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f iw,  hers, measuring 

he understanding of flow inside T black liquor recovery boilers has 
been limited due to its complex na- 
ture. The interaction of hundreds of 
jets in crossflow defies analytical solu- 
tions while pushing the capabilities of 
present-day computational fluid dy- 
namics to their limits (1). Thus physi- 
cal modeling is an essential tool for 
understanding recovery boiler flows. 

The main variables affecting boiler 
efficiency, and hence capacity, are the 

physical arrangement of the combus- 
tion air ports, the proportion of com- 
bustion air mass flow among the 
different port levels, and the arrange- 
ment for air injection into the furnace 
at each level. The first variable is not 
readily altered for a commissioned 
boiler, but the last two may be changed 
with relative ease by operators in the 
field. There is a great deal of experi- 
ence in the efficient operation of spe- 
cific boilers, but there is less ability to 
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predict the effects of changes in air 
flow ratios or arrangements. The flow 
field affects the degree of mixing of 
the combustible organics with avail- 
able oxygen, determining the overall 
rate of combustion. Information on the 
flow field in the boiler is therefore di- 
rectly related to efficiency and capac- 
ity. 

Measurement of flow patterns and 
velocities in full-scale operating boil- 
ers is extremely difficult due to the 
high temperature of the environment 
and problems with fouling of physical 
probes by char, fume, or entrained 
liquor droplets; certain operational 
functions such as sootblowing must 
also be accommodated. The advan- 
tages of using a model sufsciently rep- 
resentative of the real furnace for 
experimental investigations are there- 
fore signiticant. 

The objectives of this experimental 
study are twofold. First, results may 
be used for evaluating different flow 
configurations for full-scale boilers and 
may be compared to results from iso- 
thermal model tests by other investi- 
gators. Second, results may be used to 
validate the isothermal portion of a 
computational fluid dynamics code for 
boiler flow. This code is currently un- 
der development at the University of 
British Columbia (UBC). 

The use of isothermal scale models 
of boilers to simulate full-scale operat- 
ing conditions has met with success on 
numerous occasions (2, 3) and forms 
the basis of this investigation. The 
value of such physical air flow model- 
ing has been demonstrated by other 
researchers (4.). Due to the high tur- 
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bulence of the flow, a nonintrusive mea- 
surement technique capable of record- 
ing the instantaneous velocity direction 
and magnitude is particularly useful. 
Multi-hold pitot-static tubes (5) suffer 
from orientation difficulties, are dis- 
ruptive to the flow, have low temporal 
resolution, and therefore have limited 
applications. Measurement devices 
such as the pulsed hot wire (6) are 
capable of distinguishing instantaneous 
velocity vectors, but they are disrup- 
tive to a highly turbulent flow of this 
nature and are rather fragde. 

Amethod capable of accurately mea- 
suring unsteady velocities, while not 
physically altering the flow, is the la- 
ser Dopplervelocimeter (LDV) (7). "he 
LDV is able to simultaneously mea- 
sure multiple components of velocity 
at a single point, with both high tempo- 
ral and spatial resolutions. This tech- 
nique requires that light be scattered 
from small particles that accurately 
follow the flow. For this reason, the 
working fluid in the model was chosen 
to be water as opposed to air. The 
suitability for using methods of flow 
visualization to complement the LDV 
also favors water over air. Further- 
more, the use of a water analog to 
simulate a gaseous internal flow has 
been shown to be a valid representa- 
tion for many situations (8, 9). 

Experimental program 

A physical flow facility, consisting of 
two lI28-scale boiler models running 
water at room temperature, has been 
constructed at the UBC Pulp and Pa- 
per Centre. The first model represents 
a boiler located in Plymouth, NC, origi- 
nally commissioned by Combustion 
Engineering. The second model is that 
of a facility in Kamloops, BC, origi- 
nally designed by Babcock and Wilcox. 
Both boilers are owned and operated 
by the Weyerhaeuser Paper Co. Only 
work involving the first model will be 
considered here. 

A plan view of the experimental fa- 
cility is shown in Fig. 1. A 40-hp cen- 
trifugal pump draws water from a 
4200-L reservoir, sending it vertically 
into three headers feeding the primary, 
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1. Recovery boiler water model facility 

Flood drain 

f - Door 
Valves and venturis Valves and venturis 

I \ I 

secondary, and load-burner or tertiary 
model ports, respectively. Flow con- 
trol is achieved by adjusting two gate 
valves; one controls a bypass line while 
the other throttles flow into the head- 
ers. A total of 59 lines of 0.625-in. flex- 
ible hose lead water from the header 
pipes through a valve and orifice plate 
flowmeter. The hoses then lead to mani- 
folds feeding four to nine ports each, 
with the exception of the load-burner 
ports, which are connected directly to 
the headers. To set up a given flow 
condition, a differential pressure meter 
is attached to each flowmeter in turn, 

1. No. of recovery boiler ports 
I 

No. of 
Air port ports I 
Primary 156 

Secondary 66 
Tertiary 28 
Load-burner 10 

Starting-burner 4 



2. Plymouth boiler port arrangement 

burners 

71 Liquor gun 

Secondaries 

Primaries 

burners Level 1 

It. Model flow results 

Pred. Meas. Meas. 
flow, flow, Meas. Kjp7 

Run Level Umin Umin W, m/s mh Configuration' 

A 1 437 437 0.0482 0.1553 LB- 23% 1 porVwall 
2 568 537 0.0593 0.1130 S - 40% 
3 568 534 0.0589 0.0953 P - 33% SB - 4% 

B 1 219 253 0.0279 0.0835 LB- 23% 2 ports/wall 
2 284 265 0.0292 0.0528 S - 40% 
3 284 289 0.0319 0.0456 P - 37% 

C 1 437 451 0.0498 0.1545 LB- 23% 1 porVwall 
2 568 573 0.0633 0.1054 S - 40% Noboilertubes 
3 568 550 0.0607 0.0856 P - 33% SB - 4% 

'LB=load-burner, .%secondary, P=primary, SB=starting-burner 

and the correspondingvalveis adjusted 
to achieve the desired flow rates. 

The full-scale boiler is approxi- 
mately 140 ft high by 36 ft square and 
features one liquor gun on each wall. 
The model is constructed of 0.188-in. 
plexiglass, and all ports present in the 
full-scale boiler are modeled. Liquor 
flow into and smelt flow out of the 
boiler are not modeled. It is assumed 
that the mass flux of each flow is ap- 
proximately equal, and any influence 
of the liquor droplets or their combus- 
tion products on the flow patterns or 
velocities is neglected. The smelt bed 
itself is not presently included in the 
model. Four starting burners are lo- 
cated at the corners of the front and 
rear faces at the primary level, angled 
25" toward the boiler center. Primary 
air ports are angled 10" down from 
horizontal, while the secondary air sys- 
tems are of traditional configuration. 
The third level ports may be config- 
ured in one of two ways: load-burner 
(sometimes referred to as high-second- 
ary) air ports are directed along the 
tangent of an imaginary horizontal 
circle located above the liquor gun level, 
while tertiary air ports on the front 
and rear faces may be used in either 
opposed or interlaced configurations. 
The number of ports is summarized in 
Table I, while the boiler configuration 
and measurement coordinate system 
are illustrated in Fig. 2. 

In the actual furnace, the combus- 
tion air enters at a temperature of a p  
proximately lac, while the temperature 
in the furnace is about 1000°C. The den- 
sity change that the combustion air in 
the full-scale furnace undergoes can- 
not be simulated in an isothermal wa- 
ter model. In some models, ports are 
enlarged to preserve momentum flux 
ratios between model and full-scale; 
the ports in the Plymouth model are 1/ 
28 scale. If the mass flux ratio between 
vertical flow in the furnace and port 
flow is maintained between the full- 
scale and model, then the velocity ratio 
between model and full-scale is: 

W p &  = (P"/PJfS x <vdv")m,,, (1) 
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3. Two components of mean and RMS velocities-Run A. (a): RMS u and wvelocities are shown as crosses originating from the base of each - 
mean velocity vector, (b) through (d): uvelocity component alone is shown for the three measurement levels. 
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where 

V, 

Vv 

p, 

p, 
fs = subscript indicating full-scale. 

The LDV used for measurements 
was a two-component differential 
beam system using a burst-correlator 
processor. A 1-Watt continuous-wave 
argon-ion laser was used as the light 
source. Horizontal velocity measure- 
ments (u) were made using the green 
(514.5-nm) line, and vertical velocities 
(w) were obtainedwith the blue (488.0- 
nm) line. In principle, the system is 
expandable to simultaneously measure 

= port flow fluid velocity, m/s 

= vertical flow fluid velocity, m/s 

= vertical flow fluid density, kg/m3 

= port flow fluid density, kg/m3 
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three velocity components using the 
violet (476.0-nm) laser line. The at- 
tenuation of both incident and reflected 
light by the water requires the use of a 
relatively high power laser. The mea- 
surement volume is examined from 
one side of the model using a probe 
operatingin the backscatter mode and 
connected to the optical bench through 
a fiber-optic link. Frequency shifting 
is used to measure negative and near- 
zero velocities. 

The measurement volume for the 
LDV is located at the point of inter- 
section of the shifted and unshifted 
beams emitted from the probe, and is 
coincident for both velocity compo- 
nents. It is ellipsoidal in shape, with 
axes of approximately 2.0 and 0.2 mm. 
The Doppler signal is a constant-fre- 

quency signal of Gaussian amplitude 
profile. The burst-correlator proces- 
sor computes a correlation function 
between successive burst zero-cross- 
ings; if eight successive cycles corre- 
late, the signal is deemed a valid 
Doppler burst and not random noise. 
In this way, large particles cannot 
cause spurious data because they can- 
not generate a sufficient train of bursts 
to satisfy the processor. 

The flow was not seeded with artifi- 
cial particles because the unfiltered 
tap water possessed suitable scatter- 
ing particles of approximately 50 ptn 
in diameter. While higher data rates 
could have been obtained using arts- 
cial seeding, the potential problems of 
blockage in small ports and flow- 
meters, and contaminating the model 



Contours of nondimensionalized mean vertical velocity-Run A 
eve1 1) 

Contours of nondimensionalized mean vertical velocity-Run A 
.eve1 2) 

, Contours of nondimensionalized mean vertical velocity-Run A (Level 3) itself, outweighed any potential ben- 
efits. With natural seeding, data rates 
of between 200 and 2000 samples per 
second were attained at the model cen- 
ter and near the model walls, respec- 
tively. 

Simultaneous measurements were 
made of the instantaneous velocity 
components in the x and x directions. 
Mean and root-mean-square velocities 
were found by averaging the data over 
a time long enough to smooth out the 
turbulent fluctuations, but short 
enough to retain any unsteadiness or 
trends in the data. When using the 
LDV, an averaging time cannot be 
specified because the data rate is a 
random variable; a sample size must 
instead be specified. At regions of the 
flow exhibiting low and high data rates, 
approximately 2500 and 20,000 data 
points were collected respectively to 
give an approximately constant aver- 
aging time. The velocity information 
provided by the LDV is not a continu- 
ous signal, so bias in the estimated 
velocities was eliminated by weight- 
ing the raw velocity values by the resi- 
dence time of each particle in the 
measurement volume: 
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Recovgy Boibs 
7. Two components of mean and RMS velocities-Run B. (a): RMS u and wvelocities are shown as crosses originating from the base of each 

lean velocity vector, (b) through (d): u velocity component alon9 IS shown for the three measurement levels. 
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where 

= mean horizontal or vertical 
velocity, m/s 

ui = i-th velocity measurement, m/s 

A ti = duration of the i-th velocity mea- 
surement, s 

Measurements were taken using a 
load-burner flow configuration with 
mass flow percentages through each 
set of ports approximating a typical 
condition in the full-scale boiler. Con- 

figurations using the tertiary ports 
have not yet been run. Runs were made 
with and without the starter burners 
in use, with different load-burner ve- 
locities, and with two total water flow 
rates. At the higher flow rate, veloci- 
ties at the port exits should be ap- 
proximately 0.8 d s  for the starting 
burners, 2.0 m/s for the primaries and 
load burners, and 3.4 d s  for the sec- 
ondaries. One run was made with the 
Plexiglas plates, which model the boiler 
tubes, removed. Two-dimensional ve- 
locity information was obtained on 
three horizontal planes of 36 points 
each. Horizontal planes were divided 
into 6 x 6 grids of equal areas, the 
center of each being the measurement 
location. As shown in Fig. 2, these lev- 

els are near the liquor guns, above the 
load burners and below the bull nose. 
Qualitative flow visualization was per- 
formed to confirm the gross features 
of the flows. 

ReSUltS 

At the time of writing, approximately 
a dozen runs had been performed for 
variations of the load-burner configu- 
ration; the results from three varia- 
tions are presented here. Reynolds 
numbers in the full-scale and model 
boilers are sufficiently high to ensure 
fully turbulent flow. The Reynolds 
number effects in fully turbulent flow 
are small, so the actual total water 
flow rate in the model should not be 
critical as long as it remains above 

102 September 1993 Tappi Journal 



8. Contours of nondimensionalized mean vertical velocity-Run B 
eve1 1) 

. Contours of nondimensionalized mean vertical velocity-Run B 

10. Contours of nondimensionalized mean vertical velocitv-Run B (Level 3) some threshold value. Run A was con- 
ducted with the starting burners in 
use. Run B did not use starting burn- 
ers and was at the lowest flow rate 
possible in the facility. The effects of 
removing the Plexiglas plates, which 
model the screen and boiler tubes, are 
shown in Run C. A measure of the 
turbulence in the flow is the turbu- 
lence kinetic energy, which may be 
defined as: 

K = O S  (2;7;'+w") (3) 

where 

K = turbulence kinetic energy, m2/s2 

u = turbulent fluctuation of velocity 
in x direction, m/s 

w = turbulent fluctuation of velocity 
in x direction, m/s. 

In Eq. 3, the contributions due to ve- 
locity components in the x-y plane are 
assumed equal. Results for the three 
runs being considered are shown in 
Table 11. 

The average vertical velocities 
shown in the table indicate the bulk 
average vertical velocity at each level. 
The square root of the turbulence ki- 
netic energy is a velocity scale of the 
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11. Two components of mean and RMS velocities-Run C. (a): RMS uand wvelocities are shown as crosses originating from the base of each 
mean velocitv vector. (b) throuah (dk u velocitv comPonent alone is shown for the three measurement levels. 
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Complete boiler view 
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turbulence. Note that the turbulence 
velocity scale is always higher than 
the bulk average vertical velocity, 
ranging from about a factor of three at 
the lower level to a factor of 1.5-2 at 
the upper level. Measured flow rates 
at each level were found from the bulk 
average vertical velocity and the cross- 
sectional area of the model. Predicted 
and measured flow rates agree within 
about 10% for all runs. 

In Fig. 3, the root-mean-square 
(RMS) u and w velocities are shown as 
crosses originating from the base of 
each mean velocity vector. The u ve- 
locity component alone is shown in 
Figs. 3M for the three measurement 
levels. The turbulence intensity (RMS 
divided by mean velocity) may be seen 
visually at each measurement point. 
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Caution should be used in interpreb 
ing this figure, as the velocity com- 
ponent is absent. Note that some points 
do not show a velocity vector because 
the data rate at these points was insuf- 
ficient for an accurate measurement. 
In some cases, this may be due to the 
velocity being mainly in the y direc- 
tion; this would appear as zero u ve- 
locity to the LDV. Contour plots of the 
mean vertical velocity at each point, 
nondimensionalized by the bulk aver- 
age vertical velocity at that level, are 
shown in Figs. 4-6 for levels 1 through 
3, respectively. 

The measured mean and fluctuat- 
ing velocities for Run A are shown in 
vector form in Fig. 3a. Measured mean 
and fluctuatingvelocities, and contours 
of nondimensionalized mean vertical 

velocities, are shown in Figs. 7-10 for 
Run B, and in Figs. 11-14 for Run C, 
respectively. 

The results shown in Figs. 3-6 are 
generally representative of the trials 
run to date. Altering the load-burner 
velocity, total flow rate, or the pres- 
ence of boiler tubes did not affect the 
results significantly. (Refer to Figs. 
7-14.) The removal of the boiler tubes, 
however, increased the swirl present 
in the uppermost level. At the lowest 
level, the majority of the vertical flow 
is in the front left corner of the boiler, 
with recirculating or downflow else- 
where. The middle and upper levels 
show strong vertical flow on the front 
and right side walls with a weak core 
of downflow in the central region. Tur- 
bulence intensities are higher in the 



!. Contours of nondimensionalized mean vertical velocity-Run C 
eve1 1) 

3. Contours of nondimensionalized mean vertical velocity-Run C 
.eve1 2) 

14. Contours of nondimensionalized mean vertical velocity-Run C (Level 3) center of the boiler than near the walls, 
ranging from approximately 50% to 
500% in each velocity component. 

Traditional expectations of boiler 
flow involve a central channel of up- 
wardly rising flow surrounded on all 
sides by recirculating flow (10). Such 
results have not as yet been observed 
in the experimental facility. The lack 
of a smelt bed shape in the furnace 
may be a contributing factor to the 
observed flow, or it may be particular 
to the use of the swirl-inducing load- 
burner ports. Some unsteadiness has 
been observed while monitoring the 
velocity data from the LDV in real 
time. This usually appears in lower 
regions of the furnace near the walls. 
The unsteadiness has a large ampli- 
tude, with a period on the order of one 
second. A slide projector illuminating 
a plane of the model was used to visu- 
ally confirm the regions of vertical and 
recirculating flow. 

Future plans 

Work is ongoing in the boiler model 
facility. Plans are being made to take 
measurements with different port 
mass flow ratios, to use the tertiary 
instead of load-burner ports, and to 
insert a smelt bed shape in the model. 
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Additional qualitative and quantitative 
flow visualization work will be per- 
formed. Similar experiments will be 
performed on the Kamloops boiler 
model, and results from both models 
will be compared to those of other ex- 
perimenters. Computational simula- 
tions of both models are under 
development by researchers at UBC. 

Conclusions 

Measurements have been made of two 
components of the fluctuating velocity 
in an isothermal water model of a kraft 
recovery boiler. The results are shown 
to be repeatable within experimental 
tolerances and in the qualitative nature 
of the flow patterns. The use of a load- 
burner port tangential-flow arrange- 
ment in the upper furnace resulted in 
an asymmetrical flow pattern, with 
downflow in the central region of the 

boiler. A symmetrical core of vertical 
upflow was not observed. Minor changes 
in flow configuration did not signdk”y 
change the resulting flow. 
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