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Abstract—Characteristics of heat transfer were investigated in pressurized slurry bubble column reactors whose diam-
eter was either 0.051, 0.076, 0.102 or 0.152 m (ID) and 1.5 m in height, respectively. Effects of gas velocity (Uy), solid
contents (S), pressure (P), liquid viscosity () and column diameter (D) on the heat transfer coefficient (h) between
the immersed vertical heater and the column were determined. Multiple effects such as U; and D, P and D, g, and D,
and S and D on the value of heat transfer coefficient were discussed. Temperature fluctuations were also measured
and analyzed by adapting chaos theory, which was used to explain the effects of operating variables on the heat transfer
in the column. The heat transfer coefficient increased with increasing gas velocity, pressure or solid content in the slurry
phase, but decreased with increasing liquid viscosity or column diameter. The decrease trend of h with increasing col-
umn diameter was somewhat sensitive when the gas velocity was relatively high (Us>12 cm/s). The effects of column
diameter on the h value became almost linear when the operating pressure (P=4-10 kg,/cm?’), liquid viscosity (¢, =20-
38 mPa-s) or solid content in the slurry phase (S.=10-20 wt%) was relatively high and gas velocity was relatively low,
within these experimental conditions. The heat transfer coefficient was well correlated in terms of dimensionless groups

as well as operating variables.
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INTRODUCTION

Three-phase slurry bubble column reactor can be utilized for the
production of synthetic liquid fuel from syngas or solid material,
such as coal and biomass, effectively and economically. It has been
understood that the flow behaviors of reactant gas bubbles have im-
portant factors to determine the conversion level and reaction itself,
since the reactant gas phase exists as a dispersed phase in the con-
tinuous slurry medium where the solid catalyst is involved [1-3].
Therefore, several investigations have been conducted on the hydro-
dynamics, bubble properties and heat and mass transfer in three-
phase slurry bubble columns and reactors [4-10]. For the develop-
ment of GI'L (gas-to-liquid) and CTL (coal-to-liquid) processes and
reactors, the reactor volume and reaction time should be properly
adjusted to meet the economic conversion as well as production
level and rate of the products.

There have been several investigations on the slurry bubble col-
umn reactors, however, most of them were conducted in laboratory
scale reactors. For the commercial design or scale-up of the pres-
surized slurry bubble column reactor, the information on the design
and scale-up of the reactor in commercial scale has been essential.
Especially, for the reactor or process performing a heterogeneous
reaction including multiphase contacting, the information for the
design and scale-up technology has been limited for lack of limited
data and technology [11,12]. In addition, the understanding of the
heat transfer characteristics with increasing column diameter is essen-
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tial, because the similarity of heat transfer rate or reaction tempera-
ture should be adjusted property with increasing column diameter.
It has been generally understood that, in dynamic flow systems such
as slurry bubble column reactors, the thermal stability and similarity
have to be controlled and adjusted to provide the heterogeneous re-
actants with plausible conditions for effective contacting and reaction.

However, there has been little attention to the design and scale
up of such reactors and contactors in view of similarity and stability,
with the variation of column diameter. Thus, in the present study,
multiple effects of operating variables on the heat transfer charac-
teristics with variation of column diameter were examined to pre-
dict the information in designing the multiphase slurry bubble column
reactors.

EXPERIMENTS

Experiments were carried out in stainless-steel columns whose
inside diameter was either 0.058, 0.076, 0.102 or 0.152m and 1.5
m in height, as can be seen in Fig. 1 [9,13]. The gas distributor was
installed between the main column section and a 0.2 m high stain-
less-steel distributor box. Oil-free compressed air was fed to the
column through a pressure regulator, filter and a calibrated air flow-
meter. It was admitted to the column through 3.0 mm ID perfo-
rated pipe drilled horizontally in the grid. The superficial velocity
of gas phase ranged from 0.02-0.16 m/s, the pressure ranged from
0.1-1.0 MPa and the viscosity of liquid phase ranged from 1.0-38.0
mPa-s, respectively. The physical properties of liquid phase were
listed in Table 1. Glass bead whose diameter was in the range of
40-70 wm was used to comprise the slurry phase. The concentra-
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Fig. 1. Schematic diagram of experimental apparatus.
1. Main column 8. Compressor
2. Gas distributor 9. Pressure tap
3. Heater 10. Valve
4. Thermocouple 11. Liquid flowmeter
5. Digital indicator 12. Gas flowmeter
6. A/D converter 13. Slurry pump
7. Computer 14. Slurry reservoir

tion of solid in the slurry phase was in the range of 0-20 wt%.

The AT-fluctuations between the heater surface and the column
proper were measured by iron-constantan thermocouples (J-type).
As a heating source, a cone-shaped heater with an outside diameter
0f 0.03 m and a length of 1.0 m was placed coaxially on the distribu-
tor plate at the center of the column. Four thermocouple probes were
installed at the center of the annulus between the heater and the col-
umn wall, at 0.2 m above the distributor with the axial interval of
0.2 m. Five thermocouple probes were also attached at the surface
of the heater to measure the heater surface temperatures. These pro-
bes were connected to a temperature indicating system, data acqui-
sition system (Data Precision Model, DT 3001) and a personal com-
puter to record simultaneously and continuously all points temper-
atures. The voltage-time signals, corresponding to the temperature-
time signals, were sampled at a rate of 0.002 s and stored in the data
acquisition system. The total acquisition time was 10 s having 5000
data points. This combination of sampling rate and time can detect
the full spectrum of temperature fluctuation signals in a multiphase
flow system [13-16].

When a steady state was reached, the temperatures were mea-

Table 1. Physical and rheological properties of liquid phase
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sured repeatedly. The heat transfer coefficients were determined by
Eq. (1),

Q (1)

h=———
A(T,-T,)

From the knowledge of heat supply and mean temperature dif-
ference between the heater surface and the column proper. The heat
supply, Q, was obtained from the DC power supply, and it was ver-
ified from the energy balance in the riser. Individual phase holdups
were determined by means of static pressure drop method [17-20].

To estimate the correlation dimension of the time-series of tem-
perature fluctuations, X(t), their trajectories, reconstructed by resort-
ing to time embedding have been used. From the trajectories of the
vector time series, the correlation integral (the space correlation func-
tion) of the process, C(r), which is defined as Eq. (2), was calcu-
lated [15,16,21].

C(n)= lim—l-z[number of pairs (i,j) whose distance |Z,(t)—Z(t)<1]

Nlﬁwm
@

Formally,
CO=lm-ST T HIr-ZO-Z,0l), i, 0

i=1j=1

where m is the number of data points, and H is the Heaviside
function, which can be expressed as

HIr-[Z,(0)-Z,0] ={ L r>[2(0-2,(0), @
0 otherwise
The correlation integral, c(r), has been found to be a power func-
tion of r for small r’s:

C(ry=kr™ )

Since the slope of the plot of In C(r) vs. In r is an estimate of D,,
for the given embedded space dimension, P, the correlation dimen-
sion of temperature fluctuations was determined by means of Egs.

@O
RESULTS AND DISCUSSION

A typical example of normalized temperature difference fluctua-
tions between the heater surface and the column proper (AT) can
be seen Fig. 2. The mean value of AT in a given operating condi-
tion was obtained from these time series of signals to calculate the
value of heat transfer coefficient (h).

Effects of U; and D on the heat transfer coefficient can be seen

Dynamic viscosity ~ Surface tension  Density K Diffusivity ~ Kinematic viscosity
(mPa-s) (mN/m) (kg/m’)  (Pa-s") n (cn?/s) (m?/s)

Water 0.961 72.9 1000 0.001 1 2.22x107 9.61x107
CMC 0.1 wt% 11 73.2 1001 21.69x107° 0.882  0.48x107 1.10x107°
CMC 0.2 wt% 24 73.3 1002 43.82x107°  0.847  0.26x107° 2.40x107°
CMC 0.3 wt% 38 73.6 1003 71.69x107°  0.825  0.19x107° 3.79x107°

May, 2010



Heat transfer in three-phase slurry bubble columns 1017

0s0s
-0o0s
E -0008
9
-nnos
oooo
-0nos
] [ F] 3 [ 5 6
Time [sec]

Fig. 2. Typical examples of normalized temperature difference fluc-
tuations in three-phase slurry bubble columns (S~10 wt%,
P=8 kg,/cm’, 11,=24 mPa-s).
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Fig. 3. Contour map of heat transfer coefficient with variations of
U, & D in three-phase slurry bubble columns (S, =20 wt%,
P=8 kg,/cm’, 1,=24 mPa-s).

in Fig. 3. As expected, the value of h increases with increasing U,
but the increase trend of h with increasing U,; becomes insensitive
with an increase in column diameter. In addition, the value of h in
a given U, decreases gradually with increasing column diameter
(D). Note that in this figure the decreasing trend of h with increas-
ing D becomes considerable with increasing U,;. These phenomena
can be explained by means of bubbling behavior in the column.
That is the bubble size and frequency and thus its holdup increase
with increasing U, but the bubble holdup decreases with increas-
ing column diameter. In addition, the decreasing trend of bubble
holdup with increasing column diameter becomes significant with
increasing Uy, Therefore, it would be reasonable to state that the
value of h increases with increasing bubble holdup in slurry bubble
column reactors. It has been understood that the turbulence inten-
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Fig. 4. Contour map of heat transfer coefficient with variations of
P & D in three-phase slurry bubble columns (S=20 wt%,
Us=2 cm/s, 14,=24 mPa-s).

sity in the reactor increases with increasing bubble holdup, since the
bubbles exist as a dispersed phase in the continuous slurry medium
[7-10]. These imply that the effects of column diameter on the heat
transfer coefficient would be considerable when the gas velocity is in
the relatively high range. Specifically, when the gas velocity is higher
than 12 cm/s, the decreasing trend of the heat transfer coefficient
with increasing column diameter becomes somewhat considerable
within experimental conditions.

Effects of pressure and column diameter on the heat transfer co-
efficient can be seen in Fig. 4, where the value of h increases with
pressure. While the decreasing trend of h with increasing D is some-
what sensitive when the operating pressure is under 3 kg,/cn’, the
decreasing trend of h with increasing column diameter is reduced
and the ratio becomes almost linear, when the pressure is over 4
kg /cny’. This means that the effects of column diameter on the heat
transfer coefficient become almost linear when the operating pres-
sure is relatively high (P=4-10kg,/cnr’) and the gas velocity is rela-
tively low (U;=6 cn/s) (Figs. 3 and 4).

Since the heat transfer phenomenon is closely related to the tem-
perature fluctuations in the columns, the temperature fluctuations
were measured and analyzed by adapting chaos theory. More spe-
cifically, the correlation dimension of temperature fluctuations was
determined by embedding the trajectories in the phase-space dimen-
sion, since the attractor dimension essentially converges with increas-
ing embedding dimension [15,16,21]. From the repeated calculation
with different random samples, the attractor dimension converged
when the estimated values were less than 3.5% within experimen-
tal conditions. Five of six dimensions of phase space were required
in the embedding space in order to capture the topological features
of the attractor. Effects of gas velocity and column diameter on the
correlation dimension (D,) of temperature fluctuations can be seen
in Fig. 5. In this figure, the value of D, increases with increasing
gas velocity, but decreases with increasing column diameter. Since
the correlation dimension is a measure of the spatial homogeneity
in the state space [13,15,21], this implies that the heat transfer field
becomes non-homogeneous and more chaotic with increasing Uy,
however, the field becomes more homogeneous with increasing
column diameter. In other words, the temperature fluctuation be-
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Fig. 5. Contour map of correlation dimension of temperature fluc-
tuations with variations of U; & D in three-phase slurry bub-
ble columns (S.=20 wt%, P=8 kgf/cmz, 1,=24 mPa-s).
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Fig. 6. Contour map of correlation dimension of temperature fluc-
tuations with variations of P & D in three-phase slurry bub-
ble columns (S.=20 wt%, U;=2 cm/s, 1,=24 mPa-s).

comes vigorous owing to the increase of holdup of discrete bubble
phase, because the turbulence intensity and scale would increase
with increasing gas holdup, which is a result of the increase of gas
velocity. It has been understood that the heat transfer coefficient
increases with increasing turbulence intensity in multiphase fluid-
ized beds [16-20]. This can be the reason why the h value increases
with increasing U, (Fig. 3).

Effects of pressure and column diameter on the correlation dimen-
sion of temperature fluctuations can be seen in Fig,. 6. In the figure,
the value of the correlation dimension of temperature fluctuations
decreases with increasing pressure or column diameter. This means
that the stability of the heat transfer system increases with increas-
ing pressure, since the bubble size decreases and its frequency in-
creases with increasing pressure. This condition could let the heat
transfer coefficient increase, because the more frequent bubble con-
tacting at the heater surface as well as column proper could lead to
the heat to be transferred more conveniently. That is the more regu-
lar motion of relatively small bubbles in the column could promote
the effective turbulence for heat transfer in this column, with in-
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Fig. 7. Contour map of heat transfer coefficient with variations of
14, & D in three-phase slurry bubble columns (S.=10 wt%,
Ug=2 cm/s, P=4 kg,/cm’).

creasing the pressure of the system. It has been understood that the
bubble holdup increases but its size decreases, with increasing pres-
sure. It has been understood that the smaller the bubble size the more
periodic and regular the flow behavior of bubbles in the column.
This can be the reason why the value of h could increase with in-
creasing the pressure of the system. In Figs. 5 and 6, the value of
D, decreases with increasing column diameter. This implies that the
system becomes stable with increasing column diameter, which can
be due to the decrease of bubble holdup compensating for the in-
crease in continuous slurry phase, with increasing column diame-
ter. Note that the increase of column diameter could lead to the in-
crease of stability of the system; however, it also leads to the de-
crease of turbulence intensity owing to the decrease of bubble holdup.
Thus the value of h decreases although the value of D, decreases,
with increasing column diameter (Figs. 4 and 6).

Effects of liquid viscosity () and column diameter on the heat
transfer coefficient can be seen in Fig. 7. Note in this figure that the
h value decreases with increasing liquid viscosity (£4). In addition,
the decreasing trend of h with increasing D becomes almost linear
when the liquid viscosity is in the range of 20-38 mPa-s, but the
decreasing trend of h with D is relatively sensitive when the liquid
viscosity is in the range of 1.0-13 mPa-s. It can be stated from this
figure that the effects of column diameter on the h value become
almost linear when the liquid viscosity is relatively high (£4,=20-38
mPa-s) and gas velocity is relatively low (U;<4 cm/s).

Effects of solid content in the shurry phase (S¢) and column dia-
meter on the heat transfer coefficient can be seen in Fig. 8. In this
figure, the value of h increases with solid content in the slurry phase.
In Fig. 8, the decreasing trend of h with increasing D becomes almost
linear when the S, is in the range of 10-20 wt%, but the decreasing
trend of h with D is relatively sensitive when the S, is in the range
of 2-8 wt%. Thus, it can be stated that the effect of column diameter
on the heat transfer coefficient becomes almost linear when the solid
content in the slurry phase is relatively high (S.=10-20 wt%) and
gas velocity is relatively low.

Effects of shurry viscosity and column diameter on the correlation
dimension of temperature fluctuations can be seen Fig. 9. Note in
this figure that the value of D, increases with increasing liquid viscos-
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Fig. 8. Contour map of heat transfer coefficient with variations of
Sc & D in three-phase slurry bubble columns (£,=24 mPa-
s, Ug=4 cm/s, P=8 kg,/cm’).
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Fig. 9. Contour map of correlation dimension of temperature fluc-
tuations with variations of 14, & D in three-phase slurry bub-
ble columns (S=10 wt%, U,=2 cm/s, P=4 kg /cm’).

ity and decreases with increasing column diameter. This means that
the stability of the heat transfer field decreases with increasing liquid
viscosity. This can be because the bubble size increases with increas-
ing liquid viscosity thus the distribution of bubble size becomes wider
with increasing liquid viscosity. In other words, the wider distribu-
tion of bubble size could lead to the more irregular flow motion of
bubbles in the vicinity of heater surface as well as in the column
proper. In addition, the increase of liquid viscosity could lead to the
bubble motion to be restricted owing to the increase of viscous force
acting on the flowing bubbles, which consequently results in the
decrease of free regular flow motion in the column. Therefore, the
h value decreases with increasing liquid viscosity.

Effects of solid content in the slurry phase (S,) and column dia-
meter on the correlation dimension of temperature fluctuations can
be seen in Fig, 10. In this figure, the value of D, decreases gradu-
ally with increasing solid content in the slurry phase or column dia-
meter. This means that the heat transfer field becomes more stable
with increasing S,. This can be due to the fact that the heat conduc-
tivity of solid particles in the slurry phase is higher than that of liquid
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Fig. 10. Contour map of correlation dimension of temperature fluc-
tuations with variations of S; & D in three-phase slurry
bubble columns (¢,=24 mPa-s, U,=4 cm/s, P=8 kg /cnr’).

phase, thus, the heat transfer from the heater surface to the column
proper would be more convenient with increasing S_. This could
be the reason why the h value increases with increasing S, (Fig. 8).

The value of heat transfer coefficient was well correlated in terms
of dimensionless groups as Eq. (6), with a correlation coefficient of
0.92 within experimental conditions of this study.

_th(l_gs)_ CPLILlL 0.26 deLUG)OJI %)007 2)0.12
Nu= k. & _1'56( kL) (ngS (D (P ©)

CONCLUSION

The heat transfer coefficient increased with increasing gas veloc-
ity, pressure or solid content in the slurry phase, but decreased with
increasing liquid viscosity or column diameter. The increasing trend
of h with increasing U; became insensitive with increasing column
diameter, however, the decreasing trend of h with increasing col-
umn diameter was somewhat sensitive when the gas velocity was
relatively high (U;=12 cm/s). The effect of column diameter on
the h value became almost linear when the operating pressure (P=
4-10kg/cm’), liquid viscosity (4,=20-38 mPa-s) or solid content
in the slurry phase (S=10-20 wt%) was relatively high and gas veloc-
ity was relatively low, within these experimental conditions. The cor-
relation dimension of temperature fluctuations could be employed
to analyze the heat transfer phenomena in the pressurized slurry
bubble columns.
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NOMENCLATURE

A :surface area of heater [m’]
C,, :heat capacity of liquid phase [kcal/kg-K]
C(r) : correlation integral
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: column diameter [m]

. :correlation dimension [-]

d, :particle diameter [m]

H  :Heaviside function defined as in Eq. (4)
h : heat transfer coefficient [W/m*-K]

k, :conductivity of liquid phase [W/m-K]
m

: number of data points
Nu : Nusselt number [-]
P :pressure [kg/cm’]

P, :standard pressure [kg/cm’]

r : radius of hyper sphere

Q  :heat flow [W]

Sc :solid content [wt%]

t : time [s]

Te  :column temperature [K]

T, :heater surface temperature [K]
AT :mean temperature difference [K]
U, :superficial gas velocity [cm/s]
X(t) :time series of pressure fluctuations [MPa]
Z,  :the vector time series

Greek Letter

&  :solid holdup [-]

4, :liquid viscosity [mPa-s]
P slurry density [kg/m’]
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