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. - EXECUTIVE SUMMARY

The research work described in this report represents the results of the first
year of a four-year project designed specifically to develop th: optimum black
liquor delivery system for the current kraft recovery boiler. Black liquor
obtained from normal mill operation is being used in this development. Some
experiments with model fluids are to be carried out to answer specific questions
resulting from the black liquor studies. .

The primary objectives of the research program are:

°To develop laboratory equipment and methods for quantitatively studying
commercial black liguor nozzle designs when spraying kraft 1iquors at
typical operating conditions;

°To quantify droplet size distribution, velocity, and mass distribution for
commercial nozzles spraying kraft liquors at typical boiler conditions;

°To develop techniques currently envisioned for improving the control of
black liquor spray droplet size distribution with commercial nozzles;

°To extend current liquor spraying technology by testing several fundamen-
tally different, but commercially viable, delivery systems.

Success with this program should yield benefits in increased thermal efficiency
and process productivity, as well as have potential for improvements in equip-
ment design and. process control. Coupled with the fundamental combustion
research currently in progress at IPST, the potential value of these programs to
the industry is approximately $110MM/year for increased thermal efficiency and
$100MM/year for increased productivity. -

Though research is incomplete, some information is available about the perfor-
mance of the three basic types of black liquor spray nozzles: the splashplate,
the swirl cone, and the U- or V-type. Data are presented on the flow and
pressure drop characteristics of two of these nozzle types which allows judgment
of the sensitivity of the flow to normal mill variations in liquor properties.
Data are also presented on several aspects of spray formation and droplet size
distribution. Considerations of nozzle stability with respect to flashing ahead
of the nozzle have shown that the minimum nozzle operating pressure will have to
be significantly increased to suppress flashing ahead of the nozzle when firing
high solids, viscous liquors.

Flow coefficient correlations for hot and cold black liquor and corn syrup (a
model comparison fluid) have been developed for two types of black liquor
nozzles: the B&W splashplate and the CE U- and V-type. The correlating para-
meter is Reynolds Number based upon the minimum flow diameter. Corn syrup is
useful because its viscosity and density are similar to those for black liquor,
and it is easier to handle.

The formation of droplets from a black liquor stream requires the prior for-

mation of a fluid sheet by the nozzle. The ultimate droplet size can be
directly related to the initial sheet thickness and velocity. Sheet thickness,

- 10 -



and therefore liquor droplet size, has been found to increase with liquor visco-
sity (and hence black liquor solids) for tne B&W splashplate nozzle. This
change in nozzle performance at high solids should be mild enough to allow
routine mill optimization of existing B&W nozzles without rep]ac1ng them with a
new design when changing to high solids firing.

Droplet size distribution is lmportant for efficient, stab‘e, and safe operation

of recovery boilers. Data on droplet size distributions from a B&W splashplate
nozzle and a CE swirl cone nozzle have been obtained. Droplet size does vary
with operating conditions; however, it shows a weak dependence on liquor velo-
city and fluid physical propert1es. Furthermore, the 'size distribution is
almost the same for all nozzles when the size data are normalized by dividing
the actual droplet size by the mass median diameter. Using this approach, there
appears to be very little impact of nozzle geometry, fluid properties, or
operating conditions. This suggests that any two nozzles and operating con-
ditions which produce the same mass median size also produce the same size
distribution. When calculating normalized size distributions, use of a lower
cutoff limit of one-third the observed median yields the best results. For a
2mm mass median size which is typica] of black liquor sprays the lower cutoff
1imit would then be 0.66mm. This is readily justified because of measurement
limitations below diameters of about 0.5mm.

The Flash X-ray (FXR) shadowgraph technique originally proposed for this program
vias shown to be inferior to use of a high-speed video approach. This is because
black liquor is a weak absorber of radiation resulting in poor image contrast
for diameters under 0.5mm, and it gives an image blur of about 0.5mm, the end
result being poor sensitivity for droplet diameters under one millimeter. The
resolution of the high speed video varies with the selected field-of-view, but
appears to be approximately 0.lmm. In addition, the number of FXR images per
run was limited so that droplet history could not be recorded; such is not the
case with the video approach.

Major activities for the present year involve reinstallation of the spraying
equipment in an environmentally acceptable configuration at our new Atlanta
location followed by spraying studies for conventional splash plate nozzles
using simple fluids and non-flashing black liquors. A companion spraying study
at one or more mill sites to examine spraying characteristics of black liquor in
an operating recovery hoiler will also be conducted. Comparison of results from
the laboratory and mill activities should produce some interesting insights into
black liquor spraying phenomena.

- 11 -



1.0
1.1

1.2

INTRODUCTION

OBJECTIVES

The research work detailed in this report represents a very applied effort
designed specifically to identify the optimum black liquor delivery system
for the current kraft recovery boiler and to present it to the industry in
a timely fashion. Only commercially viable (large capacity) delivery .
systems are being considered. Since the primary focus of this program is

o system to deliver black liquor, a large number of experiments are to be
conducted with actual (well characterized) liquors. Experiments with model
systems will be carried out to answer specific questions arising from the
Tiquor studies. The total program will answer the following very specific
questions: ‘ ‘

a. Exactly how good or bad are the nozzles currently used for black liquor
spraying? ‘ : ,

b. Do other commercially available (off the shelf) spraying systems exist
which perform better than liquor nozzles now in use?

c. Can vibratory assist or concepts from fluidics such as controlled vortex
shedding be employed to develop significantly improved spraying
systems? :

d. Are there more radically different delivery systems not involving the
spraying of droplets which offer the opportunity for quantum improve-
ments in recovery boiler operations?

In order to answer these questions the research program has the following
main objectives:

a. To put in place a unique laboratory facility for the quantitative study
of commercially viable black liquor nozzles which are tested with black
Tiquors at typical operating conditions.

b. To quantify the performance (droplet size distribution, velocity, and
mass distribution) of commercially available nozzles when spraying
kraft black liquors at typical boiler conditions.

c. To test several potential techniques currently envisioned for improving
the control of black liquor spray droplet size distribution with com-
mercially viable nozzles.

"d. To proceed beyond current spray technology to test several fundamen-

tally different but commercially viable delivery systems.
DELIVERABLES
This research effort will deliver the following:

a. A test facility capable of quantitatively assessing the performance of
commercially viable spray systems while spraying kraft black liquors at
typical boiler feed conditions.

b. The best commercial spray delivery system available with current
technology.

c. An appraisal of the commercial viability of several fundamentally dif-
ferent black liquor delivery systems.

- 12 -



1.3 BENEFITS

To a large degree, the objective of this program can be viewed as deli-
vering the tools required to realize the benefits of several other research
activities in the black liquor area. Primary among these is the fundamen-
tal combustion research currently under way at IPST. This fundamental work
will determine the optimum black liquor droplet size and velocity distribu-
tion to maximize effective use of the furnace volume. Development of a
system to achieve this desired liquor distribution is the objective of the
present program. As such, potential benefits from this very applied study
are essentially the same as projected for the fundamentals of the com-
bustion program. These are reproduced verbatim from a previous report by
Clay et al. (7) in Table 1.1.

The increased thermal efficiency value for the industry is approximately
$110 million/year. The minimum process productivity value for the industry
is estimated at $100 million/year. Table 1.1 provides supporting detail.
These costs reflect savings increments above the best state-of-the-art
recovery boiler technology available. Increments from industry average
conditions to improved 1eve1s could approach 1.5 to 2.5 times the above
values. 4

Table 1.1. Benefits from Proposed Research.

Goals: 1. Increased thermal efficiency
2. Increased process productivity
3. Improved equipment design potential
4. Improved process control potential
Targets:
1. Increased thermal efficiency
Value
Element Improvement 10° Btu/adtp  $/adtp
Increased fired percent solids 70 to 75% 2.3 1.5
Reduced flue gas temperature 350 to 325°F 1.2 0.74
Reduced carbon in smelt 1.5 to 1.0% 0.86 0.54
Reduced sootblowing steam 3.0 to 2.5% 0.72 0.45
(Total) 5.1 3.2
2. Increased process productivity
Incremental production 1% inc. 2.25 $/adtp

INDUSTRY VALUE: ‘
1. Increased thermal efficienty
5.1 x 10% Btu/adtp x 44 x 106 adtp/yr = 2.2 x 1013 Btu/yr
2.2 x 1013 Btu/yr x $5.0 x 10-6/Btu = $110,000,000/yr
2. Increased process productivity (1%)-
0.01 x $225/adtp x 44 x 100 adtp/yr = $100,000,000/yr

- 13 -



1.4

1.5

1.6

Thermal efficiency and process productivity goals are not independent. The
recovery boiler 1s often found to be the bottleneck in the entire pulping
process. Thermal efficiency is often sacrificed for high productivity.
Thermal efficiency and productivity increases may not be realized simulta-
neously. On the other hand, the recovery boiler is the only pulp mill
operation which can often claim that improved unit productivity will result
in increased mill-wide productivity.

The in-place capital investment in recovery boiler technology is so .large
( $10,000,000,000) that radical changes, expansions, and replacements will
be rare for the foreseeable future. Barring a significant departure from
the kraft process in the near term, the industry will be firing black
Tiquor in “Tomlinson-1ike" boilers through the year 2000.

ORGANIZATION

Organization of the project initially came from Dr. T. E. Farrington,
Assistant Professor in the Engineering Division of IPST, and Dr. D. T.
Clay, Associate Professor, and Dr. T. M. Grace, Profassor, in the Chemical
Sciences Division. With the move of IPST from Appleton to Atlanta, these
individuals elected not to relocate. To maintain project continuity, IPST
engaged consultant Dr. T. N. Adams on a part time basis to assume primary
technical responsibility. Subsequent to this, Dr. H. L. Empie was hired as
Group Leader for Recovery and accepted organizational responsibility for
the project. Mr. T. M. Spielbauer, a PhD candidate at IPST, elected to do
his thesis research in the area of liquor droplet formation mechanisms, and
is expected to contribute significantly to the success of the project.

SCHEDULE

The work reported here represents Tasks 1 and 2 of a 5-task project
covering a total of 4 years. Successful completion should lead to a second
phase involving implementation at some mill location.

SUMMARY OF CURRENT NOZZLE TECHNOLOGY

The performance of spray nozzles for kraft black liquor has been the sub-
ject of recent investigations (2, 3, 19). Though research is incomplete,
some information is available about the performance of the three basic
types of black liquor spray nozzles: the splashplate, the swirl cone, and
the U- or V-type. Data are presented on the flow and pressure drop charac-
teristics of two of these nozzle types which allows judgment of the sen-
sitivity of the flow to normal mill variations in liquor properties. Data
are also presented on several aspects of spray formation and droplet size
distribution. Nozzle stability is discussed with respect to flashing ahead
of the nozzle. It is found that the minimum nozzle operating pressure will
have to be significantly increased to suppress flashing ahead of the nozzle
when firing high solids, viscous liquors. Ref. (3) is attached as

Appendix 1.
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2.0 DROPLET FORMATION WITH PRESSURL NOZZLES

2.1

DROPLET FORMATION FROM LIGAMENTS

A11 of the conventional commercial black liquor nozzles belong to the
category known as pressure atomizing nozzles. Pressure atomizing nozzles
form droplets by first forming sheets of 1iquid at the edge of a stationary
or rotating surface. The sheets break up into droplets due to surface ten-
sion and viscous forces within the liquid, and the action of shear forces
between the liquid sheet ‘and the surrounding gas. This mechanism is
referred to as wave disintegration. It is illustrated in Figure 2.1.

The oscillatory motion in wave disintegration is caused by aerodynamic for-
ces. This type of motion is called Helmholtz instability and is the same
phenomenon observed with a flag blowing in the wind. The sheet begins to
oscillate soon after it is formed. Surface waves in the liquid sheet are
reinforced by aerodynamic drag forces. The oscillations grow until the
sheet ruptures between the wave nodes and ribbons of fluid detach from the
sheet at the leading edge. The ribbons which detach are half a wavelength
in width. They collapse into cylindrical Tigaments, due to surface tens1on
forces, and the ligaments collapse into droplets.

The initiation of waves in liquid sheets is not entirely understood, but
seems to result from disturbances upstream of the nozzle, from pumps,
piping, or the nozzie itself. The key feature of these disturbances is.
that they are random and disorganized. This will contribute to the breadth
of the ultimate droplet size distribution. Whatever the nature of the
disturbarnces, it is the action of the surrounding gas on the sheet which
accentuates the resulting waves and eventually causes the sheet to break
up. Dombrowski and coworkers (8,9,10,14) have studied droplet formation by
the wave disintegration mechanism. Their model of this process provides a
quantitative relationship between liquid properties, droplet size, and
operating parameters.

The mathematical model of Dombrowski and coworkers is for a circular, sheet
forming nozzle. They treat the natural oscillation frequency of the sheet
which depends on the liquid velocity and the gas and liquid properties to
calculate a single characteristic droplet size. Their expression for this
droplet size is:

183
Dm:oumml[?_"_] [1 + .____é_P_____Jl/G

o] 0
V2 Npio Djigamen

(2-1)

where

AR RV
5 Ogé[pjws[gno}m Le260 Bnp,v.
ligament = U, - —— . 2
g pel Lpiv2 72 p? o5 (2-2)

The term By fn Equation (2-2) fs a constant for a particular nozzle given by:

By = 4.87x10~7 + 0,553 A, (2-3)
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‘———— Wave formation ————-l
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Fragmentation and
ligament formation

Figure 2.1, Droplet formation by 1iquid sheet disintegration
based on Dombrowski and co-workers (8,9,10,14),
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where:
Ddrop = droplet diameter, m

= ]igament diameter m
) 19qrent

d viscosity, Pa-s
o = surface tension, N/m

Py = liquid dens1ty, kg/m
Pg = gas density, g

A = nozzle area, m

Bn = nozzle constant, m2

= liquid velocity, m/s

A considerable simp11f1cat10n of the above equations is possible for typi-
cal black 11?uor nozzles. The last term in the expression for Diy gament

in Equation

2) which involves 2.6M 1s always much smaller than one for
all conditions of firing black liquor, so it can be ignored.

Table 2.1

Sensitivity of Predicted Drop Diameter to Fluid and Operating Parameters

Predicted
Parameter Droplet Diameter,mm Change
Low High Low High with Increase
Nozzle diameter, Dp,mm 12.5 50 2.5 6.1 +47%
Fluid velocity, v, m/s 7 23 4,69 2.60 -45%
Fluid viscosity, M, Pa-s 0.03 0.3 2.71 3.88 +43%
Fluid dens1ty, Py, kg/m3 1250 1450 3.16  3.05 - 4%
Fluid surface tension, €, N/m 0.025 0.06 2.93 3.34 +14%
Gas density, Pg, kg/m3 025 1.0 3.10  3.08 - 1%

Table 2.1 indicates that the expected sensitivity of droplet diameter to changes
in fluid properties is not very strong. The two o~erating parameters, nozzle
diameter and fluid velocity, are far more influential in droplet formation by the
mechanism of sheet break up. Below, these predicted results will be compared to
the limited data available on black liquor nozzles.
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2.2 BLACK LIQUOR NOZZLE DATA

Bennington and Kerekes [7] were the first to report on the size and size
distribution of droplets from black liquor nozzles. They used small, com-
mercially available grooved-core nozzles similar in operation to the CE-type
swirl cone nozzles used currently for firing black liquor. The nozzle ori-
fice size for their nczzles was only 0.7 mm in diameter, about one thirtieth
the size of a commercial nozzle. The droplet sizes from these nozzles are
much smaller (about 0.3 mm) than those from commercial black liquor nozzles
(about 3 mm). The spray chamber used by Bennington and Kerekes was not
heated, so surface cooling of the spray may have influenced the droplet for-
mation process.

Bennington and Kerekes obtained data on water and on 65% glycerol/water
solution at room temperature, and on black liquor at elevated temperature.
The black liquor had a dry solids content of 55% and was fired at a tem-
perature of 120°C (248°F). The resulting viscosity was somewhat lower than
typical black Yiguor firing conditions at 0,015 Pa.s(15 cp). The viscosity
of the glycerol/water was also about 0.015 Pass. The nozzle pressure for
each was the same, 1.38 MPa (200 psi). This high pressure along with the
small nozzle size and the relatively low viscosity led to the small droplet
size obtained in their tests.

Results of their tests showed that black liquor appears to yield a much
broader size distribution than water or ¢glycerol/water.

The apparent differences in this data are somewhat misleading. The mass-
median droplet sizes for the three fluids under apparently similar con-
ditians are gquite different. ~The viscosity of glycerine and black liquor is
fifteen times that of water. tHowever, black Tiquor sprayed at 120°C into a
25°C environment would lose water by evaporation and cool during droplet
formation. Its viscosity would increase, and the resulting droplet size
would: be larger. Given this, the observed differences in median droplet
sice are not too surprising.

The data show two dmportant features of this type of droplet formation.
When plotted das o function of the diameter divided by the mass-median
diameter, the data from the three fluids are nearly identical. The very
broad size distribution for black liquor is solely a result of its large
median diameter,  This grooved-core nozzle produces the same type of size
distribution for all three fluids.

[t dis Tmportant to note that, if the operating conditions for the three
fluids were manipulated to produce the same mass-median droplet size, then
the size distributions for each would be identical. The size distribution
about the mean is not a function of the operating parameters or fluid pro-
pertics, but of the mechanism for shecet break up. The basic characteristic
of this mechanism is that it is random or disordered, and this results in a
broad size distribution,

sennington and Ferekes correlated their data on water and glycerine sprays
with a relatively simple equation. For qrooved-core nozzles they used
correlations of the form:

by, - ke Be ® (2-4)



where:
D3, = Sauter mean diameter of the size distribution, m
K = an empirical constant

Dp = hozzle diameter, m
Re = Reynolds number .
We = Weber number

0,9 = correlating exponents

The droplet diameter D3p is the Sauter mean diameter. This is the fic-
titious spherical droplet which has the same surface-to-volume ratio as the
~distribution as a whole. The subscripts stand for exponents on the diameter
in the integration to evaluate the surface area of the droplets. The Sauter
mean diameter is often used when surface transfer processes such as droplet
drying or combustion are being considered. The Sauter mean diameter and the

' mass-median diameter are directly related; D3p is typically 80% of the mass-

median+diameter.

Bennington and Kerekes correlated their data for water and glycerol/water
sprays based on the Sauter mean diameter. Their correlation is:

D3p = 1.6 DyWe-0-18 Re=0-18 444y | (2-5)

The substantial uncertainty indicated by the +44% scatter is unfortunately
characteristic of droplet spray data. Equation (2-5) under-predicts the
droplet size data for black liquor sprays by a factor of two. Although the
operating conditions for glycerol/water and black liquor were the same, the
black liquor produced substantially larger droplets. The initial black
Tiquor viscosity was the same as the glycerol/water viscosity, but these
droplets are small enough, and the liquor hot enough, to cause drying and
cooling to occur during droplet formation with black liquor. Bennington and
Kerekes speculated that this might be the cause of the differences. Much
more data would be required to evaluate this. However, if it were true,
changes in the black liquor properties would have to be very substantial to
cause the observed differences in the droplet size. This would substantially
complicate black liquor nozzle design because droplet size would then be very
dependent on the thermal environment surrounding the spray of black Tiquor.

In another study reported by Farrington [11], practical black liquor nozzles
and other commercially available nozzles were evaluated. Included are a
CE-type swirl cone nozzle, a B&W splash-plate nozzle, and a commercial
hollow cone nozzle. As with the previous data, Farrington's data have been
plotted as a function of the diameter divided by the mass-median diameter.
These curves, like those of Bennington and Kerekes, overlap substantially,
~indicating that the size distribution for each nozzle is very similar. Had
the three nozzles been operated to produce the same mass-median droplet
size, the size distributions would be very difficult to tell apart. All
three nozzles were operated with the same fluid, so the differences in the
droplet size would be due to nozzle divameter and fluid velocity. Neither
was reported.

The size distributions from the two studies are very similar. This simi-
larity is initially surprising considering that three different fluids were
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used, including black Tiquor, and that four different nozzles were used, one
of which was one-thirtieth the size of the others. This similarity allows
several important conclusions to be drawn about sheet-forming nozzles,
despite the very limited. data that are available:
1. The mass-median size of the droplet size distribution will depend
specifically on the design and operation of the nozzle. :
2. The mean droplet size will not be very sensitive to reasonable
variations in the measurable fluid properties.
3. With black liquor there is an, as yet, unknown interaction with the
- nozzle or the environment which causes the mean size to be different
from that for fluids with apparently similar properties.
4, For a surprisingly wide range of designs and conditions the size
distribution from sheet-forming nozzles is very similar.
5. The size distributions from sheet-forming nozzles are always much
broader than would be desirable to control both entrainment and
wet Tiquor to the bed in black liquor recovery boilers.

EFFECTS OF DRYING

A few aspects of black liquor drying will be presented here. First, an
important physical feature of black liquor is that its basic character
changes as it s evaporated to higher solids. At dry solids contents below
approximately 50%, water is the continuous phase with the inorganic and
organic dissolved or suspended in the water. However, at dry solids con-
tents above approximately 50%, and certainly at firing conditions above 62%
solids, the water is no longer the continuous phase [23]. The polymeric
solids form the continuous phase and the water is distributed within the
polymer phase. This leads to several important features of black liquor,
one of which is its characteristic of drying.

When strong black Tiguor droplets are exposed to a high temperature environ-
ment, heat transfer and drying begin almost immediately. Surface evapora-
tion occurs as well as vaporization of water within the droplet. When
internal vaporization occurs, the observed effect is rapid expansion,
bursting, and collapse of the droplet. This is a very dynamic process, but
no observation of whole droplet shattering has been made. Rather, the

effect is more like a balloon which expands due to internal gas pressure to
the Timit of strength of the elastic material of the balloon. The balloon
splits, gas is expelled, and the balloon material collapses back onto itself,
without loss of balloon material, This is the routine observation in black
Tiquor droplet drying, and is probably due to the fact that the polymeric dry
solids material in black liquor is the continuous phase under normal firing
conditions, Flashing of steam within the droplets just after leaving the
nozzle would be expected to show the same effects, very violent expansion,
bursting, and collapse without substantial loss of solid material. Flashing
would then not be expected to cause shattering of the droplets.

The only data available on the effect of superheat on droplet size distribu-
tion is that of Bennington and Kerekes [7] as part of the study described
above. They first showed the effect of superheat on the Sauter mean droplet
size for water sprays. At temperatures bhelow 100°C (212°F) increasing water
temperature decreased the droplet size, as would be expected from Equation
(2-5). However, when the temperature exceeded the boiling point of water,
the droplet size increased by nearly 50%! The effect of temperature on
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black Tiquor was different than for water. With black liquor, the mean
droplet size decreased smoothly as the liquor temperature was increased past
its boiling point. Though this is very 1ittle data to base a final Jjudg-
ment of the effects of flashing on black liquor, it is consistent with the
basic mechanism of black liquor droplet drying. Evaporation of water from
black liquor during droplet formation probably does play a key roll, but in
its effects on the viscosity and surface tension rather than in flashing.

Once liquor droplets are formed, they are subject to stresses associated
with aerodynamic shear as they move through the surrounding gas. An impor=
tant issue in dealing with droplet combustion is whether or not the droplets
break up into smaller droplets as a result of these stresses. Droplets
disintegrate by this mechanism depending on a balance between the forces due
to lift and drag, and the resistance to breakup due to surfuce tension and
viscosity.

FLOW AND PRESSURE DROP CHARACTERISTICS OF BLACK LIQUOR NOZZLES

INTRODUCTION

Control of the black liquor droplet size for combustion optimization in
practical mill applications is the main thrust of these studies. Proper
selection of nozzle size and number is dependent on a knowledge of the flow
and pressure drop characteristics of these nozzles.

In the mill situation, black liquor nozzles are connected through rigid gun
extensions and flexible hoses to ring headers which encircle the recovery
boiler. These ring headers are typically 15 cm (6 inches) in diameter while
the connections to the individual nozzles are 2.5 to 5 cm (1 to 2 inches) in
diameter. Reasonable engineering calculations of flow and pressure drop
characteristics in these lines are possible, given a knowledge of the black
liquor viscosity. However, the geometry of the various types of nozzles has
made calculation of the pressure drop across them less certain.

The purpose of this section is to present data on the flow and pressure drop
characteristics of black liquor nozzles. The discussion is broken into sec-
tions which: 1) describe the three most common types of black liquor nozzles
and show the range of their usual operation; 2) describe the spray facility

where the flow/AP data for the nozzles were taken; 3) present the available

data for four nozzles; and 4) discuss the data in terms of the fluid mecha-

nics of nozzle flow.

[PST SPRAY FACILITY DESCRIPTION

The experimental facility used to obtain the data reported in this section
was constructed at The Institute of Paper Chemistry in Appleton, W[ (now the
Institute of Paper Science and Technology in Atlanta, GA) 1in order to study
the spray characteristics of black liquor nozzles (2). The flow loop con-
sists of a 1.9 m3 (500 gallon) storage tank, fluid preparation and pumping
systems, and a spray booth. The spray nozzle beiny tested is located at the
top of the spray booth and sprays the working fluid down into a catch Ltank
at the bottom of the booth. The pressure, temperature, and flow of the
fluid are measured immediately ahead of the nozzle. The fluid viscosity can
be measured either off-line in the laboratory using a benchtop viscometer
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from Brookfield Engineering Labs., Inc., Stoughton, MA, or continuously 1n a
by-pass 1ine located ahead of the spray nozzle using a Brookfield on-l1ne
viscometer. Viscosity data along with all other data around the flow loop
1s continuously recorded using a digital data acquisition system.

Three flulds were used in taking the data presented below: two kraft black
Tiquors and a corn syrup. One of the 1iquors was obtained from an east
coast southern kraft mill., The other 1iquor was obtained from an upper mid-
western kraft mill. Corn syrup was selected as another working fluid for
these nozzle tests because 1t has a solids content and a viscosity similar
to black liquor at typical mill firing conditions. Corn syrup is also known
to be a Newtonian fluid over a wide range of shear rates. The Newtonian
viscosity measured by the Brookfield instiruments was sufficient to charac-
terize black Tiquor and corn syrup viscosity at the relatively low shear
rates in these nozzles. The range of fluid properties and operating con-
ditions used in these tests 15 presented in Table 3.1.

TABLE 3.1

Fluid Properties and Operating Conditions for the IPST Nozzle Flow/AP Tests

Black Liguor Corn Syrup
SI units Engr. units SI units ngr. units

Specific gravity 1,35-1.39 1.35-1.39 1,38 1.38

Dry solids 66 - 69% 66 - 69% 73% 73%
Temperature 92 - 117°C 198 - 243°F 25 - 94°C 77 - 201°F
Pressure 21 - 502 kPa 3 - 73 psi 41 - 646 kPa 6 - 94 psi
Flow 0.5 - 2.5 1/s 7.5 - 40 gpm 0.3 -2.31/s 5 ~ 36 gpm
Viscosity 34 - 140 mPa-s 34 - 140 cP 160 - 1238 mPa-s 160 ~ 1238 cP
No. of data points 37 37 108 108

3.3

In addition to the above data, three data points were used from work on a
B&W 12-49 splashplate nozzle by the B&W Alliance Research Center (18).
These data were taken with a midwestern kraft black liquor at 53% solids
and 25°C (77°F).

BLACK LIQUOR NOZZLE DESCRIPTION
Babcock & Wilcox Splashplate Nozzle

Splashplate-type nozzles are widely used for black liquor spraying. The
basic arrangement is a straight tapering nozzle section which causes the
black Tiquor flow to impinge on a flat plate at angles ranging from 35° to
55°, The flow flattens into a broad fluid sheet which subsequently breaks
into ligaments and droplets after leaving the plate. A schematic diagram
of a typical black liquor splashplate nozzle from the Babcock and Wilcox
Co. (B&W) is shown in Figure 3.1. Two of these nozzles were used in
taking the data presented in the following sections.
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One nozzle will be referred to as a B&W 12-49 while the other is a B&W 15-52, The first two
digits in this nozzle designation refer to the nozzle exit diameter measured in thirty-seconds of an
inch, The diameter for the first is 12/32 (0.375 inches or 0.95 cm) while the second is 15/32
(0.469 inches or 1,19 cm). The second two digits in this nozzle designation refer to the angle at
which the fluid exiting the nozzle orifice strikes the splashplate, The jet from the first nozzle
impinges on the splashplate at a 49° angle. Due to practical test considerations these nozzles were
selected from the small end of the spectrum of nozzle sizes used in commercial service.

For gll the nozzle types the flow/AP characteristics will be presented in terms of flow coefficients
which are used in equations of the form;

AP=C‘f%sz‘ (3~1)

where:
AP = pressure drop across the nozzle, Pa
Cr = flow coefficient, unitless
p = fluid density, kg/m3
Vp, = fluid velocity at the minimum flow area, m/s

The characteristic flow velocity for the nozzle is evaluated at the minimum flow area. The minimum
flow area is easy to identify for the B&W splashplate nozzle because it is the exit area, but it is less
straightforward for some of the other nozzles.

The flow coefficient is related to the other commonly used parameter for characterizing the flow/AP

relationship for nozzles—the discharge coefficient, Cp. The discharge coefficient is used in the
equation:

Q = volume flow rate, m3/s

where:

A == flow area, m2
Cp = discharge coefficient, unitless
SO that:
Cr=—- (3-3)
CZ
D
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A sharp-edged orifice has a Cp of approximately 0.6 while a flow nozzle has a Cp near 1.0. This
results in a range for Cy¢ from 1.0 to 2.8. | |

- The flow coefficient is the sum of contributions from inertial acceleration and viscous losses. The
inertial acceleration term is the diffzrence in velocity head between the entrance and the minimum
flow area. The inertial acceleration term will be unaffected by the specific condition at the no.zle:

entrance if the initial velocity head is much smaller than the velocity head at the minimum flow
area. The velocity head is given‘by: : '

hy = 2 V2 | | | (3-4)
where:
hy = velocity head, m?/s2

By continuity:

Ae Ve=Ap Vp . (3-5)
where: '

A, = flow area at the entrance, m?

Ve = velocity at the entrance, m/s

Ap = minimum flow area of the nozzle, m2

so that for circular cross sectional areas:
hve _ (DnV
hee~ (D (3-6)
where.:
- D =diameter at the entrance, m

D, = diameter at the minimum flow area, m

For the B&W splashplate nozzle the entrance diameter is approximately 1.8 times the nozzle
diameter so that:

hie (16 | :
e =(T5) =009 (3-7)

The entrance velocity head is less than 10% of the nozzle exit velocity head, so the flow coefficient
will be insensitive to specific inlet conditions.
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The viscous term for fully developed pipe flow is expressed .in the form:‘

1 L C ‘ (3-8)
AP:_pVZ--_.‘ . !
2 D Ren
with:
PVD (3-9)
Re = nu
where: .
V = local average velocity, m/s
C,n = constants
Re = Reynolds number
M = fluid viscosity, Pa-s
L/D = pipe length-to-diameter ratio

Characteristic dimensions and flows for the mill app]icafion of BaW
splashplate nozzles are presented in Table 3.2.

TABLE 3.2

Typical dimensions and flows for B&W splashplate nozzles

SI units Engr. units
Nozzle exit diameter 1.9 to 3.2 cm 0.75 to 1.25 in.
Operating pressure 124 to 330 kPa 18 to 48 psi
Nozzle exit velocity 13.7 to 24 m/s 45 to 80 ft/s

Black liquor viscosity - 0.05 to 0.25 Pa-s 50 to 250 cP
Reynolds number 1400 to 21,000 1400 to 21,000

Using an upper limit for Reynolds number of 2000 for laminar flow, it can
be seen that the flow regime for the B&W splashplate nozzle spans the range
from laminar flow to turbulent flow.

Equation (3-8) is specivically for fully developed flow. Fully developed
flow only occurs when the pipe length-to-diameter ratio, L/D, is fairly
large. The usual range for fully developed turbulent flow is an L/D
greater than 10, while L/D must be greater than 100 for many laminar flow
situations. For the B&W splashplate nozzle the L/D is only approximately
4.3, and most of this length is tapering. Therefore, the fully developed
flow equation for viscous loss is not directly applicable to this nozzle,
or to the other black liquor nozzles. For this reason a prior calculation
of flow-pressure drop characteristics of black Tiquor nozzles would bhe
quite difficult.
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Combustion Engineering V-type and U-type Nozzles

V-type and U-type nozzles are widely used in spray applications. Combustion Engineering Inc.
offers both types for black liquor service. A schematic diagram for each type is shown in Figure 3.2
The nozzle consists of a cylindrical passage capped with a hemisphere. A V-shaped or U-shaped
notch is cut diagonally across the cap, producing an approximately elliptical nozzle opening. The
opening in the V-type nozzle has a narrower aspect ratio and sharper corners than the U-type. The -
plan area of the U-type is closely approximated by a true ellipse, while the V-type is somewhat less
so. The area and equivalent circular diameter for each are given by:

Au=gbe (3-10)

Dy=+v bec | (3-11)
L8

Ay--O‘gsz (3_12)

where:
Ay = nozzle exit area for U-type nozzle, m?
Dy = equivalent circular diameter for the U-type nozzle, m
A, = nozzle exit area for the V-type nozzle, m2
Dy = equivalent nozzle diameter for the V-type nozzle, m
b,c = major and minor axis dimensions for the U- and V-type nozzles, m

For the data described below, a CE U-type nozzle was used for which the major and minor axis
dimensions were 13.5 mm and 9.1 mm (0.53 inches and 0.36 inches). The equivalent circular
nozzle diameter is 11.1 mm (0.44 inches). As well, a CE V-type nozzle was used for which the
major and minor axis dimensions were 18.3 mm and 8.3 mm (0.72 inches and 0.33 inches). The
equivalent circular nozzle diameter is 11.7 mm (0.46 inches).
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Figure 3.2, Schematic diagram of a CE V-type and a
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For both the U-type and the V-type nozzle the entrance diameter is more than twice the nozzle exit
diameter. As with the splashplate nozzle, the flow/AP characteristics will be insensitive to the initial
flow conditions at the nozzle entrance.

V-type and U-type nozzles have not been in black liquor service as long as the splashplate or the
other common nozzle, the swirl cone. However, values of dimensions and flows for current
practice with V-type and U-type nozzles should be similar to those for the swirl cone. Typical
wvalues are presented in Table 3.3

TABLE 3.3

_SI units Engr. units
Minimum nozzle diarneter 1t01.9cm 0.4 to 0.75 in,
Operating pressure 82 to 125 kPa 12 to 18 psi
Nozzle velocity . 9to 11 m/s 30 to 37 ft/s
Black liquor viscosity 0.03 to 0.15 Pa-s 30to 150 cP
~ Reynolds number 810 to 9405 810 to 9405

Combustion Engineering Swirl Cone Nozzle
Swirling conical spray nozzles are also widely used in spray applications, Combustion Engineering
Inc. has used a swirl cone nozzle for black liquor service extensively. Only in the past several
years have the V-type and U-type nozzles been offered as an alternative. Figures3 shows a
schematic diagram of a CE swirl cone nozzle. It consists of a pipe with a conical cap which
contains a circular exit orifice, Immediately behind the cap is a plate or block which contains two
spiral grooves that impart a swirl component to the flow. This combination results in a swirling
~ conical spray pattern from these nozzles.

The geometry for these nozzles results in a minimum flow area at the grooves in the swirl plate.
For a typical black liquor nozzle in mill service, the diameter of the exit orifice is 1 inch (2.5 cm)
while the equivalent circular flow area dimension for the grooves is only 0.75 inches (1.9 cm). The
groove area is the appropriate one to use in order to characterize the flow/AP behavior of these
nozzles,

As with the other black liquor nozzles, the entrance dimension is more than twice the minimum
flow dimension, so the inlet conditions will not affect the flow/AP characteristics of CE swirl cone
nozzles. The swirl cone nozzle contains a tapered section and its length-to-diameter ratio is similar
to the splashplate nozzle. The general impact of viscous losses would be expected to be similar to
that of the splashplate nozzle. The typical dimensions and flow characteristics are the same as for
the V-type and U-type nozzles given in Table 3,3,
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SPLASHPLATE NOZZLE DATA

Data for the two B&W splashplate nozzles on pressure drop, flow rate,
viscosity, and nozzle geometry were used to calculate the maximum velocity,
the nozzle Reynolds number, and the flow coefficient. Shown in Figure 3.4
1s a plot of flow coefficient as a function of Reynolds number. The pat-
tern shown in Figure 3.4 1s typical of many flow situations where Cf
decreases smoothly with increasing Reynolds number until a constant value
1s reached. Flow coefficient correlations are usually for a single flow
element of uniform dimensions. This 1s not exactly analogous to the
situation of the more complex splashplate nozzle. The curve in Figure 3.4
would apply only to nozzles which are geometrically similar to the B&W
splashplate nozzle. Geometric similarity would count on similarity of
nozzle length-to-diameter ratio, and on similarity of the taper from the
entrance to the exit. The flow would also have to disengage from the
nozzle exit before striking the splashplate itself,

The data in Figure 3.4 have been correlated with a simple two-term equation
resulting in an overall flow coefficient which is equal to a constant term
plus a term which is a function of Reynolds number. The correlation is:

Cs = 1,17 +R§%192 (3-14)
eve ‘

The constant term in this expression, 1.17, represents the contribution due
to inertial acceleration. The second term involving the Reynolds number,
Re, represents the contribution of viscous loss.

A plot of the predicted AP based on Equations (3-1) and (3-14) versus the
actual measured AP for the splashplate nozzle is shown in Figure 3.5. The
fit of the data 1s seen to be quite good. The black liquor data is dif-
ferentiated from the corn syrup data in this figure. It can be seen that
the data fit and the data scatter for the two fluids (actually four fluids
because three black Tiquors were used) are very similar. Not readily
apparent 1in this figure is that the three black liquors (two fired hot and
one fired cold) are also very similar to each other. ‘

U-TYPE NOZZLE DATA

The pressure drop data for the CE U-type and V-type nozzles are plotted in
Figure 3.6 in a manner similar to the splashplate nozzle data. It can be
seen that there is very little difference in the flow coefficient between
the CE U-type and V-type nozzles. The same general pattern can be seen for
the flow coefficient as a function of Reynolds number in this figure as was
seen for the splashplate nozzle, but with one key difference -- the curve
is displaced to lower Reynolds numbers. This is not too surprising con-
sidering the geometric differences between the splashplate and the U-type
and V-type nozzles. The entry section of the U-type and V-type 1is very
large compared to the nozzle orifice so the velocity head is quite low,
Viscous losses in these nozzles would be appreciable only at Tow Reynolds
umbers.,
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The data in Figure 3.6 have been correlated in a manner similar to that for
the sp1ashp1ate nozzle. The best fit flow coefficient correlation is:

, 2780 (3~15)
Cg = 1,16 + pal.65

A plot of the predicted AP based on Equations (3-1) and (3-15) versus the
actual measured AP for the U-type and V-type nozzles is shown in Figure
3.7, Data for these nozzles were only taken with corn syrup. The com-
parison in Figure 3.7 1s quite good.

DISCUSSION

The data and correlations presented for the two types of black liquor
nozzles reveal some important practical results for both the field applica-
tion of these nozzles and for the laboratory study of black liquor sprays.

Comparing the usual operating conditions for the BaW splashplate nozzle
given in Table 3.2 to the data in Figure 3.4 shows that black Tiquor visco~
sity 1s not an important parameter in this nozzle's flow characteristics.
The flow coefficient for this type nozzle at the lowest practical Reynolds
number of 1400 1s only 1.65 and above this Re 1t quickly decreases to the
constant value of 1.17. The viscous loss term constitutes only 29% of the
overall flow coefficient at the most extreme practical operating point. It
would be expected that the flow coefficient is nearly a constant for the
broad range of routine mill operations. The flow characteristics would
therefore be nearly independent of black liquor viscosity, temperature, and
solids. This would coniribute to the insensitivity of these nozzles to
normal fluctuations in mill operating conditions, and would make operating
pressure a good indicator of black 1iquor flow (though ring header pressure
would have to be corrected to nozzle pressure drop).

The same comments would be true for the CE U-type and V-type nozzle.

Though the operating Reynolds number range for these nozzles 1s generally
lower, the flow coefficient curve is also shifted lower. At the lowest
practical Reynolds number of 810 the viscous term contributes 1ittle to the
flow coefficient. Again in the broad range of practical mil] operations,
the flow characteristics of the U-type and V-type nozzles would be insen-
sitive to black liquor viscosity, solids, and temperature.

Though data are not available for the CE swirl cone nozzle, the geometric
parameters indicate that the flow characteristics of this nozzle should be
similar to those for the B&W splashplate nozzle shown in Figure 3.4.
Viscous losses will be more important for this nozzle than for the other
nozzles. The gecneral operating conditions for the swirl cone are given in
Table 3.3. Comparing the operating conditions to the likely flow charac-
teristics reveals significantly greater 1ikelihood of sensitivity of this
nozzle to routine 1iquor property fluctuations and settings. Data will be
required to confirm this speculation.



3.7

An additional practical result from these tests is black liguor's apparent
similarity to other fluids. Though black liquor viscosity can change dra=-
matically with solids and temperature, as well as from liquor-to~1iquor,
1ts flow characteristics at a given viscosity are apparently the same as
other fluids at the same viscosity and density. As well, in comparing
black Tiquor under the highest shear rates for normal flow conditions to a
fluid which 1s known to be Newtonian, there 1s no apparent effect of black
1iquor's known complex rheology at high shear rate (15). This is mainly
due to the relatively modest actual shear rates comﬁared to those required
for black 1iquor to show non-Newtonian rheology. Tnis supports the use of
simple fluids, such as corn syrup, for calibration and other purposes 1n
studies of black liauor sprays. Such use significantly eases experimental
procedure and extends the range of experimental conditions with a fluid
which 1s far easler to handle and characterize than black 1iquor.

CONCLUSIONS ON FLOW/AP CHARACTERISTICS OF BLACK LIQUOR NOZZLES

Tests have been carried out on four black liquor spray nozzles using three

“black 1iquors and one corn syrup. B&W splashplate nozzles and JE U-type

and V-type nozzles were investigated over a range of operating conditions
which spanned the range of routine pulp and paper mill operations. The
following conclusions can be drawn from these tests:

1. The flow and pressure drop characteristics of black liquor nozzles
follow a regular pattern with respect to a Reynolds number which is
based on the minimum flow area.

2. Flow coefficient data for these nozzles can be correlated with a simple
two-term fit. The first term represents inertial acceleration and the
sacond represents viscous Toss.

3. For both types of nozzles tested, the viscous loss term is only mini-
mally important at the extreme lower end of the normal mill operating
conditions. Thus, for most normal operating conditions, only the
constant 1nertial acceleration term is important to the flow
characteristics.

4. As a result of the constant inertial acceleration term, the B&W
splashplate and the CE U-type and V-type nozzles should be insensitive
to routine fluctuations in black liquor viscosity, solids, and
temperature.

5, Due to the particular geometry of the CE swirl cone nozzle, its flow
characteristics are Tikely to be much more sensitive to routine black
Tiguor fluctuations, but additional nozzle flow data 1s needed to con-
firm this.

6. Comparison between the three black liquors and the corn syrup reveals
that the Tow-shear Newtonian viscosity of black 1iquor characterizes
this fluid well for flow studies.
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Figure 3.7. Comparison of actual and predicted pressure drop

for a CE U-type and V-type nozzle using corn syrup as a working fluid.
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4,0 FLUID SHEET THICKNESS AND VELOCITY AT THE TIP OF A BLACK LIQUOR SPLASHPLAT.

4,1

4,2

WOZZLE
INTRODUCTION

A11 current commercial black Tiquor nozzles are designed to produce a fluid
sheet which expands as 1t moves away from the nozzle. Expansion causes

thinning, while at the same timeé aerodynamic forces cause the sheet to

become wavy instead of smooth. As we discussed in Section 2.1, the com=-
bination of these two effects eventuallv causes the sheet to break into
1igaments, which subsequently break into droplets.

EXPERIMENTAL

The velocity of the top surface of the fluld sheet was measured with an
optical instrument loaned to the Institute of Paper Chemistry by the Beloit
Corp., Beloit, WI. The principle of operation of this device is described
in an article by Franzen (13). This instrument consists of two fiber optic
probes located a short distance apart in the direction of flow and a small
distance above the fluid sheet. The transit time of the fluid between these
two probes 1is determined by cross correlating the passage of random irregu-
larities in the sheet surface., Top surface velocity 1s calculated from the
ratio of the known probe separation distance divided by the measured transit
time. Alignment of the probe with the direction of flow is important. This
was accomplished by rotating the probe siightly at each angular position
until the maximum velocity reading was obtained.

Two problems contribute to the lack of previous study of the relationship
between the fluid sheet and the initial fluid stream. First, the flow
geometry between the final nozzle passage and the point of formation of the
fluid sheet is complex enough to defy analytical description. Only recently
have numerical procedures been developed which could eventually predict the
fluid flow pattern of these nozzles. The second reason no literature is
available on the formation of fluid sheets in spray nozzles is the experi-
mental difficulty due to the small size of most nozzles. Nozzles are typi-
cally designed to produce droplet sizes in the range from 20 to 200 um,
Sheet thicknesses have similar dimensions and nozzle passages are typically
only ten times larger. This results 1n extreme experimental difficulty.

Black Tiquor nozzies have a significant advantage over most nozzles., They

are always designed for large flows 1.9-9.5 1/s (30-150 gpm), and for large
drop sizes of approximately 2 to 4 mm. This simplifies measurement of both
sheet thickness and velocity and provides a unique opportunity to investi-

gate the impact of fluid properties and nozzle flow parameters on them.

This section will present data and a simple analysis of the fluid sheet
thickness and velocity for one type of black Tiquor nozzle, the Babcock and
Wilcox Co. splashplate nozzle. The experimental facility used to obtain
the data reported here was the same as reported in the previous section.

Two fluids were used in taking the data presented below: black Tiquor and
corn syrup, The liquor was obtained from an upper midwestern kraft mill,
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The two splashplate nozzles (described previously) were instrumented to
measure the sheet thickness at three angular locations along the rim of the
splashplate itself. The velocity of the top surface of the fluid sheet was
measured at six angular locations just beyond the rim. A schematic diagram
of these locations is shown in Figure 4.1. A photograph of a fully instru-
mented splashplate nozzle is shown in Figure 4.2. ‘

Measurement of sheet thickness was accomplished with simple extension
micrometers. The calibrated micrometer handle located away from the spray
was connected by a flexible extension to a support plate located above the
splashplate surface.. Sheet thickness measurements were taken by moving the
micrometer tip inward until it just touched the flowing fluid sheet sur-
face. The point at which the tip just came into contact with the surface
was very precisely indicated by a large visible disturbance in the fluid
top surface flow pattern. The micrometer reading noted at the top surface
of the fluid was subtracted from the reading obtained by extending the
micrometer tip to the surface of the splashplate to obtain the fluid sheet
thickness. ‘
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41mm

Sheet thickness measurements at
24° 48°, and 67°

| Sheet top surface
velocity measurements
every 12° from 0° to 72°

Figure 4.1, Schematic diagram of the sheet thickness and top

surface velocity measurement positions for the B&W\sp]ashp]ate nozzle.
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Figure 4.2. Photograph of the sheet thickness and top

surface velocity measurement apparatus.



4.3 RANGE OF TEST CONDITIONS

" The ranges of fluid property and operating parameters for these tests are

given in Table 4.1. ,

TABLE 4.1

Fluid Properties and Operating Parameters for the
IPST Sheet Thickness and Velocity Tests

Black Liquor Corn_Syrup

SI unit§ Engr. units SI units Engr. units
Nozzle diameter 9.5-12 mm 0.37540.47 inch 9,5-12 mm  0.375-0.47 inch
Dry solids | 66-69% 66-69% 73% 73%
Temperature 92-104°C 198-219°F 49-68°C 120-154°F
Pressure 21-501 kPa 3-73 psi 41-488 kPa 6-71 psi
Flow 0.5-1.6 1/s  7.5-25 gpm 0.5-1.5 1/s  7.5-23 gpm
Nozzle Velocity 4.,2-22 m/s 14-72 ft/s 4.2-18 m/s 14-59 ft/s
Viscosity 73-135mPa-s  73-135 cP. 159-397 mPa-s  159-397 cP
Number of tests 24 24 45 45

The flow pattern for splashplate nozzles is by no means simple. First, the
circular flow from the nozzle exit strikes the splashplate at an angle bet-
ween 35° and 55°. Though most of the flow goes forward and spreads out on
the splashplate, there is a stagnation point at the center of the
splashplate approximately in line with the centerline axis of the nozzle
passage. This means that some of the flow will be directed back on the
splashplate surface toward the nozzle exit. This backward flow causes two
flow irregularities. First, a portion of this flow will enter the groove
which surrounds the nozzle exit. It will flow around the groove from both
directions, meet at the top, and be forced out along the flow direction on
the top free surface of the nozzle exit flow. As well, the backward flow
which does not enter the groove will be forced out the sides of the nozzle
resulting in a very thick edge or rim on the fluid sheet. This is shown in
Figure 4.3 for one very low-pressure corn syrup flow. In this case the
rims are extraordinarily thick and the central flow from the groove is
completely separated from the main flow. This extreme case shows the
effect of the back flow, though under normal circumstances the rims are
somewhat less prominent and the groove flow enters the top of the main
nozzle flow causing a V-shaped disturbance in the fluid sheet.

This description emphasizes that fluid flow is quite complex for even this

relatively simple geometry. The data presented below cover the range of
lateral angles which is lease affected by these flow non-uniformities. As
such they represent only a partial picture of the whole sheet of spray.
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4.4 SHEET THICKNESS AND VELOCITY DATA

Shown in Figure 4.4 1s a plot of the sheet thickness as a function of angu-
lar position for corn syrup at two viscosities and one flow rate for the
B&W 15~52 nozzle. Figure 4.5 shows the sheet top surface velocity data for
the same tests. These are typical of the data taken throughout this test
series both in terms of apparent scatter and the observed trends.

In order to present all the data on a readily comparable basis, it is con-
venient to non-dimensionalize the thickness and velocity data. A reduced
sheet thickness and reduced sheet velocity were defined as follows:

\ (4-1)

Yp =¥
v (4-2)
Vr‘ = Vn
where:

Yp = reduced sheet thickness, unitless
Y = sheet thickness, mm
D = nozzle exit diameter, mm
Vi = reduced top surface velocity, unitless
V' = sheet top surface velocity, m/s
Vn = nozzle exit velocity, m/s
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Figure 4.3. Photograph of a low velocity corn syrup

spray showing center and edge non-uniformities.
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Nozzle diameter = 11.9 mm
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Figure 4.4. Sheet thickness data for the B&W 15-52 nozzle using corn

syrup as a working fluid at a nozzle velocity of 7.1 m/s (12.5 gpm).



Nozzle velocity = 7.1 m/s.
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Figure 4.5. Sheet top surface velocity data for the B&W 15-52 nozzle using

corn syrup as a working fluid at a nozzle flow of 0./9 1/s (12.5 gpm).
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4.5

In addition 1t will be convenient to define a reduced viscosity as:

ur = 5O | (4-3)

where:

p = reduced viscosity, un1t1ess
p = density of the fluid, kg/m3

This reduced viscosity can be recogn1zed as the reciprocal of the nozzle
Reynolds number.

Using the reduced parameters, data for sheet thickness and top surface
velocity have been plotted as a function of angular position in Figures 4.6
and 4.7. In Figure 4.6, reduced sheet thickness generally decreases with
increasing angle from the sheet centerline, though at higher viscosities
the data show an increase for the highest angle. This figure also shows
that sheet thickness generally increases with fluld viscosity.

Figure 4.7 for reduced top sheet velocity as a function of angle shows that
reduced velocity also generally decreases with angle. Reduced velocity,
however, generally decreases with increased viscosity.

Though some trends emerge from these data, 1ittle use can be made of them
in their present form. Though complete analysis of the fluid flow is not
possible, a simple analysis leads to correlation techniques useful in
extracting more information from these data.

DEVELOPMENT OF CORRELATION TECANIQUE

Though portions of the flow on the splashplate surface are affected by back
flow, the middle angles investigated in this study are relatively free of
these effects. In addition, though the fluid mechanics of oblique impinge-
ment of a round 1iquid Jet on a flat plate is beyond current analysis pro-
cedures, it is likely that the parameter dependence of this flow 1s similar
to that for normal impingement. A simple analysis of the flow with normal
impingement s possible.

For normal impingement of a circular jet of an inviscid fluid on a flat sur-
face, the flow quickly spreads out uniformly in all directions. With an
inviscid fluid the flow only slows in the region of the stagnation point.

At a distance away from the stagnation point approximately equal to the jet
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diameter the flow velocity 1s substantially parallel to the plate surface
and equal to the initial Jet velocity. The thickness of tha sheet {s dic-
tated by continuity. The thickness times the circumference of the sheet
must equal the inftial Jet area.

With viscous fluids this pattern changes. Continuity still dictates that
the thickness times the circumference times the average sheet velocity must
be a constant equal to the inftfal jet volumetric flow. However, viscous
drag at the plate surface slows the flow and produces a velocity profile.
Because the flow 1s slower, the thickness at each radial location fis
greater than for the inviscid case. For the case where the measurement
radius 1s well away from the stagnation point, certain assumptions will
allow a simple analysis of both continuity and momentum to be made from a
knowledge of sheet thickness and top surface velocity. These assumptions
are that: 1) the velocity profile 1s linear so that the average sheet
velocity 1s equal to one-half the top surface velocity, and so that the
shear rate 1s just the ratio of top surface velocity to the sheet
thickness, and 2) all the viscous losses occur after the point where the
sheet velocity 1s substantially parallel to the plate surface.

Based upon the two above assumptions the continuity equation can be
expressed as:

2TRY V=7D2V, (4-4)

where!
R = radius along the plate from the stagnation point, mm

Equation (4) can be rewritten in the form:

(%

According to Equation (4-5) the reduced velocity should plot as a straight
line as a function of the reciprocal of the reduced thickness. The
distance to the measurement point is fixed by the thickness measuring
apparatus, so "R" in Equation (4-5) 1s the same for both nozzles. Equation
(4-5) then indicates that the slope of the plot of V, versus 1/Y; should be
Tower for the 12-49 nozzle than for the 15-52 nozzle.
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The reduced velocity for each test, averaged over the measurement angles,
is plotted 1n Figures 4.8 and 4.9 as a function of reciprocal reduced
thickness, also averaged over angle. A1l the data for both nozzles plot as
reasonably straight 1ines. Considering that the data are averaged over an
angular range, and that not all data are available at all angles, the con«
t1nuity equation 1s reasonably satisfied, As well, comparison of the two
figures shows the slope of the 12«49 plot 1s findeed less than that for the
15-52 plot by approximately the ratlo of the diameters of the two nozzles.

The momentum equation in this analysis 1s more complex than the continuity
equation. Using a linear veloclity profile at each radial Tocation, the
shear stress at the plate surface for a circular differentlal element 184

twdAaanu¥dR (4-6)

where:

tw = shear stress at the wall, Pa
dA = differential area, mm?
dR = differential radius, mm

The momentum flow through any cross=-section is:
M=2nRYpV2(%) (4-7)

The final term on the RHS of Equat1on (4-7) results from the integration of
the linear velocity profile across the face of the flow cross-sectfon.

The momentum equation becomes:

2 9 (RY V2 \
0=§“P”A$TT“J+Z”R“Y (4-8)
Using the continuity equation, this can be rewritten:
oV 192 U 2 v2 -
0=BR+ R V (4 9)

2
p D4 Vy
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Using a boundary condition that the top .surface velocity equals the nozzle
velocity at the location where viscous losses start:

V=V, at R =Rg | ‘ (4-10)

The momentum equation integrates to: ,
1 . R (RoVd] © }
<W—1_wzm[&ﬂ _(D)] | S (s-11)

The last bracketed term on the RHS of Equation (4-11) is a constant for
each nozzle. The reciprocal reduced velocity should be a linear function
of the reduced viscosity. The LHS of Equation (4-11) is plotted as a func-
tion of the reduced viscosity in Figures 4.10 and 4.11 for the two nozzles.
Considering the averaging of the data over angle, the plots are reasonably
good straight lines.

For convenience, Equation‘(4-11) can be rewritten in three alternative forms:

L = pC1+C2 | - (4-12)
V- ‘
Yo = rC3+Cyq y (4-13)
Yp(1-Vp) = p Cs + Cg (4-14)

where:
C1...Cg = are constants for each nozzle

The vaiues of the constants in Equations (4-12)-(4-14) determined by least-
mean-square (LMS) fits of the data are given in Table 4.2.

TABLE 4.2

Values for the LMS fit constants for Equations (4-12)-(4-14)

Nozzle Cq Co C3 Cqy Cs Ce
B&W 12-49 632.4 0.8738 31.85 0.08308 37.85  0.001057

B&W 15-52 375.5 0.9344 23.85 0.1080 30.16 0.001447
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nozzle firing liquor at a viscosity of 150 mPa-s.



Velocity, m/s

15
B&W 12-49 nozzle
10 1
°
5 -
—— Sheet top surface velocity
® B&W droplet velocity data
O ‘ v T v Y v | v T

10 12 14 16 18 20

Nozzle Velocity, m/s

Figure 4.13. Comparison of droplet velocity data and calculated
sheet top surface as a function of nozzle velocity for a B&W 12-49

nozzle firing liquor at a viscosity of 150 mPa-s.

- b8 «



4'6

Because of the limited data and the simplifying assumptions, these
equations and derived constants must be viewed simply as convenient corre=-
lating equations for the data. They will be used below to compare the pre-
sent data to previous data on the spray characteristics of one of these
nozzles, and to estimate the sensitivity of spray drop size to viscosity.

DISCUSSION

Previous data on fluid sheet thickness and velocity are not available for
comparison, but data are available for one of the nozzles used in these
tests on droplet size and droplet velocity (4,18). Previous analytical
work (8,9,10,14) has shown a direct relationship between fluid sheet
thickness and ultimate droplet size so that trends in one should be
reflected in the other.

Reported data (4,18) for the impact of nozzle velocity on both droplet size
and velocity are available for the B&W 12-49 nozzle. The data were taken
with black 1iquor as a working fluid. The black 1iquor was fired at
approximately 53% solids and 25°C(77°F) resulting in a viscosity of 150
mPa-s (150 cP). Data were collected on droplet size distribution and
velocity with .a Malvern Drop Size Analyzer at a location approximately 1.22m
(4 ft) from the nozzle. Data were collected at three locations: along

the centerline of the spray, at the edge of the spray, and at a location
half way between these two. The mass median droplet diameter is shown as a
function of the nozzle velocity in Figure 14 for all three locations along
with a curve for sheet thickness based on Equation (16). The generally
decreasing trend in the data with increased velocity is matched nicely by
the sheet thickness correlation. As well, the sheet thickness is approxi-
mately 60% of the ultimate mass median drop diameter, consistent with ana-
lytical development (1,8,9,10,14).

Data from the same study by Babcock & Wilcox (4,18) also deals with the velo-
city of the droplets at a distance of approximately four feet from the
nozzle. The 1iquid sheet leaves the nozzle with an average velocity
approximately half the top surface velocity. The resulting free fluid

sheet, 1igaments, and ultimately droplets are acted on by aerodynamic drag.
The speed of the droplets at a distance of four feet would be expected to

be somewhat less than the average sheet velocity. Plotted /in Figure 15

are the B&W data for droplet velocity as a function of nozzle velocity

along with the velocity based on Equation (15). Again, the comparison of
trend is quite good.

Though neither of these comparisons is definitive concerning the operation
of even this one nozzle, the levels and trends are consistent. The insight
derived from the data and correlations can be used to examine one other
aspect of nozzle performance which is of immediate practical importance.
Black liguor in pulp and paper mill operation is being fired at higher dry
solids levels than in the past for reasons of energy efficiency, higher
recovery boiler capacity, and greater safety. This trend seems 1ikely to
continue with industry average as-fired liquor solids increasing from the
current level of between 65 and 70% to a level between 75 and 80%.



4.7

Higher firing temperatures can be used to offset the dramatic increase in
viscosity that results with higher Tliquor solids. However, the maximum
temperature is limited by flashing ahead of the nozzle, so higher as-fired
1iquor viscosity can be anticipated at the higher solids levels. Equation
(16) gives some insight into the impact of black 1iquor viscosity on the
£1uid sheet thickness and therefore into ultimate droplet size. Plotted in
Figure 16 1s the fluid sheet thickness as a function of viscosity for one
nozzle (the B&W 12-49) and for one flow rate 51.1 1/s or 17 gpm)
corresponding to a nozzle velocity of 15 m/s (49 ft/sg. The viscosity
range covered is from 25 to 1000 mPa-s (25 to 1000 cP) which spans the
range of current and anticipated as-fired black 1iquor viscosity. Not
surprisingly, the sheet thickness increases with viscosity. The fincrease
in droplet size would be expected to be similar. However, the sheet
thickness increases by less than a factor of two and a half for a ten-fold
increase in viscosity. This relatively low sensitivity of sheet thickness
{s consistent with theory - (8-10) and means that at least this one type of
nozzle should allow relatively easy transition to higher black liquor dry
solids in normal pulp and paper mill operation.

CONCLUSIONS ON FLUID SHEET CHARACTERISTICS FOR A BLACK LIQUOR NOZ/ZLE

The fluid sheet thickness and top surface velocity have been measured for
one type of black liquor spray nozzle using two working fluids - black
1iquor, and corn syrup. Several conclusions can be drawn from both the
experimental data and the correlations developed from simple theory.

1. Due to their large physical size, black liquor nozzles provide a unique
opportunity to investigate the fluid sheet formation process.

2. Due to back flow from the stagnation point on the splashplate surface,
the fluid flow pattern for B&W splashplate nozzles is complicated along
the centerline of flow and at the edge of the spray.

3. Data on fluid sheet thickness and top surface velocity taken at angular
positions between these two extremes result in fairly regular and con-
sistent flow data.

4, Plots of fluid sheet thickness and top surface velocity show a
generally decreasing trend with increasing angle away from the cen-
terline of the spray. They also show an increase in sheet thickness
and a decrease in top surface velocity with increasing fluid viscosity.

5. Application of the continuity and momentum equation to a simpler flow
geometry under two very specific assumptions leads to equations for
sheet thickness and top surface velocity which correlate the data very
well.

6. Comparison of the correlations of the data presented here with previous
data on droplet size and velocity for a B&W 12-49 nozzle show good
correspondence.

7. Application of one of the correlations to the practical mill problem of
increasing as-fired liquor solids results in a plot of sheet thickness
as a function of viscosity. Consistent with theory, the sheet
thickness (and therefore likely the droplet size) is not very sensitive
to fluid viscosity, changing by a factor of less than two and a half
for a ten-fold increase in viscosity. This relatively low sensitivity
means that at least one nozzle, the splashplate, should allow relati-
vely easy transition to higher black liguor dry solids in normal mill
operation.
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Figure 4,14, Calculated sheet thickness as a function of fluid

viscosity for a B&W 12-49 nozzle operating at 15 m/s (17 gpm).
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6,0 DROPLET SIZE DISTRIBUTION OF BLACK LIQUOR SPRAYS

.1

5‘2

INTRODUCTION

Daspite the fmportance of droplet size and size distribution to optimum
recovery boller performance and safety, only one previous study has dealt
with the characterization of black 1iquor sprays from conventional nozzles
[6]. One further study (20) has investigated black liquor droplet formation
from jets using vibratory assist to produce narrow size distributions.,

This section presents data from recent studies of black ‘iquor droplet for-
mation from conventional splashplate and swirl cone recovery boiler
nozzles. These studies were carried out at two different laboratory faci«
11ties, the All{ance Research Center of the Babcock & Wilcox Co. and IPST,
Both studies used kraft black 1iquor as the test fluid and used nozzles
which are commercially available from the two North American recovery
bofler vendors, though they were the smallest nozzles available for this
purpose.

FACILITY DESCRIPTIONS AND TEST CONDITIONS

B&W Alliance Research Center

The tests were conducted in the Atomization Facility. This facility has
two 1.2 m x 2.5 m (4 ft x 8 ft) glass windows along the opposite sides of a
spray booth. These windows provide optical access for the laser-based
droplet sizing instrumentation. A splashplate nozzle 1s installed near the
upstream end of the windows, about 15 cm (6 inches) above the bottom edye
of the windows. The plane of the nozzle splashplate is nearly vertical,
with the flow axis of the spray directed horizontally. The resulting flat
vertical 1iquid sheet and spray occupy most of the view through the
windows.

Droplet size 1s measured at a distance of approximately 1.2 m (4 ft)
downstream of the splashplate and at three vertical locations. The initial
liquid sheet breaks into droplets before reaching this distance of 1.2 m.
The three vertical locations correspond to the spray centerline, the edge
of the spray, and a position fintermediate between these two.

The black Tiquor droplet size distributions were measured with a Malvern
ST2600 Droplet and Particle Size Analyzer. This analyzer 1s particularly
good at measuriny the lower end of the size spectrum. This {s shown in the
data from a calibration test using drilled holes 1n brass shim stock.

Table 5.1 shows the comparison of actual to measured values.

Heavy black liquor was obtained from a kraft mill at 63% solids. This
Tiquor was diluted to 53% solids so that its room temperature viscoslty was
approximately 0,15 Pa=s (150 cP) simulating the viscosity of hot, as-fired
black liquor at typical operating conditions. The viscosity of the Tiquor
was measured under several conditions both before and after the spray
tests., [For these tests the liquor was maintained between 24°C and 27°C
(76°F and 81°F),
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Table 5.1. Malvaern ST2600 Analyzer Calibration.

Hole S1ze, Measured Size, D{fference
mm mm %
7.94 6,43 «19
2,58 2.69 +443
1.561 1,67 +4.0
0.89 0.858 «346

Two nozzles were used during the B&W Alliance Research Center study. Both
were splashplate nozzles of standard B&W design. They had the same nozzle
orifice size of 0,95 cm (3/8-1nch), but had different splashplate angles.
One was 49° and the other 35°, These nozzles were operated at three flow
rates between 0.75 L/s to 1.14 L/s (12 to 18 GPM), A total of thirty five
runs were carrifed out. Black liquor droplet size distribution data for
three of the runs are shown in Figure 5.1. Complete specification of the
test conditions and the size distribution results are presented in Table

6.2,
100 T
[
2 80 r Square-root-normal
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A 1 10
Diameter, mm

Figure 5.1, Comparison of black 1iquor droplet size distribution
data for three test conditions with square-root-normal fit of
the data for B&W splashplate nozzles
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Fig. 5.2. Shadowgraph image for a black 1iquor
spray using the IPST flash X-ray Imaging System.

Heavy black 11quor was obtained from a kraft mi11. The chemical makeup of
the 11quor was obtalned and the viscosity determined for a variety of con=
d1tlons which spanned the normal operating range for the mi1l. The ox1da~
tion state of the sulfur was monitored during the test program fin order to
observe changes in the nature of the liquor when 1t was sprayed and
recycled back to the storage tank. No clear trend could be observed from
these data. The range of condltlons selected for these spray tests covered
the usual range of solids and temperature for many kraft mills, 66=72% dry
sollds and 104°C to 127°C (220°F to 260°F). Thls corresponded to a visco=-
sity range of 29 cP to 66 cP. Three nozzles were used 1n these tests., One
nozzle was ldentical to the 0,95 cm (3/8 1inch) 49° B&W splashplate nozzle
used In the tests at the B&W Alllance Research Center. A second B&W
splashplate nozzle was used which had a nozzle orifice 1.27 cm (0.5 1nch)
In dlameter and a splashplate angle of 49°, The third nozzle was a CE
swirl cone nozzle. Thils nozzle had an exit orifice of 1.27 cm (0.6 1nch)
but contalned a standard internal swirl block consisting of two spiral
grooves which 1mpart the swirl to the black Viquor flow Just ahead of the
exlt orifice. The total open flow area of these two grooves 1s equivalent
to the area of a 0.95 cm (3/8 Inch) diameter hole. This f1s the minimum
flow area for the nozzle and therefore the location of the maximum fluld
veloclty. This equivalent diameter will be used as the characteristic
dimension for the nozzle,

For the B&W nozzles data were taken along the centerline of the spray. For
the CE nozzle a mechanical catcher was used to divert a portion of the
spray cone out of the fleld of view of the x-ray system. As a result the
x-ray only passed through the spray sheet once, as with the flat B&W
splashplate sprays.

- ()/. -




Table 6,2, Data from B&W All1ance Research Center

Noeale Siae, Spluhplfu Hpray follde, TI‘IpH Vievoslty, Flow, Hax, Vel,, Hess Hedlan Btandard Hormalla
’

Type Ineh angle, Llocation z ¢p arH (il Dlac, wa teviatlon ved, Dev,
AW 0,314 ] dentaer 59 14 190 |1 16 119 0.4bd 0,316
(I} [FRRE] 49 centaer 3] 8 140 14 4y 1% 0,180 0,101
heW 0.31% "9 denter $) " 140 18 %2 1069 0,406 hedi?
BeW [FRRE] 9 centar 93 18 150 14 $2 b 0,362 0,292
MY 0,314 49 centar 313 18 140 ) %) lobd 0,348 0.iie)
hew [(FRRA} Wy edpe 93 18 150 K] 92 10 0,318 0.190
NhW 0,31 [R] edye $) ] 150 |8 12 (Y] 00349 0,218
bW 0,373 0y adye $) 18 (RY'] 14 0 1.9 0069 0,307
Hew 0,319 [(R] edye $2 10 1%0 [R] hY 1.1 0,424 0,749
L1 0,378 ] vige LN] 18 150 11 36 [ 0,310 0.1 N
LIY] 0319 L] edye L} ] ] 1 %0 (] 36 .11 Vih4o 0,290
[IL] 0,37 [}] | "avead, 8] ALl 150 11 o 1012 0,421 0,290
HeW 0,319 4y Iniarmed, %) i 10 1 16 7.0 0411 0,280
newv 0.31% W9 intermed, %) ] 1450 [B) 49 loHy 0.4 IREN]
LI'L] 0,379 9 Intermed, 513 8 150 14 (%) [FR ] 0,447 00t
[TL] 0,319 L] intarmed, %3 18 150 1] L ¥] Lot 0433 'FRRR)
Wew 0,314 49 Intoermed, 413 ] 150 18 52 1ol 0,3%? 0,04
heW 0,374 3 intermed, %) 14 150 12 16 2,00 0,402 0,240
new 0,318 3 Intearmed, 513 X] 150 11 36 .44 0.414 0.,24Y
LIL] 00379 14 Intarmed, %) ) (RY] R] '’}] 2018 0,627 0,28
(L] 0.37% 34 intarmed, %) 14 190 [R) b .09 0,439 00294
AW 0.371% 19 intetwed, 43 4 140 Hh LK ] Loty .33 0,294
new 0,379 1 fntermed, %) ] 140 8 $2 1ol4 0,79 0.8
([I%] 0.371% 14 wige 4 18 140 14 51 00 T 0.10%
LY 0.37% 1 vige 93 14 190 14 81 1,14 U.bbb 0,794
BewW 00379 3 tdyge %] 18 (RY/] (R [R) 1.4 0,194 0,744
LT 0,314 19 adye L] 18 140 [R] (%] .99 0.h0? 0,144
(1] 0,379 1S edge 51 X 1 %0 11 Jb .69 034} 0,14
AhW 0,319 14 edyae 43 14 150 11 16 2,04 0.38a0 0.7%
BeW 0.3 IR} center 4] 18 150 11 16 .81 0.419 0,240
LYY 0.31% I conter 4) 18 190 12 16 .16 0,409 0,140
Be W 0.3 1% cantaer $) 8 150 1Y 49 1,41 [ IREL} 0, )2
AL W 0.371% 19 centaer 5] 14 150 [R] 49 .39 0,49 0.1
kW 0,319 1 ventaer 5] 18 1Yo K] 51 Lot 0,402 0. 198
LT} 0.31% R} centac $3 18 150 4 ¥ 1082 060y 0,301
Avarage = 0,78b

THew, = |41

IHin, « #1

Instltute of Paper Sclence and Technology

The [PST tests were conducted {n the Flash X-ray Spray Facillty. In this
factlity black llquor Is sprayed downward Into & catch tank, A Hewlett-
Packard 43731A 150 kV flash x=ray source 1s almed horizontally through the
spray toward a sheet of Kodak DEF x-ray film, The black 1lquor droplets
absorb more of the x-rays than the surrounding alr and therefore leave a
shadow on the exposed fllm, The use of flash x~-ray to lmage a variety of
flows has been discussed by Farrington [6]. A typlcal x=-ray shadowgraph
for the spray from a B&W splashplate nozzle 1s shown in Flgure 2. The
flash x=ray system 1s located approximately 0,9 m (3 ft) below the nozzle
for B&W nozzles and approximately 0.6 m (? ft) for CE nozzles., 1t Is
apparent. from Flgure 5,2 that the Tlquid sheet and 1lgaments of black
Iquor have not completely broken into droplets at thls locatlon.
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The 1ma$es of the sprays on the shadowgraphs were analyzed with a Trapix
56/612 Tmage analyzer. Between 2000 and 4000 drops were examined for each
condition. Droplets smaller than 0.5 mn were not included in the automatic
analysis of these shadowyraphs, so there 1s an artificial lower 1imit at
0.5 mm which 1s apparent in the three size distribution data sets presented
1n Figure 5.3, Tﬁe potential effect of this lower 1imit will bhe discussed
below. A complete set of operating specifications and results for the
efght test conditions 1s presented in Table 6.3.

Square-root-normal

80 it of dala

3 a1
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§ e

[V}

@ 40 |
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3 20 f for thtee
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0 A 1 10

Diameter, mm

Figure 5.3, Comparison of black liquor droplet size distribution data
for three test conditions with square-root-normal fit of the data
for CE swirl cone nozzles.,

TABLE 5.3 Data from the Institute of Paper Science & Technology

Hossle Nlws, Gplashplate ipray Solide, Tewp.,, Viscoalty, Plow, Hax, Vel,, HNaes Nedlun Standard Wovrmalined
Type {ach angle, Locatlon b ‘y cP OPH {t/e bla,, mm Deviation Btd, Dev.
ox 0,379 cane - 67 250 36 20 58 3,06 0,404 0,231
[ 4 0,378 cone -~ 67 250 4 24 16 2.2 0,329 0,218
[ 0.,37% cana - (3] 160 19 10 98 1«90 0,269 0,195
(1} 0,374 cane - 47 260 29 7 8 1o 74 0,240 0.
ce 0,37% oune .o 19 260 bh 20 St 3.0) 0,429 0,247
ce 0.37% cona - 1 260 bh 28 8l 2,61 0,349 0.2149%
LY 0,279 h9 cgenter (Y] 120 Sh 17 49 2. 40 0. 414 0,240
BaW 0,375 49 canter 66 240 37 WY 64 2,99 00491 0,284
(1Y} 0,% 97 cantaer bt 220 56 10 49 2.58 0,371 0,13
(1%} 0,9 57 genter (X} 140 3 40 [} 1.6 0.%18 0,287

Average = 0,234
IHax . = |21%
IHin, = a0y

- 66 -



I

o w

5.3 CORRELATION OF SIZE DISTRIBUTION DATA

Characterizing the data curves in terms of only a few parameters can be
very useful in determining the effects of nozzle geometry and operating
conditions on droplet size distribution. Several distribution curves have
been suggested including log-normal, square root-normal, and Rosin-Rammler.
For pressure atomizers and two-fluid atomizers the square root-normal
distribution has been the most successful (17). This distribution has the
form:

1 (pl/2-(MMp)1/2)2
£ - - . s
(D) e exe ( Y }
where:
f(D) = distribution function
D = droplet diameter
MMD = mass median diameter
s = standard deviation

The square root-normal distribution fits the data for the black Tiquor
nozzles used in both sets of tests as is demonstrated in Figures 5.1 and
5.3. The applicability of the square root-normal distribution to the data
allows each of the size distribution curves to be represented by just two
parameters, the mass median diameter, MMD, and the standard deviation, s.
These values are included for each test run in Tables 5.2 and 5.3, along
with another parameter formed from them, the normalized standard deviation.
For the square root normal distribution, the normalized standard deviation
is defined as:

' = /T

This latter parameter is a better measure of the breadth of the size
distribution because it removes the effect of the median size.

For the spray data from the B&W Alliance Research Center the black liquor
properties such as percent solids, temperature, and viscosity were not
varied, so it is easy to determine the effects of the other variables:
splashplate angle, spray location, and flow velocity. The effects of these
variables on the mass median diameter and the normalized standard deviation
are shown in Figures 5.4 and 5.5.
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5.‘4

As can be seen in Figure 17, there is relatively little scatter between
duplicate runs, the 35° splashplate produces a larger mass median spray
size for given conditions compared to the 49° splashplate, and the spray
becomes finer as flow is increased. Though some of the curves in Figure 4
appear to be nearly linear, there is enough curvature in the others to make
any specific conclusion difficult.

Quite a different picture emerges from Figure 18. Only relatively small
deviation from an overall average value is seen for the normalized standard
deviation and no clear trend is apparent. From this it can be inferred
that the size distribution about the median does not change appreciably
under conditions which do change the MMD by nearly a factor of two. This
point will be discussed further below.

DISCUSSION

The extensively developed literature on droplet formation and spray

nozzles indicates there are many variables which affect the ultimate size
distribution. These variables include nozzle geometry, nozzle size, liquid
flow rate, fluid properties, and measurement location. The data from the
present two studies and from a previous study of black liquor sprays [6]
are too limited to clearly establish the impact of any one of these parame-
ters on black liquor sprays in recovery furnaces. However, the present
results are consistent with several aspects of previous observations of
spray performance. The most important result from the present work is that
practical advantage can be taken of the dependence of spray size on flow
velocity. The results presented in Figure 18 show that the normalized size
distribution for the spray is not strongly affected bty flow velocity. This
means that the fraction of droplets below a given size can be reduced by
increasing the mass median size. This is demonstrated in the three curves
of Figure 5.1. The mass of droplets smaller than 1 mm decreases substan-
tially for the conditions which produce larger values of mass median
diameter. Though there is stiil considerable uncertainty about the size of
droplets which produce carryover and boiler pluggage [1], it is clear that
reduced entrainment can reduce carryover. Avoiding the production of
undersized droplets by avoiding small values .of MMD is one approach to
doing this.

Bennington [5] summarized the results of many previous spray charac-
terizations which show the mass median droplet diameter decreases approxi-
mately with the square root of the flow velocity. Bennington's work with
small swirl cone nozzles and black liquor also showed a decrease with flow
velocity raised to the 0.54 power. The data of the current study are too
limited for a good correlation. However, the data of Figure 17 show the
trend that higher flow velocity produces smaller values of MMD. Using
larger nozzles for a given black liquor flow rate would reduce the flow
velocity and increase the MMD. Considering the limited extent of these
data and the need to avoid char bed blackout, caution would have to be used
in testing oversized liquor nozzles on an operating recovery boiler. Spray
size distribution data are usually badly scattered and specific conclusions
about correlations may be statistically correct but may not accurately
describe a specific nozzle or condition.
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The basic feature of sprays which allows control of undersized droplets is
the insensitivity of the normalized size distribution to system and oper-
ating parameters. The data of Figure 5.5 show the variation for various
test conditions. From Table 5.2 the average value for all the conditions
is 0.286. The maximum value is 15% greater than this and the minimum
value is 19% less. \

The values in Table 5.2 are for one nozzle type (B&W splashplate), one
black Tiquor, and one measurement technique. Bennington used water, gly-
cerol, and black liquor with very small swirl cone nozzles and obtained
droplet size distributions with average normalized standard deviation of
about 0.30. The maximum was 20% greater and the minimum 19% smaller,

Simmons [17] reported very extensive data on small pressure atomized noz-
zles using a range of fuel oils. These data covered more than two thousand
tests of one hundred nozzles using fuels which spanned the range of viscos- .
ities from 0.001 to 0.02 Pa-s (1 to 20 cp). Two data acquisition techniques
were employed, frozen wax-droplet and optical recording with subsequent
image analysis. The average value for the normalized standard deviation of
all the tests was (.24 with a maximum 17% greater and minimum 20% smaller.

Finally, the eight tests with hot black Tiquor at IPST listed in Table 5.3
show a normalized standard deviation for all three nozzles and all test
conditions of 0.234 with a maximum 22% greater and minimum 20% smaller.

This value of normalized standard deviation is smaller than that calculated
for the Alliance data (0.286) and that of Bennington (0.3). This may be
caused by the artificial minimum droplet size of 0.5 mm. Omitting the
smaller droplets tends to increase the MMD while reducing the standard
deviation, thereby decreasing the value of the normalized standard deviation.

In each of the four studies there is no obvious correlation of the nor-
malized standard deviation with any of the operating parameters. The data
of Figure 5.5 appear to be typical. The numerical value of normalized
standard deviation is slightly different for each of the studies, but the
statistical scatter in its value is very similar. At this point it is not
possible to conclude whether system and analysis technique or actual nozzle
and fluid parameters affect its value. Regardless of the cause of the dif-
ferences, the data support the use of oversized nozzles for carryover
control in recovery boilers.

What is most surprising from the data of Table 5.3 is the similarity of the
droplet size distribution from the splashplate and swirl cone nozzles.

This is supported by the comparison of the Alliance Research Center and the
Bennington data as well as by the direct comparisons within the IPST data.
Note that this similarity holds despite significant differences in liquor
operating conditions for some of the data. The similarity of the MMD bet-
ween similarly sized nozzles at similar flow velocities is also surprising,
but this may be an artifact of the IPST data. The IPST data were taken at
a spray location closer to the nozzle than for the other studies.
Incomplete droplet formation is evident in Figure 5.2. This, along with
the artificial Tower limit of 0.5 mm in the analysis of these data, would
tend to move the droplet size distribution toward larger drop sizes. This
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is evident in comparing data on the 49° B&W splashplate nozzle taken at the
Alliance Research Center and IPST. Considerably more data will be required
before conclusions can be drawn about the performance of these two nozzles.

An important additional observation from these tests which is not reflected
in the data concerns spray stability. The reported data are for conditions
which produced good droplet formation. In both test programs very poor
droplet formation occurred at conditions not too far removed from those
reported. The potentially hazardous condition of black liquor roping
reported by mi1l operators will depend on fuel and operating parameters.
Maps of nozzle operating stability would be extremely useful results accom-
panying further tests of black liquor spray size distribution.

CONCLUSIONS FROM SIZE DISTRIBUTION DATA

Two recent test programs have added considerably to the data base of black:
Tiquor. Conclusions which can be drawn from this work are:

1. A square root-normal size distribution function provides very good
correlations of black liquor spray size distributions. This is con-
sistent with previous spray studies of black liquor .and other fluids
and allows characterization of size distribution with only two parame-
ters, the mass median drop diameter and the normalized standard
deviation. '

2. Available spray data indicate that the normalized size distribution
doesn't change, or changes very little, as a function of nozzle
geometry, flow conditions, and fluid properties.

3. Both the available black Tiquor data on droplet size distribution and
the insensitivity of normalized standard deviation lead to a practical
approach to control of undersized droplets. Oversized nozzles give
Tower flow velocities for a given black Tiquor flow. This results in a
larger mass median droplet diameter and a lower fraction of undersized
droplets. Cautious use of this approach is needed to avoid unstable
nozzle operating conditions which cause poor droplet formation
conditions.

4. There is still insufficient data on black Tiquor spray nozzles to draw
conclusions about the impact of nozzle geometry and fluid properties.

5, More data are needed on conditions which produce stable nozzle opera-

tion and good droplet formation before dropiet correlations can be used
confidently in mill operations.
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6.0
6.1

6.2

DROPLET SIZE DISTRIBUTION FUNCTIONS
INTRODUCTION

The purpose of spraying is to break a coherent stream of fluid into many
individual fluid elements. This increases the surface area of the fluid
available for enhanced heat and mass transfer between the fluid and the
surrounding gaseous media. Spray drying of foods and fuel atomization for
combustion are two examples. The individual fluid elements are, of course,
droplets, with an accompanying implication of spherical geometry. This fis
often, but not always, correct. For single phase Tiquids the ultimate
fluid element shape is approximately spherical. For materials or mixtures
which change phase while equilibrating with the surroundings, other shapes
may be formed. For almost all commercial sprays the fluid passes through a
transition stage where the shape is approximately cylindrical. This is the
stage of ligament formation and breakup. The ligaments and the subsequent
droplets usually have a wide range of sizes.

Accurate portrayal of the spray process requires description of both the
shape and the size distribution of the fluid elements of the spray. This
description changes as the spray passes through various breakup stages, and
may not have an ultimate or final stage. For example, the combustion of
black 1iquor involves the breakup of a liquor stream first into ligaments,
then into "droplets", and finally into gaseous combustion products. For
the large droplet sizes characteristic of black liquor sprays the overlap
of the droplet formation and droplet combustion stages is considerably less
than for other fuel atomization situations. Comparison of different black
Tiquor spraying conditions can probably be accurately portrayed on the
basis of the size distribution of the approximately spherical droplets of
Tiquor Jjust prior to combustion.

NORMAL DISTRIBUTION

The range of droplet sizes in most commercial sprays is very broad, more
than two orders of magnitude between the diameter of the smallest and that
of the largest. Indeed, like many processes found in nature, there is no
tsmallest" or “largest" drop size of the spray. This is inherent in the
normal or Gaussian distribution used to describe many naturally occurring
phenomena. ‘

Droplet sizes away from the mid-range simply occur less frequently.
Practical measurement techniques span only a finite range of sizes, so they
inherently lose some information about the spray size distribution in the
wings of the distribution. ‘

Mathematical description of droplet sizes in a spray are most often pre-
sented in the form of distribution functions. Many of these distribution
functions have the basic form of the normal or Gaussian distribution:

f(x) = 1 exp| (X - X)2 (6-1)
SV 2 2 2
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where:

fraction which 1ie between X and X + dX
distributed variable

standard deviation of the distribution
median value of the distribution

><{n ><~——
u u n o

This is the familiar bell-shaped normal distribution when the fraction in a
small increment, dX, is plotted as a function of the distributed variable,
X. For spray characterization there is a more useful form which is the
"cumulative fraction less than"., This can be expressed:

X

C(X) =,/ﬂs 1 exp - [gx§¥32! dX | (6-2)
VZh )

C(X) = Cumulative fraction of material with a distributed variable
smaller than X.

A more useful form of this expression can be obtained by changing the
variable from X to & variable which is the "number of standard deviations,

V\ : (6-3)

-

r\=u‘

S

The expression for C then becomes:

C(h) = f 1 exp I:- D_Z_J dn (6-4)

This is the familiar normal curve expressed in standard deviations away
from the median., It is shown in Figure 6.1. Note that there is 68.2%
within + 1 standard deviation of the median and 98.8% between + 2.5 stan-
dard deviations,

SIZE DISTRIBUTION OF BLACK LIQUOR SPRAYS

The above expressions were presented using a distributed variable, X,
instead of droplet diameter, D, because for most sprays the droplet
diameter is not distributed in the manner of a normal curve. This is
illustrated in Figures 6.2 and 6.3 for some black liquor spray size distri=
butions. The data in Figure 6.2 are spray distributions for a B&W
splashplate nozzle taken by the B& Alliance Research Labs., while those in
Figure 6.3 are for both CE swirl cone nozzles and B&W splashplate nozzles
taken by IPST. Both sets of data are plotted as the Cumulative Per Cent
Less Than a Given Diameter versus Droplet Diameter. A1l the data show an
"S-shaped" curve, but the top portion of the curve is much longer than the
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bottom portion. If the droplet diameter were normally distributed, then
the curves in Figures 6.2 & 6.3 should look 1ike that in Figure 6.1; 1.e.
the tail should be as long as the head.

From a comparison of Figures 6.1, 6.2, and 6.3 1t can be concluded that
droplet diameter for black liquor sprays is not normally distributed about
the median droplet size. This is a common result for most spray situations
and for many other physical processes such as pulverization. Other size
distributions are developed to describe the Cumulative - Percent - Less -
Than as a function of Droplet or Particle Diameter. These distributions
often rely on the form of the normal distribution but use a function of the .
diameter as the distributed variable. One widely used distribution is the
l og-Normal distribution. For this distribution it is assumed that the
rogarithm of the diameter is normally distributed. This is often very good

- ‘for fuel and mineral pulverization, for example. For spray situations a

Square Root-Normal distribution has been more successful.

DISTRIBUTION FUNCTION FOR BLACK LIQUOR SPRAYS

Distributions other than the normal distribution are, for the most part,
simply handy empirical expressions to describe complex distribution data.
Judgment of the utility of a given distribution function to describe spray
or particle size distribution is based on comparison of certain plots of
the data. The most common application of this is a log-normal plot. The
data are plotted on a grid with one axis being a logarithm scale while the
other is a normal scale. The normal scale is linear in the number-of-
standard-deviations away from the median, n. It is usually shown as
Cumulative - Percent - Less - Than with the scale based on the normal curve
of Figure 6.1. On such a grid a true log-normal distribution would plot as
a straight line.

Spray droplet size distribution data have been found to fit a Square
Root-Normal curve better than Log-Normal. To provide a visual comparison
for judging the plotting method, a set of curves has been presented in
Figure 6.4. These four curves show how an assumed Square Root-Normal
distribution would look when plotted on grids which are: square root-
normal, linear-normal, quarter root-normal, and log-normal. Of course the
assumed Square Root-Normal distribution plots as a straight Tine on a
Square Root-Normal grid. On the other grids it is decidedly curved.

One complicating factor with these plots 1is that the actual distribution
may not follow the assumed distribution over the entire range of diameters.
This is often due to an upper or lower cutoff either in the droplet size
distribution or in the measuring technique. For example, in a real spray
situation aerodynamic forces may break up the largest droplets, thus
Timiting the maximum droplet size. Another example would be the lower
Timit of detectibility of the measuring instrument which could 1imit the
smallest droplet size measured. Upper and lower cutoffs modify the plots
of the data in particular ways. The effect of a lower cutoff on the square
root-normal distribution is shown in Figure 23. As the Tower cutoff limit
is approached, the straight line curves downward. An upper cutoff would
cause the straight 1ine to curve upward as the upper cutoff 1imit was
approached.
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Plots for one of the B&W black 1iquor sprays are shown in Figure 6.6 using
the same grids as in Figure 6.4: Square Root-Normal, Linear-Normal, Quarter
Root=Normal, and Log~Normal. A straight 1ine is shown in the square root-
normal plot., The B&W data are most 1inear in this plot, but it does curve
downward at the low end Just as for the curve in Figure 6.5 for a lower
cutoff 1imit. The other three curves 1n Figure 6.6 are all curved at both
upper and Tower ends. At the lower end they curve downward in the manner of
a lower cutoff limit. The curvature at the upper end of each curve is
similar to that in the equivalent grid of Figure 6.4. Taken together these
curves indicate that the droplet distribution for the B&W data 1s best
represented by a square root-normal distribution with a lower cut off.

Shown in Figure 6.7 are data for four of the B&W sprays plotted on Square
Root~Normal grids. Similar plots for the IPST spray data are shown in
Figures 6.8 -~ 6.10 for both B&W ¢nlashplate nozzles and CE nozzles.

Scatter in these data is evident, but all of them show nearly linear pro-
files at the upper end and downward curvature at the lower end. This indi-
cates that a square root-normal distribution with a lower cut off limit will
provide the best representation of black 1iquor spray size distributions.

ESTIMATING THE MEDIAN DIAMETER

Each spray measurement system will have Timitations on the range of droplet
sizes which can be accurately measured. Figure 6.5 showed the effect of a
lower cutoff limit on the square root-normal plot of the data. Though the
data from both B&W and IPST show only a lower cutoff, there is potential
for an upper cutoff. It is important to be able to estimate the impact of
these measurement errors on the estimation of the true median diameter.

Figure 6.11 shows the impact of a lower cutoff limit on both the shape and
the observed median diameter for four ratios of lower cutoff limit-to-
median diameter, LCO/MD - O, 0.3, 0.6, 0.9. When LCO/MD {is small, less
than about 0.3, most of the plot is still a straight Tine and the observed
median diameter is very close to the true value. For larger values of
LCO/MD the curve becomes progressively more curved and larger errors are
incurred in the observed median diameter. Figure 6.12 shows the error in
the measurement of median diameter as a function of the ratio of the lower
cutoff 1imit to the observed median diameter. Serious errors are avoided
as long as the lower cutoff is less than about one-third of the observed
median diameter.

An upper cutoff 1imit would have a similar effect on both the curvature and
the error in the observed median diameter. Figure 6.13 shows the error in
the measurement of the median diameter as a function of the ratio of the
upper cutoff 1imit to the observed median diameter. Serious error fis
avoided in the measurement of median diameter as long as the upper cutoff
limit is more than twice the observed median diameter.

These results indicate that plots of spray size distribution data on square
root-normal grids can be used to judge the quality of the measured data.

The plots should be linear through the middie region, the apparent lower cut-
off 1imit should be no more than one-third of the observed median, and the
apparent upper cutoff 1imit should be at least twice the observed median.
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7.0
7.1

7.2

FLASH X-RAY TECHNIQUE FOR BLACK LIQUOR SPRAYS

INTRODUCTION

An imaging technique based on the use of short bursts of x-rays has been
developed at the Institute to visualize fluid flows. The technique was
originally developed to capture information about ballistic or explosive
events., Short bursts of x-rays on the order of 100 nanoseconds or less
were used to obtain stop-action images. This technique allowed images to
be taken within optically opaque test specimens.

The applicability of the flash x-ray technique (FXR) to situations relevant
to the pulp and paper industry was recognized by Ted Farring' 1.

Farrington and co-workers modified and developed this techni ¢ for coating
and forming flows as well as sprays (11,12).

Several advantages have been recognized for FXR in flow visualization -~
imaging flows within opaque coating flows, stop-actions of impulse drying
events, stop-action of droplet formation. Under proper circumstances,
excellent resolution on the order of 100mm is possible. However, the
constraints on system arrangement for good resolution and image contrast
are relatively rigid. The Timitations of the FXR technique for imaging
industrial scale black 1iquor sprays is presented below.

Image Blur or Penumbra

The Flash X-ray technique 1s similar to ordinary medical x-ray both in
terms of general arrangement and dose. The significant difference comes in
the very short duration of the x-ray burst with FXR. X-rays are generated
at a source, travel in straight lines away from the source, are partially
absorbed by various media, and expose film sheets specifically manufactured
for sensitivity to x-rays. The image on the film is a shadow of the
objects located between the source and the film. The image density and
image contrast depend on the absorptivity of objects for x-ray radiation.

The image sharpness or resolution of a film exposed by FXR depends on the
specific geometry of the source, object, and film as well as on the x-ray
source size. Because FXR is a shadow technique, the geometry is very
straightforward. Shown in Figure 7.1 is the general geometric layout of
the source, object, and film. The example situation depicted in this
figure is for a black liquor drop being imaged with the Hewlett-Packard
150kV Flash X-ray Source. Not shown are the film holder and screens which
are used to protect the film and enhance the image.

A1l x-ray sources have a finite size. The H-P 150kV source is approxima-
tely 3mm in diameter. Just as with ordinary visible shadows, the specific
geometry of source, object, and film can affect the magnification of the
shadow. On top of this 1is the blur or penumbra due to the finite source
size, The three x-ray lines show that a partial shadow will surround the
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{mage that would be farmed with an infinitesimally small source (that asso-
clated with the middle of three x-ray lines). The magnitude of the blur
depends on the size of source, the source-to-film distance, and the object-
to-f1lm distance. The simple equation for blur is:

OTFD {5
Blur = STFD-0TFD (7-1)
where:
S = source size, mm
OTFD = object-to-film distance, cm
STFD = source-to-film distance, cm

For example, with a 3mm scurce, an OTFD of 15cm (6 inches), and a STFD of
150cm (60 inches) the blur is 0.33mm. This would significantly complicate
image analysis of droplets smaller than O.5mm.

Minimizing blur for a particular application primarily involves correct
positioning of the source and film with respect to the object being
studied. The next sections deal with constraints on OTFD and STFD for
industrial scale black liquor sprays.

BLACK LIQUOR SPRAY THICKNESS

Investigation of black 1iquor sprays and spray nozzles [16,18] has confirmed
that the basic mechanism of droplet formation is identical to that for other
pressure-atomized nozzles. The mechanism of spray formation is depicted in
Figure 7.2. Typically, the spray nozzle transforms the fluid approach flow
into a flat or conical sheet. The fluid sheet leaves the top of the nozzle
and soon begins to oscillate. The expanding fluid sheet thins out as it
moves away from the nozzle. The oscillation breaks the thinning sheet into
fluid ligaments which subsequently break down into droplets.

The important feature of sheet break up for the present discussion of x-ray
image quality is the sheet oscillation. These oscillations give the
droplets a range of trajectories. A1l the droplets generally move away
from the nozzle, but their flight paths 1ie in a range of angles on either
side of the initial sheet flight path. This causes the spray volume to
thicken with distance away from the nozzle.

The spray facility at IPST incorporated a spray booth with an integral
collection tank. The width of the collection tank was 1.2 m (4 feet). A
spray nozzle was attached to a mounting apparatus Tocated approximately 2.1
m (7 feet) above the collection tank. Sprays were directed downward to the
collection tank with the wide spray fan oriented parallel to the long
dimension of the spray tank, which was approximately 2.1 m (10 feet). With
this arrangement the width of the spray in the direction perpendicular to
the sheet fan could be determined by observing the width of the splash pat-
tern on the surface of the liquor pond in the collection tank.
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Many spray nozzles have been collected and tried in the spray booth,
Howaver, a majority of the spray testing has been carried out on two B&W
splashplate nozzles <« a 12-49 and a 15-52, These nozzles are at the very
smallest end of the spectrum of black 1iquor nozzles used in commercial
service. With either of these nozzles the spray/sheet thickness near the
nozzle 1s quite small, generally less than 1 cm (0.4 inches). However,
when the spray hits the collection tunk pond, the splash pattern 1s nearly
the full width of the tank, about 1.2 m (4 feet). Between these two loca=
tions the thickness varies in the approximate shape of a wedge.

The 1mportant point of these observations is that the width of the spray, and
therefore the object~to-film distance, 1s relatively large. Over most of the
region of Tigament break up and droplet formation the spray is more than 0.3m
(1 foot) thick. To protect the x-ray film and fi1m holder apparatus, the
object-to~f1im distance would have to be slightly greater than this.

The x-ray 1mage quality 1s strongly affected by the object=-to-f1lm distancc
(OTFD). For small-scale sprays or for larger sprays near the nozzle OTFD
can be quite modest, less than a few centimeters. However, to observe the
droplet formation process of ultimate droplet size distribution of
Industrial-scale spray, the OTFD will be greater than 15 cm (6 inches).

| IMITATIONS OF THE SOURCE-TO~FILM DISTANCE

The physical properties of industrial sprays set bounds on the OTFD. The
other important dimension is the source-to-film distance, STFD.

The blur equation presented above depends on both the OTFD and the STFD.

For any given x-ray source size the blur can be reduced by decreasing the
OTFD or 1increasing the STFD. Limitation on the minimum x-ray dose to ex-
pose the film and the absorptivity of air sets an upper 1imit on the STFD.

Each x-ray source produces an initial dose of radiation. This initial dose
is usually specified at a location 20 cm in front of the source. The unit
of measure is typically mill{-Roentgen (mR). For the H-P 150kV source the
dose at 20 cm 1s 40mR., The dose required to produce an image on x-ray film
varies with specific film type and other considerations such as whether or
not enhancing screens are employed. Direct Exposure Film (DEF) has been
used for the black Tiquor spray work. It has been found to be the most
effective in this application [21]. The required dosage to expose DEF

film 1s approximately 1mR.

X-ray dosage decreases with the square of the distance from the x-ray
source. This rapidly drops the dosage away from the source. As well, air
absorbs x-rays, further reducing the dosage available to expose the film.

X-rays interact with the electrons which surround individual atoms; so all

materials absorb or scatter x-rays. The attenuation of x-rays passing
through a material is expressed as:

p":e_”aq] (7-2)
Do
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whare!
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The mass attenuation coefficlent, pa, is only a constant for monoenergatic

x-rays. A1l x~ray sources put out a spectrum of x-rays. This 1s shown n

Flgure 7.3. This spectrum 1s specifically for an H-P 300 kV source similar
to the unit used at IPST for black liquor spray imaging. X-rays with pho-

ton energies less than 10 keV are referred to as soft x-rays. Those above

100 keV are hard x-rays. Most x~ray imaging of soft material is done with

the softer x-rays.

x=ray dose at distance 1 from the source, mR
init1al x«ray dose, mR

mass attenuation coefficient, cm2/g
distance from source, cm

material density, g/cmd

4 4w B B R

The variation of the mass attenuation coefficient with x-ray energy for
various materials 1s shown in Figure 7.4, Larger, heavier atoms absorb
x-rays more efficiently. Aluminum, copper, and tungsten are all better
absorbers than carbon. Oxygen and nitrogen will be better than carbon,
wh1le hydrogen will be worse than beryllium. Sodium and sulfur will be
similar to aluminum,

Materials can both absorb and scatter x-ray radiation. Usually, only
absorption is important in forming an image on a film., This Timits the
maximum photon energy which can be effectively used in FXR. For carbon,
x-rays harder than 15 keV will not contribute to fmage formation. For air,
water, and black liquor only x-rays softer than 20 keV will be important in
FXR optimization of image quality.

Oxygen and nitrogen in air both absorb x-rays more strongly than carbon.
X-ray dose will fall off with distance away from the source due both to the
r-squared loss and to absorption by the air. Shown in Figure 7.5 is a
plot of the dosage as a function of distance from the source (expressed as
STFD) for travel through a vacuum or through air. The absorption by air
was calculated from data on mass attenuation coefficient estimated from
Figure 7.4 using the x-ray energy spectrum of Figure 7.5. In both the
vacuum and the air cases the dosage falls off very rapidly with STFD.
Dosage falls below that required to expose the film, about 1 m R in a
distance less than 100 cm ?3 feet). '

Based on the available data, the maximum STFD {s approximately 100 cm
(3feet). From the discussion above, the mintmum OTFD for Industrial-scale
sprays 1s approximately 15 cm (6 inches), while the x-ray source size 1is
about 3 mm. Using Equation (7-1), the expected level of blur is then
approximately 0.5 mm.

X-RAY IMAGE CONTRAST

The relatively large blur imposed by constraints on both OTFD and STFD
complicates the task of imaging black Tiquor droplets which are typically
0.1 mm to 5 mm in size. Adding to the difflculty of image analysis 1s the
1imited contrast that can be achieved with such small droplets.
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Contrast 1s the difference in gray-scale intensity between the image of a
droplet shadow and the background. The droplet absorbs some of the x-rays
striking 1t, thus lowering the dosage at the film. However, smaller
droplets absorb a lower fraction of the x-ray dose, thus narrowing the dif«
farence batween the shadow and the background.

Alr and black 1iquor have similar mass attenuation coefficients. Based on
Equation (7-2) this means that differences in absorrt1on by these two
materials depends on differences in density and path length. Air and black
Tiquor densities are such that x-ray absorption by one meter of air (a
typical STFD) 1s similar to that for one millimeter of black T1iquor (a
typical droplet size). This 1s shown graphically in Figure 7.6 where the
absorptivity of 1 m (3 feet) of air s compared to that for 1 m (3 feet) of
air plus 1 mm (0.04 {nches) of black 1iquor. Image contrast is due to the
differaence 1n these two curves.

The geomatry of Figure 7.1 can be used along with the absorptivity data to
predict the gray leval variation of the shadows of black liquor droplets.
The varfation in gray level for a droplet 1s shown schematically in Figure
7.1 for a STFD of 1.5 m (60 inches) and an OTFD of 0.15 m (6 inches).
These are very conservative values for each. The gray level of the
background without droplet absorption 1s taken as 1.0 while complete
absorption 1s 0.0, The absolute value of the gray scale of the background
varies due to geometric arrangement, attenuation due to distance from the
x-ray source, and absorﬁt1on by air. Figure 7.7 shows the variation in
relative gray level with distance away from the droplet shadow centerline
for several black liquor droplet sizes. The contrast, or difference in
gray level, for the 1,0, 2.0, and 5.0 mm droplets 1s quite good. Images on
the x-ray film of these droplet sizes would be relatively easy to analyze,

The contrast for the 0.5mm droplet 1s borderline for good image quality.

As well, the effect of blur can be seen clearly for this size droplet. The
width of the image of the 0.5 mm droplet is more than 1.0 mm wide,

Contrast for 0.2 mm droplets 1s very poor and blur would make size analysis
very difficult.

The predictions of image quality in Figure 7.7 are based on data for
material absorption and x-ray source energy spectrum. They are only
approximate, but Figure 7.8 shows an actual FXR shadowgraph of a black
liquor spray. The general features of droplet formation are shown quite
clearly in this shadowgraph. The fluid sheet has broken into 1igaments
which are breaking into droplets. Closer examination, however, shows that
shadows smaller than 2.0 mm have poor contrast with the background. Very
few shadows smaller than 1.0 mm can be seen in this or any other sha-
dowgraph of an industrial scale black Tiquor spray. This severely Timits
the ut1lity of the FXR technique for determining droplet size distribution.

This 1imitation on the FXR technique 1s not necessarily true of other

geometries, Shorter OTFD can dramatically fmprove the resolution of the x-
ray image, Using the same prediction technique as before but with an OTFD
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of 0,025 m (1 i1nch), the relacive gray level of a 0.1 mm clay sphere can be
pradicted. Thils 1s shown in Figure 7.9, Reasonable contrast and a quite
narrow image are obtained with this small QTFD. As before, this predicted
rasult 1s confirmed by a FXR 1mage of a small spray in Figure 7,10,
Signtficantly better resolution 1s apparent in Figure 7,10 than was the
case in Figure 7.8, ‘

CONCLUSIONS

The T{imitations of the Flash X-ray Shadowgraph technique have been examined
as they upply to industrial scale black 11quor spray analysis. Several
conclusions can be drawn:

1. FXR 1s a shadow technique which forms an image on an x~ray film due to
absorption by the object being investigated.

2. Resolution of the resulting image 1s 1mportant for 1mage analysis.
Resolution 1s reduced by blur which depends on simple geometric rela-
tionship of the x-ray source, the object, and the film,

3. Industrial scale black liquor sprays are more than 15 cm (6 inches)
thick. This sets the lower 1imit for the object-to-film distance,
OTFD, for the application of FXR,

4, Attenuation of the x-ray dose with distance from the source 1s due both
to absorption of x-rays by air and the usual inverse square-law for
optical power. This, along with the minimum dosage needed to expose
the x-ray film, Vimits the maximum source-to~film distance, STFD, to
approximately 1m (3.3 feet),

5. Combining the minimum OTFD and the maximum STFD results in a blur of
approximately 0.5 mm (0.02 inches). This significantly 1imits the
resolution of droplet sizes below 1 mm (0.04 inches).

6. The absorption of x-rays by black liquor 1s similar to that for air at
the same optical depth. This makes the absorption of x-rays by 1 m
(?.3 feet) of air nearly the same as for 1 mm (0.04 inches) of black
liquor.

7. lmage contrast on the x-ray film 1s due to x-ray absorption by the

object. Black Tiquor 1s a relatively weak absorber so that the
contrast for droplets smaller than 0.5 mm (0.02 inches) 1s poor.
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Figure 7.7. Relative grey level of a flash x-ray image of
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Fiqure 7.8. Flash x-ray shadowgraph for a black liquor spray.
Resolution below 0.5 mm is poor.
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Figure 7.10. Flash x-ray shadowgraph of a small spray showing good resolution.

- 104 -



8.0 High Speed Video

An 15G-250 high speed video camera manufactured by Xybion Corporation 1s capable
of collecting 60 images per second with an exposure time which can be set
anywhere from 25 nanoseconds to 20 microseconds per image. The images are
recorded with a super VHS video tape recorder to mainta?n the resolution deli-
vered by the camera (768 x 493 pixels)., Simultaneously, the signal from the
camera can also be sent to a video monitor and the images viewed in real time.
The operation of the high speed video system is as simple as operating a conven-

tional video system with the additional flexibility of controlling exposure
time. ‘

The motion bLlur in the short exposure time high speed video images 1s neg’+-
gible. The field of view of the camera is simply a function of the lens used
and the object-to-film distance. Thus, the full sheet area can easily be cap-
tured on a single image, Alternatively, with the proper selection of lens and
geometry, droplets as small as 0.1 mm in diameter can be resolved.

It is important to note that there is a trade off between field of view and
resolution, For example, if 0.1 mm diameter drops are to be imaged and these
drops are to be recorded as a single pixel in the image, then the field of view
will be only 30 square centimeters. In fact, in most image analysis applica-
tions an object should occupy at least 9 pixels if statistically significant
measurements of their geometry are to be made, Thus, the maximum field of view
in this case would be only 3.3 square centimeters. If a full sheet is to be

imaged (a 0.2 meter square area) then objects smaller than 4.8 square millime-
ters will not occupy the required 9 pixels.

There is also a trade off between exposure time and available Tight. As the
expostire time decreases, the light incident on the camera must be increased to
obtain the same contrast. Black lighting (placing the 1ight sources behind the

spray and projecting them through the spray toward the camera) has proven to be
the most successful geometry thus far,

8.1 Velocity Measurements

As with the flash x-ray technique, velocity measurements must be made from
multiple exposures of the spray. This process 1s much simpler with the Xybion
camera, however. In its normal operating mode, an electronic signal is sent
internal to the camera causing it to shutter and collect an image once every
sixtieth of a second. To obtain multiple exposures, the signal can be routed to
a device external to the camera, which would then signal the camera to shutter
two or more times every sixtieth of a second. Since the image is only cleared
every sixtieth of a second, a multiple exposure is obtained.

8.2 High Speed Video Imaging

The sprays produced by a B&W splash plate nozzle and a CE swirl cone nozzle were
imaged through a gun port of an operating recovery boiler. Because of the

limited optical access, the spray could be imaged no further than about 16
inches from the nozzles. ‘
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The spray just off the tip of a splash plate nozzle results in a solid sheet .
that extends some distance off the tip. Further downstream perforations in the
sheet appear, indicating the onset of break-up. ‘

Examination of a close-up view of this perforated region reveals smail holes,
believed to be initiated either by the impaction of droplets or solid particles
onto the sheet, or by the presence of gas bubbles or solid particles in the
sheat 1tself, These small holes grow and intersect other growing holes to cause
the break-up of the sheet into a mass of interconnected strands.

At about 16 inches from the nozzle, the spray exhibits both interconnected and
free strands. These strands are expected to ultimately break up into individual
droplets further down stream as was seen in the flash x-ray images.

The spray just off the tip of a swirl cone nozzle shows perforations and tears .
in the sheet a short distance from the nozzle, indicating that break-up of the
sheet 1s initiated closer to the nozzle than 1t is in splash plate sprays. For
the spray 8 inches from the nozzle, large clumps, strands, and some droplets are
visible. Further break-up of the strands into drops is evident when the spray
is 12 inches from the nozzle outlet.

8.3 Discussion

From the previous discussion it is obvious that both flash x-ray and high speed
video imaging can be used to study black Tiquor sprays from conventional
nozzles. In both techniques images of the spray can be recorded and analyzed to
determine droplet size distribution. However, high speed video imaging offers
some distance advantages.

The rate of imaging sprays with the flash x-ray system is Timited by the time
intensive process of developing the exposed sheets of film. In the study done
at IPST a maximum of forty images per day were collected. Even with automated
developing systems, rates of no greater than 100-150 images per day can be
expected, In contrast, the high speed video system collects sixty images per
second in its normal operating mode. In addition, the images obtaineu with the
high speed video are displayed in real time on a video monitor as they are
collected, Thus, adjustments to the geometry and 1ighting can be made to opti-
mize the image quality as the experiments are run, With the long developing
times required for flash x-ray imaging, improper geometry or other problems
resulting in poor image quality can not be detected until hours after the
experiments are completed.

Another advantage of high speed video imaging is the comparative ease in
obtaining velocity data. The Xybion camera is equipped to collect the multiple
exposures needed to determine the velocity of the droplets. A second unit is
needed to obtain multiple images using the flash x-ray technique. In addition,
the contrast between droplets and background is already limited in single expo-
sure flash x-rays of sprays. The quality of multiple exposures may not be ade-
quate for the analysis of the images and the measurement of droplet size and
velocity distributions.
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A final problem associated with the use of the flash x-ray technique is the.
complications resulting from the use of high energy x-rays. Because of the
health risk involved, all imaging is done in a specially constructed, lead-lined
room. Thus field studies are impossible and all spray geometries must conform
to the confines of the lead room. With the high speed video system, images can
be collected anywhere conventional video is possible. As discussed, images were
collected through the qun port of an operating recovery boiler. This would be
impossible with the fiash x-ray, not only because of the health risk, but also
because of the inability to position in the boiler beyond the piece of film
spray.

8.4 Conclusion

Significant benefits in terms of increased boiler capacity and energy conser-

vation may be realized by controlling the drdp1et size and velocity distribu-

tions of black liquor sprays. High speed video imaging can be used to measure
these distributions and to study the fundamental. mechanisms which affect these
distributions.

High speed video imaging offers clear advantages over flash x-ray radiography in
terms of ease of operdtion, speed of image collection, and flexibility of
experimental design. High speed video imaging can also be used to study the
spray processes in actual recovery boilers, thus prov1d1ng a means to validate
the results obtained in a laboratory environment.
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9.0 NOZZLE STABILITY AND THE IMPACT QOF HIGH SOLIDS
9.1 'BLACK LIQUOR FLASHING INSIDE A NOZZLE -~

The term "nozzle stability" refers to the ability of a nozzle to produce a °
steady spray pattern over a range of operating conditions. Every recovery
boiler operator has had to deal with black liquor roping when the Tiquor
was either too cold or being fired at too low a pressure. Likewise, liquor
that is too hot will flash ahead of the nozzle and produce intermittent ‘
spurts of flow. Neither of these conditions is safe nor efficient.
Experience with these two instabilities leads 'to operation in a fairly
narrow range of liquor temperature and operating pressure.

Observations of nozzle operation in this work under liquor conditions very
similar to normal mill operation have identified nozzle stability as a key
element of practical nozzle design. Little data is available for any
nozzle on stability, but the physical situation of flashing is relatively
easy to quantify.

Flashing of the liquor will occur whenever the black Tiquor is operated at
a temperature above its elevated boiling point (EBP). What is important is
the degree of flashing and its location. With mild superheat, the nozzle
operating pressure suppresses flashing until the liquor exits from the
minimum flow area. For the B&W splashplate and CE U- or V-type nozzle,
this is 'at the nozzle exit. For the CE swirl cone, the minimum flow area
is inside the nozzle cap, so flashing will always occur within the nozzle.
When liquor operating temperature is higher than the boiling temperature at
the operating pressure, then flashing will occur inside all black liquor
nozzles and unstable flow will oceur.

To avoid flashing ahead of the nozzle entirely, it is only necessary to use
operating temperatures below the elevated boiling point of the liquor.

With Tower as-fired dry solids levels this was possible because tem-
peratures below the elevated boiling point yielded acceptable liquor visco-
sities. With dry solids above 75% this will be more difficult because
viscosity increases more quickly than boiling point when dry solids are
increased. This is shown in Figure 9.1 for a typical black Tiquor.
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Figure 9.1. Viscosity & elevated boiling point (EBP) as a function of liquor dry
solids content for one liquor which has a viscosity of 100 mPa-s at 66% 110°C.
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9.2.

The range of viscosities known to produce acceptable black liquor sprays is
from about 30 to 300 cP (30 to 300 mPa-s). This range may be extended as a
greater understanding of black liquor sprays is developed (15,19).

However, the problem of high solids firing with current 1imits on viscosity
is clear. Black liquor with properties similar to those shown in Figure
9.1 could not be fired at temperatures below the EBP for dry solids greater
than 72%. At 80% solids, more than 36°F (20°C) of superheat would be
required to keep the liquor viscosity below 300 cP (300 mPa-s). This spe-
cific conclusion is only true for one black liquor, the one used in the
example. Other liquors will show the same general trend, but with curves
shifted along the solids axis.

PERFORMANCE AT TYPICAL CONDITIONS

A convenient way of characterizing liquor properties is to use a viscosity
and elevated boiling point specified at some "standard" condition. The
“standard" condition arbitrarily chosen here is 66% solids and 230°F
(110°C). These conditions are fairly near actual firing conditions in many
mills, but are low enough so it is still relatively easy to measure the two
important propert1es. The liquor used above has an EBP at 66% solids of ‘
237°F (114°C), and a viscosity at the “"standard" conditions, 66% solids and
230°F, of 100 cP (100 mPa-s). This is a fairly normal liquor. A thin.
liquor would have a viscosity of 50 cP (50 mPa-s) at these conditions,
while a thick liquor would have a viscosity of 250 cP (250 mPa-s).

The range of EBP at 66% dry solids is fairly narrow for kraft black
liquor, from about 232°F to 243°F (111 to 117°C) [1]. However, viscosity
at 66% solids and 230°F can vary more w1de1y from liquor-to-liquor, mill-
to-mill, and hour-to-hour. The range is at least from 10 to 250 cP (10 to
250 mPa-s). ‘

Shown in Figure 9.2 is the dry solids content which yields a viscosity of
300 cP at the EBP plotted as a function of the viscosity as measured at
“standard" conditions. For the thickest liquors (viscosity of 250 cP at
66% and 230°F), the viscosity at the EBP is greater than 300 cP even at
current firing solids between 67% and 72%. Even for the fairly light
liguors (viscosity of 50 cP at 66% and 230°F) operation above the EBP will
be required at 80% solids to keep the viscosity below 300cP.

Flashing ahead of the nozzle can be suppressed by adjusting the operating
pressure of black liquor nozzles. Close attention to this fact, and a
knowledge of the flow/AP characteristics of black liquor nozzles, will
allow practical selection of nozzles for a particular boiler and liquor at
all solids levels. It is the lower pressures which must be avoided in
order to avoid flashing ahead of the nozzles. Shown in Figure 9.3 is a
plot of the minimum nozzle pressure to suppress flashing ahead of the
nozzle as a function of as-fired 1iquor dry solids for three liquors.
Fiashing is clearly not a problem for the light liquor (viscosity = 50 cP
at 66% solids and 230°F). For the typical liquor with 100 cP at the same
"standard" conditions, flashing is also not a problem below 72%, but mini-
mum pressures of at least 25 psi (172 kPa) would be required to suppress
flashing at 80% solids. This would require drastic changes in the usual
operating pressures of CE swirl cone, V-type and U-type nozzles, but could
be accommodated fairly easily with a B&W splashplate nozzle.
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9.3 PERFORMANCE AT HIGH SOLIDS

With the thickest 11quor ‘flashing is always a problem. Pressures well
beyond the normal range for black liquor service would be required to
suppress flashing ahead of the nozzle.

Complications with flashing at high solids will manifest themselves in
different ways. First, the nozzle stability will be reduced at the low
pressure end of their operating range. This will complicate trials of
high solids firing and subsequent optimization of recovery boiler
operation. Second, increasing operating pressure leads to higher velo-
cities, which means smaller droplet size, all other factors being
equal. Current understanding of recovery boiler operation would indi-
cate that this will increase carryover. Third, higher velocities, par-
ticularly much higher velocities for heavy liquors, mean significant
changes in liquor droplet trajectory. This element by itself could
easily confound the apparent benefit of high solids firing. Very care-
ful nozzle selection will be required for valid mill trials of high
solids firing or other liquor system modification.
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Appendix 1 (Ref.3)

BLACK LIQUOR SPRAY NOZZLES
FOR KRAFT RECOVERY BOILERS

Terry N. Adams

Instinute of Paper Science and Technology
575 14th St. NW

Atianta, GA 30318

ABSTRACT

The performance of spray nozzles for kraft black liquor has been
the subject of several recent investigations, Though research is
incomplete, some information is available about the performance
of the three basic types of black liquor spray nozzles: the
splashplate, the swirl cone, and the U- or V-type. Data are
presented on the flow and pressure drop characteristios of two of
these nozzle types which allows judgement of the sensitivity of
the flow to normal mill variations in liquor properties, Data are
also presented on several aspects of spray formation and droplet
size distribution. Nozzle stability is discussed with respect to
flashing ahead of the nozzle. It {s found that the minimum nozzle
operating pressure will have to be significantly increased to
suppress flashing ahead of the nozzle when firing high solids,
viscous liquors.

INTRODUCTION

Black liquor is introduced into recovery boiler furnaces through a
set of nozzles. The purpose of these nozzles is to break the black
liquor stream into a spray of properly sized droplets, typically
between the sizes of 0.5 mm and 5 mm. The specific geometric
design of black liquor nozzles varies from one manufacturer to the
next, as does the target mean droplet size. Current nozzle designs
have been adequate for their purpose in the past, but present
demands on recovery boller capacity require nozzle optimization,
Both improving control of droplet size to avoid carryover and
pluggage, and accommodating of the trend toward higher liquor
dry sollds content Is needed. For these reasons, the U.S,
Department of Energy (DOE) has funded several studies of black
liquor physical properties (1], droplet formation {2,3], and droplet
and bed combustior |4].

Black liquor viscosity, surface tension, and density are known to
affect droplet size from spray nozzles [5-7], and have also been
found to affect droplet combustion directly [8]. Viscosity has been
the most difficult to characterize, but is now reasonably
understood as a result of the DOE project led by Fricke {1], and
subsequent DOE-funded work on viscometer development [9,10],
Thorough work on Scandinavian liquors by Soderhjelm [11-13]
and Wennberg [14,15] have added to our understanding of black
liquor viscosity. Current data support the use of the simple low-
shear Newtonian viscosity in characterizing black liquor for spray
and droplet formation (7,10,16). This viscosity can be readily
measured with ordinary viscometers, though data extrapolation
techniques (10] or very careful data acquisition 1] Is required for
evuluating black llquor viscosity at normal firing condltions,

Nozzles are designed to form sprays of droplets from fluid
streams, The mechanisms for stream break-up fall into two basic
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regimes: ordered and chaotic, The DOE has funded work at the
University of Maine [2] on advanced nozzle concepts which fall in
the former category and offer the pot tial for very significant
improvement in droplet size and . ize distribution control,
However, most common commercial spray nozzles and atomizers
fall in the latter category, as do all current black liquor nozzles
used in recovery boilers in pulp and paper mills, The U.S. DOE
has also funded work at the Institute of Paper Chemistry (now the
Institute of Paper Science and Technology, Atlanta, GA) primarily
focused on these nozzles (3], This paper deals with the
characteristics of currently used black liquor nozzles: splashplates,
swirl cones, U-type and V-type nozzles,

There is a basic pattern to the breakup of fluld streams into sprays
of droplets, The fluid stream (usually ciroular) is flattcned into a
sheet which expands after leaving the nozzle into a flat, conical, or
clliptical sheet, Aerodynamic drag causes the fluid sheet to
oscillate and perforate, forming fluid ligaments, These ligaments
subsequently break and coalesce into droplets, This pattern can be
seen with the use of either a strobe light or a high speed video
camert in ali types of black liquor nozzles, and most other nozzles
used in commercial spray applications.

The purpose of this paper is to describe several aspects of black
liquor nozzle performance as they are known today. The paper is
broken into sections which; 1) present descriptions of the nozzles
currently used fo. black liquor spraying in recovery bollers, 2)
present data on the flow and pressure drop characteristics of black
liquor nozzles, 3) describe the impact of fluid propertles and
operating parameters on the fluid sheet thickness and velocity, 4)
present data on droplet size distribution for one of the nozzles,
and finally, 5) examine the impact of high solids black liquor on
nozzle performance.

DESCRIPTION OF BLACK LIQUOR NOZZLES

Two basic types of black liquor nozzles have been used in North
America for many years: the Babcock & Wilcox Co. (B&W)
splashplate nozzle and the Combustion Engineering Inc, (CE)
swirl cone nozzie. In the last few years CE has introduced the U-
type and V-type nozzles for black liquor service, Many variations
of these basic types are now available from the three Scandinavian
recovery boiler vendors — Ahlstrom, Gotaverken, and Tampella,

Shown in Figure 1 is a photograph of a B&W splashplate nozzle.
Figure 2 is a schematic diagram of this nozzle, Black liquor enters
the nozzle at a relatively low velocity. It accelerates in the tapered
section and finally exits from the short straight section, The
stream of black liquor impinges on the flat splashplate fixed at an

“angle to the fluid jet, The jet spreads out on the plate into a broad

flat sheet which continues 10 expand in a flat fan shape after
leaving the splashplate rim. The events of sheet oscillation,
breakdown into ligaments, and subsequent breakdown into
droplets are shown schematically in Figure 3,
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Figure 2. Schematic diagram of a B&W splashplate
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A photograph of a CE swirl cone nozzle is shown in Figure 4 and
a schematic diagram {s shown in Figure 5. Black liquor again
enters the nozzle at relatively low velocity and is accelerated in the
tapered spiral grooves in the swirl plate. Black liquor exits the
swir] plate with a spiraling motion and is flattened into a sheet on
the surface of the cone leading to the exit orifice, The liquor leaves
the nozzle in a swirling expanding cone which, as it thins, breaks
up in a manner similar to that depicted in Figure 3,

Figure 4. Photograph of a CE swirl cona black liquor
nozzle,

CE swirl cone nozzle

Nozzle cap

Splral groove

Swirl plate =

rWWV\N

Figure 5. Schematic diagram of a CE swirl cone black
liguor \i0zzle.

A photograph of the front view of a CE U-type and V-type black
liquor nozzle is shown in Figure 6. A schematic for each is shown
in Figure 7. Each consists of a cylindrical channel topped with a
hemisphere which has been cut across the tip with a U-shaped or
V-shaped channel, Black liquor flows at relatively low velocity to
o polnt Just ahead of the nozzle exit opening and then Is
nceelernted and discharged in an elliptical flow pattern,



Figure 6. Photograph of a CE U-typa and V-type black
liquor nozzle.

CE U-type nozzle

e

Figure 7. Schematic diagram of a CE U-type and a CE
V-type black liquor nozzle.

O

The minimum flow area for each of these black liquor nozzles can
be culculwed from simple geometry. The B&W splashplate exit
orifice is circular and designated by the nozzle number measured
in thirty-seconds of an inch, A B&W 24-49 nozzle has an exit
orifice diameter of 24/32 inches (0.75 inches or 1.9 cm). The
second number indicates the angle of the splashplate relative (o the
nozzle exit flow,

For CE swirl cone nozzles, the combined groove flow aren is
always smaller than the exit orifice area. The minimum flow area
for the CE swirl cone is equal to twice the area of one of the two
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spiral grooves, Each is semi-circular In flow cross-section, so the
flow area is equal to the area of a circle with the groove diameter,
For the largest CE swirl cone nozzle used in black liquor service,
a #6 CE nozzle, the groove diameter is 3/4 inch (1.9 cm), The
nozzle exit orifice for this nozzle {s 1 inch (2.5 cm),

The exit orifice area for the CE U-type and V-type nozzles s the
minimum flow area for each, The plan area of the U-type s nearly
elliptical, while the V-type Is somewhat less ro, The area of each
can be calculated with the equations:

Au=7be ()

Dy=vbc )

Ay=097be &)

Dy=095Vb e (d)
where:

Ay = nozzle area for U-type nozzle

Dy = equivalent circular diameter for the U-type nozzle

Ay = nozzle arca for the V-type nozzle

Dy = equivalent nozzle diameter for the V-type nozzle

b,¢c = major and minor axls dimensions for the U- and V-type
nozzles

FLOW CHARACTERISTICS OF BLACK LIQUOR
NOZZLES

Recovery boilers usually operate with muliiple black liquor
nozzles, A few small bollers operate with only one nozzle, but
most use from two to twelve nozzles depending on nozzle type
and boller size. Black liquor is delivered to the individual nozzles
through flexible hoses from a ring header which surrounds the
boiler. Operating pressure {s usually measured in the ring header
at one location. Calculating the flow and pressure drop
characteristics of the delivery piping system lIs relatively
straightforward using standard engineering techniques, but the
flow/AP characteristics of the nozzles are not as straightforvard,
Knowledge of the flow/AP characteristics of the nozzles is
required for proper selection of the size and number of nozzles for
normal operation, and for estimating the impact of changes such
as firing liquor at high dry solids,

Work at the Institute of Paper Chemlstry on black liquor nozzles
[3] has resulted in flow coefficient correlations for two types of
black liquor nozzles: the B&W splashplate and the CE U- and V-
type, and to an estimate for the CE swirl cone {16]. These are
bused on data taken with both hot and cold black liquor, and com
syrup. Corn syrup has been used in tests of black liquor nozzles
because Its viscosity and density are similar to those for black
liquor, and it is considerably easler to handle. Two studies have
shown that corn syrup preforms in a manner similar to black
liguor in many flow situations [7,16]. Table 1 shows the range of
conditions covered hy the flow coefficient tests,
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TABLE 1, Fluid properties and operating conditions
for the IPC tests,

Blazk Liquor Corn Syrup

Specific gravity 1.35-1.39 1,38
Dry solids 66-69% 73%
Temperature 92-117°C 25-94°C

(198-243°F) (77-201°F)
Pressure 21-502 kPa 41-646 kPa

(3-73 psi) (6-94 psi)

Flow 0.5-2,5l/s , 03-23 Vs

(7,540 gpm) (5-36 gpm)
Viscosity 34.-140 mPa-s 160-1238 mPa-s

(34-140 cP) (160-1238 cP)
Data points 37 88

TABLE 2. Typlcal dimensions and flows for black
liquor nozzles

P ‘essure drop across any flow element can be expressed in the
form:

AP=Crip V2 ®)

where;

AP = pressure drop across the nozzle
Ct = flow coefficlent

p = fluid density

Vn = nozzle characteristic velocity

Black Uquor nozzles vary in flow cross sectional area, There is no
single flow velocity throughout the nozzle as there would be in a
plpe, for example. It is necessary to use a characteristic vclocity,
which is the velocity at the minimum flow area,

The flow coefficient is often taken as a constant for many flow
clements such as elbows, expansions, and contractions.
However, the flow regime covered by black liquor nozzles
stretches from laminar flow through transition flow, to fully
turbulent flow, The Reynolds number, pVD/U, is the parameter
used to gauge the flow regime, with Reynolds numbers lower
than 2000 indicating laminar flow, Table 2 shows the typical
range of nperation for each black liquor nozzle,

Data taken of the flow coefficient for two types of black liquor
nozzles are shown in Figure 8 along with correlation curves for
each. Comparing these curves to the practical mill flow conditions
listed in Table 2 veveals that, except at the extreme lower end of
operation, both the B&W splashplate and the CE U- and V-type
nozzles operate in the region of constant flow coefficients.

B&W CE swirl cone,
splashplate_ U- and V-type
Nozzle diameter 1.9-3.2 cm 1-1.9 om
‘ (0.75-1.25 in.) (0.4-0.75 in.)
Operating pressure 124-330 kPa 82-125 kPa
18 P (18-48 psi) (12-18 psi)
Nozzle velocity 13.7-24 m/s 9-11 m/s
(45-80 ft/s) (30-37 fvs)
Viscosity 50250 mPg-3 30-150 mPa-s
(50-250 cP) (30-150 cP)
Reynolds number 1400-21,000 810-9405
10

How Coefficient, C; -

1

O CE U-ype, corn syrup A
A CE V-type, com syrup A

¢ BAW spiashplale, black lkquor
¢ B&W splashplate, corn syrup

10

—

e

1000
Reynolds Number

10000

Figure 8. Flow coefficient data and correlation for two
black liquor nozzles using two fluids—black liquor and

corn syrup.

The equations for the flow coefficients are:

B&W splashplate: Cr=1.17+ Re052 6)
2780
CE U- and V-type: Cr=116+ R_‘GS %)
where:
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Cr = flow coefficient
Re = Reynolds number, pVD/lt



The B&W splashplate and CE U- and V-type nozzles will have a
nearly constant flow coefficient in the normal range of operation
and therefore will be insensitive to normal fluctuations in black
liquor viscosity, temperature, and percent dry solids, The CE
swirl cone nozzle, despite its obvious geometrical differences,
probably has a flow coefficient correlation similar to the B&W
splashplate (16). Table 2 shows that the CE swirl cone operates in
a somewhat different regime than the B&W splashplate. The CE
swirl cone nozzle will have a flow soefficient which varies
conside-ably over its normal range of operation, and it will
therefore be more sensitive to normal mill fluctuations. This will
make the swirl cone nozzle harder to use and harder to adapt to
new operating conditions such as high solids firing,

FLUID SHEET THICKNESS

The formation of droplets from a black liquor stream requires the
prior formation of a fluid sheet for all types of liquor nozzles, The
ultimate droplet size can be directly related to the initial sheet
thickness and velocity [17), For most commercial spray nozzles it
has been impossible to directly measure sheet thickness and
velocity, Due to their large physical size, black liquor nozzles
provide a unique opportunity to measure these parameters.
Determining the sheet thickness and velocity of black liquor
nozzles has also been a purt of the IPC project (3] and has been
reported in detall [7]. Shown in Figure 9 are sheet thickness and
surface velocity data for one B&W splashplate nozzle. Data on
sheet thickness and velocity were taken with both black liquor and
corn syrup over a range of conditions which spans the normal
range of mill operating viscosity, temperature and percent dry
solids.
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Figure 9. Sheet top surface velocity and sheet thickness
data for a B&W 15-52 nozzle using corn syrup as a
working fluid at a nozzle flow of 0.79 I/s (12.5 gpm). The
nozzle diameter is 11.9 mm and the nozzle velocity is 7.1
ms.
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By themselves, the data are very limited in their application.
However, by using & simplified gcometry, the equations of
continuity and momentum can be solved to yleld useful correlating
equations for this data. The correlating equations have the form:

Vico
: Vn ClpDVn*CZ (8)

Yot
5O v, o ®

where:
D = nuzzle exit diameter
V = gheet top surface velocity
Vn = nozzle Velooity
Y = sheet thickness
p = density of the fluid
C1...C4 = constants for each nozzle

These equations allow comparison of the sheet thickness data to
data which show the impact of flow velocity on black liquor drop
sizes (6], Shown in Figure 10 is a comparison of droplet size data
and fluid sheet thickness based on the correlation of Equation (9)
for a B&W 12-49 nozzle, The trend of the correlation is quite
good and it is offset downward from the drop size data, consistent
with the theory of droplet formation [17],
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Figure 10. Comparison of droplet median size daté [F]
and calculated sheet thickness as a function of nozzle
velocity for @ B&W 12-49 nozzle firing liquor at a viscosity
of 150 mFa-s.

Of more interest is the anticipated effects of high solids firing on
droplet size from black liquor sprays. One impact of higher sotids
is Increased viscosity, Typically, black liquor viscosity at firing



conditions is in the range of about 30 to 300 cP (30 to 300 mPa-
8). Liquor temperature can be used to control viscosity under most
circumstances, but for firing solids near 80% the viscosity is
likely to be between 250 to 300 cP (250 i> 300 mPa-s) [18, 19].
Shown in Figure 11 is a plot of fluid sheet thickness as a function
of viscosity based on Equation (9). Fluid sheet thickness, and
therclore ultimate liquor droplet size, does increase with viscosity.
However, this increase is less than a factor of two and a half for
an increase in viscosity of a factor of ten. This change in nozzle
performarice at high solids for the B&W splashplate nozzle would

be mild enough to allow routine mill optimization of cxisting
* nozzles without resorting to entirely new liquor nozzles when
.changing to high solids firing,
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Figure 11. Calculated sheet thickness as a function of
fluid viscosity for a B&W 12-49 nozzle cperating at 15 m/s
(17 gpm).

BLACK LIQUOR DROPLET SIZE DISTRIBUTION
The purpose of black liquor nozzles is to break a stream of liquor
into a spray of droplets. The size of these droplets is important for
the efficient, stable, and safe operation of recovery boilers. Some
data are available on the droplet size and size distribution from
black liquor nozzles [5, 6], but considerably more data is needed
to provide practical guidance in control and optimization of
nozzles in normal pulp and paper mill operation [3].

Black liquor nozzles, like all nozzles which depend on chaotic
breakup, produce not a single size but a range of droplet sizes.
Data on the droplet size distribution from a B&W splashplate
nozzle and a CE swirl cone nozzle are presented in Figures 12 and
13 [6]. The data for the CE nozzle is slightly truncated because the
measurement technique used had a lower cutoff limit of 0.5 mm.
The CE data was taken for hot black liquor at normal mill firing
conditions, The B&W splashplate data was taken with slightly
diluted black liquor (approximately 53% solids) at room
ternperature.
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Figure 12. Comparison of droplet size distnbution data
for three conditions for a B&W 12-49 splashplate nozzle
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Figure 13. Comparison of droplet size distribution data
for three conditions for a CE swirl cone nozzle [6].

A total of forty-five data points on three nozzles are currently
available. This is definitely not enough to predict the performance
of black liquor nozzles in mill operation, or reliably establish the
impact of black liquor variables on mean droplet size. However, a
few general conclusions can be drawn from the available data.
First, the mean droplet size does vary with operating conditions.
The data in Figure 10 show the effect of nozzle velocity on mass
median droplet size. Droplet size is only a fairly weak function of
liquor velocity or flow rate. Based on available data it also appears
that droplet size is a fairly weak function of all fluid and operating
parameters, This is consistent with droplet formation theory [17].
This is initially inconsistent with field observations where small



changes in liquor temperature, for example, have a pronounced
effect on recovery boiler performance. However, this apparent
inconsistency probably only indicates that there are features of
nozzle performance other than droplet size which impact boiler
performance, such as droplet trajectory and subsequent droplet
combustion. '

The second important conclusion from the available black liquor
spray data is that the size distribution is almost the same for all
nozzles. Just as indicated in Figure 12, conditions which produce
larger mean droplets also produce broader size distributions. This
is most neatly demonstrated with data from the work of
Bennington [5) on black liquor sprays. Shown in Figure 14 is a
plot of droplet size distribution for one very small swirl cone
nozzle for three fluids: water, glycerol, and black liquor. The
three distributions are clearly different with black liquor being, by
far, the largest and broadest. However, when these data are
normalized by dividing the actual droplet size by the mass median

- droplet size, the three curves collapse into on¢ as shown in Figure
15. -

‘ 1 mPa-s = icp
100 g Caad
a8 0° P e
A 3
° =]
80 !
2 . o
o A ° o]
o o
© 60 - o
= R ° o
e . un Water at 18°C 4
S 40 - nu p=1 mPa-s
g . e 65% Glycerolwater ¢
3 L o u=15 mPa-s
© 204 g
a ® p 55% solids black liquor 0
» at 120°C, u=15 mPa-s
0 et T
0.0 0.1 0.2 0.3 04 0.5

Droplet Diameter, mm

Figure 14. Droplet size distribution data for a small
grooved-core nozzie [5].

The curve shown in Figure 15 proves to be nearly universal for
pressure atomized spray nozzles including black liquor nozzles.
There appears to be very little impact of nozzle geometry, fluid
properties, or operating conditions. This is still under intense
investigation because of the dramatic impact of the tail of this
curve on carryover [3].

Practical interpretation of this information suggests that any two
nozzles and operating conditions which produce the same mean
size also produce the same size distribution. Major emphasis
should first be on understanding the impact of nozzle geometry,
fluid properties, and operating conditions on the mean size of
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Figure 15. Droplet size distribution data normalized by
dividing the actual diameter by the median diameter [17].

droplets formed in a spray. After this information is available ina -
practical form, then control of droplet size distribution by
advanced techniques such as vibratory assist [2] should be
pursued. ' '

NOZZLE STABILITY AND THE IMPACT OF HIGH
SOLIDS ‘

The term "nozzle stability" refers to the ability of a nozzle to
produce a steady spray pattern over a range of operating
conditions. Every recovery boiler operator has had to deal with
black liquor roping when the liquor was either too cold or being
fired at too low a pressure. Likewise, liquor that is too hot will
flash ahead of the nozzle and produce intermittent spurts of flow.
Neither of these ccuditions is safe nor efficient. Experience with
these two instabilities leads to operation in a fairly narrow range
of liquor temperature and operating pressure.

Observations of nozzie operation at the Institute of Paper
Chemistry [3] under liquor conditions very similar to normal mill
operation have identified nozzle stability as a key element of
practical nozzle design. Little data is available for any nozzle on
stability, but the physical situation of flashing is relatively easy to
quantify.

Flashing of the liquor will occur whenever the black liquor is
operated at a temperature above its elevated boiling point (EBP).
What is important is the degree of flashing and its location. With
mild superheat, the nozzie operating pressure suppresses flashing
until the liquor exits from the minimum flow area. For the B&W
splashplate and CE U- or V-type nozzle, this is at the nozzle exit.
For the CE swirl cone, the minimum flow area is inside the nozzle
cap, so flashing will always occur within the nozzle. When liquor
operating temperature is higher than the boiling temperature at the
operating pressure, then flashing will occur inside all black liquor
nozzles and unstable flow will occur.



To avoid flashing ahead of the nozzle entirely it is only necessary
to use operating temperatures below the elevated boiling point of
the liquor. With lower as-fired dry solids levels this was possible
because temperatures below the elevated boiling point yielded
acceptable liquor viscosities. With dry solids above 75% this will
be more difficult because viscosity increases more quickly than
boiling point when dry solids are increased. This is shown in
Figure 16 for a typical black liquor. The viscosity curve is
dramaticaily more sensitive to dry solids content than the elevated
boiling point.
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Figure 16. Viscosity and elevated boiling point (EBF s
a function of liguor dry solids content for one liquor w'rch
has a viscosity of 100 mPa-s at 66% and 110°C.

This same data can be cast in a slightly different form which
clarifies .he impact of high solids firing on flashing. In Figure 17
the liquor viscosity at the elevated boiling point and at
temperatures above and below the elevated boiling point by fixed
amounts is plotted as a function of solids. Remember that the EBP
is not a constant, but also increases with solids. The curve of
viscosity at the EBP corresponds to a viscosity at both an
increasing solids and increasing temperature.

The range of viscosities known to produce acceptable black liquor
sprays is from about 30 to 300 cP (30 to 300 mPa-s). This range
may be extended as a greater understanding of black liquor sprays
is developed [2,3]. However, the problem of high solids firing
with current limits on viscosity is clear. Black liquor with
properties similar to those shown in Figure 16 could not be fired
at temperatures below the EBP for dry solids greater than 72%. At
80% solids, more than 36°F (20°C) of superheat would be
required to keep the liquor viscosity below 300 cP (300 mPa-s).
This specific conclusion is only true for one black liquor, the one
used in the example. Other liquors will show the same general
trend, but with curves shifted along the solids axis.
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Figure 17. Viscosity at the elevated boiling point and at
temperatures above and below the EBP by 20°C as a
function of liquor dry solids for one liquor which has a
viscosity of 100 mPa-s at 66% and 110°C,

A convenient way of characterizing liquor properties is to use a
viscosity and elevated boiling point specified at some "standard”
condition. The “standard” condition arbitrarily chosen here is 66%
solids and 230°F (110°C), These conditions are fairly near actual
firing conditions in many mills, but are low enough so it is still
relatively easy to measure the two important properties, The liquor
used above has an EBP at 66% solids of 237°F (114°C), and a
viscosity at the "standard" conditions, 66% solids and 230°F, of
100 cP (100 mPa-s). This is a fairly normal liquor. A thin liquor
would have a viscosity of 50 cP (50 mPa-s) at these conditions,
whilc a thick liquor would have a viscosity of 250 cP (250 mPa-

©8).

The range of EBP at 66% dry solids is fairly narrow for kraft
black liquor, from about 232°F to 243°F (111 to 117°C) [17).

However, viscosity at 66% solids and 230°F can vary more

widely from liquor-to-liquor, mill-to-mill, and hour-to-hour. The

~ range is at least from 10 to 250 cP (10 to 250 mPa-s).

Shown in Figure 18 is the dry solids content which yields a
viscosity of 300 cP at the EBP plotted as a function of the
viscosity as measured at "standard" conditions. For the thickest
liquors (viscosity of 250 cP at 66% and 230°F), the viscosity at
the EBP is greater than 300 cP even at current firing solids
between 67% and 72%. Even for the fairly light liquors (viscosity
of 50 cP at 66% and 230°F) operation above the EBP will be
required at 80% solids to keep the viscosity below 300 cP,

Flashing ahead of the nozzle can be suppressed by adjusting the
operating pressure of black liquor nozzles. Close attention to this
fact, and a knowledge of the flow/AP characteristics of black
liquor nozzles, will allow practical selection of nozzles for a
particular boiler and liquor at all solids levels, It is the lower
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Figure 18. Maximum liquor dry solids content which has
a viscosity less than 300 mPa-s at the elevated bolling
point (EBP) as a function of the viscosity at 66% solids
and 110°C.

pressures which must be avoided in order to avoid flashing ahead
of the nozzles. Shown in Figure 19 is a plot of the minimum
nozzle pressure to suppress flashing ahead of the nozzle as a
function of as-fired liquor dry solids for three liquors. Flashing is
clearly not a problem for the light liquor (viscosity = 50 cP at 66%
solids and 230°F). For the typical liquor with 100 cP at the same
“standard" conditions, flashing is also not a problem below 72%,
but minimum pressures of at least 25 psi (172 kPa) would be
required to suppress flashing at 80% solids. This would require
Irastic changes in the usual operating pressures of CE swirl cone,
V-type and U-type nozzles, but could be accommodated fairly
easily with a B&W splashplate nozzle.

With the thickest liquor, flashing is always a prbblem. Pressures
well beyond the normal range for black liquor service would be
required to suppress flashing ahead of the nozzle.

Complications with flashing at high solids will manifest
themselves in different ways, First, the nozzle stability will be
reduced at the low pressure end of their operating range. This will
complicate trials of high solids firing and subsequent optimization
of recovery boiler operation. Second, increasing operating
pressure leads to higher velocities. From Figure 10 above this
means smaller droplet size, all other factors being equal, Current
understanding of recovery boiler operation would indicate that this
will increase carryover. Third, higher velocities, particularly much
higher velocities for heavy liquors, mean significant changes in
liquor droplet trajectory. This element by itself could easily
confound the apparent benefit of high solids firing, Very careful
nozzle selection will be required for valid mill trials of high solids
firing or other liquor system modification.
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Figure 19. Minimum nozzle pressure drop required to
suppress flashing ahead of the nozzle for three liquors.
Viscosities at 66% solids and 110°C are: thick liquor =
250 mPa-s, medium = 100 mPa-s, thin liquor = 50 mPa-s.

CONCLUSIONS

The performance of black liquor spray nozzles has been the
subject of several investigations, Projects are on-going, and a
fuller understanding will emerge with time, but several key
features of black liquor nozzles have been revealed.

1. The geometry of current black liquor nozzles, such as the
B&W splashplate and CE swirl cone, U- and V-type nozzles,
are relatively simple.

2. The flow and pressure drop characteristics for two of these
nozzles—the splashplate and the U-and V-type—have been
measured. The flow coetficient correlations for these nozzles
are consistent with the specific geometry of each. This allows
reasonable speculation about the flow characteristics of the
other nozzle, the swirl cone, )

3. Within their typical range of operation, neither the splashplate
nor the U- or V-type nozzles are very sensitive to normal
fluctuations in liquor property variations. This is apparently
not the case for the swirl cone nozzle, and additional
investigation of this type nozzle is needed.

4, Fluid sheet thickness is a key element in determining the
ultimate droplet size of a spray. Sheet thickness has been
measured for one black liquor nozzle, the splashplate.
Correlations of sheet thickness are consistent with other data
for this nozzle and allow assessment of the sensitivity of
droplet size to changes in fluid properties and operating
conditions. Increased liquor viscosity will be one impact of
firing at higher liquor dry solids. Available data indicate that
sheet thickness (and likely droplet size) will increase by less
than a factor of two and a half for a ten-fold increase in
viscosity.



5. A modest amount of data is available on droplet size
distribution from black liquor nozzles. The mean droplet 'size
is affected by fluid properties, operating conditions, and
nozzle geometry, However, the normalized size distribution is
nearly constant for all conditions and nozzles.

6. Nozzle stability is an important aspect of nozzle performance,
Both roping and flashing are instabilities common to black
liquor nozzles. The impact of high liquor dry solids on one of
these, flashing, has been estimated. Higher solids require
higher operating pressure to suppress flashing ahead of the
nozzle. This will be a significant problem for heavy liquors at
higher dry solids firing conditions,
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NOMENCLATURE

Ay = nozzle area for U-type nozzle

Ay = nozzle area for the V-type nozzle

b,c = major and minor axis dimensions for the U- and V-type
nozzles

C1..C4 = constants for each nozzle

Ct = flow coefficient

D = nozzle exit diameter

Dy = equivalent circular diameter for the U-type nozzle

Dy = equivalent nozzle diameter for the V-type nozzle

AP = pressure drop across the nozzle

Re = Reynolds number, pDV/u

Y = sheet top surface velocity

Vn = nozzle characteristic velocity

Y = sheet thickness

p = fluid density
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Appendix 2 IMAGING EQUIPMENT SPECIFICATIONS
FAST VIDEO DATA ACQUISITION CAMERA

A1l of the LSI's, discrete components, and other circuitry for Xybion ISG
cameras are contained on printed circuit boards housed in the body of the
camera. One separate High Voltage Power Supply (HVPS) potted circuit board
is housed on top of the camera. ‘ |

The following 1ist outlines the features which make the ISG unique products.

*

*

*

*

Small size
Light weight
Rugged construction - extruded aluminum housing

Single power source: 11-15 VDC at approximately 10 watts, or 117 AC
50/60 Hz with power supply module

Frame scan or field scan (factory select)
Standard RS-170 output format

Available with Crystal, Sync Lock or H & V Lock Control
Automatic intensifier gating

Direct control of intensifier gating
Intensifier gain readout

Automatic 11 is control

Automatic/Manual intensifier gain 1imit
Extremely good anti-blooming performance
Pattern noise cancellation

Clock noise filtering

Image inhibit feature For Very Low Light Level and "Snapshot"
Applications (15G-240 only).

True Horizontal Aperture Correction (Enhanced Image Sharpness).
Automatic Black Level Circuit
Adjustable Mechanical Back Focus

Random Event, External Triggerable Gated Image Capture
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* User adjustable fimage capture gate range from ?Oms to less than 26ns

* User dadjustable delay from trigger to start of image capture, from 1 s to
90 s.

* 1/4x20 Mounting Holes on Top and Bottom
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Figure 8,2. Tracor Northern Image Analyzer

Section 1 - System Description

This sectlon contains brief descriptions of the physical
components and software used in the TN-8500 system,

System Configurations

The TN-8500 may be purchased in any of three configu-

rations:

a) EDS configuration (includes tems C, D, and F
shown at right).

b) imaging configuration (includes items B, C, D, E,
and F shown at right),

¢) Combined EDS and Imaging configuration (in-
chides items B, C, D, E, and F shown at right).

Comporients T~
A - Printer (optional) -

B - Control monitor

C - Image monitor

D - Mouse ﬁ\
E - Operator's Console

F

- Mainframe

E F

Mainframe

The mainframe cabinet contains all of the sysiem elec-
tronics and the mass storage devices (disk drives).

A - Main power switch. = =r= E
= E
B - Reset switch. | 45 ] '
C - SuperScan Generator controls; optionalwith elec- @
tron microscope interface only.
E
D - Disk drives.
E - Streaming tape backup system.
LL y
- |-
(continued)
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Proposed experimental apparatus.

Figure 8.3,
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