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Initial validation of a mathematical 
model of cold flow in a recovery boiler 
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ABSTRACT Airflow in a commercial recovery boiler was 
modeled mathematically for two sets of  cold-flow conditions. 
Case 1 was for  airflow through the primary and secondary 
ports, while Case 2 was restricted to airflow through the 
secondavyports only. There was no flow through the tertiary 
ports. The filly turbulent coldfow resultingfiom the je t  
interaction was computed using code developed speciJcally for  
modeling firnace airflow. A steady-state solution was obtained 
f i r  Case I ,  but an unsteady solution was obtainedfor Case 2. 
The computed air-flow patterns resembled realjlowJields 
measuredphysically under the same set of  conditions. 
KEYWORDS: Airflow, air jets, flow measurement, math- 
ematical modek, openings, physical measurement, recove y 
firnaces, simulation. 

ecent developments in compu- R tational fluid dynamics prom- 
ise greatly improved techniques to 
solve the complex ti-msportphenom- 
ena that occur in kraft recovery boil- 
ers. These techniques, together with 
a dramatic reduction in the cost of 
computing, have enabled research- 
ers to develop powerful mathemati- 
cal models to simulate the air flow in 
recovery boilers. 

Mathematical models can provide 
useful information about the flow 
patterns in a boiler before expen- 
sive modifications are made. In prin- 
ciple, all of the relevant details of 
the flow patterns can be obtained, 
allowing investigators to evaluate the 
effects of operating parameters on 
air flow. 

Modeling of flows in recovery boil- 
ers is not an easy task. The task is 
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complicated by the large difference 
of scales, the presence of three di- 
mensions, gross flow unsteadiness, 
and the effects of buoyancy and tur- 
bulence. These difficulties have been 
discussed in detail (1) and present 
considerable challenges to the mod- 
eler. 

Previous attempts to model re- 
covery boiler air flows (2-7) have 
used a variety of general-purpose 
finite-difference codes that were 
modified for recovery boiler appli- 
cations. Work is in progress at the 
University of British Columbia 
(UBC) to develop a modeling capa- 
bility specifically tailored to recov- 
ery boilers (8). Code is being 
developed to handle such boiler-spe- 
cific modeling needs as aerodynamic 
complexity, convergence of the solu- 
tion, and a high resolution of the 
flow. Preliminary three-dimensional 
computational results show dramati- 
cally improved convergence rates, 
with excellent resolution at the air- 
port level. 

This article is a preliminary re- 
port on the collaborative research 
efforts at UBC to develop a math- 
ematical model of air flows in a re- 
covery boiler. We hope t o  
demonstrate to the industry that 
mathematical modeling can provide 
useful information for boiler design- 
ers and operators. In this article, we 
compare physical measurements of 
cold-flow velocity distributions in a 
commercial recovery boiler with 
computed results from a mathemati- 
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cal model, The mathematical models 
of the air flow yielded velocity distri- 
butions that were fairly representa- 
tive of the real flow field. The results 
also show that mathematical model- 
ing can provide much more detail of 
the flow than could possibly be ob- 
tained by physical measurements in 
an actual boiler. We will report fu- 
ture comparisons as the program 
proceeds. 

Physical modeling 

Physical measurements of the cold 
flow were carried out in a B&W re- 
covery boiler. Figure 1 is a sche- 
matic of the boiler showing the 
primary, secondary, and tertiary air 
ports. Air flow in the boiler at the 
liquor-gun level was measured for 
two sets of flow conditions: 

Case 1-air flow through primary 
and secondary ports 
Case 2-air flow through second- 
ary ports only. 

There was no air flow through the 
tertiary ports. 

Flow velocity was measured us- 
ing hot-wire anemometers. Unfortu- 
nately, the anemometers arrived too 
late for calibration before the tests. 
We tested both instrurnents at the 
mill site using a cooling fan. Both 
gave different readings, ;so we labeled 
them “Probe 1” and “Probe 2” for 
future calibration. During the initial 
testing, we also observed that the 
measurements were direction depen- 
dent. The instruments showed dif- 
ferent flows, depending on whether 
the large or small element was fac- 
ing the flow. During the trials, the 
probes were positionedwith the small 
element facing the floor of the fur- 
nace. 

After the trials, both probes were 
evaluated in a wind tunnel. The indi- 
cated flows from Probe 1 were 30% 
higher with the large element on the 
windward side compared with the 
reverse orientation. Separate calibra- 
tion curves, accurate to within +_ 5%, 
were developed for both flow direc- 

TSchematz of the boiler showing the air and liquor-gun ports 

\ Liquor gun 

Observation 

\ 

tions. Calibration data showed that 
measurements with Probe 2 were 
less accurate and repeatable than 
those with Probe 1. Overall accuracy 
of measurement with Probe 2 was 
within t_ 20%. No correction for flow 
direction was appropriate for Probe 
2. 

Flow measurements in the boiler 
were made in a horizontal plane at 
the liquor-gun level. The hot-wire 
anemometer probes were attached 
to extension tubes and inserted 
through the liquor-gun openings and 
the observation ports at the liquor- 
gun level. Figure 2 maps the mea- 
surement locations at the liquor-gun 
level. The direction of the flow was 
determined from the orientation of 

2. Locations of velocity measurement at the 
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3. Horizontal planes of the  three-dimensional segmented grid 

4. Measured and computed air flow at the liquor-gun level. Case 1: inflow through primary 
and secondary ports. 

Measured flow, mls Computed flow, d s  

B 
E 

Front Front 

brightly colored paper ribbons lo- 
cated near the hot-wire probes. 

Pressure was measured a t  the pri- 
mary and secondary wjndboxes in 
an effort to calculate the flow through 
the individual air ports. This infor- 
mation is necessary to establish the 
boundary conditions of the math- 
ematical model of the flow in the 
boiler, To determine the flow distri- 
bution across an air-port opening, 
pitot-tube measurements were car- 
ried out for selected air ports where 
this was possible. Flow velocities in 
the primary and secondary air ducts 
were also measuredusingpitot tubes. 
This information was helpful in 
crosschecking the measurements at 
each air port. 

To eliminate outlying data points 
resulting from the flow unsteadiness 
or instability, root-mean-square ve- 
locities were plotted as a function of 
position to create velocity profiles 
across the furnace for the various 
traverses conducted during both tri- 
als. Points that showed significant 
deviation from the smoothed profile 
were discarded. 

It can be seen from Fig. 2 that 
velocity could not be measured in 
some regions at the liquor-gun level. 
Velocities in these regions were in- 
terpolated OR the basis of neighbor- 
ing velocity profiles, and by 
comparing the total integrated 
upflow a t  the liquor-gun level with 
the measured total air flow in the 
primary and secondary ducts. Agree- 
ment between the total flow through 
the ducb and the integrated upflow 
at the liquor-gun level was within 
rf:30%. We consider this level of 
agreement to be quite good, consid- 
ering the sources of errors, i.e., the 
large scale of the measurement vol- 
ume, the sparse regions where the 
measurements were taken, and the 
flow unsteadiness. 

All the physical cold-flow data 
(boundary conditions and velocity 
measurements in the furnace cavity) 
were assembled before proceeding 
to the mathematical modeling. 

Vol. 77, No. 5 Tappi Journal 1 5 1 



5. Three-dimensional velocity distribution at selected horizontal planes. Case 1 : inflow 
through primary and secondary ports. 

Mathematical modeling 

Cold flow 
Cold flow in recovery boilers can be 
described mathematically by the dif- 
ferential equations expressing the 
mass and momentum co:nservation 
of the fluid. Turbulence is modeled 
by two differential transport equa- 
tions, one for the turbulence kinetic 
energy, IC, and the other for the tur- 
bulence energy-dissipation rate, E. 

The time-averaged equations de- 
scribing the conservation of mass 
and momentum can be written in 
Cartesian tensor notation (9) as fol- 
lows. 

Mass conservation equation 

(a/axj)(puj) = 0 (1) 

Momentum Conservation equation 

where 
x = coordinate 

u = velocity 

p = density 

P =pressure 

g = gravitational acceleration 

peff = effective viscosity. 

Boussinesq's eddy-viscosity con- 
cept is used to substitute for the tur- 
bulent stresses. The effective 
viscosity, pefp is given by Eq. 3. 

(3) Perf = P + PLt 

where 
p = molecular viscosity 

pt = turbulent viscosity. 

The two-equation K-E turbulence 
model is employed to characterize 
the turbulent flow (1 0). 

The governing differential equa- 
tions are integrated over three-di- 
mensional control volumes. After 
application of Gauss's divergence 
theorem, integral equations for the 
convective and diffusive fluxes across 
the control volume faces are obtained 
(11, 12). The fluxes across the con- 

- 
gcondary level 

ids' - 10 m/s 

7 Primary level 

trol-volume boundaries, in terms of 
the nodal values of the dependent 
variable, are obtained using the 
power-law differentiation scheme 
(11). The relaxation procedure and 
solution techniques have been de- 
scribed elsewhere (1, 8). A seg- 
mented grid was used to optimize 
the distribution of the grid nodes in 
the computational domain. 

Computational domain and 
boundary conditions 
The front, back, left, and right 
boundaries of the computational do- 
main represent the walls of the 
boiler. The computational model 
simulates all of the primary and sec- 
ondary air ports in the boiler, in- 
cluding the starter-burner ports. The 
rows of primary air ports at  each 

wall are modeled as slots. However, 
each secondary and starter-burner 
port is modeled individually. The 
computational domain extends up to 
the top of the boiler and includes the 
bull nose. The superheaters and 
boiler tube banks are not modeled. 

Figure 3 shows some horizonta,l 
slices of the three-dimensional grid 
in the lower regions. The grid at each 
level is different and addresses th'e 
air-port configuration and the re- 
quirements for resolution of local 
flow. 

The boundary conditions on the 
computational domain are specified 
as follows: 

Inflow: This condition is applied 
to all the air-port openings. Val- 
ues of all the variables except 
pressure are specified. The tur- 
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6. Flow field in a horizontal plane (secondary level) and in a Vertical plane (through starter burners at front of boiler). Case 1 : inflow through 
primary and secondary ports. 

Horizontal x -  y plane through 
starter burners and secondaries 
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Vertical x - I plane at y = 4.5 m 
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7. Measured and computed airflow at the liquor-gun level. Case 2: inflowthrough secondary 
)rts only. 

Measured flow, mls Computed flow, mls 

Front 

E m 
a .- I 

bulent kinetic energy, K, is esti- 
mated from the inflow velocities, 
and the turbulence energy dissi- 

pation rate, E, is estimated from K 

and a characteristic length scale. 

e Outflow: This condition is imposed 
at the exit of the computational 
domain, located close to the boiler 
tube bank. Azero streamwise gra- 
dient condition is imposed for all 
variables. 

9 Wall conditions: This condition is 
applied at all the walls of the do- 
main. Zero values for the normal 
and tangential velocities are used, 
in conjunction with conventional 
wall function treatment (10) for 
the turbulence quantities and the 
wall stresses. 

Results and discussion 

A first step 
The cold-flow velocity measurements 
and the mathematical modeling re- 
ported in this paper represent only 
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the first step in a seriles of tests to 
validate the mathematical model. 
Additional cold-flow trials with radi- 
cal variations in combustion-air dis- 
tribution are planned. Measure- 
ments under operating conditions 
will also be attempted as part of the 
validation procedure. We hope that 
the combined series of validation 
tests will increase indlustry confi- 
dence by demonstrating that the 
mathematical model predicts quali- 
tatively realistic flow patterns and 
that it shows the same trends ob- 
served in full-scale physical measure- 
ments. 

Sources of error 
The physical measuremlents and the 
mathematical modeling were carried 
out for a relatively large B&W re- 
covery boiler (rated capacity 4 mil- 
lion lb of black liquor soliddday; 
approximately 12 m in cross section). 
The measurement grid shown in Fig. 
2 was quite sparse, with large re- 
gions where it was not possible to 
obtain data. Velocities in these re- 
gions were estimated by interpolat- 
ing between measured data points. 

In addition, it was not possible to 
directly measure the velocity at most 
of the air ports. Instead, velocity was 
calculated from windbox pressures, 
which were obtained by inserting a 
probe into small access openings in 
each windbox. These pressure read- 
ings varied considerably, since they 
depend on the orientation of the flow 
to the pressure-measurement probe. 

The velocity distributions across 
the port could not be obtained for 
most air ports. The hot-wire probes 
were accurate to 5% if the flow was 
reasonably aligned with the probe 
under the controlled steady condi- 
tions of a wind tunnel. However, the 
flow in the boiler had an unsteady 
component, which caused the rib- 
bons to flutter and made it difficult 
to determine the direction of flow in 
some regions. Blackwell and co- 
workers (1 3) have also reported simi- 
lar high levels of unsteadiness in the 
flow in recovery boilers. 

- -I 

8. Computed air flow at the liquor-gun level at different times. Case 2: inflow through 
secondary ports only. 

Computed flow, mls 

t =  100 s 

0 

t = 1 6 0 ~  

Because of these difficulties, a 
30% difference was noted between 
the total :flow calculated from the 
windbox pressures and the calcu- 
lated total upward flow integrated 
at the liquor-gun level. Although the 
30% tolerance seems large, it should 
not be too surprising, considering 
the sources of error and the previ- 
ously described problems associated 
with calibration of the hot-wire an- 
emometers. The 30% variation is also 
well within the variation in velocity 
measurements at a given location ob- 
served in this and earlier studies (13). 

The degree of agreement between 
the measured and the predicted re- 
sults thus should not be expected to 
be quantitative. At best, we should 
expect a qualitative agreement, as 
the computations are based on the 
velocity boundary conditions calcu- 

lated from the windbox pre,; csure:,. 
With this in mind, we present the 
measured and the computed results. 

Case 1: Air flow through primary 
and secondary ports 
Figure 4 shows the measured and 
computed upward velocity distribu- 
tions at  the liquor-gun level for Case 
1, with air flow through both the 
primary and the secondary ports. 
The measurements indicate a strong 
upflow core, mostly in the central 
region, but deflected somewhat to- 
ward the rear-left corner. A fairly 
strong downflow region exists along 
the right wall. The downflow is more 
pronounced in the front-right cor- 
ner. Weak downward flow was also 
measured in the front-left corner. 
The downflow was weaker along the 
rear-right corner. Some fluctuation 
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9. Three-dimensional velocity distribution at selected horizontal planes. Case 2: inflow 
through secondary ports only 

of the flow direction was observed at 
the rear-left corner during the mea- 
surements, although the averaged 
flow measurements indicated a weak 
upflow in this region, as seen in Fig. 
4. 

The computed velocity distribu- 
tion, shown on the right panel of Fig. 
4, is very similar to the measured 
velocity distribution. The upward 
and downward flow and the zero- 
velocity regions are at similar loca- 
tions. The computed results indicate 
a weak downflow in the rear left cor- 
ner. However, the zero-velocity con- 
tour is also close to this location. In 
actual physical measurements, one 
would expect very low velocities (and 
even reversal in flow direction) in 
such a region. Indeed, measure- 
ments in this region revealed weak 
flow reversals. 

Figure 5 shows computed three- 
dimensional velocity distributions at  
four horizontal planes. Air penetra- 
tion at the primary-air-port level ap- 
pears to  be  low. Flow at the 
secondary level interacts strongly, 
resulting in both downward and up- 
ward flow in the central region of 
the boiler. The downward flow com- 
ponent is less strong, as the flow 
through the primary pushes the sec- 
ondary flow upward. This flow then 
combines with the upward flow in 
the central region to form the up- 
ward-rising core. This upward-ris- 
ing core is deflected to the left by 
the strong flow from the starter- 
burner air port on the right wall, 
close to the front of the boiler. 

The detailed flow pattern at the 
level of the secondary air ports is 
shown in the left panel of Fig. 6. The 

flow pattern in a vertical plane 
through the starter burners close to 
the front of the boiler is shown in the 
right panel of Fig. 6. Note the strong 
interaction of the air entering from 
the secondary and starter-burner 
ports in the left panel. The flow from 
the starter-burner ports, especially 
from the front right port, is very 
strong and penetrates deeply into 
the domain. This flow then turns up- 
ward and forms part of the upward- 
flowing core. The displacement of 
the upward flow toward the left wall 
is because of the deep penetration of 
the flow from the starter-burner port 
at the front-left region. Very high 
velocity gradients exist at the sec- 
ondary level, with very low veloci- 
ties in some regions between the jets 
and very high velocities in others. 

Case 2: Air flow through 
secondary ports only 
Steady-state computations did not 
yield a converged solution for Case 
2, with air flow through the second- 
ary ports only. A transient algorithm 
yielded a converged solution that 
varied with time. Computations were 
carried out to simulate a real-time 
period of 170 s, and a converged so- 
lution was obtained for each time 
step. However, no periodicity in the 
solution was observed during this 
computation. Considerable unsteadi- 
ness was observed in the cold-flow 
measurements for this case. Appar- 
ently, the primary air flow stabilized 
the flow field considerably. UBC has 
previously reported on the unsteady 
interaction of opposed-jet configu- 
rations (14, 15). 

Figure 7 shows the measured re- 
sults for one time step for Case 2 
and the corresponding converged, 
computed results at the level of the 
liquor guns. Since the flow measure- 
ments were carried out over a pe- 
riod of several hours, the measured 
velocity distribution represents a 
form of an average of the time-de- 
pendent flow field. The average ver- 
tical velocity is approximately zero 
in a fairly large region close to the 
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-- 10. Flow field in a horizontal plane (secondary level) and ill a vertical plane (through starter burners at front of boiler). Case 2: inflow through 
secondary ports only. 
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rear-left wall. In fact, physical mea- 
surements showed considerable flow 
reversals in this region. The upflow 
is mainly in the center and in the 
front-left corner. There is downflow 
along the right and rear walls. 

The computed veIocit*y field for 
one time step shows many similari- 
ties between the measured and the 
computed fields. The computed field 
also indicates upflow to be along the 
front-left corner and down flow along 
the right and rear walls. The stron- 
gest downflow is along the rear wall 
for the time step shown in Fig. 7. 
This strong downflow region moves 
along the rear and side walls as the 
time is advanced in the transient 
computations. 

Figure 8 shows the computed ver- 
tical velocity field at the liquor-gun 
level at different times. The tran- 
sient nature of the flow field is ap- 
parent. The change of dii-ection of 

the flow along the left wall can also 
be seen as the time advances. 

Figure 9 shows the three-dimen- 
sional velocity distribution at  one 
time step for Case 2. There is con- 
siderable downflow under the sec- 
ondary jets for this case, as the flow 
from the primary ports is not present 
to help deflect the secondary flow 
upward. The downflow from the sec- 
ondary ports deflects upward from 
the floor of the boiler and interacts 
with the a.ir from the secondary 
ports. The more central upward- 
flowing core can be seen for this case. 

The detailed flow pattern at the 
secondary level at the same time step 
as in Fig. 9 is shown in the left panel 
of Fig. 10. The right panel shows the 
flow pattern in a vertical plane 
through the starter burners close to 
the front of the boiler. Note the 
strong interaction of the air enter- 
ing from the secondary and starter- 

burner ports. Since the flow from 
the primary ports is not present in 
this case, the flow from the second- 
aries is deflected downward more 
strongly. The upward-flowing core 
is more centrally located with re- 
spect to the two side walls than was 
in Case 1, shown in Fig. 6. 

Conclusions 

Cold air flow in a recovery boiler 
was simulated using code developed 
specifically for boiler applications. 
Results were compared with prelimi- 
nary experimental data from actual 
full-scale measurements. 

The flow measurements and com- 
putations were carried out for two 
cases: 

Case l-flow through the primary 
and secondary ports 
Case 2-flow through the second- 
ary ports only. 
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Flow for Case 1 yielded a stable 
velocity field, as observed in both 
the measurements and in the simu- 
lations. Flow for Case 2 was unstable 
and required unsteady computa- 
tional techniques. An upflow core 
was observed in both cases, and there 
was qualitative agreement between 
the computed and the measured re- 
sults. Upflow and downflow regions 
were correctly predicted. The con- 
tours for zero upward velocity have 
a similar shape across most of the 
cross section, both for the physical 
measurements and the mathemati- 
cal model. The peak values of the 
upflow and downflow velocities were 
similar for both the measurements 
and the model. 

We encountered several equip- 
ment problems during the cold-flow 
measurement work and are taking 
steps to improve the quality of fu- 
ture work. The hot-wire anemom- 
eters were returned to the factory 
for recalibration, and work is 
planned to check the calibration and 
investigate the directional depen- 
dency of the probes. We also are 
planning to automate the flow-direc- 
tion measurements using specially 
designed flow-direction indicators 
that will be mounted near the hot- 
wire probes. A computer interface 
will collect the directional informa- 
tion on-line. Problems with the con- 
struction of the extension tubes used 
with the probes have also been ad- 
dressed. The new extension tubes 
will be constructed from lightweight 
aluminum tubing. This should reduce 
problems with end droop and make 
the probes easier to use. 
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