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ABSTRACF Simple techniques were hehped to meaure the 
viscosity and t h m l  conductivity of high-solid bhck liquor The 
method wing a Brookjeld viscomm fir measuring viscosity was 
mod$ed by applying d thinjlm of silicone oil on the su$ce of  bhck 
liquor toprevent evaporation andskin fomtion. These two 
phenomem takephce at high temperatures and high solid contents, 
afecting the viscosity measurements when the conventioml method is 
used The results of the mod$ed method compared well with the 
vibrating b& and comial cyli&s viscometm$r a hardwood 
liquor at 67: 7% s o l d  level. A line source method was used to 
measure the t h m L  Conductivity of b h k  liquor up to 83 % so ld .  
We fiund that the &ta published earlier by Haruin and Brown (I)  
could be wapohted to high-sold contents. 
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he pulp and paper industry is striv- T ing to improve the energy effi- 
ciency of the kraft mill operation. One 
way of achieving this is to increase the 
solids level of the black liquor that is 
fired into the recovery boiler. The vis- 
cosity and thermal conductivity are 
two physical properties of black liquor 
that play crucial roles in the operation 
of a kraft recovery plant. The fluid 
viscosity determines the power re- 

quirements for the pumps, the heat 
transfer coefficient in the evaporators, 
and the sprayability and droplet sue 
distribution of the liquor when intro- 
duced into the furnace. Thermal con- 
ductivity is critical to estimate the rate 
of heat transfer in the black liquor 
evaporators and for drylng the drop- 
lets in the furnace. In this paper, simple 
techniques are presented for measur- 
ing the viscosity and thermal conduc- 
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tivity of black liquor at high solids lev- 
els. The thermal conductivity of black 
liquor has been measured for the first 
time at high solids levels (53433%). 

Vwcosity of black liquor 

In recent years, the measurement of 
black liquor viscosity has received con- 
siderable attention (2, 3). Research- 
ers have carefully studied the influence 
of temperature and solids content on 
viscosity using various instruments, 
most of which can operate under pres- 
sure. However, all instruments dis- 
cussed are prohibitively expensive and 
fragde for routine mill measurements. 

The objective of this study is to 
present a simple technique for mea- 
suring the viscosity of black liquor at 
high solids contents and temperatures 
using a common rotating spindle-type 
viscometer, i.e., the Brookfield viscom- 
eter. This is a ubiquitous and rugged 
instrument. One feature that has pre- 
vented acceptance of this viscometer 
for black liquor viscosity measure- 
ments is the exposure of the liquor to 
an atmosphere that leads to crust for- 
mation on the free surface. Since the 
crust sticks to the spindle, more rotat- 
ing torque is required, and errone- 
ously high viscosity readings are often 
obtained. 

Boger and Ramamurthy (4) stud- 
ied the influence of evaporation on a 
Weissenberg rheogoniometer. They 
prevented evaporation by covering the 
surface with a very thin film of non- 
volatile fluid. This procedure is sug- 
gested by the supplier of the BroolGleld 
viscometer (5) used in this study, and 
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1. Schematic of Brookfield viscometer 2. Schematic of vibratina blade viscometer 

Added area fcir 
torque due to 
crust formation Spindle 

Sample fluid 

the same method was adopted here for 
evaluating black liquor. 

Theory 
A schematic of the B r o o ~ e l d  viscom- 
eter is shown in Fig. 1. The torque 
required to rotate a disc or cylinder in 
the fluid is measured and converted to 
viscosity readings, assuming the fluid 
to be Newtonian. The torque increases 
with the radius, R, and height, h, of the 
disdcylinder. The torque required to 
rotate a thin disc in an infinite medium 
is proportional to the fourth power of 
the radius (6): 

Torque = p R4 o (VW)’’’ 

and the torque to rotate a long cylin- 
der in an infinite medium is given by 

(1) 

(6): 

Torque = h R2 o (2 )  

Refer to Table I for nomenclature re- 
garding these variables and othervari- 
ables throughout the paper. The 
proportionality constants in Eqs. 1 and 
2 for a Newtonian fluid, laminar flow, 
and no end effects can be evaluated 
exactly as 0.616 E and 4 n, respec- 
tively. The shear stress is calculated 
as: 

Shear stress = Torque / (area x arm)(3) 

All of the above expressions must be 
corrected to account for end effects. 
These effects are accounted for by the 
viscometer manufacturer, and shear 
rates achieved at different angular ve- 

176 November 1993 Tappi Journal 

Sample 

1. Nomenclature of variables 

Variable Description 

h Height of cylinder, m 
Q 
r 
R 
t, to, 
T Temperature, “C 
Z Exponential integral 
CI Thermal diffusivity, m2/s 
Y Euler’s constant, 0.5772156 
h Thermal conductivity, W/m.K 
P Absolute viscosity, mPa.s 
P Density of fluid, kg/m3 
V Kinematic viscosity, p/p 
w Angular velocity, rad/s 

Heat input per unit length, W/m 
Radius of temperature measurement, m 
Radius of spindle (disc or cylinder), m 
Times for calculating the slope in Eqs. 7 and 8, s 

locities for various spindles are speci- 
fied in the manuals. The torque is ex- 
erted to rotate the spindle according 
to Eqs. 1 or 2. The shear stress is 
calculated using the area and arm of 
the spindle in Eq. 3. The viscosity is 
calculated as the ratio of shear stress 
to shear rate and is read from the dial 
of the viscometer with a suitable seal- 
ing factor (depending on the spindle 
and the shear rate). 

Experimental procedures 

hardwood pulp mill. The solids level of 
the black liquor was 67.7% as deter- 

pm-84. The black liquor was homog- 
enized by stirring and was maintained 

mostat. The Brookfieldviscosities were 
measured at 20 rpm (shear rates of 2- 
4 s-l). When a film was used on the 
black liquor surface, it was a thin film 
(about 1 mm) of silicone oil. The oil was 
immiscible with black liquor and had a 
low specific gravity (about 0.87 gem3 
vs. 1.33 gem3 for black liquor). The 
silicone had a very low viscosity (2.3 
mPas at 2OoC), so its contribution to 
the drag on the spindle can be ne- 
glected. 

Two viscometers were used for com- 

sonicviscometer. The sensor consisted 
of a magnetostrictive transducer with 

kHz (Fig. 2). When the blade is im- 
mersed in a fluid, the vibrations are 

the fluid. The change in pulse frequency 

Black liquor was obtained from a local parison. One was a BendiX 1800 ultra- 

mined by the TApPI procedure T650 a blade vibrating at a frequency of 28 

at the desired temperature by a ther- damped according to the properties of 



3. Comparison of viscosities measured by different viscometers 4. Ratio of conventional Brookfield viscositv to other viscositv methods 
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is proportional to the square root of 
the product of viscosity and density. 
This product is measured by the vis- 
cometer and corrected for the density 
to obtain the viscosity. The other vis- 
cometer used for comparison was a 
coaxial cylinders unit (2). 

ReSUltS 
Figure 3 shows the influence of the 
silicone film on the viscosity measure- 
ment: the addition of silicone oil re- 
duces the measuredviscosity. To vedy 
that the reduction was not due to mix- 
ing silicone oil in black liquor, the ex- 
periment was repeated with oil films of 
different thicknesses. Since there was 
no influence of film thickness on vis- 
cosity, the decrease in viscosity was 
solely due to preventing evaporation 
at the black liquor free surface. 

Figure 3 also shows the viscosity 
measured with the other viscometers. 
The data from the coaxial cylinders 
viscometer were obtained on the same 
liquor at the University of Florida, 
Gainesville, by a group led by A. L. 
Fricke. Note the viscosity readings 
above 60°C are similar for the vibrat- 
ing blade viscometer, the coaxial cylin- 
ders viscometer, and the Brookfield 
viscometer with a silicone oil film. Be- 
low 50"C, the difference in readings 
could be due to the non-Newtonian 
behavior of black liquor, which is pro- 
nounced at low temperatures and high 
solids contents (2). 

A crust of approximately the same 
area is formed with the strong black 
liquor irrespective of the temperature 
of viscosity measurement. Hence, the 
ratio of the measured viscosities with 
and without crust formation is expected 
to be independent of the temperature 
of operation. This is seen in Fig. 4, 
where the ratio of the Brookfield vis- 
cosity without silicone film divided by 
the viscosity measured by other 
techniques is plotted against tempera- 
ture. The constant viscosity ratio of 
about 1.5 implies that the exposed sur- 
face introduces an error of about 50% 
to the measured viscosities. 

Also included in Fig. 4 are the data 
of Stenuf and Agarwal (7), who com- 
pared the viscosity measured with a 
Brookfield unit to that obtained with a 
flow tube viscometer. The higher ra- 
tios obtained by Stenuf and Agarwal 
could be due to different liquors, sur- 
face areas, and shear rates used. 

Two precautions are recommended 
when using the Brookfield viscometer 
with silicone oil film: 

0 Ensure that the temperature of the 
spindle is at equilibrium before re- 
cording the viscosity. If the spindle 
temperature is low, the viscosity of 
the fluid near the spindle will be 
relatively high, and erroneous read- 
ings will be recorded. Allowing the 
spindle to turn for about 20 revolu- 
tions is sufficient to assure equilib- 
rium. With an exposed surface, this 

equilibration time is generally suf- 
ficient for a crust to form. 

0 The spindle must be carefully in- 
serted into the black silicone so the 
liquor oil is not trapped under the 
spindle disc. This problem can be 
easily avoided by inserting the 
spindle into the liquor sample at an 
angle. 

This technique could lead to errone- 
ous results if the fluid exhibits a strong 
non-Newtonian behavior, which is 
prevalent for black liquor at high sol- 
ids contents and low temperatures. 
Although there is no distinct value, 
non-Newtonian behavior is generally 
significant above 70% solids and below 
60°C for hardwood liquors. 

Thermal conductivity 
of black Equos 

Harvin and Brown (1) presented an 
excellent paper on the thermal con- 
ductivity of black liquor at solids con- 
centrations to 53%. Since then no 
additional results have been published, 
even though the present industrial 
standard is to fire liquor at a solids 
level of 66-72%. Because the thermal 
conductivity of high-solids black liquor 
could be important in alternative pro- 
cesses such as drum drying or spray 
drying, this study's objective was to 
measure the thermal conductivity of 
black liquor with a simple technique 
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5. Experimental setup for measuring thermal conductivity 6. Probe construction for measurina thermal conductivitv 
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called the “line source method” or 
“probe method.’’ 

Theory 

In the line source method, the thermal 
conductivity of a material is deter- 
mined from the thermal response of a 
heated, long cylindrical probe of small 
diameter. The schematic of the setup 
and the probe shown in Figs. 5 and 6 
are similar to those described by Lobo 
and Claude (8). The 11-em-long x 0.2- 
em-diam. probe contains a heater ele- 
ment (constantan, 0.01-em diam.) and 
a J-type thermocouple, which measure 
the surface temperature midway along 
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the length of the probe. A tape heater 
wound around the sample is used to 
bring the fluid and the probe to a uni- 
form temperature. A heat flux of typi- 
cal, 0.6W, supplied to the probe is 
measured. From the temperature- 
time history obtained during heating, 
the thermal conductivity can be calcu- 
lated. Tye (9) provides an excellent 
description of the apparatus and er- 
rois  involved in this method. 

Ideally, the setup should be an infi- 
nitely long thin heat source placed 
an infinite homogenous medium of uni- 
form temperature. The solution of the 
Fourier equation leads to a transient 

tkmperature rise, T, at a distance, r, 
from the heat source (9): 

For small values of (@/4at), Eq. 4 can 
be approximated as: 

From Eq. 5, it follows that over a time 
interval (t-to), the temperature rise at 
a point in the medium is given by: 



8. Thermal conductivity of black liquor as a function of solids level at 38°C and 65°C 
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Since Eq. 6 is valid anywhere in the 
fluid, and thus also at the interface 
between the fluid and the probe, the 
heating of the probe surface can also 
be described by Eq. 6 after an initial 
transient. To account for the devia- 
tions from ideal conditions, Eq. 6 was 
modified as: 

1 n t + constant CQ T=- 
4nh 

where Cis a probe constant. The probe 
constant was determined to be 0.82 by 
calibrating the probe in glycerol, a 
material for which the thermal con- 
ductivity is accurately known. With 
this constant, the thermal conductiv- 
ity of water was determined as 0.63 
W/mK at 38°C and 0.658 W/mK at 
65°C; both are within 2% of the values 
published by Perry and Green (IO). 
The above analysis is only valid ifnatu- 
ral convection effects can be neglected. 
These effects are generally neglected 
when the Grashoff number is less than 
lo4. The Grashoff number of the 
present system was typically between 

and 102, based on a probe tem- 
perature rise of about 3°C and viscosi- 
ties between 0.8 and 1000 mPas. 

Results 
Figure '7.4 shows the temperature rise 
of the probe, T, during the heating 
period of about 40 seconds. The same 
data are replotted in Fig. 7B against 
the natural logarithm of time. 

The thermal conductivity is calcu- 
lated from the slope of the straight 
line through the data in Fig. 7B, ob- 
tained by linear regression analysis. 
The black liquor thermal conductivity 
was determined as a function of solids 
level at two temperatures and is plot- 
ted in Fig. 8. The present data agree 
well with that of Harvin and Brown 
(I), who used a measurement tech- 
nique based on steady-state heat trans- 
fer through a slab. The results show 
that Harvin and Brown's thermal con- 
ductivity data can be extrapolated to 
higher solids levels to predict the ther- 
mal conductivity. 

Gonclusions 

For routine measurement of black li- 
quor viscosity in a pulp mill, the rotat- 
ing spindle viscometer can be used 
when the free surface exposed to the 

atmosphere is covered with a thin layer 
of silicone oil. With this modification, 
the simple, cheap, rugged Brookfield 
viscometer gives reproducible and ac- 
curate results. 

A cylindrical heatedprobe tech- 
nique was successfully used to mea- 
sure the thermal conductivity of black 
liquor from 0 to 83% solids, over a 
temperature range of 24°C to 68°C. 
The present thermal conductivity data 
are well described by the correlations 
of Harvin and Brown, who used li- 
quors with solids concentrations to 
53%. Note that the agreement was 
obtained despite the fact that differ- 
ent liquors were used in the two stud- 
ies. Hence, the influence of liquor 
properties cannot be established. 
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