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ABSTRACT." Char bed behavior is an important aspect of 
recovery boiler operation. This paper presents results of several 
computational fluid dynamics (CFD) char bed models of 
different geometries, with emphasis on flow patterns and shear 
stress on the char bed surface. The effect of using steps in a 
Cartesian-coordinate grid to represent a smooth-sloped char bed 
suoCace is investigated. The geometries of the models examined 
include two-dimensional (2-D) models that are analogous to 
furnaces with slot airports on two opposing walls, three- 
dimensional (3-D) slab models that are analogous to furnaces 
with airports on two opposing walls, and a 3-D wedge model 
that resembles a furnace with airports on all four walls. 

Results of simulations with a Cartesian step surface and a 
body-fitted-coordinate smooth suoCace showed that both 
methods predicted similar flow patterns in the main gas phase, 
but the step-suogace model underestimated shear stress and 
overestimated heat transfer area at the step boundary. 

The 2-D and 3-D models predicted generally similar trends. 
However, significant differences have been found in results of 
different geometries. 

KEYWORDS: Black liquor, fluid dynamics, fluid flow, fluid 
mechanics, furnaces, mechanics, recovery furnaces, simulation, 
spent liquors. 

C har bed combustion in a black 
liquor recovery boiler is a com- 

plicated process involving fluid flow, 

chemical reactions, and heat and 
mass transfer. Interaction between 
a char bed and the air jets plays an 
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important role in determining the 
shape of the bed and air flow pat- 
tern. Understanding char bed phe- 
nomena is important  for stable 
furnace operation and furnace de- 
sign improvements. Unfortunately, 
little information is available about 
gas-char bed interaction, since in an 
operating furnace, large dimensions, 
high temperature, and black liquor 
spray make most measurements  
very difficult. Physical modeling is 
restricted to cold flows and cannot 
simulate the effect of gas flow pat- 
terns on char bed formation and de- 
velopment (1-4). Rapidly developing 
computational fluid dynamics (CFD) 
techniques provide a plausible means 
for research of this complicated char 
bed and flow interaction problem. 

With advances in CFD software, 
CFD techniques have become apow- 
erful tool for research on compli- 
cated fluid flow problems. CFD 
applications to recovery furnace 
simulations have produced valuable 
information about flow patterns and 
interactions of air jets (4-12), tra- 
jectories of black liquor particles (7, 
13), interaction between black liquor 
spray and air flow (14), and heat and 
mass transfer and chemical reactions 
(6-8, 13, 15, 16). Simulation of char 
bed phenomena poses a greater chal- 
lenge to CFD techniques. In addi- 
tion to complicated transport and 
reaction processes, a char bed model 
involves a reacting boundary condi- 
tion at the bed surface. The shape of 
the bed surface is determined by 
char arrival and consumption rates, 
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which are not known beforehand. Re- 
covery boiler CFD simulations have 
used assumed char bed shapes in the 
boundary conditions (6, 16). 

The large size of typical recovery 
furnace combustion zones relative to 
the small features of the furnaces, 
such as primary air ports, adds an- 
other difficulty to CFD modeling (5, 
7). An accurate CFD simulation of 
char bed phenomena requires large 
numbers of small computational cells 
to represent air ports and char bed 
shape accurately. This is very diffi- 
cult for a model that includes the 
entire combustion zone, because the 
required total number of cells can 
easily become impractical for com- 
puter memory. Whole furnace mod- 
els with less than 200,000 cells could 
only use one cell for a primary air 
port, or a slot for all the primary air 
ports (5-7, 13). These models can 
predict gas flow patterns in the 
middle or upper combustion zones, 
but they are not accurate for char 
bed studies. Symmetry planes have 
often been used to simplify furnace 
models and reduce computational 
burden (5, 8, 15). By using symme- 
try planes, simulations can focus on 
a small section of the char bed to 
increase resolution and numerical 
efficiency. When examining a small 
section of the overall flow problem, it 
is important to carefully impose 
boundary conditions, since they can 
influence simulation results. 

In some CFD codes, computa- 
tional grids can be set up in either 
Cartesian or body-fitted coordinates 
(BFCs). In Cartesian coordinates, a 
boundary that is not aligned with one 
of the grid lines must be represented 
by a series of steps. The error caused 
by the step boundary may seriously 
affect flow field calculations if the 
step size is comparable to the sizes 
of flow features (4). Even with small 
steps, which have no serious influ- 
ence on the gas flow patterns, the 
calculations of the surface transport 
processes may be in error. In com- 
parison, BFC grid lines need not be 
orthogonal and can be aligned with 
boundaries, so the boundaries are 
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1. Section of a typical recovery furnace char bed 
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Summary of char bed models 

Model Grid type No. of cells Dimension Geometry 

2D-1 Cartesian 62x80 
2D-2 BFC 62o080 
2D-3 BFC 67oo72 
SLAB-1 BFC 67o072oo31 
SLAB-2 BFC 67-72oo22 
WEDGE BFC 67oo72oo31 

2-D Large slot air ports 
2-D Large slot air ports 
2-D Air port area equivalent to 3-D models 
3-D Uniform slice, rectangular air ports 
3-D Uniform slice, slot primary air port 
3-DWedge-shaped slice, rectangular air ports 

smooth regardless of orientation (17). 
Therefore, a BFC grid is more accu- 
rate than a Cartesian grid for irregu- 
lar boundaries. 

This paper presents a CFD study 
of jet flows near char beds in recov- 
ery furnaces. The effects of step and 
smooth char bed surfaces on gas ve- 
locity, shear stress, and heat trans- 
fer  ra tes  are examined.  To 
understand the effects of specifying 
boundary conditions on simulation 
results, several simplified char bed 
models of different geometries are 
studied. The results provide useful 
infozTnation for selecting boundary 
geometries in more complicated 
simulations. 

Description of  char bed models 

General description of a recovery 
boiler char bed 
In this study, a typical, symmetric 
furnace geometry is considered. The 
horizontal cross section of the fur- 
nace is 10 m x 10 m. The primary air 
ports are 0.05 m wide and 0.3 m high, 
and are located on the walls at an 
elevation of 0.05 m, with intervals of 
0.3 m. The secondary air ports are 
0.15 m wide and 0.5 m high, and are 
located on the walls at an elevation 
of 1.5 m, with intervals of 1.5 m. Only 
the portion of the furnace below the 
liquor guns is considered. By using 
symmetry assumptions, the compu- 



2. Cartesian-coordinate grid for Model 2D-1 with a step bed surface 

Secondary 
a~r port 

Primary 
air port 

I l l l l l  
I I U l l  
I l l l l l  
I l l l l l  
I I I I I I  
I I I I I I  
l i i l n l  
l i l l i i  
l i I a l i l  
l i i l l l  
l i i l B l  
l i l l i l  
Igggg: 

lar bed 

7 
. 

3. BFC grid for Model 2D-2 with a smooth bed surface 
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tational region is further reduced to 
a small section involving 2.5 primary 
and 0.5 secondary air ports, as is 
shown in Fig.1. The coordinate sym- 
bol indicates x, y, and z directions 
referred to in this paper. The char 
bed surface starts to rise at 0.15 m 

from the wall with a 1:2 slope and 
levels off at 3.7 m from the wall, re- 
sulting in a flat bed top that is 1.775 
m high; the inlet air velocities are 
assumed to be uniform at the air 
ports. The primary air velocity is 
50m/s in a 10 ° downward angle, and 

the secondary air velocity is 80 m/s 
in the horizontal direction. This re- 
sults in an average vertical velocity 
of 1.3 ntis in any horizontal cross- 
sectional plane above the secondary 
air port in the region shown in Fig. 1. 
Heat transfer and chemical reactions 
are not considered in the present 
study, so an isothermal condition is 
assumed, and the physical proper- 
ties of air at 1000°C are used. 

Nonslip boundary conditions are 
used for the wall and the char bed. 
Fixed-velocity inlets are used for the 
air ports, and a fixed-pressure (iso- 
baric) inlet is used for the upper 
boundary. The other boundaries of 
the slice are assumed to be symme- 
try planes. The standard ~-e turbu- 
lent model is used. 

The CFD code used in this work is 
FLUENT,  version 4.11 (18), which 
allows both Cartesian-coordinate 
grids and BFC grids (17). The CFD 
code was run on an IBM RISC/6000 
computer. 

Geometries of  char bed models 

When simulating part of a furnace, 
imaginary planes that isolate the 
computational region from the rest 
of the furnace determine the shape 
of the char bed model. Six different 
geometries were examined in this 
study: three 2-D and three 3-D speci- 
fications. A summary of the models 
is given in Table I. 

Two-dimensional Model No. 1 
(2D-l). This 2-D model neglects 
variations in the y (thickness) direc- 
tion, thus it corresponds to a furnace 
that has two infinitely long opposing 
walls with slot-type primary and sec- 
ondary air ports. The slots maintain 
the original air port heights; there- 
fore, the primaries are enlarged six 
times and the secondaries are en- 
larged ten times compared to the 3- 
D rec tangu la r  air por ts .  A 
Cartesian-coordinate grid with a step 
char bed surface, as shown in Fig. 2, 
is used in this model to study the 
effects of a step boundary condition. 

Two-dimensional Model No. 2 
(2D-2). This model has the same 

Vol. 77, No. 8 TappiJournal 191 



boundary specifications as Model 
2D-1 except that a BFC grid with a 
smooth char bed surface is used, as 
shown in Fig. 3. Results from Mod- 
els 2D-1 and 2D-2 are compared to 
show the similarities of and differ- 
ences between the step and smooth 
boundaries. 

Two-dimensional Model No. 3 
(2D-3). Because of the enlarged air 
ports, results of the previous 2-D 
models are not comparable with re- 
alistic three-dimensional situations 
due to exaggerated flow rates. In 
Model 2D-3, the slot air ports are 
reduced in size so the air flow rates 
and the jet  velocities are the same as 
those of the following 3-D models. 
Both the primary- and the second- 
ary-slot air ports have a height of 
0.05 m. Results from Models 2D-1 
and 2D-2 show that gas velocity is 
very low in a region at the corner of 
the upper boundary and the wall. 
This allows the use of a partially 
sloped upper boundary to achieve 
more efficient node distributions in 
a BFC grid without noticeable influ- 
ence on the gas flow patterns. 

Three-dimensional slab Model 
No. 1 (SLAB-l).  This 3-D model 
maintains the geometric features of 
the char bed illustrated in Fig. 1. 
Two parallel symmetry planes on 
both sides of the slab imply that the 
slab pattern repeats as mirror im- 
ages in the y direction ad infinitum. 
This is equivalent to a furnace with 
air ports on two infinitely long op- 
posing walls. A BFC grid is designed 
to provide higher resolutions for the 
air jets. A primary air port is repre- 
sented by 36 (12 x 3) cells and the 0.5 
secondary air port by 80 (16 x 5) 
cells. 

Three-dimensional slab Model 
No. 2 (SLAB-2). This 3-D model has 
the same geometric features as the 
SLAB-1 model except that the pri- 
mary air ports are replaced by a slot 
of the same total area. In the SLAB- 
1 model, a significant number of cells 
are needed to resolve the primary 
air ports. Since the primary air ports 
are closely spaced in a narrow band 

4. Geometry of the WEDGE model 
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near the bottom of the wall, the pri- 
mary air jets may mix in a short 
distance, and their contribution to 
the overall flow field may resemble 
that of a planar jet. By using a slot- 
type primary air port, the number of 
cells in the SLAB-2 model is reduced 
to 106,128 (67 x 72 x 22) from 149,544 
in the SLAB-1 model. At the same 
elevation on the wall, the center of 
the slot air port is closer to the char 
bed surface than that of the rectan- 
gular air ports since the slot is 
shorter. 

Three-dimensional  wedge 
model (WEDGE).  For a furnace 
with air ports on four walls, parallel 
symmetry planes between adjacent 
air jets do not exist due to interac- 
tions between air jets from adjacent 
walls. An accurate simulation of the 
air jet  interactions must include a 
larger region with at least two adja- 
cent walls. To include some effects 
of the air jets from the adjacent walls 
while maintaining the reduced size 
of the model, one of the symmetry 
planes in this WEDGE model is 
angled slightly so that the two side 

planes meet at the center of the fur- 
nace to form a wedge-shaped geom- 
etry, as shown in Fig. 4. As the air 
jets travel from the wall to the fur- 
nace center, the cross-sectional area 
reduces gradually to simulate air 
flow rate increase due to air jets from 
perpendicular walls. Strictly speak- 
ing, the WEDGE model corresponds 
to a nearly circular furnace with uni- 
formly distributed air ports around 
the wall. Air jets in the middle of a 
symmetrical square furnace may 
correspond to a situation between 
the SLAB and the WEDGE models. 
The WEDGE model has the same 
inlet air flow rate as the SLAB mod- 
els, but its average vertical velocity 
at the upper boundary is twice as 
large due to a smaller cross-sectional 
area. 

Grid sensitivity 

Separate grid sensitivity studies 
have shown that node densities in 
this study were adequate for grid- 
independent solutions in nearly the 
entire computational region. How- 
ever, turbulent kinetic energy and 
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5. Velocity magnitude for Model 2D-1 with a step bed surface. Gray scale = 0 - 80 m/s (dark 
- briqhtL 

6. Velocity magnitude for Model 2D-2 with a smooth bed surface. Gray scale = 0 - 80 m/s 
(dark - bright). 

eddy dissipation rate were found to 
be grid-sensitive in very small re- 
gions at the edges of the air jet  en- 
t rances .  This was not due to 

inadequate node density in those re- 
gions, but rather due to the uniform 
inlet velocities that resulted in ve- 
locity discontinuity at the edges of 

the entering air jets. More practical 
velocity profiles should be used in 
the inlet boundary conditions to over- 
come this problem. In the present 
study, however, the effect of the ve- 
locity discontinuity is not important. 

Results and discussion 

Comparison between step and 
smooth boundaries 

The velocity distributions for the 
step bed (2D-1) and the smooth bed 
(2D-2) models are shown in Figs. 5 
and 6. The gray scale ranges from 0 
in the darkest area to 80 m/s in the 
brightest area, and the same gray 
scale is used for all other velocity 
distribution patterns in this paper. 
Major flow features in both models, 
such as air jets and recirculation 
zones, are similar; however, the gas 
flow near the step surface is dis- 
turbed. The disturbance on the over- 
all flow pattern is so small that it can 
be neglected for predicting veloci- 
ties in the main gas phase. 

The influence of the step bound- 
ary on calculating shear stress at 
the bed surface is significant. Fig- 
ure 7 shows distribution of the x 
component of the shear stress, %~, 
on the step and smooth bed surfaces. 
For the smooth bed, the shear stress 
distribution profile varies smoothly, 
with a maximum at the area of pri- 
mary air jet  impingement. However, 
for the step bed, the shear stress 
distribution profile is markedly dif- 
ferent,  with smaller values and 
larger fluctuations. The average 
shear stress error on the step bed is 
62% based on the shear stress of the 
smooth bed. Direct verification of 
the predicted shear stress is diffi- 
cult due to the lack of experimental 
data. However, mass transfer rates 
on a smooth boundary calculated 
from predicted shear stress using 
the Chilton-Colburn analogy agree 
with experimental data reasonably 
well (16). 

The major shear stress difference 
between the step and smooth beds is 
caused by a velocity difference near 
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the bed surface. In turbulent flow, a 
wall boundary layer consists of a very 
thin laminar sublayer and a "log- 
law" region, in which the flow is fully 
turbulent. In numerical calculations, 
the first node near the wall should 
be within the log-law region, and the 
wall shear stress is calculated via 
the log-law wall function (18, 19): 

u/u* = (1/~:) ln(Ey +) (1) 

where u* = 4 (~JP) is called the 
f r i c t i o n  veloci ty ,  "c w is the wall shear 
stress, up is the gas velocity at the 
first node (point p) near the surface, 

is yon Karman's constant (0.42), E 
is an empirical constant (9.81 for a 
smooth wall), and y+ is given by: 

Y+ = (P k°5 C~t °25 Y)/P (2) 

where y is the distance from point p 
to the wall, kp is the turbulent ki- 
netic energy at point p, C is an em- 
pirical constant (0.09), and ~t and p 
are fluid viscosity and density, re- 
spectively. Equation 1 implies that 
u* is proportional to u e i.e., x is 
proportional to uo z if y+ is constant. 
This means that ~he shear stress is 
very sensitive to the gas velocity near 
the wall. 

In the smooth bed model, the 
boundary grid lines exactly follow 
the char bed surface, and the calcu- 
lations can be carried out for the 
cells adjacent to the surface. The 
resulting velocity distribution is 
smooth and consistent, as shown in 
Fig. 8. In the step bed model, the 
step surface deviates from the real 
surface. At cells adjacent to the sur- 
face, velocity tends to follow the step 
contour, which is misleading for the 
local gas flow, as shown in Fig. 8b. 
Cells located at the step corners are 
partially blocked by wall surfaces 
that do not exist in reality; conse- 
quently, the velocity near the sur- 
face is underestimated, resulting in 
erroneous shear stress predictions. 
Notice that, in Fig. 8b, one of the 
steps faces two horizontal cells, caus- 
ing a large variation in predicted ve- 
locity. Such a variation causes a 
spike-like pattern in the shear stress 
distribution of Fig.7. 
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7'. Comparison of shear stress distributions on step and smooth bed surfaces 
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9. Heat transfer coefficients on step and smooth bed surfaces 

200 

Smooth 
150 

100 

50 

I I 
O0 1 4 2 3 

X DISTANCE, m 

il. Heat transfer on the step and smooth beds 

Step bed 

Heat transfer area, m 2 6.8 
Average heat flux, W/m 2 4.7=10 4 
Overall heat rate, W 3.2~10 s 

Smooth bed 

5.4 
4.9ool 0 4 
2.6oo 10 s 

The influence of the step bound- 
ary on the shear stress remains as 
the step size decreases. As Eqs. 1 
and 2 indicate, only the adjacent cells 
are used in calculating the shear 
stress. Regardless of how small the 
steps are, the cells at the step cor- 
ners are always blocked by the step 
surfaces, causing the velocity to be 
inevitably underestimated. 

An important application of shear 
stress calculation is predicting heat 
and mass transfer coefficients from 
the shear stress. For turbulent flows, 
the heat transfer to the wall is calcu- 
lated by a log-law formulation that 
is based on the analogy between heat 
and momentum transfer (18): 

k f l y  1 Prt rd4 
In (Ey +) + - -  

h - k-y+ Pr sin(/t/4)y + 

k Prt ] (3) 

where k is the thermal conductivity 
of the fluid, h is the heat transfer 
coefficient, Pr  is the molecular 
Prandtl number, Pr t is the turbulent 
Prandtl number (1.2 in the log-law 
region), and A is the vanDriest con- 
stant (26). Notice that velocity (u)  
is not included in the equation. Tffe 
heat transfer coefficient depends on 
the turbulent kinetic energy and 
temperature, which determine y+ 
and physical properties. 

The previous isothermal models 
(2D-1 and 2D-2) were modified to 
include heat transfer calculations. In 
the heat transfer models, the wall 
and the char bed temperature is 
800°C, and the inlet air is 100°C. The 
smooth bed model converged (sum 

of residuals < 10 .8 and enthalpy re- 
sidual < 10 -6) in 3900 iterations (6.7 
hours CPU time), whereas the step 
bed model approached a stable solu- 
tion with a large enthalpy residual 
(4 x 10 -8) after 50,000 iterations (60 
hours CPU time). 

Shear stress distribution patterns 
for the nonisothermal cases are very 
similar to those for the isothermal 
cases. Figure 9 compares the heat 
transfer coefficients of the step and 
smooth surfaces. These coefficients 
are comparable except in the area 
impinged by the primary air jet. The 
average heat transfer coefficient er- 
ror on the step surface is 14%, based 
on the smooth bed model, compared 
with 64% for the corresponding 
shear stresses in the nonisothermal 
cases. This is because the heat trans- 
fer coefficient is less sensitive to the 
velocity than the shear stress. The 
most influential variable on the heat 
transfer coefficient is turbulent ki- 
netic energy, which is weakly af- 
fec ted  by the s tep bounda ry  
condition. Consequently, the aver- 
age heat fluxes for the step and the 
smooth boundaries are similar, as 
shown in Table II. This does not 
imply that the step bed model is suit- 
able for heat transfer calculations. 
As Table II shows, the heat transfer 
area of the step bed is 26% larger 
than that of the smooth bed; thus, 
the overall heat transfer rate of the 
step bed is 23% larger than that of 
the smooth bed. 

Effects of  boundary geometry on 
gas flow predictions 
Figure 10 shows velocity distribu- 
tion patterns for models of different 
boundary geometries. In all the 
cases, the secondary air jets domi- 
nate the gas flow patterns. Air jets 
from opposing walls (by symmetry) 
interact in the furnace central re- 
gion and form high-velocity upward 
central cores. The primary air jets 
have relatively small influence on the 
main gas flow patterns, since they 
dissipate quickly as they flow along 
the bed surfaces. 
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Recovery ;: oi!ers 
10. Velocity distributions for models of different geometries. Gray scale = 0 - 80 m/s (dark - bright). 

The boundary geometry has sig- 
nificant influence on the gas flow 
patterns. Generally, 2-D models are 
not suitable for predicting gas flow 
patterns in recovery furnaces be- 
cause three-dimensional features are 
important for air jet  flows. When 
simplifying 3-D rectangular air ports 
into a 2-D slot, we would either main- 
tain the height of the air port and 
increase the air flow rate, as in Model 
2D-l, or maintain the area of the air 
port and have a thinner planar air 
jet, as in Model 2D-3. Figures 6 and 
10A show that neither of the 2-D 
models predicts a satisfactory flow 
pattern compared with the 3-D mod- 
els in Figs. 10B-D. 

Figures 10B and 10C show veloc- 
ity distributions near the boundaries 
of the 3-D SLAB models. The sec- 
ondary air jets extend horizontally 

11. Comparison of average vertical velocities at the upper boundary 
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12. Patterns of shear stress distributions on char bed surfaces. Gray scale = 0 - 1.5 Pa (dark - bright), 
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13, Comparison of average shear stress distributions on char bed surfaces 
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toward the center of the furnace. 
Model SLAB-1 has rectangular pri- 
mary air ports. Upon impinging on 
the bed surface, the primary air jets 
are deflected, and adjacent air jets 
interact with each other, resulting 
in quick mixing. After a distance of 
about 1 m, the primary jets are well 
mixed as if the air came from a pla- 
nar jet. By comparing Figs. 10B and 
10C, we see that the primary air 
port geometry has little effect on 
the flow patterns except near the air 
ports. The planar je t  dissipates 
slower and travels farther than the 
rectangular jets because it does not 
undergo the interaction process seen 
in the individual rectangular jets. 
This affects the calculations of the 
transport process on the bed sur- 
face. 

The velocity distribution for the 
WEDGE modelis shown in Fig. 10D. 
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The primary air jets dissipate in a 
short distance after impinging on the 
bed surface. Within this distance 
(one-third of the furnaee depth), the 
wedge shape effect is small, and both 
the primary and part of the second- 
ary air jets resemble those of the 
SLAB-1 model. At about half the 
distance to the center of the fur- 
nace, the converging side boundaries 
force the secondary air to turn up- 
ward before the main stream of the 
jet  reaches the bed surface, result- 
ing in a strong upward flow at the 
furnace central region. The WE DGE 
model includes the effect of flow rate 
increase due to air jets from the ad- 
jacent walls. It does not, however, 
include direct interaction of perpen- 
dicular air jets near the corners of a 
furnace. Therefore, this model is only 
suitable for a char bed section at the 
middle of a furnace wall, where the 
interaction between air jets is weak. 

The models in the present study 
have symmetrical air port distribu- 
tions, which inevitably result  in 
higher velocities in the furnace's cen- 
tral region. The high-velocity cen- 
tral core may play an important part 
in par t ic le  en t r a inmen t  and 
carryover (13). Figure  11 compares 
the average vertical velocities at the 
upper boundaries. The WEDGE 
model predicts higher velocities than 
the SLAB models because it has a 
smaller cross-sectional area, and the 
converging side symmetry planes 
force the air jet  to turn upward 
sooner. It is not surprising that the 
SLAB models and Model 2D-3 pre- 
dict similar velocity distributions at 
the upper boundary. The differences 
caused by the air port shapes gradu- 
ally disappear as the air jets expand 
and mix. If the flow pattern of the 
primary air jets is not a major con- 
cern, using a slot-type primary air 
port configuration can save consid- 
erable computer memory and com- 
putational time. 

Interaction of  air jets with the 
char bed surface 

Shear stress on the bed surface is an 
indication of the momentum trans- 
fer rate, which is analogous to heat 
and mass transfer (19). Since the 
char bed combustion rate can be 
mass transfer limited (20), the shear 
stress distribution has important 
implications for understanding the 
char bed phenomena. Higher shear 
stress indicates greater heat and 
mass transfer rates and, therefore, 
faster char combustion. 

Figure 12 shows plan views of 
shear stress distributions on the bed 
surfaces. Model 2D-3 has been ex- 
tended in the y direction to show the 
bed surface; the gray scale ranges 
from 0 Pa in the darkest areas to 1.5 
Pa in the brightest areas. The maxi- 
mum shear stresses are produced 
by the primary air jet  impingements. 
Rectangular primary jets in the 3-D 
models produce high shear stress 
areas that are much wider than the 
air ports due to expansion of the air 
jets on the bed surface. 

The effects of the secondary j e t s  
depend on the jet  contact with the 
bed surface. In the WEDGE model, 
the main stream of the secondary 
jet  does not touch the bed; there- 
fore, its contribution to the shear 
stress is very small. In comparison, 
the secondary jets in the two SLAB 
models produce high shear stress 
areas at the top of the bed, where 
the air jets impinge on the bed sur- 
face. 

The shear stress distributions, 
averaged in the y direction, are com- 
pared quantitatively in Fig. 13. The 
primary air jets produce comparable 
average shear stresses with the same 
air flow rate and initial velocity. The 
planar jets produce slightly higher 
average shear stresses than the rect- 
angular jets, because the planar jet  
centers are closer to the bed sur- 
face. There is a large difference be- 
tween secondary jet  contributions 
of the WEDGE model and the SLAB 
models. In the WEDGE model, since 

the secondary jet  turns away from 
the bed, the shear stress on the up- 
per part of the bed is much smaller 
than that in the SLAB models. 

Although the predicted velocity 
fields and shear stress distributions 
are related to the specific char bed 
geometries, there are still some com- 
mon principles that are applicable to 
other char bed structures. The shear 
stress distributions suggest that the 
primary air jets are always impor- 
taut for the bed surface transport 
processes. The effects of the second- 
ary air jets depend on whether they 
impinge on the bed surface. For a 
tall char bed that grows above the 
secondary ports, the secondary air 
may contribute significantly to the 
combustion at the top of the bed. If  
the bed is well below the secondary 
air ports, the secondaries may have 
no interaction with the bed. 

Conclusions 

This paper presents results of CFD 
simulations on recovery furnace char 
beds with different boundary condi- 
tions. The following conclusions can 
be drawn from the results. 

Comparing a step bed model with 
a smooth bed model shows that a 
step boundary can be used to pre- 
diet main gas phase flow patterns, 
but the velocity errors caused by the 
step boundary result in large errors 
in shear stress and heat transfer co- 
efficient distributions. A step bound- 
ary overestimates the surface area 
and leads to an error in total heat 
transfer rate. A smooth boundary is 
recommended if the surface trans- 
port process needs to be accurately 
calculated. 

Two-dimensional models are not 
suitable for predicting gas flow pat- 
terns quantitatively, because they 
cannot preserve important three-di- 
mensional features of real furnaces. 
However, a planar primary air jet  in 
a 3-D model may be acceptable for 
predict ing flow pa t te rns  in the 
middle and upper combustion zones, 
since primary air port geometry has 

198 August 1994 Tappi Journal 



little effect on overall flow patterns 
away from the bed surface. 

The SLAB models are suitable for 
furnaces with air jets on two oppos- 
ing walls. However, the WEDGE 
model can include the effect of in- 
creased air flow rate due to perpen- 
dicular air jets and can be used for a 
char bed section in the middle of a 
furnace wall, where the interaction 
between the air jets is weak. More 
accurate simulations for interaction 
of perpendicular air jets must be car- 
ried out in larger regions involving 
at least two adjacent walls. 

Primary air jets produce high 
shear stresses on bed surfaces; 
therefore, they are important in con- 
trolling bed shape. Air port geom- 
etr ies  affect  shear  s t ress  
distributions. Therefore, they also 
affect mass and heat transfer pro- 
cesses, which play important roles 

in char bed combustion. [] 
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A p p e n d i x  

N o m e n c l a t u r e  

A = 26, van Driest constant 

C~ = 0.09, empirical constant 

E = 9.81, empirical constant 

h = heat t r~s f er  coefficient, W/ 
me.K 

k = turbulent kinetic e n e ~ ,  
(m/s) ~ 

ky = thermal conductivity of 
fluid, W/m.K 

Pr = Prandtl number 

Prt= turbulent Prandtl number 

u = velocity magnitude, m/s 

u* = q (%/p), friction velocity, m/ 
s 

y = distance from the ftrst node 
to the wall, m 

y+ = variable in Eq. 2, ~men- 
sionless 

~t = viscosity, kg/m.s 

p = density, kg/m s 

= 0.42, von Karman's constant 

= wall shear stress, Pa 
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