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Black liquor is a fluid with high viscosity, implying high Pr numbers. Most of the previously developed
correlations for falling film evaporation heat transfer were developed for fluids with relatively low Pr
numbers, and therefore are not valid for most black liquor evaporation conditions. Experimental heat
transfer data from black liquor evaporation are presented here. They show that the Nu number, as
expected, increases in the turbulent region. However, at a specific Re number for each Pr number level,
the Nu number ceases to increase with increasing Re number. A new correlation, taking this observation
into account, has been developed on the basis of experimental data in the region of 4.7 < Pr < 170 and
47 < Re < 6740, and is presented in this paper. A dry solid content dependence is included in the new cor-
relation and improves its predictions for black liquor.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the pulp and paper industry, the black liquor evaporation
process is a large energy consumer. About one-third of the steam
consumption in an average Swedish non-integrated market kraft
pulp mill is consumed by the evaporation plant [1]. The total fuel
consumption in the Swedish pulp and paper industry was
55.2 TWh in 2005 [2], which mean that large energy flows are in-
volved in the black liquor evaporation plant. Black liquor is gener-
ated during the production of chemical pulp from wood or annual
plants; its main constituents are dissolved wood (lignin), cooking
chemicals and a large amount of process water.

Research on the energy use in the pulp and paper process has
shown that thermal integration of the evaporation with other parts
of the process could considerably increase energy recovery and
thus save significant amounts of primary steam [3]. The greatest
potential for reduction can be achieved in the evaporation plant
by combining measures, such as using both medium-pressure
steam (10–12 bar (a)) and low-grade process waste heat to drive
the evaporator train, and decreasing the lowest condensation tem-
perature. For these measures to be implemented, the gains from
the live steam savings should be higher than the increased invest-
ment costs that may occur. To get a more reliable basis for judging
whether this is the case, increased knowledge about the heat trans-
fer in falling film evaporation of black liquor is essential. The
knowledge gives information about how to design energy-opti-
mized evaporation plants where thermal integration can be imple-
ll rights reserved.

+46 31 821928.
. Johansson).
mented. Hence this knowledge yields opportunities for cost-
effective energy savings and reduced CO2 emissions.

Previously developed correlations for heat transfer in falling
film evaporation were developed for fluids with relatively low Pr
numbers. Black liquor is a fluid with high viscosity, especially at
high dry solid content or low temperature, which means high Pr
numbers.

In earlier work [4], many of the previously developed general
correlations for heat transfer in falling film evaporation were com-
pared with experimental heat transfer data for black liquor evapo-
ration. It was concluded that none of the previously developed
correlations fit well with the experimental data. However, for Pr
numbers above 50, extrapolation of correlations by Chun and Se-
ban [5] and Schnabel and Schlünder [6] lead to values that are clos-
est to the sparse experimental results.

Here an extended set of experimental data is presented. Based
on the experimental data for falling film evaporation of black
liquor, a new correlation similar to the standard form where
Nu = f(Re,Pr) was developed for Pr numbers up to 170.
2. Theory

At flow rates of industrial interest, falling liquid films are usu-
ally turbulent and characterized by the formation of waves at the
film interface. Understanding the effects of the waves is important
in predicting the heat transfer coefficients in falling film
evaporation.

Lyu and Mudawar [7] studied falling film flow and found that
each large wave in the falling film was followed by a thin film.
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Nomenclature

dCu distance between thermocouples in copper block and
tube wall (m)

dfilm falling film thickness (m)
dTC,i apparent distance between inside thermocouples in

tube wall and inside surface of tube wall (m)
dTC,o apparent distance between outside thermocouples in

tube wall and outside surface of tube wall (m)
dTC,w,l local apparent radial distance between the thermocou-

ples in tube wall (m)
dw,l local tube wall thickness (m)
dw,l,o apparent distance between thermocouples measuring

temperature on the inside of the tube wall and the in-
side tube wall surface (m)

g gravitational acceleration (m/s2)
K parameter (–)
P1 parameter (–)
P2 parameter (–)
PS parameter (–)
h heat transfer coefficient (W/m2 K)
kbl conductivity of black liquor (W/mK)
kCu conductivity of copper block (W/mK)
kw conductivity of tube wall (W/mK)
l dynamic viscosity (Pa s)
m kinematic viscosity (m2/s)
q density (kg/m3)
qv density of vapour (kg/m3)
r surface tension (N/m)
C mass flow rate per unit width (kg/ms)
s shear stress (kg/ms2)
sw wall shear stress (kg/ms2)
_c shear rate (1/s)
cp specific heat of black liquor (J/kg K)
cp,E excess heat capacity (J/kg K)
cp;H2O heat capacity for water (J/kg K)
cp,S heat capacity for solids (J/kg K)
DS dry solid content (%)
hbl,l local heat transfer coefficient for black liquor film (W/

m2 K)
hc,l local heat transfer coefficient for condensate film (W/

m2 K)
LTC34 apparent distance between thermocouple 34 and tube

wall surface (mm)

LTC36 apparent distance between thermocouple 36 and tube
wall surface (mm)

kw conductivity of tube wall (W/mK)
qCu local heat flux over copper block (W/m2)
ql local heat flux over tube wall (W/m2)
S dry solid content (weight fraction)
Tbl mixed cup temperature of black liquor falling film (K) or

(�C)
Tbl,s temperature of black liquor film interface (K)
TCu temperature measured by thermocouple in copper

block (K)
TCu,w temperature on tube wall calculated from temperature

in copper block (K)
TTC,i,l local temperature measured with TC on inside of tube

wall (K)
TTC,o,l local temperature measured with TC on outside of tube

wall (K)
Ti,l local temperature on inside of tube wall (K)
To,l local temperature on outside of tube wall (K)
Ts temperature of saturated primary steam (K)
DTCu temperature difference in copper block (K)
DTbl,f,l local temperature difference over black liquor film (K)
DTc,f,l local temperature difference over condensate film (K)
DTTC,w,l local temperature difference between thermocouples in

tube wall (K)
y space coordinate perpendicular to the free surface (–)
Ka Kapitza number � l4g

qr3 ð—Þ

Nu Nusselt number � h
k

m2

g

� �1=3
ð—Þ

Pr Prandtl number � cpl
k ð—Þ

Re Reynolds number � 4C
l ð—Þ

Subscripts
exp experimental
lam laminar
limit limit in the turbulent flow regime where heat transfer

does not increase more for increased C
TC thermocouple
trans transition to turbulent flow regime
turb turbulent
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Mudawar and Houpt [8] found that the temperature profile in the
falling film was steep in the thinner parts of the film and in the
near-wall region beneath the large wave. But it was fairly flat with-
in the wave itself. This suggests that the liquid in the large waves
behaves as an isolated lump undergoing recirculation, instead of
continually mixing with the thinner part of the film.

Experimental investigations by Mudawar and Houpt [8] of the
falling film reveals that the substrate thickness increases with
increasing Prandtl (Pr) number for constant Reynolds (Re) num-
ber. The radial velocity component was measured in the falling
film for two different experiments with high Pr number, and its
magnitude was small in both cases. Examination of the falling
film indicated that the large waves at high Pr numbers behaved
like lumps of liquid sliding over the substrate. These observations
are consistent with those of Lyu and Mudawar [7] who found
temperature profiles within large waves to be flat. That is, the
fluid within a wave behaved as an isolated lump containing a re-
gion of recirculation.
3. Experimental apparatus and procedure

A research evaporator (a pilot plant), built in cooperation with
Metso Power AB (previously Kvaerner Power AB), Göteborg, Swe-
den, was used to study the heat transfer behaviour of falling black
liquor films. The heart of the plant is a vertical tube 4.5 m long,
with a falling film of black liquor flowing on the outside. The outer
diameter of this evaporator tube is 60 mm. Heating is accom-
plished by condensing steam on the inside of the tube.

The heating steam is distributed along the inside of the evapo-
rator tube, through an internal steam tube. The steam condenses
on the inside of the evaporator tube and the condensate forms a
falling film. Upstream of the steam tube is a specially designed ves-
sel to ensure saturated steam conditions; see Fig. 1.

With the research evaporator, experiments presented in this pa-
per were performed by running the process at a constant dry solid
content, which was maintained by recirculating the secondary
condensate from the condenser to the processed black liquor. To



Fig. 1. Flow sheet of the research evaporation plant (the pilot plant).

 Tbl 

TTC,o,l 

Ts TTC,i,l 

Condensate

Black liquor

Fig. 2. Thermocouples are mounted to measure the temperature on the inside and
outside of the tube wall and in the primary steam, as well as the black liquor mixed
cup temperature.
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increase the dry solid content of the black liquor between experi-
ments, the secondary condensate was extracted after the
condenser.
 

0.2 mm 

Outside of tube 

Tube wall 

Grounded 
thermocouple 

Insulated 
thermocouple 

To,l Ti,

Fig. 3. Thermocouples connected to tube wall. Both thermocouples were connected from
while the horizontal thermocouple had a grounded measuring point. Each arrow on the tu
twisted 90� from each other at each height, as the twisted arrow indicates. The tempera
3.1. Heat flux and heat transfer measurements

To measure heat flux locally, the evaporator tube is equipped
with 18 pairs of type K thermocouples mounted at different posi-
tions both vertically and circumferentially; see Figs. 2 and 3. The
local heat flux of the tube wall, ql, was obtained as:

ql ¼
kw

dTC;w;l
DTTC;w;l ð1Þ

where

DTTC;w;l ¼ TTC;i;l � TTC;o;l ð2Þ

Here kw is the conductivity of the tube wall, which was calculated
from the temperature of the tube wall, and dTC,w,l was the local dis-
tance between the thermocouples (different for each pair of
thermocouples).

The temperature on the outside of the tube wall was calculated
from the temperature difference over the wall and the absolute
temperature in it, which means that the total temperature
Every second 
section, 90° twisted 

the inside of the tube. The vertical thermocouple had an insulated measuring point
be to the right in the figure indicates one thermocouple. Thermocouple locations are
ture was measured at nine different heights.
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difference over the tube wall was also calculated. From the inside
and outside tube wall temperatures and the local heat flux, the lo-
cal heat transfer coefficients, for both the condensate film and the
black liquor film, were calculated as follows (see also Figs. 2 and 3):

hbl;l ¼
ql

DTbl;f ;l
ð3Þ

and

hc;l ¼
ql

DTc;f ;l
ð4Þ

where

DTbl;f ;l ¼ To;l � Tbl;s ð5Þ

and

DTc;f ;l ¼ Ts � Ti;l ð6Þ

where

Ti;l ¼ TTC;i;l þ
ðTTC;i;l � TTC;o;lÞ

dTC;w;l
dTC;i ð7Þ

and

To;l ¼ TTC;o;l �
ðTTC;i;l � TTC;o;lÞ

dTC;w;l
dTC;o ð8Þ

where Ts was the temperature of saturated primary steam, which
was the same as the temperature on the condensate film surface.
TTC,o,l and TTC,i,l were the local temperatures close to the outside
and inside of the tube wall, measured with the thermocouples
mounted into the wall. Tbl,s was the black liquor film interface
temperature, which was calculated from measurements with a
thermocouple mounted into a cup in the bottom of the evaporator,
where the black liquor film falls down before it leaves the
evaporator.

The tube wall thickness was 5 mm, greater than that commonly
used in industry, and was selected in order to improve the accuracy
of the heat flux measurement. To further improve the accuracy,
thermocouples with a grounded measuring point were used at
the outer wall, since this kind of sheeting makes it possible to
determine the location of the measuring point with higher accu-
racy and thus the distance between the thermocouples.

To reduce the risk of disturbing the falling film flow pattern and
the risk of corrosion, the outer surface thermocouple was soldered
into a hole that was drilled from the inside of the evaporator tube
and almost to the outside of the tube. Only 0.2 mm of the tube wall
was left (see Fig. 3). For the thermocouples measuring the temper-
ature on the inside of the tube, the notches were made 1.1 mm
deep.

The temperature was measured at nine different heights on the
evaporator tube, where level 1 was the level closest to the outlet
and level 9 was the level closest to the top. There was 0.5 m be-
tween each level and the next.

3.2. Thermocouple position calibration

Despite careful individual, as well as pair-wise, calibration of
thermocouples before assembly, preliminary experiments showed
unexpected deviations between the heat transfer coefficients mea-
sured with different pairs of thermocouples, i.e. at different posi-
tions along and around the tube. The differences in temperature
for local measurements at different locations along the tube wall
were about ±0.6 �C. The reason for the large deviations in the local
temperature measurements was investigated. Experimental details
are given by Johansson et al. [9].
3.2.1. Analysis with X-ray microscopy
One part of the investigation was to analyse the thermocouple

soldering. An analysis with X-ray microscopy with high-voltage
supply was done with seven thermocouples that were soldered
into holes in the tube material (Duplex SAF 2205), using exactly
the same procedure as when mounting the thermocouple into
the evaporator tube wall. The analysis showed that air was located
in the bottom of the hole and up along the thermocouple side at
some of the thermocouple solderings.

3.2.2. Finite-element method calculations
The conduction in the solder significantly affects the tempera-

ture profiles close to the measuring points. To estimate the size
of this influence, a CFD analysis with finite-element-based calcula-
tions of the temperature profiles was carried out, using the com-
mercial COMSOL Multiphysics FEMLAB software. With these
simulations, the apparent location of the thermocouple measuring
point was calculated, for a thermocouple physically mounted into
the bottom of the drilled hole. The thermal conductivity of a solder
material with similar composition was measured [10] and from
this the conductivity of the solder material used was calculated
and used in the FEMLAB simulations.

Simulations with the FEMLAB software showed that the area
between the thermocouple tip and the bottom of the drilled hole
was important for the temperature measurements. There was a
significant difference in what temperature the thermocouple mea-
sured, depending on whether this area was filled with air or with
the solder material. The apparent position was found to be 0.65–
2.25 mm from the outside tube wall depending on how much of
the drilled hole was filled with solder material. This should be
noted as another important parameter.

3.2.3. Thermocouple average apparent position
The problem of a deviating local heat transfer coefficient was

initially handled by calibrating the average heat transfer coeffi-
cient. This calibration was done with experiments with evaporat-
ing water. The parameter that was set by the calibration was the
average apparent position of the thermocouples mounted into
the tube wall. The experimental heat transfer results were com-
pared with results from the heat transfer correlation developed
by Schnabel and Schlünder [6] which is a commonly used correla-
tion, valid for water. In this comparison it was found that an aver-
age apparent position of 1.2 mm from the outside of the wall for
the thermocouple measuring the temperature on the outside of
the wall, and an average apparent position of 0.6 mm from the in-
side of the wall for the thermocouple measuring the temperature
on the inside of the wall, agreed with the correlation by Schnabel
and Schlünder [6].

3.2.4. Calibration of the apparent positions of TC 34 and TC 36
A calibration of the apparent positions of thermocouples 34 and

36 was carried out to improve the accuracy of these two local heat
flux and heat transfer measurements. Thermocouples 34 and 36
are located close to the sight glasses farthest down on the evapora-
tor, about 4 m from the top of the evaporator tube.

The position calibration was carried out with a construction of
thermocouples mounted into blocks of copper. There was one
block for each thermocouple that was position-calibrated, which
means two blocks with two thermocouples in each block.

The objective was to calculate the apparent positions of ther-
mocouples 34 and 36, which were mounted into the tube wall to
measure the temperature on the outside of the tube wall. This
was done by calculating the temperature on the tube wall surface
with the thermocouples that measured the temperature in the
copper block, knowing that the temperature measured by the
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thermocouples in the tube wall would be the same if its apparent
position was at the tube wall outside surface.

The temperature on the tube wall’s outside surface, from the
thermocouples in the copper block, was calculated as:

TCu;w ¼ TCu þ DTCu ð9Þ

qCu ¼
kCu

dCu
DTCu ð10Þ

where dCu = 2.5 mm and kCu = f(TCu).

ql ¼
kw

dTC;w;l
ðTTC;i;l � TTC;o;lÞ ð11Þ

where dTC,w,l = dw,l � 0.6 � 10�3 � dw,l,o and kw = f(TTC,o,l) and dw,l,o

was the local apparent distance between the outer tube wall and
the measuring point, which gave the apparent position of the
thermocouple.

qCu ¼ ql ð12Þ

The temperature on the tube wall surface from the thermocouples
in the tube wall was calculated as:

To;l ¼ TTC;o;l �
ðTTC;i;l � TTC;o;lÞ

dTC;w;l
dw;l;o ð13Þ

Solving this system of equations and finding dw,l,o results in
TCu,w = To,l

! dw;l;o ¼
kw

dCu
kCu
ðTTC;i;l � TTC;o;lÞ � ðdw;l � 0:6 � 10�3ÞðTTC;o;l � TCuÞ

ðTCu � TTC;i;lÞ
ð14Þ

The calculated apparent position was different for the two thermo-
couples (see Fig. 4).

The knowledge gained about the apparent position of the two
thermocouples was used for recalculation of the two local heat
transfer coefficients at level 2 in the evaporator. In Fig. 5 are the lo-
cal heat transfer coefficients for experiments with water.

As was seen in Fig. 5, the local heat transfer coefficients, calcu-
lated with the equations for the apparent positions for the thermo-
couples measuring the temperature on the tube wall outside, are
more similar to each other than the local heat transfer coefficient
calculated with the average position of the thermocouples. This
points to more accurate local heat transfer coefficient calculations.

3.2.5. Estimation of the apparent positions for the other thermocouples
From the position calibration of thermocouples 34 and 36, a po-

sition adjustment of the rest of the thermocouples was done. This
position adjustment was done by studying some experimental data
from evaporation experiments with water. By assuming that all
0
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Fig. 4. The experimental data from the position calibration show the apparent
position of the measuring points of the two thermocouples. The filled lines are the
models developed from the experimental data, where the apparent positions are
considered to be constants.
heat transfer coefficients in the falling water film should be equal
to the heat transfer coefficient calculated from thermocouples 34
and 36, the apparent position of the rest of the thermocouples
measuring the temperature on the outside tube wall was found.
Using these position estimates, the average heat flux and heat
transfer coefficient were calculated.

3.3. Additional experimental equipment

Additional experimental data obtained from the research evap-
oration plant are the following:

� Inlet mass flow (and density) of black liquor in the evaporator
(from measurement equipment placed in the circulating flow
of black liquor to the evaporator).

� Inlet viscosity of black liquor in the evaporator (measurement
equipment placed in the circulating flow of black liquor to the
evaporator).

� Volume flow of steam condensate (equipment measuring the
steam condensate flow from the evaporator).

� Temperatures:
– Temperature into and out of the evaporator on both steam

side and black liquor side.
– Temperature of secondary steam in the evaporator vessel.
– Bulk temperature of the black liquor in the bottom of the

evaporator.
� Pressure on both heating steam side and black liquor side in the

evaporator.

3.3.1. Viscosity measurements
The process viscometer used in this work was a Marimex Visco-

Scope – Sensor VA-300L. The process viscometer measures the vis-
cosity of liquids continually inline. The viscosity was obtained with
the torsional oscillation principle. The viscometer measured the
viscosity at a shear rate of 3450 1/s. The process viscometer mea-
sured the viscosity of the circulating black liquor going to the top
of the evaporator tube.

To find out the rheological behaviour of the black liquor a rhe-
ometer was used. The laboratory rheometer used was a Bohlin
Instruments Rheometer CS50. In this study, an open system and a
high-pressure cell with rotating cylinder were used. The rheometer
was equipped with an integrated bath through which the tempera-
ture was controlled. The rheometer was validated with standard oil
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(96 mPa s at 25 �C). It was found that the error related to the instru-
ment was less than 1% for the open measuring systems and less
than 4% for the measuring system with the high-pressure cell.

Measurements with the laboratory rheometer and inline vis-
cometer show that the investigated black liquor was non-Newto-
nian. The viscosity decreases with increasing shear rate, which
resulted in a higher measured viscosity with the laboratory rheom-
eter than with the inline viscometer. To calculate the viscosity in
the falling film, the shear rate and shear stress in the falling film
were calculated. The wall shear stress was calculated from [11]:

sw ¼ q � dfilm � g ð15Þ

With no interfacial shear, the shear stress distribution across the
film was linear, approximating the tube wall as a plate:

s
sw
¼ 1� y

d
ð16Þ

The average value of the shear rate in the falling film was used to
estimate the average viscosity in the film. The average shear rate
ð _cÞ was calculated from an iterative procedure with the following
equation [11]:

sw

2
¼ �lð _cÞ � _c ð17Þ

By studying the viscosity and the shear rate in the experiments, a
simplification of the calculation above was made. The viscosity used
in the calculation of the Nu number was 1.6 times the viscosity
according to the inline viscometer.

The viscosity values used in the calculation were also corrected
for the difference in temperature and dry solid content in the inline
viscometer and the evaporator, according to a correlation for black
liquor viscosity developed by Wennberg [12]. The black liquor cup
temperature was used as the temperature at which the viscosity
was evaluated. The dry solid content used for the evaluation was
the average dry solid content between the inlet and outlet from
the evaporator.

Further experimental details are given in references [4,13,14].

3.4. Experimental conditions

During the experiments in the research evaporator, the dry solid
content was kept constant by bringing the secondary condensate
from the condenser back to the processed black liquor. The pres-
sure on the black liquor side, as well as the steam side, was regu-
lated by control valves to be constant during the experiments.

The conditions in each experiment performed at the research
evaporator were kept constant during at least 2 h to collect data.
The same black liquor was adopted for experiments under a couple
of months. With time, it was seen that the black liquor viscosity
decreased for the same conditions in the research evaporator and
the same dry solid content of the black liquor. The black liquor be-
came heat-treated during the experiments because of the elevated
temperatures and the long exposure time. This effect implies that
the viscosity data for a given dry solid content are not indicative
of black liquor viscosity with the same dry solid content for normal
industrial mills; the viscosity data in the experiments presented
here are about 50% lower.

3.5. Calculation procedure

The experimental local heat transfer coefficients were calcu-
lated with Eqs. (1)–(8) given in Section 3.1.

To enable use of dimensionless expressions, the Nu, Re and Pr
numbers are calculated. For calculation of these dimensionless
numbers the properties of the black liquor were calculated or mea-
sured. The viscosity and density of the black liquor were measured
as described above. The conductivity and heat capacity of the black
liquor were calculated with the correlations given below.

Thermal conductivity of black liquor [15]:

kbl ¼ 0:00144Tbl � 0:335Sþ 0:58 ð18Þ

where Tbl is in �C and the dry solid content, S, is a value between 0
and 1. This equation can be used over the range of dry solid contents
from 0% to 82% and temperatures from 20 to 100 �C.

The dry solid content of the black liquor was measured from
black liquor samples that were taken out of the evaporator, using
TAPPI test method T650 om-89. The samples correspond to the
black liquor dry solid content at the top of the evaporator tube.
The increase in dry solid content over the evaporator tube was cal-
culated, and the average between the inlet and outlet black liquor
dry solid contents was used in the calculations.

The heat capacity was calculated from a linear mixing rule for
water and black liquor solids that works for estimating the heat
capacity of black liquor below 50% dry solid content:

cp ¼ ð1� SÞcp;w þ S � cp;s þ cp;E ð19Þ
cp;s ¼ 1684þ 4:47Tbl ð20Þ
cp;E ¼ ð4930� 29TblÞð1� SÞS3:2 ð21Þ

where Tbl is the temperature in �C and the dry solid content, S, is a
value between 0 and 1 [15].

C was calculated from the circulation flow measured by the
mass flow measurement equipment divided by the wetted perim-
eter (outside perimeter of tube).

To develop a new correlation from the experimental data, the
optimization routine nlinfit in the numerical software Matlab was
used. The routine nlinfit is a nonlinear least-squares data fitting
by the Gauss–Newton method, which estimates the coefficients
of a nonlinear function by using least squares.

3.6. Difference in dry solid content

The difference in dry solid content at the top and bottom of the
evaporator tube was between 0.3% and 4.5% in the experiments.
The largest differences in dry solid contents were found in experi-
ments with low C, while high C gave small differences (Fig. 6). The
outlet dry solid content affects the evaporating black liquor tem-
perature, which is seen in Fig. 7.

In Fig. 7 the black liquor cup temperature was plotted vs. C.
Higher outlet dry solid content was achieved at lower mass flow
rates, which gave higher black liquor cup temperature because of
higher boiling point rise at constant pressure.
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This means that the dry solid content, and thereby the film
interface temperature, at the top of the evaporator tube were lower
than in the bottom of the tube, especially for low C. This was ad-
justed for in the calculation of the local heat transfer coefficients.

4. Results with comments

A number of experiments were performed with black liquor. Re-
sults presented here are all based on experiments with the same
batch of softwood black liquor from a Swedish kraft pulp mill.

4.1. Experimental heat transfer data

The local heat transfer coefficients were calculated with ther-
mocouple positions estimated as described in Section 3.2.5. In
the figures presented here, the average heat transfer coefficient is
shown. This coefficient was calculated from thermocouple mea-
surements on levels 1–5 (of nine levels, level 1 at bottom) on the
evaporator tube, i.e. only values from the fully developed flow
were included.

As is seen in Fig. 8, the heat transfer coefficient initially (for low
values of C) decreases with increasing C for most conditions. In
this C range, the flow had not reached the turbulent flow regime
and was still laminar/wavy-laminar. For increased C there was a
transition to the turbulent flow regime and the heat transfer coef-
ficient increased with C, as it should do according to existing gen-
eral correlations for heat transfer in falling film evaporation for
turbulent flow. However, at high C, the heat transfer was constant
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Fig. 8. Heat transfer coefficient (h) vs. circulation flow (C).
or in some cases even decreased with increasing C (See Figs. 8 and
9). There is a limit where the heat transfer coefficient ceases to in-
crease with C. Such a limit was not observed in water experiments,
nor in the earlier black liquor experiments [4].

4.2. Re number limit for stagnant heat transfer

In Fig. 10 the experimental results were presented using dimen-
sionless numbers. The same trend that was seen in Fig. 8 was also
seen in Fig. 10. In the laminar flow regime, with increasing Re
number, the Nu number decreases in the laminar flow regime
and increases in the turbulent region, which it is expected to do.
For a specific Re number at each Pr number level, the Nu number
ceases to increase with increasing Re number. The Pr numbers
where the limit in Re number occurred were plotted in Fig. 11.

This limit in Re number in these experiments can be described
with the following equation:

Relimit ¼ 13500 � Pr�0:85 ð22Þ

Note that the Re number limit for stagnant heat transfer should not
be confused with the transitional Re number, which describes at
what Re number there is a transition to the turbulent flow regime.

4.3. New correlations

A new heat transfer correlation, using the standard form
Nu = K �ReP1 �PrP2 for the turbulent part, was developed. Several dif-
ferent versions of correlations were investigated.
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By residual analysis it was found that adding a dependence of
the dry solid content improved the fit significantly. We found that
the best way to add a dry solid content parameter was on the Re
number exponent Ps. Concerning the other parameters in the cor-
relation, it was found that the parameters suggested by Schnabel
and Schlünder [6] mostly were within the confidence interval of
these parameters. Therefore, the correlation developed by Schna-
bel and Schlünder [6] became the basis for the new correlation.
Adding the dry solid content dependence, and including the Re
number limit for increase in Nu number described by Eq. (22),
the model becomes:

Nulam ¼ 1:43 � Re�1=3 ð23Þ

Nuturb ¼ 3:6 � 10�3 � min Reexp;Relimit
� �� �ð0:4�PS �SÞ � Pr0:65 ð24Þ

Nu ¼ Nu2
lam þ Nu2

turb

� �1=2
ð25Þ

where Relimit is given by Eq. (22), S is the dry solid content
(in weight fraction) and Ps is a dry solid content parameter found
in Table 1.
Fig. 14. Nu number vs. Re number, experimental values compared with the
correlation developed by Holmberg et al. [19].Table 1

The confidence interval for the parameter in the new correlation.

Parameter Parameter value and confidence interval

Ps 0.125 ± 0.013

The expression [min(Reexp,Relimit)] in Eq. (24) means that the

lowest of Reexp and Relimit should be used.



Table 2
Transition to turbulent flow regime in the experiments according to Chun and Seban [5] and experimental data.

Experiments Pr Retrans (Chun and Seban [5]) Retrans (Schnabel and Schlünder [6]) Retrans (new correlation) Retrans (experimental data)

117�C, 37% DS 4.8 1100 872 1297 1721
51�C, 41% DS 42 110 127 175 181
51�C, 51% DS 155 28 40 54
119�C, 47% DS 11 457 418 661 736
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Fig. 15. Transition to turbulent flow regime, Retrans, vs. Pr number according to
Chun and Seban [5], Schnabel and Schlünder [6], the new correlation, and the
experimental data.
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The correlation was developed from experimental data in the
region of 4.7 < Pr < 170 and 47 < Re < 6740, and dry solid contents
up to 51%. Experiments were also done with a dry solid content
of 60%, but there were difficulties in getting a smooth-looking fall-
ing film flow at this dry solid content. The falling film flow was
rough and disturbed for both lower and higher circulation flows
and pressures. The black liquor also started to scale on the evapo-
rator tube after some hours.

This new correlation (Eqs. (22)–(25) and Table 1) was used in
Fig. 12, where the correlation was compared with the experimental
values.

4.4. Comparison between experimental data and previously developed
general correlations

The experimental data from this study were compared with
several general correlations from the literature [5,6,16–21], two
of which [6,19] are seen in Figs. 13 and 14.

None of the previously developed correlations are in agreement
with the experimental data. All of them over-predict the Nu num-
ber when compared to the experimental data. Interesting to note is
that the correlation developed by Holmberg et al. [19] agrees bet-
ter with the experimental data at high Pr numbers than at low Pr
numbers; see Fig. 14.

4.5. Transition to turbulent flow regime

Regarding at what Re number there is a transition to the turbu-
lent flow regime, Chun and Seban [5] suggest:

Retrans ¼ 5800Pr�1:06 ð26Þ

This Retrans was found by setting Nulam = Nuturb in their heat trans-
fer correlation. In Table 2 and Fig. 15 these values are compared
with transition values obtained in the same way for the correlation
by Schnabel and Schlünder [6] and the new correlation. In the table
and the figure are also values obtained from observation of min(Nu)
for each Pr number level of the experimental data.
It can be seen in Fig. 15 that the transition to the turbulent flow
regime in the experiments performed in this study seems to occur
at higher Re numbers than what Chun and Seban [5] and Schnabel
and Schlünder [6] suggest. Their correlations are based on data
from experiments with fluids with lower Pr numbers. The new cor-
relation agrees better with the observed transition.

5. Discussion

Experiments with an industrial black liquor evaporator have
shown that the heat transfer does not increase as much as ex-
pected according to general correlations, such as that of Schnabel
and Schlünder [6] for heat transfer in falling films with increased
circulation flow [22]. However, predicting the increase in heat
transfer with the newly developed correlation gives good agree-
ment with the results from the experiments in the industrial evap-
orator. The reason for the difference between the results from the
industrial experiments and those from the correlation of Schnabel
and Schlünder [6] could be the latter’s lack of two factors in the
new correlation: the dry solid content dependence and the limit
where the Nu number ceases to increase with increasing Re
number.

The dry solid content dependence in the new correlation, which
is associated with the turbulent Re number, reduces the effect of
increased heat transfer for increased Re number in the turbulent
flow regime. There are likely to be significant mass transfer resis-
tances in the black liquor falling film, which probably increase with
increased dry solid content. The effect of these resistances in the
evaporating film should be further investigated.

Two plausible reasons why the Nu number ceases to increase
are discussed here. One is that the liquid in the large waves in
the falling film behaves as isolated lumps undergoing recirculation,
and the other is sputtering at high circulation flows. The first rea-
son, based on observations by Mudawar and Houpt [8], could ex-
plain the heat transfer behaviour of the black liquor with high Pr
number. The explanation suggested, from the experimental results
and from their observations, was that for increased C, larger iso-
lated lumps with internal mixing are created, but there is no in-
creased mixing with the substrate and consequently no increased
heat transfer. The increased C means increased film thickness,
which decreases the effect of liquid–vapour interface evaporation,
which lowers the heat transfer coefficient. Increased turbulence
(mixing) increases the heat transfer at higher flows, but without
this effect the heat transfer coefficient does not continue to in-
crease for increased flow.

Regarding the second reason, the research evaporator was
equipped with sight glasses from which the falling film could be
studied. The evaporating falling film often looked disturbed, at
both higher and lower circulation flow. According to stability the-
ory for the waves, vertical falling film flow is practically always
unstable [23]. At lower circulation flows, some bubbles appear at
the film surface. At higher flows, bubble bursting produced black
liquor drops that left the falling film in a process called sputtering.
Due to sputtering, the film progressively gets thinner along the
evaporator tube, leading to a decrease in the falling film velocity.
Since the heat transfer coefficient depends on the falling film
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velocity, lower flow because of sputtering decreases the heat trans-
fer coefficient [24]. The sputtering tendency was higher at low
temperature/pressure evaporation conditions.

6. Conclusions

The experimental Nu number for falling film evaporation of
black liquor increases, as expected, in the turbulent region. How-
ever, at a specific Re number for each Pr number level, the Nu num-
ber ceases to increase with increasing Re number. This limit in Re
number in these experiments was described with an equation of
the form Re = f(Pr), and explained in terms of the falling film’s
movements.

A new correlation, using the standard form Nu = K �ReP1 �PrP2 for
the turbulent part, was developed from the experimental data. A
dry solid content dependence parameter was added to the new cor-
relation. This correlation describes the experimental data within
±15%. None of the investigated general correlations from literature
was found to be in agreement with the presented experimental data.
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