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INTROCUCTION AND SCOPE 

The objective of this program i s  t o  provide the engineering tools neces- 
sary for an authoritative assessment of the performance of industrial fur- 
naces f i  ring pul veri zed coal . The program i ncorporates two experimental 
taski and i s  constructed around an analytical task (Task 1 ) which wi 11 iden- 
t i fy  and upgrade the family of computer programs required t o  undertake the 
performance analysis studies. These analytical tools will be used t o  predict 
the effect of parameters such as fuel type and furnace variables on combustor 
performance, and t o  identify those properties which have a major impact on 
thermal performance. The second task uses a combustion reactor t o  screen 
the key variables identified in Task 1 and t o  provi-de data on the properties 
of coal particulate matter .wh.ich affect heat transfer performance-.' Verifica- 
t i o n  of the engineering analytical approach wi 11 be provided by measurements 
made in a pilot-scale furnace in the third task. 

This present report discusses technical progress during the second three 
months of the program effort (January- Apri 1 1981 ) , and considers the sel ecti on ,  
documentation, and modification of the appropriate analytical tools and fur- 
ther details of the Task 2 experimental system. In this reporting period 
details of the computer programs for the performance of analytical studies 
have been documented and presented in an interim report. 



During the f i r s t  quarter of 1981, efforts  on Task 1 of the project 

have been directed towards: 

An analytical tool verification for the planned combustor analysis, 
including the documentation and supply of te4t examples of three 

d i  fferent mathematical combustor. models. . . 

Upgrading work concerning one of these models, namely the rectangu- 
l a r  furnace model. 

0 A preliminary study of the influence of submicron particles on 
radiative heat transfer.  

2.1 Analytical Tool. Verification 

As described. in the First  Quarter.1~ Report of the present project, 
(1  

three different mathematical models have been chosen from available codes t o  
serve as basic analytical tools for an engineering assessment of the behavior 

i of p.f,-fired furnaces. These models are. 

- a 3D model of rectangular furnaces, 

- a 2D model of cyl i ndri cal furnaces, 

- a 2D e l l  ipt ic .  flame model. 

The f i r s t  two models are decoupled, pure heat transfer models. They are 
based on a so-call ed semistochastic method") for  computation of radiative 
interchange within a flexible arrangement of macro-sized furnace zones. The 
radiative exchange calculation i s carried out for given distributions of tem- 

peratures and radiative properties within the furnace. However, the tempera- 
ture f ie ld  can also be calculated by means of a total energy balance of fur- 
nace zones. For th is  purpose, the flow and heat release pattern has t o  be 
prescribed throughout the furnace and net convective, d i  ffusi ve, and radiative 
heat fluxes of each furnace zone, w i t h  originally unknown temperature, are 
equated to the net zonal release of chemically-bound heat. The resulting 
heat balance equations are i terat ively solved. The radiative exchange cal- 

culation i s  repeated for each improved s e t  of zonal temperatures until final 
convergence i s  achieved. Such a total energy balance has already been embod- 
ied in the rectangular furnace model and will be coded for the cylindrical 
furnace model in such a way that b o t h  models differ  only in terms of the 



geometry ( i  . e. in the type of co-ordinates used and in hand1 ing of furnace 

symmetries). The third model chosen as a tool for analysis of combustor 

performance i.s a .2D-coupled f luid,  flow., combustion and heat transfer model 
for axisymetric gas and coal flames burning i.n cylindrical furnaces. The 

model includes submodels of turbulent exchange, homogeneous and heterogeneous 
flame reactions, kinetically- or mixing-control led burnout and radiative 
transfer. I n  the f i  ni te-di fference code, appropriate balance equations of 
mass, momentum, matter, and ene,rgy are simu'taneously solved for so-called 

control vol umes of an "Eu3 erian" coordinate system, yi el d t n g  .velocity , con- 
centration, temperature, and heat flux dl s t r i  butions throughout the furnace. 
Since the control volumes of the fini.te-difference solution scheme are usually 
smaller than the zones of the pure-heat transfer models described above, a 
better local resolution of the heat transfer variables of the. furnace i s  

achieved with the former method. However, ,besides the. compl ieated. and expen- 
sive solution process, the coupled flame model suffers s t i l l  from substantial 
uncertainties corinected wi t h  the various submode1.s of physi.ca1 and chemical 
processes mentioned above.. This. i s  especial ly true for the mu.1 t i  directional 
radiative heat transfer which i s  only coarsely approximated by so-called 2- 
or 4-flux methods. However, as experienced in the past, the flame model can 
generate a t  least qualitatively correct recirculating flow and heat release 
pattern for enclosed flames. Thus, i t  wi 11 predominantly be used during the 
present project t o  demonstrate the coupling'.of a code for reacti,ng flows with 
the cylindrical heat transfer furnace model which i s  advanced with respect t o  
the computation of radiative exchange. 

The two furnace models and the flame model are documented in a special 

topical report, "Models for Coal Combus tor. Performance-Analyti cal Tool Veri f i  - 
cation," delivered to  DOE. ( 3 )  This docutyntati on, together w:i t h  the prepara- 

tion of suitable test  computations,has been the main effort of Task 1 during 
the f i r s t  quarter of 1981. The contents o f  the report are summarized in the .. . 
following: 

Since no earl ie r  documentation was avai 1 able, , the rectangular .furnace 

model has been documented in full detail with emphasis on the semistochastic 
radiation model. I n  this model, the radiative interchange between furnace 
zones i s  simulated by emission and tracing of a f ini te  number of beams. The 
method i s  similar t o  Monte Carlo approaches of radiant heat transfer; however, 



certain events in a beam's history a,re determimi s t i  cal ly evaluated from 
geometri cal o r  physical 1 aws instead of approxi mating these 1 aws wi t h  uni form 
or weighted random numbers. The. report shows how the total.' number of beams, 
as we1 1 as beam di s t r i  b u t i  ng parameters, i nfl uence the accuracy of predicted 
overall radiant heat transfer and local radiant. heat fluxes. Also shown i s  
how the accuracy of local hea.t flux predictions can be increased for a, given 
number o.f beams by random angular shifting of individual bundles of beams 
(see also section 2.2..1 of the present report). The parametric study con- 
cerning the accuracy as well as sample  calculations of the complete rectangu- 
la r  furnace model has been carried o u t  for a fictional 5 x 5 x 15m methane- 
fired combus ti on chamber o f  a medi um-sized, 11 7 MWt u t i  1 i ty boi ler .  The 
sample calculations which are supplied w i t h  complete input data demonstrate 
the infl uence ' of three different approaches of flow and. heat-re1 ease. pattern 
on temperature and heat-fl ux distributions in the combus t i  on chamber and on 
the- furnace efficiency. The sys tems studied. were a wel.1 -sti rred system wi t h  

uniform heat re1 ease, a p1,ug-flow system w i t h .  local flame zones on the bottom 
of the furnace and a combined reci'rculation-flow/plug-f.10~. system w i  t h  flame 
zones raised with respect t o  the furnace bottom. 

The description of the cylindrical furnace model i s  restricted t o  
departures from the rectangular furnace model due t o  the handling of axisym- 
metry and due t o  different stages of development of both models. Since the 
available cylindrical code does not yet include total heat balances for fur- 
nace zones, the presented sample calculations of the cylindrical furnace model 
have been carried o u t  w i t h  prescribed zonal temperatures. Two tes t  examples 
have been supplied. One example deals with the computation of gray radiation 
exchange in a long cylindrical furnace with idealized temperature distribution. 
Radiative heat fluxes predicted for this tes t  case are compared t o  predictions 
obtained for a radiation model which i s  based on exchange coefficients for 
zone pairs and was independently developed elsewhere. (4 )  As a second example, 
radiative transfer i s  predicted for a cylindrical furnace fired wi th a 1 umin-  
ous heavy fuel oil flame. Model input data, especially the distributions of 
temperatures and radiative species, were taken from a flame tr ia l  carried o u t  
in an experimental, cylindrical , vertical , water-cooled, 1 MW furnace, operated 
a t  Stuttgart ~nivers i  ty. Results of the radiative exchange calculation 
which included the effect of soot particles are compared t o  calorimetric mea- 

surements and t o  readings of a hemispherical radiometer. 



The 2D e l l i p t i c - f l a m e  model i s  documented f o r  the vers ion developed t o  

p r e d i c t  the behavior o f  bituminous h i gh -vo la t i l e  coal flames. Sample calcu- 

l a t i o n s  w i t h  t h i s  model are suppl ied f o r  two long, nonswi r l ing 2.1 MW flames 

o f  a recent p . f .  t r i a l  ca r r i ed  ou t  by the I n te rna t i ona l  Flame Research Founda- 

t i o n  (IFRF) f o r  EPA under subcontract from EER. (6) A major problem o f  t h i s  

p a r t  o f  the ana l y t i ca l  t o o l  v e r i f i c a t i o n  consisted o f  modeling the complicated 

nonaxisymmetri c  boundary condi t ions o f  the t e s t  furnace which has been i nves- - 

t i ga ted  w i t h  the present model f o r  the f i r s t  time. During t h i s  e f f o r t ,  the 

model could be extended t o  handle the e f f e c t  o f  ash deposi t  layers  a t  coo l ing 

tubes which are placed i n  f r o n t  o f  r e f r a c t o r y  wa l l s  on ove ra l l  and l oca l  heat 

t r ans fe r  i n  the furnace and on the flame behavior. The two inves t iga ted  

flames d i f f e r e d  by the r a t i o  o f  secondary a i r  t o  primary a i r  v e l o c i t y  and by 

the primary a i r  amount, i .e. the p a r t i c l e  loading o f  the f ue l  j e t .  The over- 

a l l  agreement between measured and computed d i s t r i b u t i o n s  o f  ve loc i  t y ,  burn- 

out, temperature, and other  flame var iables has been found sa t i s fac to ry .  The 

p red ic t ions  r e f l e c t  especial l y  one p r i n c i p a l  d i f fe rence  between the measured 

behavior o f  the two inves t iga ted  flames co r rec t l y ;  namely, t h a t  i g n i t i o n  o f  

the flame w i t h  the lower amount of primary a i r  occurred a t  the j e t  edges, 

whereas the flame w i t h  the h igher  amount o f  primary a i r  i g n i t e d  on the furnace 

ax is  . Major 1 ocal discrepancies between computed and experimental val  ues o f  

flame var iab les  are a t t r i b u t e d  t o  the simple one-step d e v o l a t i l i z a t i o n  model. 

2.2 Upqrading Work f o r  the Rectanqular Furnace Model 

The rectangular  furnace model as described i n  the t op i ca l  repor t ,  Ref. 3, 

has been upgraded w i t h  respect  t o  the f o l l ow ing  po in ts :  

a Increase o f  accuracy o f  the r a d i a t i o n  model i n  the case o f  h igher 

o p t i c a l  thickness. 

@ . Hand1 i ng o f  furnace geometries w i  t h  i nc l  i ned wa l l  s  . 
a Incorporat ion o f  simple models o f  p a r t i c u l a t e  r ad ia t i on .  ,. 

2.2.1 Improvement o f  Accuracy o f  Radi a t . i  ve Heat Flux Pred ic t ions f o r  
Higher Opt ical  Thickness 

The accuracy of the semistochastic r ad ia t i on  model described i n  Ref. 3 

i s  dependent on the o p t i c a l  thickness, o r  f o r  a given furnace geometry on the 

absorption. coe f f i c i en t  K,. For the same number o f  beams, the accuracy o f  the 

ove ra l l  r a d i a t i v e  heat t r ans fe r  p red ic t ions  decreased w i t h  increas ing op t i ca l  



thickness. This i s  due t o  the discrete starti.ng points of beam bundles 

which were located in the geometric center of cell s of the emi t t i  ng zones 

(Figure 2-lb and 2-lc) . The accuracy of the predicted heat transfer became 

especially poor when a weighted gray-gas approach was used to account for 
nongrayness of radiation. This i s  shown in Figure 2,-2 (curves b + d )  where 

total emi ss i  v i  t i e s  computed wi t h  a 1 -cl ear/2-gray-gas approximati on approxi - 
m a t i ~ n ( ~ )  for the methane-fired boiler combustion chamber (see Ref. 3) are 

plotted versus the total number of beams which simulate the radiative 
exchange in the furnace enclosure. The poor accuracy i s  caused by the fact  

that one of the three gray gases had a very high absorption coefficient as i s  
usual ly found in approximations of this  type. Computation of radiative 
exchange i n  this gray gas would normally require a diffusion approach; (8)  
however, a significant improvement of the predictions with the present method 

(curve a ,  Figure 2-2) could be achieved by random shifting of start ing points 
of individual beams of a bundle within a cell as shown in Figure 2-le. 

The introduction of a random shi fti,ng of start ing points within cell s , 
and of random orientation of beam bundles of different volume cel ls  as already 

described in Ref. 3 i nevi tably increased the s ta t i  s t i  cal error. However, 
this error i s  less t h a n  that produced by complete rando~~r choice of both beam 
directfon and start ing points as would be found in a pure Monte Carlo approach 

(Figure 2-la).  This i s  i l lustrated in Figure 2-3b where the s ta t i s t i ca l  error 
of local heat flux a t  the top and bottom wall of the gray radiating combustion 
chamber (5 x 5 x 15m, Ka = 0.0893 1 / m ,  E = 0.8) obtained for the semistochastic 
distribution of beams (curves b ,  c,  and d )  i s  compared to the error obtained 
for pure random beam distribution (curve a ) .  The s ta t i s t i ca l  error shown by 
curve a would be further increased ff  absorption had also been treated on a 
random basis. The decrease in s ta t i s t i ca l  error due to the use of the semi- 
stochastic method i s  not  achieved a t  the expense of an increase in systematic 

error since even a t  lower beam numbers the mean values of predicted heat fluxes .. 
approximate the "exact" value (see Figure 2-3a). 

Handling of Furnace Geometries With Inclined'Walls 

For the furnace model t o  be of engineering value i t  must be able to 
handle, without undue increase in computational time, practical geometries 

which normally include inclined walls on two planes. In order t o  account for 
such shapes, the code for emission as we1 1 as for beam tracing has been modified. 



( a )  Random s t a r t i  1, g point  i n  zone 
Random angul a r  spacing 

,, , f i x e d  x* ,  y*, z* frame. 

Center s t a r t i n g  po in t  Raqdom s t a r t i n g  po in t  
i n  c e l l . '  i n  c e l l .  

random x*, y* ,  Z* frame 

Figure 2-1 . O i s t r i  but ion o f  Beams wi th  Random Angular Spacing ( a )  and wi th  Fixed Angular Spacing (b-e)  . 



A.  Random S t a r t i n g  Points  in Ce l l s  
8 ,  C ,  D .  Center S t a r t i n g  Point  in Ce l l s  

*O n v  = 192 

I A a. n v  = 576 n v  . . . number of volume c e l l  s i n  enclosure 

I 0. 0 nv = 1536 nc . . . number of beams per c e l l  

Figure 2-2. Total Emissivity ct  w i t h  1 Clear/Z Gray Gas Approximation 
. 
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0 Random Angular Spacing 
Random S t a r t i n g  Po in ts  i n  Zones 

b, c, d Fixed Angular Spacing 
Random S t a r t i n g  Po in ts  i n  Ce l l s  

I 1 I 
125 1250 t raced beams 12,500 

F igure 2-3. E r r o r  o f  Mean Value ( A )  and S t a t i s t i c a l  E r ro r  ( B )  
o f  Computed Heat Fluxes o f  Bottom Wall Zones. 



The coding of emission of arbitrarily prismatic zones i s  similar t o  t h a t  
developed for the rectangular zones in a cartesian arrangement. According t o  
Figure 2-4, a prismatic zone V I  i s  enclosed by the smallest possible paral- 
lelepiped V with respect t o  the x ,  y, z frame. V I  and V have otherwise 

IYP 1 Y P  

the same properties. The distribution of the emitted energy flux 4 e,I , P  
of 

the para1 lel epi ped i n t o  beams fol 1 ows the a1 gori thm described i n  Ref. 3.,wi t h  

I the only restriction that the o p t i o n  of random distribution of starting points 
within a cell i s  applied (Figure 2-lc or 2-le). Beams w i t h  starting points 
outside V, are no t  traced and, therefore, in order t o  obey the energy balance 
of the prismatic zone their energy fluxes ~d~ are subtracted from 6 , 0 e,I ,pa 
Thus, the emitted and traced energy flux finaqly approaches the one of the 
prismatic zone. d e Y I .  The logistics of beam tracing in the arrangement of 
prisma:tic zones i s  the same as for the rectangular zone arrangement; however, 
the path length As w i t h i n  the prismatic zones has t o  be computed by relatively 
compl i cated trigonometric relations from a knowledge of the coordi nates of 
each edge point of the entered zone. In principle, i f  the coordinates of 
edge points of a l l  zones and the relevant zonal properties are supplied as ,- 

input data, the present code can predict radiative exchange in zone,arrange- 
ments very similar t o  "finite. element.' structures. When a predominantly 
rectangular zone system, i s  requi.r'ed, zone meshes for  complex furnace geom- 
etries are generated automatically from a knowledge of the edge points of 
the furnace contour. 

A tes t  computation w i t h  the ex.tended code. was carried o u t  for a methane- 
fired boiler operated as listed in Table2-1. Howeverythe rectangular furnace 
shape was replaced by a more complex geometry with ash hopper and nose.as i t  
i s  shown in Figure 2-5 together w i t h  the considered heat release and recircu- 
lating-flow pattern. The influence of this new geometric arrangement on b o t h  

temperatures and heat flux d-istribution i s -  revealed in Figures 2-6a and 2-6b, 

respectively. The increased temperatures in. the lower half of the furnace 
w i t h  the ash hopper can be attributed t o  a reduction in both the radiating 
volume and in the cold-surface area in the lower furnace zones, compared t o  
the rectangular furnace. The impact of the furnace nose on temperatures and 

heat flux distribution in the upper part of the furnace i s  significant. The 
shadow effect of the nose, in combination with the assumed recirculating 
pattern, gives lower temperatures in the volume zones behind the nose, result- 
ing in low heat fluxes t o  the neighboring surface zones. The calculated outlet 



ENCLOSING 
ZONE VI , ZONE VI 

STARTING POINT OF 
TRACED BEAMS 

STARTING POINT OF 
NON-TRACED BEAMS 

Fi$ire 2-4. Hand1 i n g  o f  Emission o f  Beams From A r b i t r a r y  P r i s m a t i c  Zones. 



Table 2-1 . Operating and Boundary Conditions of Modeled 
Boi 1 e r  Combus ti on Chambers 

Gas-Fl red  Boi 1 e r  Coal-Fired B o i l e r  

Furnace Geometry 5 x 5 x 1 5 m  

Fuel y 4  HVA Coal 
s a t ' d  a t  289 K) (1.4% moisture) 

Lower Cal . Val ue- 49961 .6 kJ/kgdry 31 506 kJ/ k g d y  

Thermal Input  117 MW 

Excess A i r  30%(half  s a t ' d  a t  289 K) 

A i r  Temperature 298 K 

Total  Mass Flow do 54.55 kg/s 55.50 kg/s 

Fuel Mass Flow 2 -34 kgdry/s 3.71 kg /s 
dry  

Wall Temperature 700K 

Surface Emissivi t y  0.8 

Convective HT Coe f f i c i en t  
2 =0.0058 kW/m K 

(see Ref. 9 )  

Ambient Temperature 298 K 

i 

? 



/ "Rectangular 

Furnace 

Figure 2-5. Assumed Flow and Heat 
o f  D i f f e r e n t  Geometry. 

Furnace w i th  

Ash Hopper and Nose 

Release Pat.tern f o r  B o i l e r  Combustion Chambers 



Tenlperatures o f  
Vol unle Zones 

0 Net Heat Flux Density @ a t  Side Walls 

k Index o f  Volume Zones k Index o f  Wall Zones 

Figure 2-6. E f f e c t  o f  Furnace Geometry on D i s t r i b u t i o n  o f  Temperature @ and Heat Flux Density @ 
i n  a Gas-Fired B o i l e r  Combustion Chamber. 



temperature f o r  the nonrectangular furnace i s  approximately 30 K h igher  than 

t h a t  o f  the rec tangular  furnace. This i s  because the rec tangular  furnace has 

a 10 percent l a r g e r  mean beam length  and a 10 percent increase i n  cool surface 

area over the furnace w i t h  the ash hopper and nose. 

2.2.3 Heat Transfer  i n  a Coal -Fi red  Combusti on Chamber 

A p re l im inary  study was c a r r i e d  o u t  i n  order t o  t e s t  simple models of 

p a r t i c u l a t e  r a d i a t i o n  incorporated i n t o  the furnace model and i n  order t o  

i l l u s t r a t e  the impact o f  so l  i d  p a r t i c l e s  on the r a d i a t i v e  t r a n s f e r  ins ide.  a 

c o a l - f i r e d  combustion chamber. The i n p u t  data f o r  the t e s t  example was 

s i m i l a r  t o  t h a t  used . f o r  the gas - f t red  rec tangular  combustion .chamber men- 

t i oned  above (Table 2-1 and Figurc 2 -5 ) .  Ilawever., . the recl r e u l  a t i  ng-mass. f l ow 

r a t e  was on ly  h a l f  t h a t  o f  the input-mass f l ow ra te ,  i .e. = 0.5 do. Fig- r 
u re  2-7 provides the p roper t ies  o f  the high-vol  a t i  l e  bituminous coal and the 

d i s t r i b u t i o n  o f  r a d i a t i n g  species w i  t h i n  the furnace zones. Four  d i f f e r e n t  

cond i t ions a re  i d e n t i f i e d .  These are: 

1. The t o t a l  furnace vol  ume i s  f i  1 l e d  w i  t h  the products of 

complete combustion. 

2. The t o t a l  furnace volume i s  f i l l e d  w i t h  both the gaseous products 

and a uniform d i s t r i b u t i o n  o f  ash p a r t i c l e s  o f  mean diameter 16.8 pm. 

This corresponds t o  one ash p a r t i c l e  per  coal p a r t i c l e  o f  50 pm mean 

s i ze  (see Ref. 9 ) .  

3. I n  add i t i on  t o  2 above, the heat  re lease zone i s  assumed t o  conta in  

char p a r t i c l e s .  The char concentrat ion i s  one-tenth o f  the unburned 

coal p a r t i c l e s ,  bu t  has the same s p e c i f i c  sur face area as coa l .  A 
s i z e  d i s t r i b u t i o n  fac to r  of 2.39 i s  chosen f o r  both the char and ash 

p a r t i  c l  es . 
4. The heat  re lease zone was a lso  assumed t o  conta in  soot  p a r t i c l e s ,  

and t h e i r  concentrat ion was computed from a simple model described 

i n  Ref. 9. I t  was assumed t h a t  10 percent  of the o r i g i n a l  v o l a t i l e  

carbon i n  the coal was converted t o  soot, w i t h  a mix ing con t ro l l ed  

reac t ion  time of one-tenth of the residence t ime o f  the  t o t a l  

furnace vol  ume. 

Radiat ion of the  ash and char p a r t i c l e s  was assumed t o  be gray w i t h  a mean 

e f f i c i e n c y  fac to r  fo r  absorpt ion of 0.2 and 1, respec t i ve ly .  The r a d i a t i v e  



Proper t i es  o f  HVA Coal 

C :  79.5%, H: 5.2%, 0 :  6.1%, S :  1.3%, N: 1.4% kg/kg d r y  

Ash: 6.5% kg/kg d r y  

Mois ture :  1.4% 

Low Cal. Val.: 31506 kJ/kg 

Concentrat ion o f  Species 

Gas, Ash: Uni form (30% excess. a i r )  

Char: 1/10 o f  coa l  i n  heat  re lease  zone 

Soot: 2% o f  C o f  coa l  (as f i r e d )  , b u r n i n g  t ime 1/10 o f  furnace 
res idence t ime 

Model ing of Rad ia t i ve  Cloud Proper t i es  

Gas: 1 c l e a r / 2  gray 

Ash: gray, Xa = 0.2, = 16.8 pm, s i z e  d i s t r i b u t i o n  f a c t o r :  2.39 

Char: gray, Xa = 1 .O, s p e c i f i c  sur face area o f  coa l  (jicoal= 50 pm, 
s i z e  d i s t r i b u t i o n  f a c t o r :  2.39) 

Soot : Johnson .Model , 3 wei g h t ~ d  gray 'gases. 

I ' F i g u r e  2-7. Assumptions f o r  Computation o f  Rad ia t i ve  Heat Transfer  i n  a Coal-Fi red 
Combus t i  on Chamber. 



properties of the soot gas suspension were modeled with a three-weighted 
gray-gas approach suggested by Johnson. (7) 

The impact of the presence of particulates on both the peak heat flux 
and the gas temperature distribution i s  shown in Figures 2-8a and 2-8b. 
A1 t hough  the absolute value of these predictions i s  in doubt because of the 
assumptions used in the assessment of radiative properties and. upon the 
particulate concentration, the results do i l lustrate the relative impact 
of particulate matter on thermal performance. In this case, the presence 
of particles can account for a variation of more t h a n  100 K in the furnace 
outlet temperature, and the peak heat flux for the presence of char and 

soot in the heat release zone i s  approximately twice that which would be 
calculated assuming only gaseous radiation. 

Further results of the impact of particles on the heat transfer in 
boilers as we1 1 as more details about the used models of particulate radiation 
may be found in Ref. 10. 

2.3 Preliminary Study of .  Influence. of Submi cron- Particles on Radiative 
Transfer 

This study was carried ou t .  t o  supply Task 2'wi-th information to enable a 
suitable choice of particulate analysis techniques. Although submicron par- 
t icles are of major concern with respect t o  pollution i t  was thought t h a t  
expensive, highly-sophisticated equipment for analyzing submi cron particles 
would only be justified for the present project i f  submicron fly. ash would 

significantly contribute t o  the radiative transfer. In order to generalize 
the data and t o  allow a comparison, the present preliminary study covered the 
influence of a1 1 possible submicron particles of p .  f .  combustion, namely ash, 
soot, coal , and char particles. 

Results of the study are summarized i n  Table 2-2. One important quantity 
in the radiative behavior of particles i s  the complex refractive index of the 
particle material. There i s  l i t t l e  data concerning this index available in 
the 1 iterature, especially for  the temperature range encountered in a p . f .  

combustor. Representative mean val ues tentatively concl uded from a. 1 i  terature 
survey (9y11i '8) are 1 isted in column 2 of Table 2-2 for the investigated species. 
For ash particles, also the .minimum and. maximum values of the refractive 
index found in literature are cited. 
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I k Index o f  Volume Zones 

Figure 2-8. E f f e c t  o f  Par t icu la tes  on Temperature D is t r ibu t ion  (A) and Heat Flux 
Density a t  the Side Walls (B) i n  a  Coal-Fired B o i l e r  Combustion Chamber. 



3 Table 2-2. E f f e c t  o f  Submicron Pa r t i cu l a tes  ( c  = 15.6 1 0 - ~ k ~ / r n  
a t  1500 K) on Radia t ive  Transfer  i n  a 5 x 5 x 15m Com- 
bus t i o n  Chamber 

Emissiv i  t y  

- 

0.001 8 

0.0795 

0.0005 

0.1053 

0.0592 

0.0422 

0.1351 

Compl ex constant  Densi ty  Absorpt ion 
Species Re f rac t i ve  o f C o e f f i c i e n t  

Index Mate r ia l  (Eq.  1 )  

- 1 /Km kg/m3 1 /m 

"mean" : 
Ash 1-50-0.020i 45.8 2300 0.0005 

max : 
1.50-1 . O O O i  2111.5 I I 0.0215 
A .- 

min: 
1 .50-0.005i 11.4 0.0001 I I  

Soo t 

Anth rac i te  

B i  tumi nous 
Coal 

Char 

1 -90-0.800i 

2.00-0.600i 

1 .70-0.3201 

1.93-1.020i 

1233.2 

879.6 

621.5 

1447.7 

1000 

1 300 

1300 

900 

0.0289 

0.0158 

0.0112 

0.0376 



For fur ther  simp1 i f i ca t ion ,  i t  was assumed that  the submicron par t ic les  

can be represented by a 0.1 pm, monosized dis t r ibut ion (see also Ref. 19) and 
tha t  thermal radiation i s  characterized by a mean .wave1 ength accordi ng t o  

X T = 0.004107 mK w i t h  T chosen a t  1500 K. With these assumptions, t he .  

radiat ive behavior of the par t ic les  fa1 1 s  c lear ly  into the Rayleigh regime 

of sca t te r ing ,  where the absorption efficiency of the par t ic les  can easi ly  
be computed from an approximate solution of the Mie equations.(8) I t  can be 

shown tha t  the absorpti.on coeff ic ient  of a pa r t i c l e  cloud i s  given i n  t ha t  
case by 

where c i s  the parti .cle concentration and p the density of the pa r t i c l e  mate- 

r i a l  (both i n  kg/m3). Values of the constants a. (1/Km) for  the d i f fe rent  
species are  1 i 'sted in column three of Table 2-2. 

3 The concentration of submicron par t ic les  i s  assumed to  be 15.6 ,mg/m a t  

1500 K, wh.i ch corresponds to  a value measured i n  a coal -.fi red u t i  1 i ty boi ler  

(see Ref. 19) and which also would mean tha t  about 1 + 2 percent of. the coal 
ash forms submicron part ic les .  by vapori zat i  on and condensation, i f the sub- 
m i  cron part i  c les  consis t  compl e te ly  of f l y  ash .. Using appropri a t e  val.ues of 
the densi ty of pa r t i c l e  materi a1 (col umn four.)., computed absorption coeffi - 
cients  of the d i f fe rent  pa r t i c l e  clouds are  presented i n  column f ive  of 
Table 2-2. 

Finally, emissi vi t i e s  have been calculated wi t h  these absorption coeff i -  
c ients  using a mean beam length L, = 3.6 V / A  = 3.86m corresponding to  a 
5 x 5 x 15m combustion chamber of a medium sized boi le r  ( l a s t  column, 
Table 2-2) .  These emissivi t ies  should be compared to  E z 0.3  which i s  a 
representative emissivi ty of the volume of the combustion gases in th i s  case. 
I t  can be concluded tha t  i f  submicron par t ic les  a re  f l y  ash--as they are  
l ike ly  to  be--, probably no important influence on radiat ive heat t ransfer  

can be expected. However, t h i s  depends very much on the concentration and 

on the optical constants of these par t ic les ,  which may vary fo r  d i f fe rent  

types of fuel and combustion conditions. For ash submicron par t ic les  a l so ,  
maximum and minimum values of E a re  recorded i n  Table 2-2 corresponding to  
the maximum and minimum values o f -  the absorption index found i n  l i t e r a t u r e  . 

and demonstrating the uncertainty to  which the present study i s  subjected. 



3.0 REACTOR STUDIES (Task 2) 

E f f o r t s  t h i s  quar ter  have been d i rec ted  toward de ta i led 'deq ign  and con- 

s t r u c t i  on o f  the reactor  sys tem and t roub l  eshooti  ng some. o f  i t s  components. 

Next quar ter  system assembly w i l l  be completed and the screening studies w i l l  

begin. 

The general object , ive o f  the reac to r  studies i s  t o  use a small-scale 

reactor ,  where coal.  combustion and the proper t ies  o.f pa r t i . cu la te  mate r ia l  

can be s tud ied under con t ro l  1 ed condi ti ons of temperature and gas compos i ti on, 

t o  provi.de in format ion on those p.arameters which a f f ec t -  the thermal perform- 

ance o f  c o a l - f i r e d  combustors. Figure 3-1 i s  a general schematic o f  the 

reac to r  sys tern. P r i  n c i  pa l  components i n c l  ude : 

e. Supply System 

Reactor System 

Measurement Sys tem 

Exhaust System 

The fo l low ing  sections present f u r t h e r  d e t a i l s  of each of these component 

sys terns. 

3.1 Supply Sys tem 

The supply system includes the, gas metering system and. the coal-feed 

system. The gas metering system consists p r i n c i p a l l y  o f  Matheson rotameters 

and valves t o  monitor and.-control the flow of a i r ,  supplemental methane, and 

b a c k f i r i n g  propane t o  the f l u i d i z e d  bed p a r t i c l e  feeder, burner, and back- 

fi red reactor .  

The coal feed system, shown schemat.ically i n  Fi'gure 3-2, consists o f  

a f lu id ized-bed coal feeder based on a design suggested by Hamor and Smith (22) 

and a stream s p , l i t t e r .  Gas i s  passed through a porous metal f l ow  d i s t r i b u t o r  

i n t o  the narrow f l u i d i z i n g  zone a t  a s u f f i c i e n t  v e l o c i t y  t o  f l u i d i z e  the pu l -  

ver ized coal.  Par t  o f  t h i s  gas, a10,ng w i t h  the entra3ned p a r t i c l e s ,  flows 

i n t o  a small o f f t a k e  tube. Ca r r i e r  gas i s  added w i t h i n  the o f f t a k e  tube, and 

t ranspor t  gas i s  added a t  the e x i t .  o f  the o f f take tube t o  prevent c logging.  

The stream s p l i t t e r  d iv ides the t o t a l  f low i n t o  f.ive equal streams which 

supply the mu1 t i p l e  i n j e c t o r  burner. The bu.1 k o f  the f l u i d i z i n g  gas bypasses 

the o f f t a k e  tube and leaves the narrow f l u i d i z i n g  zone. I t  expands, slowing 



PARTICLE - GAS 
ANALYSIS ANALYSIS 

Figure 3-1. Reactor System. 
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Figure 3-2. Coal Feed System.  



down and dropping o u t  the fluidized particles before leaving the top of the 
fluidized feeder. Coal feed rate increases with bed pressure (control led by 
a valve on the bypass stream) and decreases w t t h  carrier  gas flow as shown 
in Figure 3-3. Stream sp l i t t e r  tes ts  indicate that under the same operating 
conditions the rate of particles flowing through the different sp l i t t e r  legs 
varies by less than 20 percent as shown in Figure 3-4. Calibrations are per- 
formed by weighing batch samples taken over a measured period of time. 

I 3.2 Reactor Sys tem 
I 

The reactor system consists of burner, modular backheated reactor, and 

access module. The f i r s t  of the burners to be tested i s  the mu1 t ip le  Injec- 
tor burner, shown in Figure 3-5. A cross pattern of five injectors i s  
housed in a water-cooled can. Each injector consists of a central methane 

. - -- tube concentric within an outer coal/air tube. Swirl vanes impart tangen- 

t i a l  velocity to the coal/air streams, rapidly dispersing them to ' f i l l  the 

. . - . - . . combustion chamber. The independent methane stream, i f  used, tends to stabi- 
.- . 

. ... . . - -. - --l ize the flame and allows control of the adiabatic flame temperature. Vis- 

ual observation of the burner operating against a cold background. ' i ndi  cates 
that the mu1 t ip le  injector burner provides a stable flame over a wide. range 

.. . . . . . of methane/coal /ai r flows. . . . . . . 

The backfired reactor consists of a series of modules of different 
lengths which can be used alone, o r  in conjunction to vary the residence 
time from 0 (no reactor) to 1.5 seconds, sufficient time for complete char 
burnout a t  intermediate temperatures. The interchangeable alumina flow 
tube has an inside diameter of 57 mm. Uniform, controlled backheating to 
1650 C i s  achieved by backfiring the reactor w i t h  propane fired tangentially 
in alternating clockwise, counterclockwise directions. Temperatures are 
measured by type B thermocouples (platinum 6 percent rhodium vs. platinum 
30 percent rhodium). The combustion chamber i s  1 ined w i t h  SALI low density, 
high strength insulation and the alumina flow tube i s  buffered from2exces- 
sive thermal shock due to transient thermal gradients by a t h i n  layer of 
the same material. The 30 cm diameter steel housing i s  flanged for ease 
of assembly, connecting on the in le t  side to an adaptor f o r  the burner, and 
on the outlet side t o  additional backfired modules or t o  the access module. 

The access module i s  shown in Figure 3-6. I t  consists of a 51 mm 
square insulated flow chamber housed in a 127 mrn square steel tube. Two 
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Figure 3-3. Effects of Bed Pressure and Carrier Gas 
Flow on Fluidized Bed Feed Rate. 
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Figure 3-4. 5tream Splitter Tests. 
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F.igure 3-5. Mu1 ti p l e  I n j e c t o r  Burner. 
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I of the opposing sides contain round flanges to hold 25 mm diameter infrared , windows (ZnSe) or col 1 imati ng probes a1 igned t o  provide a clear optical 
path through the reactor. The remaining two sides contain rectangular 
flanges to house larger glass windows for visual access. The module i s  
flanged to connect on the top to the backfired reactor or burner adaptor 
and to connect on the bottom to the exhaust system. 

3.3 Measurement System 

The measurement system provides for a variety of optical and extractive 
measurements. Optical instrumentation. includes a narrow-angle spectral 
radiometer, a high-speed.camera, and a laser-doppler anemometer. 

The radiometer, shown schematically in Figure 3-7, provides a measure 
of the extinction coefficient of the parti cul ate cloud wi t h i n  i t s  narrow 
field of view. In the complete system, radiation from an infrared source 
i s  focused and passed through the hot particulate stream into a blackened 
cold-wall coll imating probe. Radiation exi t i n g  the probe i s  focused and 
spl i t  into seven narrow beams which pass through narrow-band f i  1 t e r s ,  
chosen to avoid combustion gas absorption bands, into solid s ta te  infrared 
radiation detectors. The signal of each of the detectors i s  amplified, 
passed into a rapid-swi tchi ng mu1 ti plexer, converted to a digital signal , 
and i s  reduced by a Digital 11/23 computer. Table 3-1 l i s t s  the detectors, 
f i l t e r  wavelengths, and equivalent noise levels for a 20 microsecond sample 
time, corresponding to a 140 second cycle time. Because the residence time 
of a single particle in the f ield of view i s  approximately 1 millisecond, 
this rapid switching capabi 1 i ty allows a complete spectral sweep to be 
taken of an essentially frozen particulate cloud. Thus intensities a t  dif-  
ferent wavelengths can be compared, even in a rapidly changing combustion 
environment, allowing the development of a spectral profile of radiation 
intensity and the measurement of part icle temperature by two-color pyrom- 
etry. Choppers located between the source and the reactor and betw=en the 
reactor and the detector allow alternati,ng measurement of background radia- 
tion, flame radiation, and source radiation through the flame. Optics are 
provided t o  occasionally measure source radiation alone and t o  cal i brate 
the system against a blackbody source. 
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Table 3-1. Noise Equi.valent Power of Selected 
Detector/Fi 1 t e r s  . 

Detector ' 

( type 1 

Silicon 

Si 1 icon 

head Sulfide (-30C) 

Lead Sel eni de (-30C) 

Lead Sel eni de (-30C) 

Pyroel e c t r i  c 

Pyroel e c t r i c  

Noise Equivalent 
Power @ 50 KHz 

(wat ts)  

3.0 x lo-'' 

2.8 x 10-l2 

8.5 x lo-'' 

1.3 

1.0 

6.7 x 

6.7 x 1 0 ' ~  

Fi 1 ter 

Wavelength 
( m i  crons ) 

0.75 

0.95 

2.20 

3.60 

5.10 

11 

None 

Bandwidth 
(mi crons ) 

0.01 

0 .Ol 

0.U9 

0.13 

0.15 

6 



With these measurements, a t  a particular wavelength A, the extinction 
coefficient b ,  a measure of the proportion of incident radiation not  trans- 
mitted through a particul.ate cloud of length L as defined by 

( Fried1 ander (21 1) 

where 'I i s  radiation intensi ty ,. can be. calculated: 

bA = - L i n (  I source through flame - 
I source I A 

I where the extinction coefficient i s  the sum of the scattering and absorption 
coefficients : 

bA = b h  scattering + h A  absorption. 

High-speed photographs, taken through the large rectangular glass 
windows of the access module, a1 low observation of the general physical 
behavior of particles du r ing  combustion. This includes in-si t u  optical 
measurement of the si ze of 1 arger particles and qua1 i ta t i  ve observation 
of volatile emission and soot formation. 

Laser-doppler anemometry, planned for the detailed studies, provides 
an in-situ measurement. of particle velacity and size. The velocity of a 

particle can be cal cu.1ated from the frequency of modulation of the inten- 
si ty of a signal caused by the interference of two coherent ( sp l i t  laser) 
1 ight beams one of which has been scattered by the moving particle causing 
a doppler shif t  i n  i t s  frequency. The size of the particle i s  rela.ted t o  
i t s  visibil i ty,  the ratio of the difference t o  the sum of the maximum and 

minimum intensities of the interference fringes as explained by Farmer. (20) 

Extractive parti cle samples are taken isokinetical l y  through an asi- 
a1 ly mobile porous-wall probe shown in Figure 3-8. This probe, .simi la r  
t o  the one used by Mi.ms e t  a1 (24) ,  passes two constant streams of inert 
gas through the porous walls which cools the sample, quenches a4 1 reactions, 
and prevents particle deposition t o  the wall due t o  diffusion, turbulent 
deposition, and thermophoresis. A high f l o w  of inert gas i s  introduced 
near the probe t i p  where' rapid quenching i s  desi red and high velocities 
are necessary t o  overcome high thermophoretic forces; and a much lower 
flow of inert gas i s  introduced t o  prevent deposition a long  the length of 
the probe. 
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F igu re  3-8. Porous Val 1 Par t ic le  Probe. 



E x t r a c t i v e  measurements o f  p a r t i c l e  s i z e  d i s t r i b u t i o n  a re  taken by 

scanning e l e c t r o n  micrographs o f  nucl  eopore f i  1 t e r  sampl es , by cascade 

impactor,  and by Ma1 vern 1 aser d . i f f r a c t i  on. Comparison o f  o p t i  c a l  diam- 

e t e r  (SEM, Ma1 vern)  w i t h  aerodynami c diameter (impac.tor) provides a measure 

o f  p a r t i c l e  dens i t y .  Chemi ca l  ana lys i s  can be performed on impactor  samples 

and on nucleopore f i  1 t e r  samples t o  d i f f e r e n t i a t e  between o rg 'an j c  (soot ,  char, 

coal  ) and ino rgan ic  ( f l y  ash) p a r t i c u l a t e .  

S ize  d i s t r i b u t i o n  i s  an impor tan t  parameter. i n  the  determinat ion  of the  

e x t i n c t i o n  c o e f f i c i e n t  b o f  a c loud.  o f  spher i ca l  p a r t i c l e s  o f  uniform dens i t y :  

~TII J' KdM b = 1.5 - - 
p~ 0 

X ( ~ a r o f i m  and H o t t e l  (25)) 

where fm i s  the  mass o f  p a r t i c l e s  per  u n i t  volume o f  space, p i s  the  p a r t i c l e  
P 

dens i ty ,  M i s  t h e  mass f r a c t i o n  o f  p a r t i c l e s  o f  diameter g rea te r  than X, and 

K i s  t h e  p a r t i c l e  e x t i n c t i o n  e f f i c i e n c y ,  a f u n c t i o n  of t he  wavelength, par-  

t i c l e  s i ze ,  and complex index o f  r e f r a c t i o n .  By measuring the  concentrat ion,  

dens i ty ,  and s i z e  d i s t r i b u t i o n  o f  p a r t i c u l a t e  mat ter ,  and by assuming a com- 

p l e x  index o f  r e f r a c t i o n  based on l i t e r a t u r e  va:lues f o r  soot, char, coa l ,  and 

f l y  ash, K a t  a, given wavelength can be caleu1,ated numer ica l ly  f rom Mie theory  

( ~ o t t e l  and ~ a r o f i m ( ~ ~ ) )  a l l o w i n g  a comparison o f  b A  c a l c u l a t e d  w i t h  bA mea- 

sured .by the  radiometer.. 

E x t r a c t i v e  gas sampl es are  taken through a water-cooled probe:. ';Ins t r u -  

mentat ion i s  a v a i l a b l e  t o  cont inuous ly  moni to r  O2 by paramagnetic ana lys i s ,  

C02 and  CO by i n f r a r e d  absorpt ion,  NO by chemi 1 umi nescence , and t o t a l  hydro- 

carbons by  f lame i o n i z a t i o n .  I n  a d d i t i o n ,  ba tch  samples can be taken and sub- 

sequent ly  analyzed f o r  H20,, NH3, HCN, and s p e c i f i c  hydrocarbons. 

3.4 Exhaust System 

combustion exhaust and b a c k f i  r e d  exhaust a re  cooled by d i  1 ut ion, and 

drawn ou ts ide  t h e  l a b o r a t o r y  by a high-pressure blower. B u t t e r f l y  valves on 

t h e  i n l e t  and o u t l e t  ducts f o r  each system a l l o w  independent c o n t r o l  of d i l u -  

t i o n  f l ow  and combustor and b a c k f i r e d  r e a c t o r  pressure. 
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