2-D TABLZE
DIMENSION TABLE(JO.ZO)
COMMON /XFE/ZIBsJBsE EAL,EB

EA = O,

GOTO (1,2)s K .

EA = TABLE(IB-1,J5~ 1)*(1-FR) + TAB-E(IB 1+J8)%FR
EB = TABLE(IB.JB-21)*%(1-FR) + TABLE(IB,JB)x*FR

K= 1 oTTET _ B v
RETURN.

- END

SUBROUTINE xMOVE(A.B.N.M.NJ.KB)
ARRAY—-MCVING ROUTINE:

BETWEEN 1D AND 20D ARRAYS
DEPENDING ON KB

& W

DIMENSION A(S.NJ).B(zoo) : ' : ®
DO 4  J=1,M - "
K = (J=-1)*%N
DO 3 I=1,N
GOTO (1s2), KB
B(K+1). = A(1 »J)
GOTO 2 '

TA(IsJd). = BUK+I)

CONTINUE - S : :
CONTINUE - B ' N
RETURN »

END
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' APPENDIX D
\

MEAN ABSORPTION COEFFICIENTS Ki AND KZ; AND FTFIELDX

D.1" The RosSelandfmean‘abso:pfion-Coefficient, Ki

ER T

| The definition of K} is given in'different forms by Abu-

" Romia and Tien [11, Deissler flO]’andﬂHottelaé;-
 [19]. Following Hottel and Sarofim).it may'be' e
as follows: - = o = o B W W

(

1/t = |'L (3E./3E), ax
- L/Kg K, (PEA/9E) )
TR | o

'Recognition of fg:(fact that K, is not a continuous func-
tion of A and that there are 'windows® (Kxio) in the
,f‘spect;um‘suggestszthat equation (37a) be redefined thus

[1,10,21]:

. o om | | | S
g ifl[  (35,/95), & e
ety Y ' . _ ‘ '
X . B .

in which‘the,intégral is conducted separately within each



L2 S

[

>

of the m wavebands, Axi. j}f-a.mean value, K;, is used for -

K in each waveband equation (D.1) becomes, '

(D.2)

my where the function f* is defined as )
oyt - ‘&l -

Ffr = | (3E,/9E), A\ (19), so that Af* = | age

Equatlon (D. 2) may alternatlvely be looked upon as the ‘gray.
gas- approx1matlon to_equatlon (3?&), in thCh case m is .

the number of,gray gases 1nvolved.

Now the function £, related to f* is defined by;Hqttél and

Saroflm [19] as

»:.f,*_‘—f*-l?dE' | | | | “(D‘.B)
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Hence
Af. + E d(Af,)/4E . j /
daG i/dT' (Chapters IV and V) -
so that
Vs% $Taa, san/k,
1/xﬁ§ 1_1 %,i * 7 Tdag ;/an /K, - (D.4)

Upon u51ng the polynomlal expre551on for a in,terms of

G,1i
T (equatlon (34a)) one finds that
. m Jmax R T o
1/Kp = I (I by, ,TJ)/xi~ ‘ . (D.5)
i=1 j=0 J* L. ' : ¢ ' '
‘where bl. = (1 + j/4) b

i) o ij

D. 2 The Rosseland—mean—related ‘mean absorptlon

.coeff1c1ent, Ké

'Dei$51er [10]fdefines'thiquuantity'asi

J

| A |
Pl I k2 (3E,/3E), ax
Co o ‘ : :
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~
k)

Whlch by analogy WLth equatlons (D l) and (D. 2), readlly

leads to

| o 3 . . . R
1/K, =, I (AEY/K?) : . (D.6)
) 6 — 1 l . . N
” i=1 : : L
and then td
m Jmax_ Ny 2 L . \
1/RL =" I ( I b!. TI)y/KS - s (D7)
. J

. D.3 The Program, FTFIELDX
This program is listed beiow. It is a FORTRAN IV program_
vsuccessfully run on an IBM System 360/67 1nstallat10n at

the Computlng Serv1ces o; the UnlverSLty of Alberta.‘

-

i.‘l



B

)
+#

N . : - . é" '. .‘_ S -
n¢1n¢5n¢5n¢5nt5ncsnrwﬁwwnexncwncjn¢wnxsn

* %

FTFIELDX

ZONIR]
. NEIBR2

EXCH3 .
EQNSa
RHSPS
sSOL V6
QFLX7
EBLCS
FFsSUB9

CONVRT
AKGR
HRADQ
* AREA
ROSK

AGO
‘c oxnscv_

CALCULATES THE . TENPERATUR‘ AND HEAT FLUX . : g S
DISTRIBUTIONS IN A COMBUSTION CHAMBER USING- THE zang METHID
SUPPORTED BY EIGHT SUB&OUTIN“S- NAMEL Y : '

—GENERATES ZONES AND THEIR CDORDINATES

~PI1CKS QUT NEIGHBOURING ZDVES FOR

EACH ZONE .
—CALCULATES EXCHANGS AREAS‘
-SETS up'-uATRxx OF ENZRGY BALANCE EQNS

‘1\

 —CREATES RHS OF ENERGY BALANCE EQNS
“-SOLVES MATR!X EQUATION -

—CCMPUTES NET FLUX"ON EACH SUKFACE ZONE
~DOES AN ENERGY BALANCE FOR SY)TEN
-A TEMP FUNCTION SUBROUTINE

"ASOVE SUEROUTINES USE FOLLOWING FUNCTTIONS
- ~CONVERTS BETWEEN TEMP & EMISSIVt PXR
_=SUM OF (A%K)" PRODUCTS FCR GRAY GAS MIX

~RAD EQUIVT OF CONvV, ‘OR BULK FLOW HT TRANS
COEF TIMES INTERFACE AREA

- FUKCTION TO COMPUTE AQEAS OF
DISCS.- AND CYLINDERS

'-ROSSELAND. AND A RrLATED MEAN ABSORPTION COEF

FUNCTION

"~CLEAR GAS ¥T-ING FAC AT ANY TEMP

—COMPUTES TH" DIRECT EXCH AREA FOR COAXAL

135



C
C
c

AOANAAN

2 laNe!

AdBAANNANNANANAAN

fnAOANdA

EAR . = EXCHANGE AREAS
QFX : - ZONE FLUX DENSITIES - ,
NABOR -~ NEIGHBOURING ZONES OF  EACH ZONE

cCVLwN

: CIRCULAR DISCS
OTHER SUBRCUTINES ARE CALLcD FROM *CsSi_18B AND *SSPLIB

DIMENS!ON TZN(ZS).EZN(ZS).BN(S.:O).SK(S).
« EAR(25, »25) s QFX(25).+NABOR(25+5) + XDI(6+6)
. COMMON /A2/TZN . IA3/BN.SK /AS/NABUR.EAR.xDI
e Z/AB/QFX /AQ/EZN.
e /Bl/AX ;DI HTS /B?/NXG.NRG /B#INZ,NES'NEoNSoNG
- /BS/NE1 ,NES]
/cx/RM.HTc.Es.cp.FLo /CZITSURR.TSUPP.CFU.QCO.FLM
- /C3/NGR.NB :

TZN ‘ = ZONE TEMPERARURES

'

FORMAT (5110) S ' o '
FORMAT . (5F10,3) - ‘ :
FORMAT (S5F15.6) _ ‘
FORMAT (8F10.6)

FORMAT (6E13.5)

- INPUT OF DATA

PRINT 98 R
READ, (Ss3) AX+DIsRM = -
REAL (S5.:3) FLO,CFU,FLM
READ (S5,3) CP.ES,QCO
' READ (533} HTC.HTS.TSURR.TSUPP
READ (5.2) ‘NGR.NB
READ . (5,2) NXG.NRG ‘
READ (5,3) 78S, TBG

AXs DI, RM - CHAMBER L, D;AND EXIT-PORT R .

‘FLOs 'CFU — MASS FLOW RATES ( PRODUCT 'GASES &FUEL)

FLM ~ FLAME LENGTH.

cP = MEAN *CP' OF . PRODUCT GASES

"ES . © = WALL (GRAY) SURFACE EMISSIVITY. ,

Qco -~ ENTHALPY. OF COMB OF FUEL PZR UNIT MASS ' _
HTC, HTS — CCNV HT TRANS CGEF (INSICE ._QUTSIDE,CHAMBER{
. TSURR T = AMBIENT TEMPERATURE. ’ ‘
TSupPP - . -JINITIAL TEMPERATURE OF - REACTANTS

NGR . .. = NO OF Gnéy GASES IN COMB PRODUCT GASES

NB "'”"- DEGREE® OF . APPRIXIMATING POLYNOMIAL FOR

GRAY GAS WT-INGFACTORS.

NXG» NRG - NO OF GAS ZONES ON AXIS, RADIUS

S (SURFACE)s G (GAS)

"TBS» TBG --STARTING TEMPS FDR ITERATIVE SDLUTIDN

READ (5s2) ITN. ITERM S ,
. READ (5+6) ((BN(I,J)sJ=14NB),I= 1.NGR) o x
READ (5.4) (SK(I).I 1.NGR) .

ITERM = MAX NO OF ITERATIONS SPECIFIED
BN © = COEFS OF APPROXIMATING. POLYNIMIAL OF.
GRAY GAS WT-ING FACTORS

i sK = GRAY GAS ABSORPTION COEFICIENTS -
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-

PRINT 98 137
C GENERATE ZONES AND THEIR COORDS ‘
- CALL ZONIR1 (KSUB) 2 )
PRINT S5 _ : ‘ '
PRINT 60, KSUB
C SELECT 'NEIGHBOURING ZONES OF EACH ZONE
CALL o NEIBRZ(KSUB)
PRINT 65
. 'PRINT 60,KSUB -
C GENERATE INITIAL ZONE TEMPERATURES
: ITR = 1
‘T8 = TBS.
DO 10 I=1.NZ : :
IF (I .GT. NES) TB = TBG
. TZN(I) = T8 '
10 CONTINUE o ‘
© PRINT 3% (TZN(I)sI=1,NZ)
“PRINT 98 ‘
C COMPUTE DIRECTED-FLUX AREAS C ' e
15 CALL EXCH3 (xsua ITR.ITN) - '
PRINT70
PRINT 60.KSUB o
C SET UP MATRIX OF ENERGY BALANCE EQNS
' CALL - EQNS4(KSUB)
PRINT 75 ' - - , ‘ :
PRINT 60.,KSUB. . _ N o : ’
o IF (ITR ,GT, 1) GOTO 20 : C o .
FILL RHS VECTOR S ' : S ~
?/) CALL . RHSPS (KSUB)
. PRINT 80 : .
. . PRINT 60,KSUB
‘'C  SOLVE MATRIX EQN , :
206 CALL - SOLV6E (ITR,ERRsKSUB) o ,
" PRINT 85 o Ve S o
PRINT 60, KSUB ' T o
PRINT 86+ ITP,ERR
N =T - I : . ' _
DO 22 I=1,Nz = . | ¢
IF  (EZN(I) .GT. 0.) GOTO 22 -~ » '
IF (NU .NE. 0) GOTO 21 . PO S . _
NU = 1 o : v : , o
. PRINT 125 ; o S _ '
21 PRINT 130, I
22 CONTINUE :
" IF (ERR LT, 5.0) GOTO 25 : :
"ITR = ITR+1 o ' o
IF - (ITR LT, ITERM) GOTO 15
PRINT 135 ‘ . . .
PRINT 140 , - : o e
VPRINT 114, (CIsTZN(I))eI=1,4N2Z)
PRINT 98 IR '
PRINT 145 _ - , _
DO 24 1I=14NZ L ‘ o
24 PRINT 100, (EAR(!.J).J—l.Nz) '

'

GOTO 200 . o
C CALCULATE SURFACE FLUXES - : . M
25 CALL. OFLXT (KSUB)’ ' : T B
" PRINT 90

PRINT 6C.KSUB -

1



Ve

¢

/

" PRINT 95 . , | ' g 138
PRINT 10S ‘ : o '
DO 30 I=1,NE ~
PRINT 99,1 -
30 PRINT 100s (EAR(15J)9+J=1sNZ) o -t
PRINT 106 - _ ' ’ - '
DO 35 I=NE1,NES
PRINT 99,1 :
35 PRINT 100, (EAR(I4J) +J=1sNZ)
PRINT 1C7 . S
DO 40 I=.NES1,NZ
. PRINT 99, I - - g
40 PRINT 1C0s (EAR(I+J)»J=1,NZ)
PRINT 110 ' '
PRINT 105 : '
PRINT 114, ((I.TZN(I))oI=l.NE)
- PRINT 106
i PRINT 114, t(I.TZN(I)).I NEl.NES)
PRINT 1C7 o
pRINT_;la._((I.Tzuot)).I=NEs;.Nz)
PRINT 120. : ‘
PRINT 105 o . ! §'\

PRINT 115s (CI+QFX(I))sI=1,NE)

PRINT 106 _ , .
: PRINT 11Ss ((I+QFX(I))sI=NE1,NES)
45 CALL ' EBLC8 (KSUH)

~ PRINT 91 o e
~ PRINT 60, kKSUB .~

SC CONTINUE ' e

55 FORMAT (I/T2.'29NIR1.") .
60 FORMAT ('+'.T£§.'SUBRTNE RC="* .12)

65 FORMAT (//T2,NEIBR2 :°)

70 FOPMAT (//PZ.'EXCHB ) : ' '
75 FORMAT (/rwz.-eousa ) : _ : .
80 FORMAT (//TZ.°RHSPS :¢) : : T
85 FORMAT (//%2.-sogﬁ6 3y T . L ¢ :

86 FORMAT (//TlC.'ITERATION‘!'.14.T35.'RMS ERROR =°,
e . E15.6) AT ,5 A .
. ‘90 FORMAT (//T24%QFLX7. :-) %}??
91 FORMAT (//T2%%EBLC8 V%) ' ~
95/FORMAT ('1'.///755,'t*#RESULTS***'//T46.'
e’ ®(1):EXCHANCGE. AREAS'/)
,98 FORMAT (*1°,1X)
//99 FORMAT (T2412)
,/100 FORMAT (/T2,10E13., 4)

105 FORMAT(/T1,*END ZONES®) . R IR
106 FOFMAT(/T1.*WALL ZONES®) . ;E,%bi.w

‘107 FORMAT(/T1,'GAS ZONES®) ‘ - - :

110 FORMAT (*1%,///T50,°(2) :  ZONE: T=MPERATURES'II

" e 'T4S,9ZONE NO.*sT70s *ZONE TEMP.@/T?O.I]H(DEGREES R))

114 FORMAT (T45,15,T70:F9.2) SREE :

115 FORMAT (T4S5,15,T60,E20.5) R
1120 FORMAT (*1°%,///753,°(3) ¢ ZONE FLUXES'// : ‘
e TA4S5,°ZONE NO.*,T70s*ZONE FLUX DENSITY'/T?O.SH(BTU/;
9HSQ FT=HR])) - .
125 FORMAT (///TZ.'INVALID zous TENPERATURES'/TZo
« 'AT ZONE NOS 3°) =~ - e o _
130 FORMAT (/T2,110) - ' ' ‘ .
135 FORMAT" (///TZ.BSHSPECIFIED NO OF - ITERATIONS EXCEED=D
.26H...EXECUTICNTERMINATING )

" e .p
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n

C 'EXHIBIT THE RESULTS OF THIS SUBROUTINT -

140 FORMAT (/72, 35HCURRENT TEMPS (DEG R)

e

200 .

. /C1/RM
CALCULATE TOTAL NO.
NE = NRG+NRG
NE1 = NE+#1
NS = NXG .
-NES = NE4NS -
NES1 = NES+1
‘NG .= NXGENRG.
NZ = NES+NG

/T45.6HZONE l.T?O-QHZONE TEMP)
145 FORMAT. (//T2,17HEXCH ARZAS FOLLOV]

sSTOP
END

suenourlns ZONIR1 (Ksue)
XMN(ZS)oRMNCZS)

DIMENSION
CCMMON

’

Z/A1/7RMNy XMN
/B1/AX DI /B2/DXsDR /B3/NXG,NRG
/B&/NZ s NES+sNEs NS, NG

/BS/NEI.NES!

DF ZONES

GENERATE CODRDS'OFvEACH ZONE

(A)

‘RAD =

e
END ZONES

Dl/s2

"DR = RAD/NRG:

PRINT

((t.an(l).RMN(I))il:l.NE)

NOTE: NRG IS TO BE SUCH THAT
DO 10 I=1,NEs2 '
X1 =1 .
.- RMN(I) = (x1/2—0.5)*oa
.~ 10 RMN(I#1) = RMN(I)
' DD 15 I=1,NE,2
- XMN(I) = 0. -
15 XMN(I+1) = AX
(B) WALL ZONES
‘DO 20 I=NE1,NES
© 20 RMN(I) = RAD
- OX = AX/NXG
A = -DX g
DO 25 I= NE1s+NES -
) A = A4+DX
25 XMN(1I) = A
. (C) GAS ZONES
DO 35 I=1,NRG
R = (I-1)*DR
. A= -DX
' K = NES+(I- 1)¢~xc Y
DO '30. J=1+NXG -
A = A+DX '
K = K+1
RMN(K) = R'
30 XMN(K) . A;
3s CONTINUE
"PRINT 40, NZONE.NS.NG
PRINT 45
PRINT SO
PRINT S5S,
PRINT 60

55, ((I.XMN(!).RMN(ID).I NEl.Nesg

R < DR

ARE. AS FOLLOW/

Ve

~

‘139



B PRINT 65 ‘ 140
_PRINT 55, ((I.XMN(I).RMN(I)).I Nesn.uz)
KSuB = 0
RETURN ' : . :
.40 FORMAT (///T2.,°*TOTAL NO. OF ZONES =%, I3,// , o
« T1,*BREAKDCWN FOLLOWS :v/ : ' .
« T20+'END ZONES '!.14/719.'HALL zouss v, 14/
« T204+°GAS ZONES :°,14)
4S5 FORMAT (A/T23,YZCNE NO.* .T62.'AX1AL CDORD'.TIOZ;
. *RADIAL COORD®/) : -
50 FORMAT (/TIC+*END :v)
SS FORMAT (128,2F41,.3)
60 FORMAT (/T10, 'wALL :¢)
. 65 FORMAT‘(/TIO.'GAS LD ot
" END
SUBROUTINE NEIBR2 (gSUB) v :
DIMENSION . RMN(zs».xMNtzsl.NABOR(as.s)
CCMMON Z/A1/RMNy XMN /AS/NABOR
o e« /B2/DXsDR  /BA/NZNES,NE /BS/NE: »NES1
C INITIALISE NABOR -~ _°
,' ‘DO 2 J=1,5 T SRR
C © .00 1 I=1,NZ2° TR
1 NABOR(1IsJ)} = 0
2 CONTINUE
C (A) END ZONES - .. . )
DO 15 I=1.NE =, o
K =} . » gt A
. GOTO 6 S
“C Aels Al 2 NEIGHBOURING SURFACE 'ZONES
' 3 DO 'S J=1,NES’ .
IF (RMN(J)-CR, ANE¢ RMN(I)) GOTO 5 -
§7JF (XMNCJ ) .NE. xMN(I).AND.XMN(J)+Dx «NEes XMNU1))  GOTO S

i K K4+l :
T NABOR(I.K) =g, . - SR
S CONTINUE Ay - '

C A.3 NEIGHBDURING GAS ZONES
) "6 DO .10 J—NESI-NZ S
- IFT (RMN(J) .NE. RMN(T ) ) GOTO”]O .
L IF (XMN(J) .NE. XMN(P) AND.XMN(J)*DX eNEo XMN(T))
«GOTQ 19 : , . L
9 K = K+l N _
’ NABOR(1.K) = g " % v e
10 CONTINUE o e
~ NABOR(I,1) =‘K—1 AR : . o '
15 CONTINUE R I o K -
Cc (8) . WALL. ZONES : C
A '“A‘-Dm 35 1= NE!.&&S’
S K=
: -, GOTO “26 N ' : o
C B.1, B.2 “NEIGHBOURING SURFACE ZONES _ S
716 DO 20 4= 1,NE” . : ' '
’ IF(RMN(J) +DR .NE.’PMN(I)) GOTO 20 S o
IF . (XMN(J) - oNE XMNC1).AND.XMN(J)-DX oNE. XMN(I)) GOTO 20"

D0 25 J—NEI.NES TR
“1F (xMN(J)-nx .NE. xMN(t).AND.xuN(J)+ox «NE, xnv(x)) - G3T0 25



K = K+1 - : . . . 141

NABOR(IK) = J : S ’ T
25 CONTINUE N
B.3 NEIGHBOURING GAS ZONES
26 ‘DO 30 J=NES1,NZ =

IF (XMN(J) .NE. XMN(I)) GOTO 30

" IF (RMN(J)+DR .NE. RMN(I)) . GOTO 30

K = K41 o

NABOR(1I+K) = J

36 CONT INUE

NABOR(Is1) = K-1

.35 CCNTINUE

(C)  GAS ZONES.
DO S5 I=NES1,NZ
K =1

C.1 NEIGHBOURING END-ZONES

DO 40 J=1.NE 5 _ : _ . o :
IF (XMN(J) oNE. XMN(I).ANDGXMN(J)=DX .NE. XMNCI)) GDTO 40
IF (RMN(J) .NE., RMN(I)) GOTO .40 IR -
K = K#1 : :
» NABOR(I+K)} =
40 CONTINUE

€ C.2 ‘NEIGHBOUR!NG WALL - ZONES

DO 45 J=NE1,NES Y
IF (XMNCJ) NE. XMN(I)) GOTQ 45
" IF (RMN(J)-BR .NE, RMNCI)) GOTO as
K = K+1 . N
NABOR(IWK) = J
45 CONTINUE

C Ce3 NEIGHBOURING GAS ZONES

60N

DO SO J=NES1.,NZ : : :

IF (XMN(J) .EQ. XMN(I)) GOTO 46. : . o
IF (XMN(J)-DX LNE, XMN(I).AND xm~(4)+ox «NE. XMN(I)) .GITD SeC
. IF (RMN(J) .NE. R]RMN(T)) GDTD 50 o

. GOTO 49 _ 3
46 TIF (RMN(J)-DR .NE, RMN(I).AND;RMN(J)+DR «.NE. RMN(I)) GOTO s(
49 K = K+1 o : Y A ' :
- "NABCR(I.«K) = J SRR ¥ ke i
S0 CONTINUE - , o -

'NABOR(1,1) = Kk-1

| 55 CONTINUE . o Y

. \
PRINT RESULTS OF THIS SUBROUTINE

PRINT 70 B>
PRINT 75 o :
‘PRINT 80 ; B [
x = 0.

“tu f NE p//h o y;f

'S9 DO 60 I=IL, 1V

PRINT BS, I,NABCR(1,1)

JM = NABOR(I,1)+1

IF (JM JEQ. 1) GOTO 60

PRINT .90, ‘NABQR(I J)'J-ZOJM,

60 CONTINUE

T K.= K41
GOTO, (61062'63’0
61 PRINT 98
IL = NEl1



1U = NES , . 142
GOTO S9 :
62 PRINT 100
IL = NES1
_1Uu = NZ ' -
GOTO S9 - ' ,
63 KSUB = 0 : , , ‘ '
: RETURN '
70 FORMAT(? l'o/lTQO.'ARRAY OF ZONES AND NE IGHBOURS FOLLOWS®)
75 FORMAT (/T14,°ZONE®,T25, *NO. OF * 3 TS0+ *NEIGHBOUR ING ZONES*/
e T14,°NO.*+T25,*NE IGHBOURS® //)
89 FORMAT (T1.°END ZONES %) © - ' -
85 FORMAT (T13,12,T30,12)
SO FORMAT (*+',T40,5110)
95 FORMAT (T1,*WALL ZONES :°)

100 FORMAT (T1.°GAS ZONES 3v) ' ‘ ’ L
END . '
SUBROUT INE EXCH3 (xsua.xra.lru)
CCMMON - /A1/RMNs XMN /A2/TZN /AS/NABDR.EAR.XDI

" o /B1/AXsDI /B2/DX.DR /aslnxG.NRG /ea/Nz.NEs.NE.Ns.NG
. /BS/NEI.NESI '
- /Cl/RM.HTc.Es
DIMENSION Rnu(zs).xnu(zs).rzn(zs).
e [EAR(25,25)+.NABOR(25,.5),
e . UAB(25,5) +RSK(25,5)
.J*xox(e 6)vLNl(6)wLU2(6lh,agﬁ

AR TP B
R S gy ga-v a.

INITIALIZE .THE ARRAY "EAR® o R
00 1o I=1,Nz U gy o e
DO S J=1,NZ S S o

S EAR(IsJ) = 0. ‘ o o B A VR e

10 CONTINUE ' SRR SR i

o VO = AREA(DI.DI/&) : ‘ '

V1l = AREA(DI1,:DX)
V2 = 1/ES-0.5
V3 = AREA(2%DR,DX) , .. ST ‘

HOL = AREA(RM,RM) _ . : E o,

DO S7 I= 1.NZ = o : o Ay

. R1 FOSK(TZN(I)s1) : : L » L

& re ROSK(TZNC(I).2) TR

T AF = 0,75%R1 o S SRS

‘M = NABOR(I,1)+1 ' ' -

IF (M .GT. 1) GOTO 25
15 PRINT 130, 1 ‘
20 KSuUB = 1

: RETURN

(1) GET A THWO-TERM REPRESENTATION OF

' RECIPROCAL OF UNIT-AREA DIR-FLUX AREA:Z

25 IF (1 .GT..NES) GOTO S0 , _ . .
_IF (1 .GY. NE) GOTO 40 ' o S

END ZONES S R ‘ : R

30 B = DX/2 o : R

. DO 35 J=2.M
. K = NABOR(1,J)
C, UABL14s3-1) = V2

' _RSK(I,J-1) = RF#8
3S CONTINUE T o , o o
| GOTO S7 KPR RN
WALL ZONES o o C
40 B = 8,2:' . B ' . 3 -

o



IF (NRG .EQ. 1) B=DR O 1a3

00 45 J=2,M
: K = NABOR(I.J)

44 UAB(IsJ-1) =-—RF*B*BIDI+V2+RF*RFI(RZ*RI*DI/Z)
45 RSK(IsJ-1) = RF*B

~ 6OTO 57

GAS ZONES

'S0 DO S5 J=2.,M

K = NABOR(I,4)

(1.1) GAS-END .
B = .DX/2 o /
‘ cC =v2 o _

“IF (K JLE. NE) GOTO 53
(1.2)° GAS-WALL o

8= DR/2 .

C -RF*B*BIDI+V2+RF*RFI(RZ*RI*DI/Z)

IF (K .LE. NES) GOTO S3 .
(1.3) GAS-GAS

B = DX

C = 0. ) ) . : ‘
IF (RHN(K) «EQ. RMN(1I)})  GOTO 53
8 = DR ' S - A

'53 UAB(1+J4-1) = C

S5 RSK(I,J-1) = RF*8

57 CONTINUE -

- (2) COMPUTE DIRECTED-FLUX AREAS

" (GRAY. GAS - CCNTRIBUTIONS) B -

D0 70  I=1,NZ ' o o Y
AN = AREA(2*RMN( I)+DR.DR) -

7 M = NABOR(I.1)

. IF (1 .GT. NES) GOTO 61 _

(2.1)s (2.2) GAS-SURFACE B R s
A = AN o = ' '
"IF (I .GT, NE)A.= v1 ; S :

DO 60 J=1.M o ‘ 2

K = NABOR(I.J+1) ' L

60 EAR (1.K) = A/(UAB(I.J)+R$K(I.J))

: 'GOTO 70 S , . .
(2.3) GAS-GAS' . : - :
61 D0.65 J=1,.,M o .

K = NABCR(I.J#+#1) S

IF (K +GT. NES) . GOTO 62
"IF (K .GT. NE)A = Vi
. GOTO 65
62 L = K-1I : A
IF (L oLTe OJL = - S _ }
IF (L .EQ. 1) GOTO'65 ' -~ e
A = A*DX/DR4V3 S x :
IF (K LT, T)A = A-V3.
65 EAR(I+K) = A/(RSK(I.J)+UAB(I,9))
70 CONTINUE S o

IF (ITR ,GT,. 1) GOTO 121
, PRINT 131, ITR
{00 71 I=14NZ

M = NABOR(Is1 )41 _ -

 PRINT 132, I1+(NABOR(I+J4)sJI=2,M)

M = M-1 - ‘

e



AOAAA

C

FA

I
PRINT 133, (UAB(I.J).J—lw Sy : :
PRINT 133s (RSK(I,J),J=14M) : o 144
‘M= M+] Iy )
- PRINY 133, (EAR(I-NABOR I.J)).J-a.u)
71 CONTINUE ki

g

GET DIRECT EXCH AREAS FOR SURFACE‘SURFACE EXCH
'8Y DIRECT CCOMPUTATION '

THENCE TRANSFER MATRIX FOR TOT EXCH AREA CALCS

DO 80 I=1sNES | R Co
IF (1 +.EQ. NES) GOTo "121 ~
A2 = RMN(I) :

Al = A2 s
IF(I oL Ee NE",,’ Al = AlfnR
I = 1#1 :

DD .79 J=I1,NES : S
84 = RMN(J) ; N . A =
IF (J oLEo '\‘:, B3 = B3+DR ) o ’ :
- XJT = XMN(J)-XMN(T)
XK =" ABS(XJI) . » _
X13 = xk : y
K =1 ' .
IF (xo1 7. 00) 'k =9 ")
IF (K .GT. NE) X13 = X13-DX
- X1a = XK . : | L,
OIF (XJ41 LT. 0.) GOTO | 73 . :
IF (I- .LE. NE.AND.J .GT. NE) X14 = X14+DX

73 X23 = xK -

IF (XJI ,GT, 0.) GOTO 74 TP o
IF (I JLE. NE.AND.J .GT. NE) 'Xx23 = X23-DX
74 X264 = xKk AR ' ; '
K =29 i o . ?
IF (XJI LT, 0,) K =1
IF (K .GT. NE) X248 = x24+4DX - o
EX = DIRECT(Al.83.x13)+01RECT(A2.aA.x24) g
. -(DIRECT(A1.84.X14)+DIRECT(A2 83.x23))
T XDIC1,J) ‘= EX : -
79 XDI(JsI) = EX R
80 CONTINUE = B O
S :

CORRECT FOR END (EXIT) HOLE PRESENCE -
121 DO 125 I=2,NEs2 _ - : ‘ T
~IF (RMN(I) .GT. RM) GOTO 126 . - A - et

F = HOL/AREA(Z*RMN(I)+DR.DR) o S
DO 124 J=1,NZ . ¥ o R IO
IF. (J .EQ. 1) GOTO 124 ‘ . IR Cwa e
IF (ITR .6T. 1) GOTO 122 . _ , RS
IF (J .GT, NES) GOTO " 123 L = ’ .

. A3 = RMN(J) ' T
IF (J JLE. NE) A2 = A24DR
XI1g = AX=XMN(J) -
X12 = X119 , AU _
IF (J -GT. NE) x12 ='x12-DX e N
X13° = X1y ‘ '
A = DIRFCT(RM.AZ.XI2)-DIRECT(RM.A3.X13)
XDI(T:4) = XDI(I,J)-A
XDI€JsI) = XDI(Js1)-A




. GOTO 124
122 Al = EAR(1.J)*F -
: AJ = EAR(J»1)%F
123 EAR({1+J) = EAR(I.J)-A1l
. EAR(J+1I) = EAR(JSI)-AY
124 CONTINUE .
125 CONTINUE

126 IF (ITR .GT. 1) "GOTO 152
;. 'DO 144 I=1,NES
A = V1
IF (I .GT. NE) GOTO 142
D1 = 2%*RMN(I1)+DR
A = AREA(D1,DR)

IF (XMN(I) .EQ. AX.AND. RMN(I) «LT. RM) A=A-HOL

142 SU = -A*ES/(1-ES)
- DO 143 J=VsNES
143 SU.= SU=XDI(I,.,J)

144 XDI(I,1) = sSuU

ZCOMPUTE TOTAL "EXCH AREAS
(CLEAR GAS CONTRIBUTIONS)
PRINT 136
.~ ‘DD 145 I=1.NES
145 PRINT 138, (XDI(I.J),J= I.NES)
151 CALL MINV(XDI sNESDDsLW1sLW2)
‘PRINT 138, DD
_PRINT 137 S
- DO 146 I=1,NES
146 PRINT 134, (xox(x.J).J 1.Nes)
152 DO 150 I=1.NES
‘ A= vi
IF (I .GT. NE) GOTO 147
D1 = 2*RMN(I)+DR !
A = AREA(D1,DR) ' ,
IF (I JEQ. 2) A = A-HOL
147 AE = A*ES/(1-ES)
AGI = AGO(TZN(1)) L
IF:(1 .EQ. NES) GOTO 150
d1 = 141 A - ,
.DO, 149 J=J1.NES s e 3
A= vy
1IF (J .LE. NE) K = AREA(Z*RMN(J)+DR-DR)
IF (J .EQ..2) ‘A = A-HOL ' , ~
AF = AXES/(1-ES)
WE = =XDI(A«J)*AF*XAE
EAR(I,J4) = AGIXWE
» T EAR(JST) = Aco(IZN(J))*uE
' 189 CONTINUE. '
150 EAR(ILI) = -AbI#(XD!(I.I)*AE+ES)*AE'
C* %
C SELF EXCH AREAS SURFACE ZONES
C END ZONES
D0 155 I= I.NE
A= AREA(ZKBMN(I)+DR.DR)

nr\n

o

IF (XMN(I) .EQ. AX.AND.RMN(I) o.LT. RM) A=A=HOL

ESF = ES%A

DO 154 J=1,NZ , :

IF (J .EQ. I)  GOTO 1Sa s
ESF = ESF-EAR(IsJ) - : P

¢
i

145



154 CONTINVE - . S 146
IF (ESF .CE. .0.) EAR(I.I) = ESF
1SS CONTINUE -
C WALL ZONES
DO 160 ‘1= NE1.NES

A = V1
ESF = A%ES g
DO 159 J=1,NZ & -

IF (J .EQ. 1) GOTG 1S9
ESF = ESF-EAR(1.,J4) L ' - : _
159 CONTINUE S : ‘ ' ; : R
IF (ESF .GE. 0.) EAR(I.I) = ESF
160 CGNTINUE o -
C SELF EXCH AREAS:GAS ZONES
165 DO 170 I=NES1,NZ . o g B
VK .= 4*ROSK(TZN(I)-1)*DX*AREA(Z*RHN(I)*DR.DR)
DO 169 JU=1,NZ o o _ '
©IF (J .EQ. 1) GOTO 169
VK = VK-EAR(I,J)
169. CONTINUE
170 EARCII) = vi;
130 FORMAT (///T40,*** EXCH3 ERROR : ISODLATED ZONE, NO.°®,
e 13, %%xv9) o L .
131 FORMAT (°1°,T45,*EXCH3 : CHECK PRINTOUT® /T3,
« J "ITERATION #v,137) S
132 FORMAT (/110,121,4113)
133 FORMAT (/T25,5SE13.4)
134 FORMAT (/T2,10E13.4) S
. 135 FORMAT (//T2,'CLEAR GAS CONTRIBUTIONS :°*) : :
136 '"FORMAT (°*1*,725,*TRANSFER MATRIX FOR TOT EXCH AREA CALCS'//)
, - *AREA CALCS*//) v " ’ C
137 FORMAT (///7T25,% INVERSE 0OF TRANSFZR nATRtx-//ﬁ%* v
s 128 ‘FORMAT (///72,°*DETERMINANT OF TRANSFER MATRIX = ¢,
- E13.47/77) '

200 KSuB = 0 ye
RETURN '
END _ _ # :
SUBROUTINE EQNSa (KSUB) : L
DIMENSION RMN(25) 5 XMN(25) 4 BAR( 25 325) o NABOR(Z25,5) 5 -
.ﬁ&AMX(éS.ZS).TZN(ZSJ , S a
CCMMON  ©  /A1/RMNs XMN /A2/TZN, AMX /AS/NASOR ,EAR

< /Bl/AX.DI+HTS /B2/DXsDR /B3/NXGsNRG /B4/NZ4NES,NE
«  /BS5/NE1,NES1 - : ' , :
e /C1/RM,HTCsES,CP,FLO - : - : : o
C : . . v _ .
'€ INITIALISE THE MATRIX : - :
DO 2 I=1,NZ _ : _ : R
DO 1 J=1,NZ" L o '
1 AMX(I+Jd) = EARCJ,1)
2 CONTINuUE L
AD = AREA (DI1,Di/4a) : o o
C ADD THE CONVECTION TERMS (RAD, EQUIVT,)
€ (A) GAS ZONES O‘ ‘ ’ s
C A.ls A.2 GAS~SURFACE
' AW =2A0%4*DX/DI
~ DO 10 I=NES1,NZ . - S
HCR = HRADQ(HTC,TZN(1)}) - | e h
M = NABOR(1s1)+1 - . '
DO S J=2,M



K = NABGR(I1,4) .. . o “ : ? 147
IF (K .Gr; NES) GOTO S ‘ S

N A = AW
1IF (K «LE. NE) A -\AREA(Z*RMN(K)+DR.DR) *

- CALp FFSUB9 (KsI.FF,1)
'+ HC,= HCR*FF%A ‘ :
gmnnxcx,x) = AMX(I.K)+HC

Q*Anx“(x.ll AMX(I.I)-HC
e

o

A.3 GAS—GAS (BULK FLOW)
HB = FLO%CP/AO

DD 20 I=NES1.NZ o

HEBR. = HRADQ(HB,TZN(I))

— M = NASDR(I.1)+1 o o .
f A= AREA(Z*RMN(!I+DR. DR) ‘ o
: oo 15 4= 24M~ ) _ . ‘ -

"NABOR(1,4) o
"IF (x .LT. NES1) GOTO 15 > L
IF (RMN(K) .NE. RMN(I)) GOTO 1S o .
- LF. (XMN(K)} ‘.GT. XMNC(I)J GOTO 15
CCALL - FFSUB? (IeKFF,2)

HBB = HBR®FF&A = R .
‘AMX(I.K)'* AMX(I.K)+H88 - o é;

14 AMX(ISI) AMx(I.I)-Haa
1S CONTINUE = - .
V. = DX*A ' :
20 AMX(IsI) = Anx(1.1)-4*Rosx(rznqx).1)*v
‘ﬁgf,n a INLET—PLANE 'GAS' ZONES
o 1. = 'NES1-NXG ']
oo 22 K=1+NRG: -
: I = I+NXG
> A = AREA'"+*RMN(I)+DR, DR)
22 AMX(I.T = AMX(1,I)-HRADQ(HB, TZN(I))*A
C " (B)e(C)  w - AND END- -ZONZES :
DO 40 I=1,NES
A:A' hd 7 5"
IF (I .GT. Né% Gpro.ze o | y | o
25 A = AREA(Z*RMN(I)+DR.DR) - ) B
26 AMX(I,.1) - ANX(JvI)-(ESfHRADQ(HTS.TZN(I)))*A
HCR = HRADQ(HTC wznxx)) o
M = NABOR(T,.1)+1 ~ .
DO 35 J=2.m o -
. K -= NABGR(1,4)
IF (K L NES1) ;0 35
CALL FFSUB? (I+K4FF,2)
HC ‘= HCR¥FF*A ' T
CAMX (1 9K) = AMX(I,K)+HC
AMX(ToI) = AMXCI4I)=HC
35 CONTINUE ’ ' .
- 40 CONTINUE - :
. KsuB =0 _ : : 7

\'Q; .

a,

RETURN = - o : L ‘

END, : R _

SUBROUTINE RHSPS (Ksus) . ) . . .
'OIMENSION - RHS(25) ¢RMN(25) - S ,
COMNON - -/ A1/RMN /Ad/RHS ' T

:_fﬁ o 2 /B1/AXsDI+HMTS /B2/DX,DR /BB/NXG.NRo /B4/NZ  NES.NE
" e ' /BS/NE1¢NES1
o /cxxan.ntc.ss.cp.FLo /CZITSURR.TSUPP.CFU.QCO.FLM



C (A)+(B) END- AND WALL- -ZONES S v 148
Al = AREA(RM,RM]
DO 10 I=1.NES
‘D = DI
oL = DX .
. IF (I .GT. NE) GOTO S
D' = 2%RMN(I)+DR

DL = DR :
5 A = AREA(D,OL)
10 RHS(I) = -HTS*A*TSURR

C CORRECT FOR END (EXIT) HOLE PRESENCE
‘DO 15 I=2,NE,2 ' : :
RI = RMN(I) . , L : 4 Lo
IF (RI .GE, RM) GOTO 15 ' ' ‘
LF = Ai/AnEA(z*R1+oR.oR)
RHS(T) (1= F)*RHS(I)
15 CONTINUE :
C (C) GAS ZONES
o DO 16, I=NES1,NZ
16 RHS(I) = 0, : , _ _ :
NOG = FLM/DX o . o ' . on
MCO NES+NDG ' ’
QGN = QCO*CFU*DX/FLM
DO 20 I=NES1,MCC
20 RHS (I) = -QGN v 3 : . S
F = FLM/DX L . o . P
DO 21 J=1,NOG. - :
21 F = F=1,0 - o
IF (F .6T. 0. ) RHS(MCO+1) = -F*QGN S
C INLET-PLANE GAS ZONES :
' "1 = NES1=NXG _ o .
. A0 = AREA(DI,DI1/4).
) HB = FLO*CP/AO
DO 23 K=1,NRG
T' = I4NXG
A = AREA(Z*RMN(I)+DR,DRI
23 RHS(I}) = RHS(I)-HB*TSUPP*A
PRINT 25 o I ;
PRINT 30, (RHS(1),I=1,NZ) S
. 25 FORMAT (///T2.:°RHSPS OUTPUT :%/T2,'RHS OF THE EQNS :%7)
30 FORMAT (1o=13 4) : : . : _

KSUB = 0
RETURN
"END v g
SUBR ur1~= SOLVE (ITR.ERF.KSUB) . - o
‘ccnngw ZA2/7TZNy AMX /A& /RHS /AQIEZN ‘
D _ /B4/NZ s NES.NE ,/B5/NE1 s NES1 ' S
" DIMENSION Aux(zs.as).RHS(zs).TZN(zs).Ezu(zsl.CFA(zs).
P MAJOR(zs).KRO(zs). ' v .
e "AMXV(10,10)s° ' L o ‘//
. AMT(25.25).FLU(25.< ) s RCF(25) 4 NPV (25) - RN
. PRINT 3 R > : . L. Vi
. PRINT 'S L o 4 A v
DO 14 I=1.NZ oL _ e

IF (1 .EQ. NE1.,0R.I .EQ. NES1) PRINT & o
PRINT 2, (AMX(1,J)sJd=1.NZ) =~ :
14 CONTINUE oo A B
c TEST FOR ILL~CONDITIONING OF THE. ‘MATRIX - -lnx-"- 7
C (1) MOVE MATRIX INTO WORKING spAc : )
DO 20 1= 1.Nz




an.

00 1S5 J=1,NZ
153 AMT(IeJd) = AMX(I.J)
20 CONTINUE o
(2) NORMALISE
DO 30 I=1.,NZ
RMS = 0. ’ [
DO 25 J=1.NZ '
25 RMS = RMS+AMT(I,J)#*%2 o
RMS = SQRT(RMS/NZ) ”
DO 29 J=1,NZ v ‘ -
29 AMN(I'sJd) = AMT(I+J)/7RMS
30 CONTINUE . :
(3) FIND DETERMINANT OF NORMALISED MATRIX

D = 0o .
M =0 : . S
CALL v  CSLND(AMT.25.NZ.DeMsAMT)

PRINT 1, DM
(4) TEST THE MAGNITUDE OF THE DETERMINANT

IF (ABS(D*10**M) .GE. 0.5): GOTD 33 -

. IF ILL-CONDITIONED USE rne *CSL!B SUBROUTINE CSLNIL
"PRINT 4
PRINT 6

DD 32 I=1,ANES

DO 31 J=1.NES -
31 AMXV(IsJ) = AMX(I.J)
32 CONTINUE § '

CALL ~ ° . CSLNIL(AMXV.k§HSo EZNs NZ. FLUs RCF. NPV)

GOTO 83

" 1F NOT ILL-CONDITIONED TEST FOR DIAGONAL DOMINANCE‘
‘33 MU =0

DO 35 1I=1,NZ
Al = ABS(AMX(I,1)}

HU = AI
M=T

" SU = 0.
DO 34 J=1.N2Z

IF (J .EQ. 1) GOTO, 3a
AJ = ABS(AMX(1.J9))
SU = SU+AJ .
IF (AY LE, HU) GOTO 34
THU = AY T
. M = J:  ' '
34 CONTINUE
MAJOR (I) = M o ‘
IF (Al LE. SU) MU = MU+l
35 CONTINUE , : '
IF (MU .EQ. 0) GOTO 36
PRINT ' ‘ :
~ PRINT
PRINT C ; o
PRINT 11,5 ((I:MAJOR(I)), 1=1;Nzl ;
GOTO 40 - ' : o

-

e SATISF!ED. USE *CSLIB SUBROUTINE CSLNS’

36 D =0, . . -
M= o o
CALL — — . CSLNS( AMX-ZS.NZ oRHS.EZNoDo"v‘"T,

_ GoTo 83 B
IF ‘NOT% USE tHE GAUSS°SEIDEL ITERATIQN R

(1) COMPUTE THE ORDER oF SCLUTION

P



38

45

' 50

59
60

. eX

2)

65

66

70

" 75°
"SU = RHS(I)

79
.89

dqy

183

TA = II—l 

DO 28 " J=1.NZ

AJ = ABS{AMX(NZ.J))

IF (AJ .LE, FU) GOTO 38
HU = AJ ’ T
M = J . -
CONT INUE - -
MAJOR(NZ) =

1'= NZ- .

DO 60  II=2,NZ

I = I-1

DO 45 K=1,NZ

KRO(K) = 1

K = NZ+#1 : _

DO 50 KK=1,IA o ’ RN
K = K=-1. - -
KRO(MAJOR(K)) = 0

HU = 0. . o
DO S9 J=1,NZ . LN
AJ = KRO(J)*ABS(AMX(1+4))
IF .(AJ JLE. HU) GOTO s9
HU = AJ | o o
N=,J..'vb' ‘
CONT INUE ,

MAJOR(I) = M

DO 61 I=1,NZ

NPV(I) = MAJOR(NZ-I+1) *
PRINY 9 S _

PRINT 1G» (NPV(I)s I=1,NZ)

DO ‘65 I=1,NZ ‘
EZN(1) = cothrkTZN(l).l)
1 = NZ+1 T ‘
DO 80 II=1,NZ
I = I-1 S
DO 70 K=1,NZ_
KRO(K) = 1
DO 75 K=1,1 : v
KRO(MAJOR(K)) = 0O | ‘

DO 79 J=1.NZ
su . su—KRO(J)*AMx(I.J)*EZN(J)
EZN(MAJOR(I)) = 'SUZAMX( 1+ MAJOR(I))

'‘CF = 1. 0 . ; 
MU =1

0O ss I=14NZ

85

110

CIFT(EZNCI) JLE. 1714. ) MU = MU+1

CONT.INUE . - DR
IF (MU ._o. ¥) GOTO 121

MU = 1 ' '

DO 110 I= 1.Nz -

€0 = CONVRT(TZN(I)-I)
CFA(I) = ABS(EZN(1)/EOC-1, o)
CF = CFA(I) o

‘D0 115 1I=2,NZ ‘ o .
CI = CFACI). . C : .

IF (C1 .EQ. O, ). GOTO 115
IF (CI .GT. CF) CF ="cI ‘

Lo

PUTE NEW TEMPS AND ERROR PARAMETER

"SOLVE EQNS IN THE PR‘-DETERMINED ORDER
IF (ITR .GT. l) GOTO 66

150



.

115 CONTINUE - - ' L o | 151

NU = 1
.117 IF (NU
DO '120

NE. 1) CF = 0.S*CF

I=14N2Z

EQO = CONVRT(TZN(I)s1) -
EN = CF*EZN(I)+(1-CF)=*EQ

IF. (EN
NU = 0

MU = MU$1
GOTO 117

«GE. 1714. ) GOTO 120

s

120 CONTINUE .

121 ERF = 0, -

DO 125

£
I=1,NZ

. EN = CF*EZN(I)+(1—CF)*CONVRT(TZN(I)-l)
123 T = CONVRT(EN,2) :

'ﬁRF =
" TZN(1)

ERF +(T=TZN( L) ) #*2

=T Py

©125 CONTINUE
PRINT 13, MU o »
‘PRINT'IZ. CF' - o

- ERF
‘1 FORMAT
. Fl0.
FORMAT
FORMAT
FORMAT

FORMAT
FORMAT

2
3
4
5 FORMAT
6
7

= SQRT(ERF/NZ)

(///T2g'DETERMINANT OF NORMALISED MATRIX =,
Se*E®*»13) .

(/710E13.4)

(*17) ' .

(771X) :

L7/77T40,*COEF NATRIX OF THE INERGY BALANC: cQNS'//)
(/7/T2,°COEF MATRIX ILL- -CONDITIONED USE CSLNILY)
(//T2+,*COEF MATRIX NOT DI AG-DJIMINANT* /T2,

!

e 'PROCEED WITH GAUSS-SEIDEL- ITERATIGON®'/).

8 FORMATY
9 FORMAT

(/T2+*THE DOMINANT TERMS ARE :'/)
(/7/7T2,*THE ORDER OF SOLUTION IS /)

10 FORMAY (/T20, SI5) _
11 FORMAT (/T2,S(214+3X)) . T L
12 FORMAT (//T2,'MAX CORRECTION FACTOR = %,E11.47) .
13 FORMAT (///T2.°# OF TRIAL CF~VALUES =%,110)
KSuB = 0 '
RETURN
END
SUBROUTINE QFLX7 (Ksuel L
‘DIMENSION .~ TZN(25).QFX(25) .
COMMON /A2/TIN /AB8/QFX
S | x /B1/HTS /BA/NZ.NES '
- . /C1/RMs HTC ZC2/TSURR
DO 10 I=1¢NES :
10 QFX(1) = HTS*(TZN(I)-=TSURR) Cﬁjﬁfﬁ:\
20 kKSUB = 0 T - L
‘RETURN o : . ¢ ' '
END ’ T

' SUBROUTINE EBLCB (KSUB’
ENERGY BALANCE FOR ENTIRE SYSTEM ,AS A CHECK ON .CALCS

COMMON"~

'v. /7Bl1/AX.D1.. /B2/DX,DR /B3/NXG+NRG -

ZA1/RMN.  /A2/TZN /ABIQFX ZA9/EZN .

. /BAINZoNES.NE.NS.NG /BS/NE1 4 NES1
/C:/RM.H{£ ESsCPoFLO /C2/TSURR, rsupp,CFu.oco.FLu
DINENSION E TZN(zs).oFx(zs).RuN(zs).

‘1

NET ENERG(thNERATxON RATE

° QGEN =

EZN(ZS)

O*CFU-CP*FLD*(TZN(NES+NXG)-TSUPP)



< CGMPARE ’

C TUTAL NET HEAT FLUX (SURFACE ZONES’
: QFLUX = 04

DO 5 I=1.NE,2 _’» IR Lk
A = AREA(2*RMN(1)+0R.DR) - w F

S QFLUX = QFLUX+A*QFX(I). . s
‘Al = AREA(RM,RM) . ‘ ) L

DO 10 I=2,NE,2 .'?,'7 o L 5y
RI = RMN(I)®Y B o ol
A = AREA(Z*RI+DR.0R) S

IF (RI .LT. RM) A = A-Al , IRNE.
. QFLUX = QFLu}fA*QFx(I) Lo e
- 3 i .

L1100 CONTINUE b N e L E

<A = AREA(DI.DX) S ’
DO 15 .- InNEl,NEs

18 OFLUX —QQFLUX+A*QFX(I)

SRC =, QhLUX/QGEN*lOO.

c OUTPUT“'Vf”J

pRINf 50 ? . QELUX: pCo QGEN

160 EQRMAT /7772 ,°EBLCB OUTPUT "[(TZ-'TDTAL NET FLUX =,
L L ELS5.645X BTU/HR/ /T2, S WHICH 1S1,F8.2,2X, 0% OF /724 |

rs G/ e

S ’!THE NET ENERGY GEN RAI§ OF'.Els a.sx.'BTU/HR')"
na T KSUB RO R
" RETURNJV'- o ‘; 'vw§,"

END LR
\;gSUBROUTINE FFSUB9 (I.J.FF.K)
" 'DIMENSION . TZN(2S)

'CGMMUN o . ./A2/TZN

T1 = TZN(I)/TZN(J)

T2 = T1*eT1”

FF = 1/((1+r1)*(1+72))
IF (K .ggo. 2) FF = T2XT1%FF
% RETURN :
END

. - FUNCTION convnr(d.x) :
c,/goNVERTs BETWEEN TEMP AND EMISSIVE PWR

. C "--DEPENDING ON " K

o Y4 !}4 0
1000, &

="%,0 B
'«EQ.-1) ' GOTO S é?_

P =0.28 .
s CONVRT = CO*(Q/D)**xp
" RETURN
-END'
FUNCTION AKGR(TEMP) o '
c COMPUTES SUM OF WT-ING FACTOR- Aesonatlov COEF PRODUCTS
. DIMENSION BN(S5,10)sSK(S) .
COMMON /A3/BN.$K /C3/NGRAY, NB
AKGR = 0,
DO 10 I=1,NGRAY
T = 1,0 L
AG = BN(1,1)
DO S5 J=2,NB _ g o :
T = TXTEMP -~ o . - .
S G = AG+BN(I.J)*T S D -
10 AKGR = AKGR+AG*SK(1)

£

RS NG



RETURN B E 153
"END I ‘ . ' R
FUNCTION HRADQ (H.T) ' ‘
C COMPUTES AT TEMP T PRODUCT OF AREA AND RADIATIVE ZQuivT
C OF CONV HT TRANSFER COEF’
HRADQ = H*T/CCNVRT(T-I) ,
RETURN . : g : .
END .
FUNCTION AREA (OIA,DEL) S
C COMPUTES AREAS® OF CIRCLES, CIRCULAR. ANNULI AND CYL INDERS
: PI = 0431415926 01 ' ' 3
AREA = PIXDEL*DIA
RETURN
« 7 END
FUNCTION ROSK (TEMP.KRO) ¢
GIVES THE -PDSSELAND WNEAN ABSORPTION CJEF
OR A RELATED MEAN ABSORPTION COEF ‘
(DEPENDING ON KRO) o ' ' o v r
. FOR THE GRAY GAS MIXTURE : . . ‘ p
DIMENSION BN(5513),SK(5) : : . g
COMMON /7A2/BN,SK /C’/NGRAY.NB ' R
ROSK = O, . , ‘ _ . T ,
DO:10 1I= x.NGRAv L S ‘ : ‘ S
T = 1.0 _ . Co C : _ o :
S SU = BN(I.1). : o : - -
D0 5 J=2,NB . o o B SR
- T = T*TEMP - . o ; S e
FJ = J+3 o ' \$) -
L FJ 0.25%Fy " - ' ‘ )
'S SU SU+FJ*BN(I.J)*T.
10 ROSK. = ROSKfSU/(SK(I)**KRO) o v
ROSK . = 1/ROSK , T ’ o
RETURN _ R . ' s : : . .
"END v ° S . e S L
FUNCTION AGO (TEMP) he o
C CALCULATES AT TEMP T CLEAR GAS WT-ING FAC , _ :
E DIMENSION BN(5,10) . o T %5%3»
, CCMMON /A3/BN - /ca/NGRAv.Ne R T o '
AGO = 1,0 a R e
00 10 I= I.NGRAY ‘ s ‘ S :
‘T = 1,0 - '
AGO = Aco-aN(x.l)_ o v ‘ o
DO S J=2.NB ' - : o o
T = TATEMP - ‘ S
. 5.AGO = AGO—éN(I'J)*T ' o , . v
10 CONTINUE _ T - : L . \
RETURN T g ' S r
END _ Y '
FUNCTION . DlRECT(A.a.c)
C ' COMPUTES DIRECT EXCH AREAS BETWEEN
'C ANV PAIR OF COAXAL CIRCULAR SURFACES
PI =.0, 31415$26& 01 s
_ABC = A*A+B*B+C*C ' :
AB = A*B
SUBT = SQRT(AEC*ABC—A*AB*AB)
DIRECY = 0.5*PI*(ABC-SUBT) -
" RETURN
END

w
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