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NOMENCLATURE 

I l t * i ~  l t ~ ~ I I I S  f er  code 

cross-scct tonal area 

(w  t t,l~ sr~hscript) radiation correction factor 

tit-l'i I I C ! ~ ~  ,111 equatton 2. 5.4 

I.ocal skin friction coefficient 

speed oE electromagnetic wave propagation 

specific heat 

~lanck' s first constant 
Planck' s second consranr 

Constant in Wien's displacement law 

incremental axial length 

blackbody hemispherical emissive power 

gas emissive power 

volume fraction of slag particles 

gravitational constant 

enthalpy 

enthalpy change 

incident radiant flux density 

local heat transfer coefficient 

effective heat transfer coefficient 

thermal conductivity 

extinction coefficient 

length 

mass flow rate 

index of refraction 

Nusselt number 



static gas system pressure 

partial pressure of constituent 

Prandtl number 

heat loss 

heat flux 

Reynolds number 

electrical resistivity 

Stanton number 

temperature 

residence time 

velocity 

leaving radiant flux density 

defined in equation 2.5.3 

absorptivity 

defined' in equation 3.4.3 

emissivity 

emissivity correction for overlapping of emission bands 

effective soot emission parameter 
. . 

wavelength 

magnetic permeability 

reflectivity 

gas density 

Stefan-Boltzmann constant 

wall shear stress 

Pentagamma function 



b 

C 

C 0 

conv 

flame 

g 

i * j  

0 

P  

r 

rad 

r s 

s 

s t  

T 

Subscripts  and Superscr ipts  

r e f e r s  t o  blackbody 

r e f e r s  t o  carbon dioxide 

r e f e r s  t o  carbon monoxide 

r e f e r s  t o  convection 

r e f e r s  t o  ad i aba t i c  flame condit ion 

gas property 

indiceo 

vacuum condit ion 

p a r t i c l e  

r e f r ac to ry  

r e f e r s  t o  r ad i a t ion  

r e f r a c t o r y l s t e e l  i n t e r f a c e  condit ion 

gas-surface i n t e r f a c e  condit ion 

s t e e l  

t o t a l  condi t ion 

refers t o  water vapor . 

l o c a l  a x i a l  condi t ion 



INTRODUCTION 

The Univers i ty  of Tennessee Space I n s t i t u t e  (UTSI) i s  p re sen t ly  
engaged i n  t e s t i n g  and a n a l y s i s  of major components which s imu la t e  a n  open 
c y c l e  MHD/steam power p l a n t  system. T h e ' f a c i l i t y ,  United S t a t e s  Department 
of  Energy Coal F i red  Flow F a c i l i t y  (CFFF), models important  a s p e c t s  of t h e  
system which a r e  envis ioned f o r  commercial a p p l i c a t i o n  ( s e e  F igure  1.1). 
Each component i s  designed t o  be  compatible w i th  t h e  extremely high t e m -  
p e r a t u r e  plasma necessary f o r  MHD power product ion.  The system must e f f i -  
c i e n t l y  recover  hea t  whi le  s imultaneously c o n t r o l l i n g  t h e  l e v e l s  of  
environmental ly  unacceptable  gaseous emiss ions ,  notably N% and SOx. 
Various test  s e r i e s  have been and w i l l  be conducted t o  acqu i r e  engineer ing  
d a t a  which inc ludes  d e l i n e a t i n g  t h e  i n t e r a c t i o n  between t h e  va r ious  f low 
t r a i n  components and a s s e s s i n g  impact on t h e  gas  decomposition process .  

Of c r i t i c a l  importance i n  t h e  o v e r a l l  r e sea rch  e f f o r t  i s  t h e  need f o r  
r e l i a b l e  a n a l y t i c a l  techniques t o  model t h e  gas  dynamic, thermal ,  and chem- 
i c a l  k i n e t i c  hehavior  of t h e  MHD combustion plasma throughout t h e  MHD 
system. Such models a r e  being a c t i v e l y  pursued among t h e  MHD and power 
p l a n t  community t o  provide a  b a s i s  f o r  c h a r a c t e r i z i n g  t h e  performance of 
t h e  i n t e g r a t e d  MHD/steam power p l an t .  V e r i f i c a t i o n  of t h e s e  models a g a i n s t  
a c t u a l  experimental  r e s u l t s  from a n  a c t i v e  f a c i l i t y  i s  of utmost importance 
be fo re  they can be conf ident ly  used a s  t o o l s  f o r  s c a l i n g  t o  l a r g e r ,  commer- 
c i a l  systems. 

In  t h i s  con tex t ,  an  a n a l y t i c a l  model of t h e  thermal  behavior  of t h e  
r a d i a n t  furnace~components  i n s t a l l e d  i n  t h e  CFFF has been developed. 
E f f o r t s  have been pr imar i ly  d i r e c t e d  towards ob t a in ing  a  r e p r e s e n t a t i v e  
g l o b a l  e v a l u a t i o n  of t h e  h e a t  recovery of  t h e  major downstream components. 

The gas  dynamics throughout '  t h e  r a d i a n t  b o i l e r  a r e  i n  t h e  low Reynolds 
number regime and t h e r e f o r e  a r e  t r e a t e d  a s  a  s imple one-dimensional plug 
type  flow. This  s i m p l i f i c a t i o n  a l l ows  a n  e x p l i c i t  c a l c u l a t i o n  of t h e  l o c a l  
ga s  v e l o c i t y  and r e s idence  time v i a  mass conservat ion.  Chemical e q u i l t b -  
rium of t h e  plasma flow i s  assumed throughout t h e  downstream system. 
Computations of  t h e  thermodynamic and t r a n s p o r t  p r o p e r t i e s  of t h e  gas  a r e  
ob t a ined  from a combustion r o u t i n e  incorpora ted  i n t o  t h e  model. Calcula- 
t i o n  of t h e  flow f i e l d  p r o p e r t i e s  i s  achieved e x p l i c i t l y  by proceeding 
a long  t h e  downstream flow t r a i n  i n  a  s tepwise  f a sh ion  and performing a  
thermodynamic balance a t  each s t e p  t o  account f o r  t h e  energy exchange ber- 
ween t h e  f l u i d  and i t s  s u r r o u n d i n ~ s .  

The primary mechanfsms by which h e a t  i s  t r a n s f e r r e d  a r e  v i a  r a d i a t i o n  
and convect ion l o s s e s  t o  t h e  wa l l s  of t h e  furnace.  Coupled t o  t h e s e  
through t h e  w a l l  temperature  boundary cond i t i on  i s  a  l o c a l  c a l c u l a t i o n  of 
t h e  h e a t  conduction through t h e  composite w a l l  s t r u c t u r e  of t h e  va r ious  
components. C a l c ~ i l a t i o n s  show t h a t  r a d i a t i o n  from t h e  combustion gas  t o  
t h e  wa l l s  i s  t h e  dominant mode of hea t  t r a n s f e r .  In  t h e  p re sen t  model, t h e  
p r i n c i p a l  c o n s t i t u e n t s  p a r t  S , P ~  i n  gas r a d i a t i o n  are carbon d iox ide ,  
carbon monoxide, water  vapor ,  and s o l i d  p a r t i c l e s .  Computation of t h e  
r a d i a t i o n  p r o p e r t i e s  of t h e  working f l u i d  a s  a  whole i s  obta ined  by con- 
s i d e r i n g  t h e  c o n t r i b u t i o n  of each of t h e  above s p e c i e s  and c o r r e c t i n g  f o r  
over lapping  emission bands. Both. t h e  t o t a l  gas  e m i s s i v i t y  and i t s  absorp- 
t i v i t y  a r e  computed a t  each downstream computat ional  s t a t i o n  based upon 
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e q u i l i b r i u m  chemistry of t h e  gas  and t h e  l o c a l  thermodynamic s t a t e .  
R a d i a t i o n  t r a n s p o r t  w i t h i n  a  d i f f e r e n t i a l  volume i s  t r e a t e d  a s  a  s i n g l e  
zone and gas-surface  in te rchange  i s  der ived  from f i r s t  p r i n c i p l e s .  

The purpose of t h i s  r e p o r t  i s  t o  d e s c r i b e  t h e  model and v a r i o u s  rou- 
t i n e s  which c a l c u l a t e  t h e  parameters  necessary  f o r  s o l u t i o n .  Sec t ion  2  i s  
devoted t o  t h e  r a d i a t i o n  p roper ty  c a l c u l a t i o n s ,  whi le  Sec t ion  3  d e s c r i b e s  
t h e  h e a t  t r a n s f e r  model. Typ ica l  r e s u l t s  a r e  p resen ted  i n  Sec t ion  4. 

2.0 EMlSSlVlTY AND ABSORPTIVITY CALCULATIONS 

The primary mechanism by which h e a t  i s  t r a n s f e r r e d  i n  t h e  r a d i a n t  f u r -  
nace  i s  thermal  r a d i a t i o n  from wate r  vapor,  carbon d i o x i d e ,  a s h  ( i . e .  s l a g  
p a r t i c l e s )  and carbon monoxide. Based on t h e  work of H o t t e l  and o t h e r s , l v 2  
and NASA SP-3080,3 a computer code was developed t o  c a l c u l a t e  t h e  t o t a l  
e m i s s i v i t y  of  t h e  gas.  The t o t a l  e m i s s i v i t y  of t h e  gas  i s  determined by 
summing t h e  i n d i v i d u a l  t o t a l  e m i s s i v i t i e s  of  each of  t h e  gaseous components 
and t h e  s l a g  p a r t i c l e s  and then  making a  c o r r e c t i o n  f o r  t h e  over lapp ing  of  
emiss ion  bands between t h e  gases .  

S i m i l a r l y ,  t h e  a b s o r p t i v i t y  i s  c a l c u l a t e d ,  b u t  h e r e  a  c o r r e c t i o n  must 
b e  inc luded  f o r  t h e  d i f f e r e n c e  between t h e  gas  (which i s  absorb ing)  tem- 
p e r a t u r e  and t h e  w a l l  (which i s  e m i t t i n g )  temperature.  The c o r r e c t i o n s  
were ob ta ined  from Reference 4. A d e s c r i p t i o n  of t h e  e m i s s i v i t y  and 
a b s o r p t i v i t y  c a l c u l a t i o n  procedures  fo l lows.  

CO7 Emiss iv i ty  and A b s o r p t i v i t y  

Assume a  hemispher ica l  gas  mass of r a d i u s  L c o n t a i n i n g  C02 a t  a  par- 
t i a l  p r e s s u r e ,  pc. Then cons ide r  t h e  problem t o  be t h e  e v a l u a t i o n  of t h e  
r a d i a n t  in te rchange  between t h e  g a s  a t  t empera tu re ,  TE, and a  b lack  element 
of  s u r f a c e  a t  temperature ,  Ts, a t  t h e  base  of t h e  hemisphere. The emiss ion 
o f  t h e  g a s  t o  t h e  s u r f a c e  ( p e r  u n i t  of s u r f a c e  a r e a )  i s  E ~ T ~ ~ ,  where cg 1,s 
t h e  r a t i o  of r a d i a t i o n  From gas  t o  s u r f a c e  t o  t h e  r a d i a t i o n  from a  black- 
body a t  t h e  same temperature ,  i . e .  t h e  e m i s s i v i t y .  The e m i s s i v i t y  of C02 
depends on T , t h e  product term pc L, ( i . e .  t h e  p a r t i a l  p r e s s u r e  t imes t h e  
beam l e n g t h i f  and t h e  t o t a l  p r e s s u r e  PT. Radia t ion  from C01 comes pr.i.n- 
c i p a l l y  from bands a t  2.64 ro 2.84, 4.13 t o  4.5, and 13  t o  1 7  microns,  
Based on d i r e c t  t o t a l  measurements by H o t t e l  and ~ a n ~ l e s d o r f ~  and H o t t e l  
and smith6 a  smoothed p l o t  of C02 e m i s s i v i t y ,  eC,  a t  1 atm t o t a l  p r e s s u r e  
i s  shown i n  Figure  2.1.1. 

Thus t h e  e m i s s i v i t y  can be expressed  ( a t  one atmosphere t o t a l  p r e s s u r e )  a s  

Although t h e  ~ d s s i v d t y  depends p r i ~ u i i ~ l l y  on Tg and pCL, p r e s s u r e  
broadening does occur. There fo re ,  a n  e m p i r i c a l  c o r r e c t i o n  f a c t o r ,  Cc ,  f o r  

*Beam l e n g t h  i s  t h e  d i s t a n c e  over  which t h e  r a d i a t t v e  emiss ion i s  taken. 
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Figure  2.1.1 h l s s i v i ~ y  oi C02 

t o t a l  p r e s s u r e s  o t h e r  than  one atmosphere can he in t roduced.  Figure  2.1.2 
i s  a ' ~ l o t  of t h e  c o r r e c t i o n  f a c t o r  ve r sus  t o t a l  p r e s s u r e .  The va lue  of E, 

when multipl . ied by Cc g i v e s  rhe  c o r r e c t  va lue  of e m i s s i v i t y  when PT i s  no t  
oue at rnn~phcrc .  

The abaurp l ion  by t h e  pas from t h e  s ~ ~ r f a c e  i s  o ~ , ~ o ~ ,  where ue i s  t h e  
g a s  a b s o r p t i v i t y  f o r  blackbody r a d i a t i o n  from a  source  a t  Ts. When Ts = 
T ag = E ~ ;  b u t  a s  Tg i n c r e a s e s  above Ts, t h e  a b s o r p t i v i t y  is  a f f e c t e d  by 
tR; temperature  i n  two ways. 

a )  t h e  molecular  a b s o r p t i o n  c o e f f i c i e n t  i n c r e a s e s  s l i g h t l y ,  bu t  

b )  t h e  number of absorb ing  gas  molecules i n  a  f i x e d  path  l e n g t h  a t  
a f i x e d  p a r t i a l  p r e s s u r e  dec reases .  

Approximate e m p i r i c a l  c o r r e c t i o n s  can be  made when ag f o r  C02 i s  eva l -  
u a t e d  a t  Ts and a t  [pcL (Ts/Tg)l i n s t e a d  of  pcL. 

4 



Figure 2.1.2 Pressure Broadening Correction Factor f o r  Cop [Ref. 41 

In t h i s  case t h e  absorp t iv i ty  can be expressed a s  

In  Figure 2.1.1, the  t o t a l  emiss iv i ty  i s  p lo t t ed  a s  a funct ion of 
temperature and t h e  product pcL. The d a t a  were tabula ted  and a s p l i n e  f i t  
was used t o  obta in  t h e  emissivi ty a t  p a r t i c u l a r  temperatures and pressure 
lengths.  The computer subroutine f i r s t  ca lcu la tes  t h e  emiss iv i ty  and then 
t h e  absorp t iv i ty  v i a  use of equation 2.1.2. A t  t h i s  point  i n  t h e  program 
t h e  t o t a l  gas emissivi ty i s  s e t  equal  t o  t h e  CO2 emiss iv i ty ,  and then i s  
adjus ted  a s  the  contr ibut ions  from the  o the r  r eac t ion  products a r e  calcu- 
l a t ed .  

2.2 H20 Emissivity and Absorptivity 

The emissivi ty of water vapor depends on Tg and p,L, a s  i n  t h e  case of 
C02, but  a l s o  on t h e  p a r t i a l  pressure p, and t o t a l  ( i .e .  gas system) 
pressure  P. Radiation comes p r inc ipa l ly  from bands a t  2.55 t o  2.84, 5.6 t o  
7.6 and 12 t o  15 microns. A t  t h e  f i r s t  and t h i r d  band the re  i s  an  overlap 
wi th  Cop emission which must be accounted fo r ,  (See Section 2.3.) 

Total  emiss iv i ty  of water vapor i s  presented i n  Figure 2.2.1. 
Pressure broadening has a g r e a t e r  e f f e c t  on H20 emission than C02 emission. 
A pressure-broadening function,  %, based on d a t a  from Hot te l  and 
egbert7s8 is presented i n  Figure 2.2.2. The value of E, from Figure 2.2.1 
must be mul t ip l ied  by t h e  correc t ion f a c t o r ,  Cw. 

The absorp t iv i ty  of H20 may be obtained by evaluat ing E a t  the  wal l  
su r face  temperature and by multiplying the r e s u l t  by ( T ~ / T ~ ~ ~ * ~ ~  o r  

The emiss iv i ty  a t  t h i s  point  can he expressed a s  
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and t h e  a b s o r p t i v i t y  a s  

2.3 Cor rec t ion  f o r  C07 - H20 I n t e r a c t i o n  

When C02 and water  vapor a r e  p re sen t  s imultaneously t h e  r a d i a t i o n  i s  
less than  t h e  sum of i n d i v i d u a l  e f f e c t s  s i n c e  t h e  two gases  a r e  somewhat 
opaque t o  each  o t h e r  i n  t h e  r eg ions  2.7 and 15  microns. Therefore ,  a 
c o r r e c t i o n  f o r  t h i s  phenomenon can be  app l i ed  such t h a t  t h e  emis s iv i t y  can 
be  expressed a s  

where be can be ob ta ined  from Figures  2.3.1. The a b s c i s s a  i s  t h e  r a t i o  of 
t h e  p a r t i a l  p r e s su re  of water  vapor t o  t h e  sum of t h e  p a r t i a l  p r e s su re s  of 
C02 and H20. The c o r r e c t i o n  d a t a  a r e  p l o t t e d  a s  a f u n c t i o n  of  t h e  sum of 
t h e  p a r t i a l  p r e s su re s  t i m e s  t h e  mean beam l e n g t h  i n  ft-atmospheres ( i .e .  
(pc+pw)L). The c o r r e c t i o n s  were determined a t  t h r e e  gas  tempera tures ,  
namely 400K, 811K and 1200K (260°F, 1000°F and 1700°F r e s p e c t i v e l y ) .  
F igure  2.3.l.c i s  a l s o  v a l i d  f o r  temperatures  above 1200K (1700°F). Sp l ine  
f i t s  a r e  aga in  used t o  determine t h e  emis s iv i t y  and a b s o r p t i v i t y  a t  t h e  
p a r t i c u l a r  gas  and w a l l  temperatures .  

Analogously t o  t h e  de te rmina t ion  of A E ,  a c o r r e c t i o n  Aa f o r  absorp- 
t i v i t y  can be c a l c u l a t e d ,  making t h e  a b s o r p t i v i t y  f o r  t h e  ca se  of C02 and 
H20 

2.4 CO FQliss ivi ty  and Abso rp t iv i t y  

T o t a l  r a d i a t i o n  from carbon monoxide i n  n i t r o g e n  a t  one atmosphere has  
been measured by u l l r i c h 2 ,  and t h e  r e s u l t s  a r e  presen ted  i n  F igure  2.4.1. 
F igu re  2.4.1 i s  v a l i d  f o r  gas  temperatures  up t o  1275K (1840°F), and i s  
shown f o r  in format iona l  purposes only.  The a c t u a l  d a t a  used by t h e  code 
was ob ta ined  from Ref. 3 which i s  v a l i d  t o  3000K (4940°F) and i s  i n  t a b u l a r  
form. Sp l ine  f i t s  of t h e  d a t a  were programmed f o r  c a l c u l a t i o n  purposes. 
~ o t t e l ~  recommends t h a t  t h e  a b s o r p t i v i t y  be c a l c u l a t e d  from t h e  fo l lowing  
pxpre8sioaa: 

A t  t h i s  p o i n t ,  t h e  gas  e m i s s i v i t y  can be expressed a s  

E~ = CC eC + CW E~ - A E  + B~~ 

and analogous t o  2.4.2, t he '  a b s o r p t i v i t y  i s  

2.5 Particle Emission and Absorption 

Many experimental  i n v e ~ t i ~ a t i o n s ~ ~ ~ ~  have shown t h a t  t h e  fo l lowing  
exp re s s ion  close1.y c o r r e l a t ~ . ~  soot p.missi.nn from lilmfnniis flames: 



Figure 2.3.1 Ccrrection Factors for  C02-H20 Inxeraction [Ref. 41 



Figure 2.4.1 Emissivi t y  of CO 
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where L is the beam length and K is the effective soot emission parameter. 
This expression is a very good approximation to a c.losed form expression 
for soot emissivity based on a non-gray analysis 

CLTg 
where x = 

and 

C 36.11 fv -- - 
nke 

[n2-(nke)2 + 212 + (2nke)2] 

where c2 is Planck's second constant, fv the volume fraction of soot par- 
ticles and n and ke are the index of refraction and extinction coefficient, 
respectively. If Ke is given as 

equation 2.5.1 can be expressed as 

ep = 1 - e-3.6 CTgL/c2 [Ref. 111 

From the material properties of slag, the value of the index of refraction 
is set at 1.5. The extinction coefficient can be expressed as 

where P = magnetic permeability 

Co = speed of electromagnetic wave propagatinon in vacuum 
( 2.9979~108 m/sec) 

Xo = wavelength in a vacuum 

re = electrical resistivity, N m2 ser./r.nl~l nmh2 

IJ E PO = magnet10 permeability in a vacuum 

= 471 x 10-7 N s e ~ ~ / ~ 0 ~ 1 0 m b ~  

rhus equation 2.5.7 becomes: 

.which reduces to: 



Rased on t h e  e l e c t r i c a l  p r o p e r t i e s  of s lag12 ,  t h e  r e s i s t i v i t y  a t  a t e m -  
p e r a t u r e  of 2250K i s  approximately 

re z 1 N sec2/coulomb2 

Therefore ,  equa t ion  2.5.7.1 becomes: 

The wavelength, A ,  i s  determined a t  t h e  p o i n t  where t h e  emissive 
power i s  mximum f o r  a g iven  temperature.  From Planckls  s p e c t r a l  d i s t r i -  
bu t ion  of blackbody hemispherical  emiss ive  power13 

The maximum i s  found by d i f f e r e n t i a t i n g  equa t ion  2.5.9 wi th  r e spec t  
t o  (AT) and s e t t i n g  t h e  l e f t  hand s i d e  equa l  t o  z e r o ,  y i e l d i n g  

The s o l u t i o n  i s  of t h e  form 
A, XmaxT = cg 2.5.11 

which i s  a form of  Wienls displacement  law. The cons t an t  c 3  i s  0.28978 
cm-K. [Ref. 131 Based on t h e  s o o t  emission from a baked carbon 
e l ec t rode14  a t  2250K 

Therefore ,  u s ing  n = 1.5 from Reference 15, equa t ion  2.5.8 y i e l d s  

Equation 2.5.6 can then  be so lved  a s  a fnnc.t ion of t h e  gas  temperature  
t o  determine t h e  e m i s s i v i t y  of t h e  p a r t i c l e s .  In o r d e r  t o  c a l c u l a t e  t he  
a b s o r p t i v i t y ,  t h e  w a l l  t empera ture ,  Ts, i s  used i n  t h e  equa t ion  i n  p l ace  
of  t h e  gas  temperature.  

The t o t a l  e m i s s i v i t y  of t h e  gas  and p a r t i c l e s  can be f i n a l l y  expressed 
a s :  

ET = E ~ + E ~ - E ~ ~ P  2.5.12 

where 

S i m i l a r l y ,  t h e  a b s o r p t i v i t y  can he expressed  a s  



2.6 Method of c a l c u l a t i o n  

Radia t ion  p rope r ty  c a l c u l a t i o n s  a r e  i nco rpo ra t ed  i n  a  s e r i e s  of 
sub rou t ines  t o  t h e  main computer program. A t  each Incremental  s t e p  of t h e  
main program t h e  e m i s s i v i t y  and a b s o r p t i v i t y  a r e  determined based on t h e  
i n i t i a l  wa l l  t empera ture  e s t ima te .  I n  o rde r  t o  permit t h e s e  c a l c u l a t i o n s  
t o  be made, t h e  fo l l owing  parameters must be known a  p r i o r i :  

P - system t o t a l  p r e s su re  (assumed cons t an t )  

pc, pco, pw - t h e  p a r t i a l  p r e s su re s  of t h e  r e a c t i o n  products  
(C02, CO, and H20) 

f v  - t h e  volume f r a c t i o n  of s l a g  p a r t i c l e s  

L - t h e  beam l e n g t h  

The beam l e n g t h  i s  obta ined  from a  sub rou t ine  which c a l c u l a t e s  t h e  
dimensions of t h e  furnace.  Beam l e n g t h  i s  taken a s  t h e  average of the 
t r a n s v e r s e  dimensions i n  t h e  c r o s s  s e c t i o n a l  plane. P a r t i a l  p r e s su re s  a r e  
determined from t h e  mole f r a c t i o n s  of t h e  i n d i v t d u a l  gases ,  These a r e  
c a l c u l a t e d  ove r  a  range of temperatures  i n  a  combustion r o u t i n e  t h a t  has  
been  incorpora ted  i n t o  t h e  model. An i n t e r p o l a t i o n  r o u t i n e  i s  used t o  
o b t a i n  t h e  mole f r a c t i o n s  a t  t h e  p a r t i c u l a r  gas  temperature  of t h e  i nc re -  
menta l  s t ep .  Volume f r a c t i o n  i s  c a l c u l a t e d  based on t h e  mass and  d e n s i t y  
o f  t h e  s l a g  and gas  a t  t h e  c a l c u l a t i o n  po in t .  Above t h e  s l a g  s c r een  i n  t h e  
primary furnace ,  t h e  r a d i a t i o n  from t h e  s l a g  p a r t i c l e s  i s  neglected.  

Once a w a l l  ( i . e .  ga s - r e f r ac to ry  i n t e r f a c e )  temperature  i s  assumed, an 
i t e r a t i o n  process  i s  used t o  determine t h e  c o r r e c t  va lue  based on t h e  tem- 
p e r a t u r e  p r o j e c t i o n  through t h e  composite wal l .  Each t i m e  a  new wa l l  t e m -  
p e r a t u r e  i s  assumed, a  new t o t a l  a b s o r p t i v i t y  i s  ca l cu l a t ed .  A new hea t  
f l u x  i s  determined and t h e  process  repea ted  u n t i l  a  s o l u t i o n  i s  found. 
(See Sec t ion  3 . 7 )  

3.0 HEAT TRANSFER CODE 

The hea t  t r a n s f e r  model developed t r e a t s  t h e  gas dynamics by assuming 
a one-dimensional p lug  type  flow. In r e a l i t y  t h e  f low i s  f l l l l y  th ree-  
dimensional .  I n  t h e  r a d i a n t  fu rnace ,  development of r e c i r c u l a t i o n  r eg ions ,  
f low s t a g n a t i o n  on t h e  s l a g  s c r een ,  and vo r t ex  shedding o f f  t hezs l ag  tubes  
a r e  bu t  a  few of t h e  phenomena t h a t  occur.  A one-dimensional model cannot 
account  f o r  t h e s e  e f f e c t s .  However, i n  a  g l o b a l  s ense ,  an  e v a l u a t i o n  of 
t h e  average c o n d i t i o n s  can he ob ta ined  and i s  very important  f o r  o v e r a l l  
p roces s  eva lua t ion  s t u d i e s  and opt imiza t ion .  

Inpu t s  t o  t h e  model a r e  t h e  mass flow r a t e s  of t h e  cons t i t r l en t s ,  t h e  
s to i ch iome t ry  of t h e  r e a c t l o n  and t h e  gas  temperature  a t  t h e  d i f f u s e r  e x i t  
p lane .  From t h e s e  i n p u t s ,  t h e  combustion sub rou t ine  c a l c u l a t e s  t h e  gas  
s t a t e  p r o p e r t i e s  over  t h e  temperature  range expected. Transpor t  proper- 
t i es ,  namely, v i s c o s i t y  and thermal  conduc t iv i t y ,  a r e .  determined from 



r e s u l t s  generated by a modified ve r s ion  of t h e  NASA SP-273 combustion 
code16 and curve f i t t e d  over  t h i s  temperature  range. A f i l e  i s  then 
genera ted  and t h e  p r o p e r t i e s  a t  t h e  c a l c u l a t e d  gas temperature a r e  ob ta ined  
by i n t e r p o l a t i o n  between t h e  d a t a  base temperatures .  This  d a t a  base i s  
v a l i d  t o  t h e  a x i a l  l o c a t i o n  of secondary combustion, whereupon, a new com- 
b u s t i o n  f i l e  i s  generated f o r  t h e  remainder of t h e  temperature  c a l c u l a t i o n s  
t o  account f o r  secondary combustion p r o p e r t i e s .  In  Figure 3.0.1 a 
s i m p l i f i e d  flow c h a r t  of t h e  c a l c u l a t i o n  procedure i s  presented.  

The remainder of t h i s  s e c t i o n  of t h e  r e p o r t  i s  devoted t o  desc r ib ing  
t h e  method of code opera t ion .  Typica l  c a l c u l a t e d  r e s u l t s  a r e  compared t o  
exper imenta l  d a t a  and presen ted  i n  Sec t ion  4. 

3.1 Area Determinations 

A s  can be seen  from F i w r e s  3.1.1 through 3.1.3 t h e  e f f l u e n t  gas  
pas s ing  through t h e  r a d i a n t  furnace  n e g o t i a t e s  a t o r t u o u s  pa th  a s  i t  passes  
through t h e  s l a g  s c r een  and i n t o  t h e  secondary furnace .  Therefore ,  an 
"es t imate"  of t he  flow pa th ,  c ros s - sec t iona l  flow a r e a ,  and s u r f a c e  a r e a  
f o r  hea t  t r a n s f e r  was determined. A t  va r ious  p o i n t s  a long  t h e  flow t r a i n ,  
t h e  two t r a n s v e r s e  dimensions were t a b u l a t e d  f o r  i npu t  i n t o  t h e  model. A 
l i n e a r  i n t e r p o l a t i o n  scheme was used t o  determine t h e  dimensions a t  each 
incrementa l  s t e p .  In  a d d i t i o n ,  t h e  beam l e n g t h  f o r  r a d i a t i o n  c a l c u l a t i o n s  
was c a l c u l a t e d  a s  t h e  average of t h e  c ros s - sec t iona l  dimensions. 

3.2 Axial  Length Determinat ions 

The approximate c e n t e r l i n e  of t h e  flow a r e a  descr ibed  i n  t h e  previous 
s e c t i o n  was chosen a s  t h e  path '  l eng th  f o r  t h e  gas  flow. The path length  
through t h e  r a d i a n t  furnace  (F igure  3.1.1) was approximately f i v e  meters* 
(16.4 f t . ) ,  followed by a 7.3 m (24 f t )  long cons t an t  a r e a  s e c t i o n ,  
des igna ted  a s  t h e  secondary furnace  (no t  p i c tu red ) .  Path l eng th  through : 
t h e  t op  drum module, F igure  '3.1.2, was c a l c u l a t e d  t o  be 6.1 m (20.1 f t )  
making a t o t a l  l eng th  of 18.4 m (60.5 f t )  t o  t h e  secondary combustor i n l e t .  
The l e n g t h  of t h e  secondary combustor and a sh l seed  hopper,  Figure 3.1.3, 
( t o  t h e  c e n t e r l i n e  of t h e  c rossover  duc t )  i s  6.1 m (20 f t ) .  Therefore ,  t h e  
t o t a l  pa th  l eng th  of t h e  system modeled i s  approximately 24.5 m (80.5 f t ) .  

3 ,3  Gas Property Ca lcu l a t i ons  

A combustion routine17** has  been incorpora ted  i n t o  t h e  model f o r  : 
de te rmina t ion  of parameters necessary  f o r  hea t  t r a n s f e r  c a l c u l a t i o n s .  , This  

* Subsequent t o  t h i s  work i t  has  been exper imenta l ly  determined t h a t  t he  
average  gas  pa th  l eng th  i s  approximately t h r o e  f e e t  l e s s .  

. . 

** This  program was o r i g i n a l l y  developed a t  Argonne Nat ional  Laboratory. 
No d a t e  o r  au thor  i s  a v a i l a b l e .  Only s t a t e  p r o p e r t i e s  a r e  ca l cu l a t ed .  
V i s c o s i t y  and thermal  conduc t iv i t y  Tare c a l c u l a t e d  from curve f i t s  t o  
data1'. 
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r o u t l n e  accounts  f o r  c o n t r i b u t i o n s  from t h i r t e e n  spec i e s  which s u f f i c i e n t l y  
models t h e  combustion process .  The s o l u t i o n s  obtained with t h i s  combustion 
r o u t i n e  a r e  i n  very good agreement with r e s u l t s  from re fe rence  16. Figure 
3.3.1 shows comparisons of va r ious  ca l cu la t ed  parameters.  The s o l i d  l i n e s  
i n d i c a t e  t he  c a l c u l a t e d  va lues  obta ined  from t h e  adopted combustion 
r o u t i n e ,  while  t h e  c i r c u l a r  d a t a  po in t s  a r e  values obtained from t h e  
modif ied NASA SP-273. 

The thermodynamic s t a t e s  a r e  obtained by minimization of Gibbs f r e e  
energy.  By c h a r a c t e r i z i n g  t h e  thermodynamic s t a t e  by temperature and 
p r e s s u r e ,  the  Gibbs f r e e  energy i s  e a s i l y  minimized s i n c e . t h e s e  a r e  i t s  
n a t u r a l  v a r i a b l e s .  

The system i s  assumed t o  ope ra t e  a t  cons tan t  pressure.  Gas s t a t e  and 
t r a n s p o r t  p r o p e r t i e s  a r e  t a b u l a t e d  over a  temperature range of l O O O K  t o  
3100K which s u f f i c i e n t l y  bounds t h e  temperatures  encountered i n  t h e  r a d i a n t  
furnace .  A l i n e a r  i n t e r p o l a t i o n  scheme determines the  p r o p e r t i e s  a t  - a  
s p e c i f i e d  gas temperature.  P rope r t i e s  determined from t h e  c a l c u l a t i o n  pro- 
cedure  a r e  d e n s i t y ,  s p e c i f i c  h e a t ,  v i s c o s i t y ,  thermal conduc t iv i ty ,  mole 
f r a c t i o n s  (CO, C02 and H20), molecular  weights and enthalpy.  

3 . 4  Radia t ion  and Convection Models 

S ince  the  gas i s  bounded by s u r f a c e s  which a r e  s u b s t a n t i a l l y  uniform 
i n  temperature a t  each incrementa l  s t e p ,  t he  gas s u r f a c e . r a r l i a t i v e  
in t e rchange  can be der ived  from f i r s t  p r i n c i p l e s .  4 The r a d i a t i o n  emit ted 
by t h e  gas  can be expressed a s  

where A i s  the  h e a t  t r a n s f e r  s u r f a c e  a r e a ,  &T i s  t h e  t o t a l  gas emis s iv i ty  
and 

E~ = ~ 7 ~ ~ ~ 4  3.4.2 

a be ing  t h e  Stefan-Boltzmann cons tan t  (5.67 x 10-12 w/cm2 - ~ 4 ;  0.1713 x 
10-0 B T U / £ ~ ~  -hr- '~4) and Tg t h e  gas temperature.  

A f r a c t i o n  as ( equa l  t o  t h e  su r f ace  emis s iv i ty  c s  f o r  a  gray su r f ace )  
i s  absorbed a t  t h e  s u r f a c e ,  and a f r a c t i o n  p i s  r e f l e c t e d .  (Note: by 
d e f i n i t i o n  (1-p) = a = E) .  Likewise a f r a c t i o n ,  6 ,  of t h e  r e f l e c t e d  
r a d i a t i o n  can be : . fur ther  absorbed and r e f l e c t e d  a t  t h e  wal l s .  Summing t h e  
absorbed terms r e s u l t s  i n  

The binomial s e r i e s  expansion i n .  b racke t s  reduces t o  

The re fo re ,  Q can  be expressed a s  

The n e t  f l u x  pe r  u n i t  s u r f a c e  a r e a  i s  (Ws-Hs) where HS i s  t h e  inc iden t  
r a d i a n t  f l u x  d e n s i t y  and W s  i s  t h e  l eav ing  f l u x  dens i ty .  Inc ident  f l u x  
d e n s i t y  i s  composed of ET Eg coming d i r e c t l y  from t h e  gas and Ws (1-aT) 
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coming from oppos i t e  wa l l s  through t h e  gas.  Leaving f l u x  dens i ty  is  com- 
posed of d i r e c t  emission ssEs from t h e  s u r f a c e  and r e f l e c t e d  inc iden t  f l u x  
H, ( 1 - ~ ~ ) 4 .  

Then 

Hs = (1-aT)Ws+ETEg 3.4.5 

and 

S o l u t i o n  of t h e s e  two equa t ions  f o r  Hs and Ws r e s u l t s  i n  an  express ion  f o r  
t h e  n e t  flux p e r  u n i t  a r e a  as 

o r  expressed i n  terms of temperature 

Equat ion 3.4.7 was used a s  t h e  b a s i s  f o r  de te rmina t ion  of t h e  n e t  r a d i a t i v e  
f l u x  a t  each increment i n  t h e  a n a l y t i c a l  so lu t ion .  A s  descr ibed  i n  Sec t ion  
2.6, t h e  gas e m i s s i v i t y  i s  c a l c u l a t e d  a t  each s t e p ,  while  t h e  a b s o r p t i v i t y  
i s  computed each time a  new w a l l  temperature e s t i m a t e  i s  made. The w a l l  
e m i s s i v i t y ,  ss, was h e l d  cons t an t  a t  a  va lue  of 0.9 which i s  considered 
t y p i c a l  f o r  b o i l e r  a p p l i c a t i o n s .  

The convect ion p o r t i o n  of t h e  h e a t  f l u x  model i s  based on t h e  
Reynolds analogy f o r  t u r b u l e n t  f low over  a  f l a t  p l a t e .  Since t h e  dimen- 
s i o n s  of t he  r a d i a n t  furnace  a r e ,  i n  gene ra l ,  l a r g e ,  t h e  f o u r  wa l l s  a r e  
t r e a t e d  a s  independent f l a t  plates .  

S t r i c t l y  speaking, t h e  Reynolds analogy is v a l i d  only f o r  f l u i d s  
w i t h  a P r a n d t l  number of unity. The tu rbu len t  hea t  f l u x  car1 be r e l a t e d  
t o  the t u r b u l e n t  shea r  stress a s  fol lows:  

Reacraaglag w e  ob ta in  

I n t e g r a t i n g  between t h e  l i m i t s  u  = 0 when T  = Ts a n d ' u  = ug when T  = Tg 
y i e l d s  

By d e f i ' n i t i o n  

Qs 
and TsX = Cfx Pug2 = W) 

. . . . 2gc . . . . 



Where hcx i s  t h e  l o c a l  hea t  t r a n s f e r  c o e f f i c i e n t ,  and Cfx i s  t h e  l o c a l  
s k i n  f r i c t i o n  c o e f f i c i e n t .  Equation 3.4.10 can be w r i t t e n  a s  

hc, - - Nu - - Cf, 

C~ P~ ug Re, Pr 2  

~ ~ u a t i o n  3.4.12 can be modified f o r  use  wi th  f l u i d s  i n  t h e  P rand t l  number 
range  from 0.6 t o  50 a s  fo l l ows l9  

where Stx i s  t h e  l o c a l  Stant.on numbe.r. 

For t u rbu len t  flow over  a  f l a t  p l a t e  t h e  empi r i ca l  r e l a t i o n  f o r  t h e  
l o c a l  s k i n  f r i c t i o n  c o e f f i c i e n t  i s  

S u b s t i t u t i n g  3.4.13 i n t o  3.4.11 y i e l d s  t h e  l o c a l  Nussel t  number a s  

Q 
, S u b s t i t u t i n g  f o r  hcx from equat ion  3.4.11a and s o l v i n g  f o r -  

A y i e l d s  : 

It should be noted he re  t h a t  t h e  gas  p r o p e r t i e s  a r e  eva lua ted  a t  an  

average  " f i lm  temperature" ,  ( i . e .  T f i l m  = 
Tg + Ts 

2 1 

Combining equa t ions  3.4.7 and 3.4.16 y i e l d s  : 

Equat ion 3.4.17 was used a s  ' thee'basis f o r  t h e  hea t  t r a n s f e r  model i n  t h i s  
s t udy  . 
3.5 . Slag  Tube Ca lcu l a t i ons  

An empi r i ca l  c o r r e l a t i o n  f o r  h e a t  t r a n s f e r  t o  a  c y l i n d e r  i n  c ross f low 
was used a s  t h e  convect ion model of t h e  s l a g  tubes .  The recowended 
equa t ions  f o r  Nussel t  number are20: 



A s  d i s cus sed  i n  Sec t ion  3.4, t h e  gas  p r o p e r t i e s  a r e  eva lua ted  a t  an average 
f i l m  temperature .  

The s l a g  s c r e e n  i s  composed of a  t o t a l  of n ine  c y l i n d r i c a l l y  shaped 
t u b e s ,  f o u r  t ubes  on t h e  lower l e v e l  and f i v e  tubes  approximately 0.3m 
h i g h e r  (F igure  3.1.1). It was assumed t h a t  t h e  r e f r a c t o r y  temperature  of 
t h e  t ubes  was t h e  same a s  t h e  r e f r a c t o r y  wa l l  temperature  of t h e  
sur rounding  enc losure .  

The r a d i a t i o n  p o r t i o n  of t h e  h e a t  f l u x  was c a l c u l a t e d  us ing  equa t ion  
3.4.7 w i t h  t he  h e a t  t r a n s f e r  a r e a  based on t h e  t o t a l  e x t e r n a l  s u r f a c e  a r e a  
of  each  tube. T o t a l  hea t  l o s s  c o n t r i b u t i o n  from t h e  tubes  was based on  t h e  
number of  tubes  i n  each  row and c o l l e c t i v e l y  lumped a t  two a x i a l  l o c a t i o n s  
a l o n g  w i t h  t he  c o n t r i b u t i o n  from t h e  wal led enc losu re  a t  t h e s e  po in ts .  

3.6 Boundary Condit ions 

As shown In Figure 3.6.1, the wal l  of t h e  r a d i a n t  furnace  i s  a  com- 
p o s i t e  s t r u c t u r e  comprised of r e f r a c t o r y  coated s t e e l  wa l l s .  Table 3.1 
l i s t s  t h e  r e f r a c t o r i e s  and approximate t h i cknes se s  used i n  t h e  va r ious  com- 
ponents  of  t h e  b o i l e r .  The s t e e l  w a l l  t h i cknes s  i s  0.635 cm (0.25 inch ) .  
Beyond t h e  s t e e l  wal l  i s  a  2.54 cm channel t h a t  i s  wa te r - f i l l ed .  This  
wa te r  c o n t i n u a l l y  b o i l s  o f f  and i s  rep len ished  wi th  make-up water  fed  i n t o  
t h e  system near  t h e  t o p  drum module. 

The thermal  c o n d u c t i v i t i e s  of t h e  r e f r a c t o r i e s  and s t e e l  a r e  
temperature-dependent.  Polynomial curve f i t s  of thermal  conduc t iv i t y  were 
gene ra t ed  f o r  t h e  m a t e r i a l s  a s  a  f u n c t i o n  of temperature.  The func t ions  
a r e  used a t  each incrementa l  s t e p  i n  t h e  model. 

The only c o n s t r a i n t  imposed on t h e  s o l u t i o n  i s  rha r  rhe  water s l d e  
s t e e l  w a l l  temperature ,  TWz0 be f i x e d  a t  318 K (21. IKj [22U0F f 3 O F I .  ' 

From d a t a  ob ta ined  dur ing  LWIA t e s t i n g ,  ehfs va lue  appears  q u l t e  reason- 
a b l e .  A s o l u t i o n  a t  each incrementa l  s t e p  i s  assumed i f  t h e  p ro j ec t ed  
tempera ture  a t  t h i s  p o i n t  lpatches t h e  c o n s t r a i n t .  Otherwise a  new 
r e f r a c t o r y  wa l l  temperature  was assumed, and an  I t e r a t i v e  technique used 
t o  o b t a i n  a  s o l u t i o n .  A more d e t a i l e d  exp lana t ion  fol luws.  

The boundary cond i t i on  a t  t h e  gas wall i n t e r f a c e  s t a t e s  t h a t  L11e 
t o t a l  f l u x  from t h e  gas  i s  e q u a l . t o  t h e  product of t h e  d i f f e r e n c e  between 
t h e  gas  s i d e  w a l l  temperature  and t h e  water s i d e  wa l l  temperature  
m u l t i p l i e d  by a n  e f f e c t i v e  hea t  t r a n s f e r  coef1lcle11L u1 LIE cuuposi te .  
Mathematical ly  expressed 

The r i g h t  hand s i d e  of t h i s  express ion  i s  equa t ion  3.4.17 and t h e  e f f e c t i v e  
h e a t  t r a n s f e r  c o e f f i c i e n t  i s  

where Lr and L s t  a r e  t h e  t h i cknes se s  of t h e  r e f r a c t o r y  and s t e e l ,  respec- 
t i.ve 1 y . 
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Figure 3.6.1 ,Schematic of Radiant Furnace Composite Wall 
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Equation 3.6.1 can be rearranged and expressed as a fourth order 
polynomial in terms of the refractory wall temperature, -Ts. This expression 
was solved at each step in the calculation to obtain a first approximation 
for the wall temperature. 

3.7 Iterative Technique on Wall Temperature 

The entrance gas temperature to the radiant furnace was pro'vided from 
upstream thermo-fluid dynamic numerical solutions applied to the upstream20. 
At the initial step, an estimate of the wall temperature is input.^ Based 
on the gas temperature, the gas properties are calculated from the tabu- 
lated data using a linear interpolation scheme. Gas and particle emissi- 
vity and absorptivity is then calculated which permits a first estimate of 
the heat flux from equation 3.4.17. Based on the wall temperature, the 
refractory conductivity is determined and then the interface temperature 
between the refractory and steel, Trs, is calculated from the followimg 
equation 

The thermal conductivity of the steel is then obtained and the water 
side steel temperature is calculated from the following equation 

If TwH20 does not match the constraint (' 3 O F )  then a new wall tem- 
perature is selected using a method of bisection. This process is repeated 
until the constraint is satisfied, whereupon a solution is assumed at the 
particular increment. The heat loss at this step is recalculated and a new 
gas temperature is determined for the next increment using the calorimetric 
balance 

At each increment, the gas velocity is calculated from.the continuity 
equation as 

Finally the gas residence time and cumulative heat loss are summed at each 
step 

and 



3.5 secondary Combustor Ca lcu l a t i ons  -----------.------- 

When t h e  s o l u t i o n  procedure reaches  t h e  a x i a l  l o c a t i o n  where secondary 
combustion occu r s ,  t h e  combustion subrout ine  i s  aga in  c a l l e d  t o  r e c a l c u l a t e  
g a s  p r o p e r t i e s  wi th  t h e  a d d i t i o n  of secondary a i r  (79% N 21% 02). A new 2  ' 
combustion f i l e  i s  genera ted  f o r  access  by t h e  main program. In a d d i t i o n ,  
a  de t e rmina t ion  of t h e  secondary combustion flame temperature  i s  made, a s  
exp la ined  i n  t h e  fo l lowing  d i scus s ion .  

A s  p a r t  of  t h e  normal c a l c u l a t i o n  scheme, t h e  combustion a d i a b a t i c  
f lame temperature  i s  determined. The r e f e r ence  en tha lpy  l e v e l  j.s a t  abso- 
l u t e  z e r o  temperature.  Adiaba t ic  flame en tha lpy ,  Hflame, i s  ca l cu l a t ed  
based on t h e  h e a t s  of formation of t h e  c o n s t i t u e n t s .  Before t h e  gas has  
reached t h e  secondary combustor, i t  has  l o s t  a  s u b s t a n t i a l  amount of 
energy.  Therefore ,  an  en tha lpy  change, AH, occurs  and can be determined a s  
t h e  sum of a l l  hea t  l o s s e s  e.xperienced by a l l  t h e  components llpstreern of 
t h e  secondary combustor. This  sum inc ludes  t h e  exper imenta l ly  determined 
t o t a l  upstream h e a t  l o s s ,  from t h e  v i t i a t i o n  h e a t e r  t n  t h e  r a d i a n t  furnace  
i n l e t ,  p l u s  t h e  c a l c u l a t e d  downstream l o s s ,  from r a d i a n t  furnace  i n l e t  t o  
t h e  secondary combustor i n l e t .  Therefore ,  t h e  t o t a l  change i n  s p e c i f i c  
e n t h a l p y  of t h e  primary s t ream can be expressed a s  

AH = [Qupstream + Qdowns tream] ImT 3 . 8 . 1  

To f i n d  t h e  en tha lpy  change occur r ing  i n  t h e  secondary combustion process ,  
t h e  flame en tha lpy  i s  added t o  t h e  en tha lpy  l o s s ,  o r  

Therefore ,  t h e  flame temperature  i s  determined by i n t e r p o l a t i o n  from 
t h e  en tha lpy  t a b l e .  A t  t h i s  p o i n t ,  t h e  gas  temperature  i s  equated t o  t h e  
f lame temperature  a t  t h e  en tha lpy  l e v e l .  

4.0 RESULTS AND DISCUSSION 

The output  from t h e  code has  been compared t o  a  number of experimen- 
t a l l y  measured t e s t  p o i n t s  t o  determine i t s  accuracy.  This  s e c t i o n  pre- 
s e n t s  some t y p i c a l  c a l c u l a t e d  r e s u l t s  compared t o  LMFlC t e s t  d a t a  obtained 
i n  the CFlt'lt'. 

I n  F igures  4 . la  and b ,  p r ed i c t ed  gas  temperature  d i s t r i b u t i o n s  from 
t e s t  LMFlC-5 a r e  p l o t t e d  a s  a  f u n c t i o n  of t h e  a x i a l  d i s t a n c e  from t h e  
r a d i a n t  furnace  en t r ance  t o  t h e  c e n t e r l i n e  of t he  a sh l seed  hopper o u t l e t .  
Condi t ions  corresponding t o  t he  two t e s t  p o i n t s  considered a r e :  

LMFlC- 5  

S t e p  6 

S t ep  R 1 3 .12  

Pr imary 

Ra t io  

Primary 
S t  oichiometry 

Thermal Input  
(MW) 
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During S t e p  6, s i x  thermocouples i n  alumina p r o t e c t i o n  tubes  were 
o p e r a t i o n a l .  The d a t a  shown i n  Figure  4 . la  r e p r e s e n t  two minute time 
averaged g a s  temperatures .  Agreement i s  s e e n  t o  he q u i t e  ~ o o d  up t o  secon- 
d a r y  combustion.. The thermocouple read ing  downstream of t h e  secondary com- 
b u s t o r  d e v i a t e s  markedly from p r e d i c t i o n .  I n v e s t i g a t i o n  revealed t h a t  t h i s  
p a r t i c u l a r  thermocouple was no t  p roper ly  re fe renced ,  which could l ead  t o  a 
major source  of measured temperature  e r r o r .  Other p o s s i b i l i t i e s  inc lude  
t h e  fo l lowing:  

a )  E r r o r  produced by thermal r a d i a t i o n  from t h e  probe. Since t h e  
computed w a l l  temperature  i s  w e l l  below t h e  gas  temperature ,  t h e  
probe read ing  should  be c o r r e c t e d  f o r  t h e  r a d i a t i o n  l o s s  due t o  
t h i s  temperature  d i f f e r e n c e .  This  c o r r e c t i o n  would i n c r e a s e  t h e  
exper imenta l  temperature  value.  Methods of approximating t h i s  
e r r o r  a r e  being i n v e s t i g a t e d .  

b )  Enthalpy change of t h e  gas. As demonstrated in Sec t ion  3 . 8 ,  t h e  
f lame temperature  c a l c u l a t i o n  i s  dependent on t h e  amount of energy 
t h e  gas  h a s  l o s t  p r i o r  t o  t h e  secondary combustor. However, t h e  
a d d i t i o n a l  l o s s  i n  t h e  secondary combustor i t s e l f  i s  no t  taken 
i n t o  account.  Since t h e  combustor i s  not  independent ly  cooled,  a n  
exper imenta l  va lue  cannot be obta ined.  Any a d d i t i o n a l  l o s s  
r e s u l t s  i n  a n  a d d i t i o n a l  en tha lpy  change which i n  e f f e c t  lowers 
t h e  flame temperature  f u r t h e r .  This  e f f e c t  i s  a l s o  being i n v e s t i -  
ga ted.  

c )  P e n e t r a t i o n  depth  of t h e  probe. Subsequent t o  t h i s  a n a l y s i s  
exper imenta l  g a s  temperature  p r o f i l e s  have been obta ined.  The 
d a t a  i n d i c a t e  t h a t  a thermal  boundary l a y e r  of s i g n i f i c a n t  
t h i e k n c s s  c x i s t s .  Thcrc fo rc ,  t h c  probc reading may not bc t r u l y  
r e p r e s e n t a t i v e  of t h e  average gas  temperature.  

A t  S tep  8, on ly  f o u r  thermocouples ( i n d i c a t e d  by c i r c u l a r  d a t a  p o i n t s )  
were f u n c t i o n i n g ,  two i n  t h e  t o p  drum module and two i n  t h e  secondary com- 
b u s t o r .  In a d d i t i o n  t o  t h e s e  measurements, two o p t i c a l  temperature 
measurements were obta ined.  The f i r s t  measurement was obta ined by a 
potassium l i n e  r e v e r s a l  system ( i n d i c a t e d  by t h e  square  symhol) l o c a t e d  
a t  t h e  d i f f u s e r  e x i t .  This  measurement confirms t h a t  t h e  i n i t i a l  gas  tem- 
p e r a t u r e  i n p u t  t o  t h e  code,  which was obta ined from an a n a l y s i s  of t h e  
upst ream h e a t  t r a n s f e r ,  i s  c o r r e c t .  

The second o p t i c a l  measurement ( i n d i c a t e d  by t h e  t r i a n g u l a r  symbol) 
was ob ta ined  us ing  a luminos i ty  temperature system l o c a t e d  immediately 
downstream of t h e  s l a g  screen.  Th i s  system provides  a r e l a t i v e  temperature 
r a t h c r  than a n  a b c o l u t c  mcacuremcnt. Baccd on t h c  c m i o ~ i v i t y  of t h c  gac 
measured by t h e  l i n e  r e v e r s a l  system, a n  a b s o l u t e  va lue  of t h e  gas  tem- 
p e r a t u r e  was c a l c u l a t e d .  Agreement aga in  i s  shown t o  be very good. 

Other p o i n t s  of i n t e r e s t  i n d i c a t e d  i n  Figure  4 . lb  inc lude :  

a )  A t  t h e  s l a g  s c r e e n  l o c a t i o n ,  two s tep-decreases  i n  t e m p e r a t u r e . a r e  
i n d i c a t e d .  P h y s i c a l l y ,  a s t e p  dec rease  i n  t h e  gas  temperature  
does  not  occur. In t h i s  r e g i o n . o f . t h e  c a l c u l a t i o n  procedure,  t h e  
energy e x t r a c t e d  from t h e  gas  by t h e  s l a g  tubes  and t h e  furnace  



wal l s  i s  lumped a t  two a x i a l  l o c a t i o n s  corresponding t o . t h e  cen- 
t e r l i n e s  of t h e  two sets of s l a g  tubes.  This  b a s i c a l l y  annun- 
c i a t e s  t he  e f f e c t  of t h e  a d d i t i o n a l  amount of energy t h a t  i s  
removed from t h e  gas  a s  i t  passes  over t h e  sc reen .  

b )  The e f f e c t  of t h e  va r ious  r e f r a c t o r i e s  t h a t  coa t  t h e  w a l l s  of t h e  
comp0nent.s of t h e  r a d i a n t  furnace  i s  pronounced. This  phenomenon 
i s  r e f l e c t e d  by t h e  changing s lope  of t h e  gas temperature  curve a t  
t h r e e  s p e c i f i c  a x i a l  l o c a t i o n s .  Ref rac tory  i n t e r f a c e  p o i n t s  a r e  
l o c a t e d  a t  5, 12.3 and 18.4 M downstream of t h e  furnace  i n l e t  sec- 
t.ion.. 

I n  t h e  t o p  drum module (TDM) t h e  r e f r a c t o r y  used (Greencast 26L, a  
calcium-aluminate bonded i n s u l a t i n g  c a s t a b l e )  has  a  very  low the r -  
mal conduct iv i ty  (-0.26 w/m2-K, 0.15 Btu/hr-f t-OF). This  i s  
demonstrated by t h e  smal l  temperature  decrease  i n  t h i s  component 
i n d i c a t i n g  t h a t  very  l i t t l e  hea t  i s  t r a n s f e r r e d  t o  t h i s  component. 
I n  c o n t r a s t ,  t h e  r e f r a c t o r y  used i n  t h e  r a d i a n t  furnace  (Jade Pak 
88P) has  a  thermal  conduc t iv i t y  which i s  an  o r d e r  of magnitude 
g r e a t e r .  Therefore ,  t h e  energy removed from t h e  gas  s t ream i n  
t h i s  region i s  a l s o  much g r e a t e r .  

I n  F igure  4.2a t h e  cumulative h e a t  l o s s  corresponding t o  test LMFlC-5, 
S t ep  8 i s  presented.  For t h i s  p a r t i c u l a r  s t e p ,  t h e  p red i c t ed  hea t  l o s s  i s  
approximately 6 MW which r e p r e s e n t s  25% of t h e  t o t a l  thermal  i n p u t .  An 
exper imenta l  va lue  of hea t  l o s s  i s  d i f f i c u l t  t o  ob t a in .  The major p o r t i o n  
of  t h e  r a d i a n t  furnace  i s  cooled by water  l oca t ed  i n  a  j acke t  which 
surrounds t h e  wal l s  of t h e  furnace.  The water  c o n t i n u a l l y  b o i l s  o f f ,  
r e l e a s i n g  steam t o  t h e  atmosphere through ven t s  l oca t ed  a t o p  t h e  t op  drum 
module. A water l e v e l  i n d i c a t o r  i n  t h e  TDM senses  a  low l i m i t  and makeup 
wa te r  i s  f ed  i n t o  t h i s  component on an  i n t e r m i t t e n t  ba s i s .  In  o rde r  t o  
determine t h e  amount of water  t h a t  i s  f e d  i n t o  t h e  system, a  t ime average 
over  a  long  i n t e r v a l  i s  needed. During t h i s  t i m e  per iod ,  gas  flow con- 
d i t i o n s  a r e  changed i n  o r d e r  t o  achieve t h e  o b j e c t i v e s  of t h e  t e s t  matr ix .  
Therefore ,  t h i s  bulk hea t  l o s s  i s  a  "bes t  e s t ima te"  from a v a i l a b l e  i n s t r u -  
mentat ion.  The bulk hea t  l o s s  coupled wi th  t h e  l o s s e s  measured from t h e  
independent ly  cooled s l a g  s c r een  and va r ious  acces s  p o r t s  and doors  pro- 
v i d e s  a  t o t a l  l o s s  es t imate .  For t h i s  p a r t i c u l a r  case ,  t h e  experimental  
va lue  ob ta ined  was about 7% iower than t h e  p red i c t ed  value.  

The l o c a l  hea t  f l u x  d i s t r i b u t i o n  f o r  S tep  8 i s  shown i n  Figure 4.2b. 
A s  can be seen ,  t h e  hea t  f l u x  i n  t h e  t op  drum module i s  nea r ly  cons tan t  and 
minimal (< 1 ~ / c m 2 ) .  F igures  4.3a and h presen t  t h e  average gas  v e l o c i t y  
and cumulative res idence  t ime f o r  t h i s  s t e p .  Average v e l o c i t y  i s  calcu- 
l a t e d  from c o n t i n u i t y  and i s  a  func t ion  of t h e  gas  d e n s i t y  and flow cross -  
s e c t i o n a l  a rea .  The e f f e c t  of t h e  c o n s t r i c t i o n s  caused by t h e  s l a g  tubes  
i s  r e f l e c t e d  i n  t h e  two v e l o c i t y  sp ikes  i n  t h i s  region.  The rea f t e r  t h e  
f low a r e a  expands t o  a  cons t an t  1.49 m2 (16 f t 2 )  square  c ross -sec t ion  i n  
t h e  secondary furnace. Here a  gradua l  v e l o c i t y  decrease  occurs  a s  energy 
i s  removed and t h e  d e n s i t y  i nc reases .  The flow a r e a  aga in  expands i n  t h e  
i n i t i a l  p a r t  of t h e  TDM and a  f u r t h e r  v e l o c i t y  decrease  i s  observed. The 
l a s t  peak occurs  a t  t h e  t h r o a t  of t h e  secondary combustor. Flow v e l o c i t y  
e x i t i n g  t h e  ash lseed  hopper i s  approximately 12 M/S (39.4 f t l s e c ) .  



A X I A L  DISTANCE, HETERS 

Figure 4.2a Cumulative Heat Loss Distr ibut ion,  Test LMFlC-5, Step 8 
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Figure 4.2b Local Heat Flux Distr ibut ion,  Test LMFlC-5, S t e p  8 
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Figure 4.3a ,Gas..Velocity Distr ibut ion, .  Test LMFlC-5, Step 8 . 

A X  I AL CI I STANCE, HETERS 

Figure 4.3b Gas Residence'Time, Test LMFlC-5, Step 8 
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The t o t a l  res idence  time c a l c u l a t e d  f o r . t h i s  s t e p  i s  approximately 2.7 
seconds. Residence time coupled wi th  t h e  temperature d i s t r i b u t i o n  a r e  then 
used a s  i n p u t s  f o r  NOx r e l a x a t i o n  c a l c u l a t i o n s .  

F igures  4.4a, b, c and d show temperature d i s t r i b u t i o n s  f o r  fou r  s t e p s  
i n  t e s t  LMFlC-3. Data comparison f o r  t h e s e  cases  a l s o  appears  t o  be good. 

F i n a l l y ,  two p red ic t ed  temperature d i s t r i b u t i o n s  from t e s t  LMFlC-04 
a r e  presented  i n  F igure  4.5. The purpose i s  t o  demonstrate t h e  e f f e c t  of 
pr imary N/O r a t i o  on t h e  l e v e l  of t h e  d i s t r i b u t i o n .  Step 8 has a s l i g h t l y  
h i g h e r  mass f low r a t e  and a n  N/O r a t i o  of 0.71, whereas Step 6 has  an  N/O 
r a t i o  of un i ty .  A " h o t t e r "  gas i s  produced a t  t h e  lower N/O r a t i o  and i s  
r e f l e c t e d  i n  t h e  l e v e l  of t h e  d i s t r i b u t i o n .  

5.U SUMMARY AND CONCLUSIONS 

An o v e r a l l  review of t he  h e a t  t r a n s f e r  code developed specif l .cal ly  f o r  
t h e  DOE CFFP downstream components has  been presented.  The b a s i c  methods 
by which the  gas  s t a t e ,  t r a n s p o r t  p r o p e r t i e s ,  and t h e  thermal r a d i a t i v e  and 
convect ive  p r o p e r t i e s  a r e  c a l c u l a t e d  have been de l inea ted .  Since t h e  the r -  
mal behavior  of t h e  furnace  i s  r a d i a t i o n  dominated, a g r e a t e r  emphasis w a s  
p laced  on t h i s  mode of h e a t  t r a n s f e r .  

The hea t  t r a n s f e r  model employs a s i n g l e  zone approximation t o  t h e  
p h y s i c a l  problem. The r e s u l t s  of t h e  code show good agreement wi th  t h e  
exper imenta l  da t a .  A more r igorous  approach t o  t h e  problem requ i r e s  t he  
u s e  of a multi-zone a n a l y s i s  which i s  p r e s e n t l y  under cons idera t ion .  

The LMFlD t e s t s  (planned a s  t h e  next  s e r i e s  i n  t h e  CFFF) a r e  of long 
d u r a t i o n  a t  a s . ingle  f i x e d  ope ra t ing  point .  This  w i l l  b e t t e r  enable  
exper imenta l  de te rmina t ion  of t h e  system h e a t  l o s s  f o r  comparison t o  analy- 
sis.  Heat f l u x  probes w i l l  be placed i n  t h e  system a t  va r ious  l o c a t i o n s  t o  
e x t r a c t  in tormat ion  on l o c a l  "poin t"  condif ions.  i n  a d d i t i o n ,  iiiore rher- 
mocouples w i l l  be i n s t a l l e d  downstream of t h e  secondary combustor i n  o rde r  
t o  v e r i f y  t h e  secondary combustion flame temperature ca l cu la t ion .  



Figure 4.4a Gas Temperature Distribution, Test LMFlC-3, Step 5 
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Figure 4.4b Gas Temperature Distribution, Test LMFlC-3, Step 7 
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F i g u r e  4 . 4 ~  Gas Temperature D i s t r i b u t i o n ,  T e s t  LMFlC-3, S t e p  8 
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F i g u r e  4.4d Gas Temperature D i s t r i b u t i o n ,  T e s t  LMFLC-3, S t e p  9 
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F i g u r e  4.5 Gas Temperature  D i s t r i b u t i o n s ,  T e s t  LmlC-4, S t e p s  6 & 8 
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