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a b s t r a c t

The flow pattern in trickle bed reactors is of an inhomogeneous nature due to a random packing structure.
Thus, the local values for liquid phase ratio and velocity are spread over the whole cross-section and a
global determination of these values ignores the fact that local phenomena dominate mass and heat
transfer and eventually the reactor efficiency. Only if both parameters can be locally quantified, can a
realistic picture of the flow fields be drawn.

A new wire-mesh sensor (WMS) setup based on the measurement of electrical permittivity of fluids was
rickle bed reactor
ocal liquid velocity
iquid saturation

used, which can be applied to the packings of porous catalyst particles. A calibration method is proposed
to get access to the liquid saturation. Axial velocity distributions are measured via a method based on
the spatial tracer pulse time-of-flight between sensing points of two WMSs installed at a distance of few
millimeters. The effects of gas and liquid flow rates on local liquid velocities were analyzed.

The proposed technique was validated against liquid collector data, which showed very good agree-
ment. For this purpose, distributions of the volumetric flow rate were calculated by applying the

e satu
continuity equation to th

. Introduction

Packed bed reactors, particularly trickle bed reactors, are widely
pplied in the petro-chemistry, in wastewater treatment and the
iochemical industry, as they are most flexible with respect to vary-

ng throughput demands [1]. The trickle bed reactor consists of a
andom packing of catalyst spheres or cylindrical extrudates. Such
onfiguration is applied to a wide range of operating conditions
nd sizes making the scale-up and the prediction of the reactor
erformance very complicated. Due to their inhomogeneous ran-
om packing structure, the hydrodynamic parameters, such as local
hase holdup and phase velocities, can differ significantly. Mass
ransfer and reaction rates are directly related to local conditions,

nd global averaged values fail to provide a realistic picture of the
ow fields.

The full characterization of the fluid field requires phase fraction
nd velocity parameters. While measurement of spatially resolved
as and liquid holdups in trickle beds was made possible with the
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transfer of tomographic methods mainly from medical into chemi-
cal engineering applications, velocity measurement techniques are
still quite rare with a degree of success in their application to pack-
ings. Two good reviews in the field were published by Chaouki et
al. [2] and Boyer et al. [3] where the authors summarized possible
tomographic imaging techniques and liquid velocity measurement
techniques in gas–liquid and gas–liquid–solid reactors. Particle
image velocimetry (PIV) and laser doppler anemometry (LDA) are
limited to light-transmissive flows without distinctive solid holdup
e.g. in bubble columns [4–7]. To evade this limitation, Therning
and Rasmuson [8] applied LDA to measure liquid velocities in a
refractive index matched packed bed.

A further technique is thermal anemometry, which was
employed to determine fluid velocity by detecting changes in heat
transfer from a small electrically heated sensor inside the packing
[9]. The electrical current needed to keep the sensor temperature
constant indicates the heat transfer, which in turn depends on the
fluid velocity. A variety of similar probes were applied to measure
local liquid velocities based on heat transfer [10–12]. However,
the results do not represent the conditions in the whole cross-
section. Furthermore, calibration of such probes to relate the signals
directly to local liquid velocities is questionable. One method to
get the cross-sectional distribution of the liquid velocity is the

numbering-up of local probes. Such an attempt was described by
Llamas [13] who installed 87 thermistors at the top of thin steel
tubes inserted in the trickle bed reactor cross-section. Due to short
lifespan of the thermistors, reliable local liquid velocities could not
be obtained.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:m.schubert@fzd.de
dx.doi.org/10.1016/j.cej.2010.02.009
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Nomenclature

a, b geometric constants of the sensor
Apixel pixel area (m2)
C capacitance (F)
K relative electrical permittivity
Npixel number of pixels
�s sensor distance (m)
S.D. standard deviation
Sn normalized signal
u superficial velocity (m/s)
v local velocity (m/s)
V voltage (V)
V̇ flow rate (m3/s)
VR reactor volume (m3)

Greek letters
ˇ saturation
ε packing porosity
εL,st static liquid holdup
ıL reduced liquid saturation
� electrical conductivity (S/m)
�� pulse peak time-of-flight (s)

Subscripts
dr drainage
dyn dynamic
G gas
j compartment
log logarithmic
L liquid
WMS(s) wire-mesh sensor(s)
x sensing point

Superscripts
H high
L low
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liquid loop.
The trickle bed reactor consists of segments of different lengths

to flange-mount the WMS at individual heights of the column. Seal-
ing between the column segments and the sensors was realized by

Table 1
Packing properties.

Parameter Value

Diameter (mm) 2.5
Bulk density (kg/l) 0.55
max maximum
min minimum

Highly sophisticated and reliable methods for determination of
D vectorial liquid velocities in multiphase reactors are computer-
utomated radioactive particle tracking (CARPT) and magnetic
esonance imaging (MRI). CARPT is limited to fluidized beds and
ubble columns [5,14,15] due to the size of the neutral buoyancy
adioactive particle (mm range), which is tracked. MRI has given a
nique insight into fluid flow dynamics of opaque systems to quan-
ify the physics and chemistry at different length scales down to
0−7 mm [16–19]. The application of MRI in chemical engineering
nd reactor research is undisputed and the precision is unsur-
assed. However, the equipment is expensive, its operation and
etup is cumbersome and will not become standard equipment in
aboratories and engineering companies in the near future. Fur-
hermore, the application of MRI is limited to only slightly elevated
ressures and non-metallic designs.

To summarize, there is still a need for spatially resolved velocity
easurement devices that can be easily implemented and that are

lso economical. The Chemical Engineering Group of ENSIC CNRS
n Nancy (Professor Wild) applied the WMS technique developed

y Prasser et al. [20], to a trickle bed reactor. They measured liquid
ractions and their distribution [21,22], local flow regime transition
t individual sensing points of the sensor [23], as well as radial dis-
ersion [24]. However, in their work authors mentioned explicitly
hat the device used was not applicable to measure liquid veloc-
ng Journal 158 (2010) 623–632

ities and to operate in porous particle media, which are always
present in reactive applications. From the electronic point of view
the sampling rate was too low (as it took 10–15 s for a whole cross-
section scan including 19 × 19 sensing points) to conduct spatially
distributed transient studies. Further, the instrument is based on
measurement of the electrical conductivity, making it impossible
to investigate non-conducting fluids, which are common in most
applications of trickle bed reactors such as the synthesis of organic
liquids. The general applicability of our capacitance WMS type for
hydrodynamic studies of non-conducting fluids was demonstrated
by Matusiak et al. [25].

In this paper, a capacitance WMS setup is applied for determi-
nation of local liquid velocities and liquid saturation in the whole
cross-section of a trickle bed reactor. The axial velocity distribu-
tion is measured by the spatial tracer pulse time-of-flight between
two corresponding sensing points of the two WMSs installed at a
distance of few millimeters. Eventually, both parameters can be
considered to validate the system using a segmented liquid collec-
tor.

2. Experimental setup

2.1. Trickle bed reactor setup

The experimental setup is shown in Fig. 1. A transparent col-
umn (polyvinyl chloride) with an internal diameter of 100 mm was
packed up to a height of 135.5 cm with a commercial �-alumina
catalyst packing (KataLeuna GmbH Catalysts) of spherical particles.
The catalyst properties are summarized in Table 1. Water and air
were used as liquid and gas phase, respectively. The experiments
were performed in the recycle-mode with respect to the liquid
phase at room temperature and atmospheric pressure conditions.
The flow rates were controlled by a pump – with a flow meter oper-
ated in a closed loop (LP631, Micropump with Ismatec pump head;
Cori-Flow M55-ABD-44V-0-B, Bronkhorst) for the liquid phase and
by a flow controller (El-Flow F-202AV-M20-ABD-44 V, Bronkhorst)
for the gas phase.

A uniform initial distribution of the liquid phase was realized
by different spray nozzles of the full cone type (SSD-VK-5/10/20-
60◦, Spraying Systems Deutschland GmbH), the operation of which
depended on the adjusted flow rates connected to the “L-port” of
the distributor plate. The gas was introduced via four holes of 3/8 in.
arranged as shown in Fig. 1. Pressure drop along the packing was
measured by pressure transducer (Setra, Model: 228-1, 0–69 kPa).
A syringe tracer injection port is installed upstream the liquid inlet.
Sodium sulfate with a concentration of 0.005 mol/l was used as
tracer. Due to low concentration, the effect of tracer on the liquid
properties can be neglected. During tracer experiments, the salt-
rich liquid at the outlet of the reactor was collected and exchanged
by fresh water to prevent any change in the conductivity in the
Total surface area, BET (m2/g) 210
Internal porosity Approx. 0.79a

Specific pore volume (ml/g) Approx. 0.90a

Packing porosity Approx. 0.34a

a Experimentally determined.
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Fig. 1. Experimental trickle bed reactor setu

-rings. Four WMSs were installed in the column at heights 20.4 cm
S1), 22.1 cm (S2), 62.5 cm (S3) and 103.0 cm (S4) downstream the
pper end of the packing. For measurement of local liquid veloci-
ies, two sensors (twin-sensor: S1 and S2) were installed separated
y a spacer segment of 17 mm (see Fig. 2(a)).

Optionally, a liquid collector was installed below the twin-
ensor. The collector is divided into 25 compartments of the same
rea (Fig. 1).
.2. Wire-mesh sensor

The WMSs are composed of two planes with 16 stainless steel
ires of 0.2 mm diameter and 6.0 mm separation in-between them.

ig. 2. (a) Wire-mesh twin-sensor and (b) capacitance measuring equivalent circuit
or one sensing point.
h gas/liquid distributor and liquid collector.

The distance between planes is 1.5 mm and the wires from different
planes run at right angles to one another. This arrangement gives
256 sensing points, thereof 208 inside the circular cross-section
of the column. In this way, the wire-mesh subdivides the column
cross-section into a number of independent sub-regions, where
each crossing point represents one sub-region. For the present
WMS, the sampling area of a crossing point represents a square
of 0.36 cm2 (i.e. in-plane wire separation square).

For spatial analysis, the sensors are mounted in such a way that
the sensing points in each sensor have exactly the same spatial
coordinates. Since the wires run through the bed, care was taken
not to disturb the typical bed structure. Therefore, when building
up the reactor, for each single sensor, the part below the sensor
was first filled with particles. Next, the sensor was mounted and
then particles were carefully placed on top of the wire-mesh to fill
up the voidage between the sensing points as well as between the
wire-mesh planes.

The WMSs use an alternative current (AC) based method
for capacitance measurement [26], where a logarithmic detector
scheme is employed for the demodulation of the AC signal [27].
The associated electronics, shown schematically in Fig. 2(b), mea-
sures the capacitance between the gaps of all sensing points. Since
liquids and gases have different electrical permittivity values and
thus produce different capacitances in the sensing points of a WMS,
images of liquid distributions can be generated from the measure-
ments of the capacitance. In this study, the WMS signals can be
read-out at a maximum frame rate of 1000 fps when all four WMSs
operate synchronously.

The general equivalent circuit, which describes the behavior of
the fluids in-between the electrodes of a sensing point x is given
by a lossy capacitor, i.e. a capacitor Cx in parallel with a resistor.
However, for non-conducting fluids or slightly conducting ones

(such as tap water used in this study), the conductive effects can be
neglected [28].

Assuming the unknown fluid to be represented by a sin-
gle capacitor, the equivalent circuit for every sensing point (see
Fig. 2(b)) shows a logarithmic relation between Cx and the mea-
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(algebraic reconstruction technique, linear back projection, etc.) is
necessary to obtain the saturation distribution in the cross-section,
this calibration equation can be applied to every pixel, as well.

It should be mentioned, that the relative error (Eq. (11)), which
is dependent on the packing porosity and the static liquid holdup,
26 M. Schubert et al. / Chemical Eng

ured voltage Vlog,x. Further, since Cx and the relative electrical
ermittivity at the sensing point Kx are directly proportional, Eq.
1) can be applied (for a detailed description see da Silva et al. [27]):

log,x = ax log(Kx) + bx (1)

nknown constants ax and bx depend only on geometric properties
f the WMSs and on the modules of the equivalent circuit. These
onstants were determined by two reference measurements in a
olumn filled with material of known permittivity – in our case
ir (Kair = 1) and water (Kwater = 80.1), respectively. Eventually, the
ermittivity at every sensing point Kx can be calculated using Eq.
2):

x = 10(Vlog,x−bx)/ax (2)

. Data calibration and analysis method

.1. Determination of liquid saturation

So far, capacitance WMSs were not applied for liquid satu-
ation measurements in packed beds and trickle bed reactors,
espectively. Per definition, liquid saturation, ˇL, is the liquid vol-
me divided by the extra-granular volume. While conventional
rainage measurement method collects free flowing liquid volume
f the packing at the outlet which can directly be used to calculate
ynamic liquid saturation, ˇL,dyn (volume of the collected liquid
ivided by the volume of the reactor and by the porosity), WMS
easurements provide permittivity that requires high and low

eference measurements (KH
x , KL

x ) to calculate the dynamic liquid
raction.

For dynamic liquid saturation in a packing with internal poros-
ty, reference measurements of the flooded packing and of the
xternally dried packing but with liquid filled internal porosity
ould be required. However, in practice drained packing is applied

or low reference which still contains static liquid, εL,st, and even-
ually results in the reduced liquid saturation, ıL, as defined by Sáez
nd Carbonell [29] shown in Eq. (3). ε is the packing porosity.

L = ˇL,dynε

ε − εL,st
(3)

n our case, the “high” reference represents the permittivity of
he fully saturated packing, KH

x (ıL = 1). Subsequently, the mea-
urement after draining represents the permittivity of the “low”
eference, KL

x (ıL = 0). Prior to each experiment, the reactor was
perated in the pulse flow mode according to the Kan pre-wetting
ethod to ensure full pre-wetting of the bed [30].
It was shown in electrical capacitance tomography (ECT) studies

hat different permittivity models exist to relate the permittivity to

he reduced liquid saturation [31], which are the parallel model (Eq.
4)), the series model (Eq. (5)), the Maxwell model (Eq. (6)) and the
og model (Eq. (7)) as shown in Table 2. The applicability of the mod-
ls mainly depends on the structure of the system (density, phase
ermittivity differences, dilution strength, phase dispersion, etc.).

able 2
ermittivity models.

Model Equations

Parallel model ıL,x = Kx − KL
x

KH
x − KL

x

(4)

Series model ıL,x = KH
x KL

x − KxKH
x

KxKL
x − KH

x

(5)

Maxwell model ıL,x = (2 + KH
x /KL

x )(1 − Kx/KL
x )

(1 − KH
x /KL

x )(2 + Kx/KL
x )

(6)

Log model ıL,x = log(Kx) − log(KL
x )

log(KH
x ) − log(KL

x )
(7)
ng Journal 158 (2010) 623–632

In the case of a trickle bed reactor, structures are very complex due
to the random packing, the non-homogeneous phase distribution
and the existence of an internal porosity. Therefore, the best fitting
model has to be identified experimentally.

Cross-sectional average values of the reduced liquid saturation,
ıL, are calculated with Eq. (8) taking the reduced pixel area at the
outer ring of the cross-section into account.

ıL =

∑

x

(Apixel,xıL,x)

∑

x

(Apixel,x)
(8)

When the packing porosity and static liquid holdup are known, Eq.
(3) can be re-arranged and dynamic liquid saturation, ˇL,dyn,WMS,
can be calculated from reduced liquid saturation (Eq. (10)):

ˇL,dyn,WMS = ıL
ε − εL,st

ε
(9)

For calibration of the WMS data, additional drainage experiments
were performed for a wide range of gas and liquid superficial veloc-
ities and dynamic liquid saturation, ˇL,dyn,dr, was calculated from
the drained liquid volume, VL,dr, based on Eq. (10):

ˇL,dyn,dr = VL,dr

VRε
(10)

Fig. 3 shows the parity plot comparing the WMS dynamic liquid
saturation results, ˇL,dyn,WMS, where different permittivity mod-
els are applied with those from drainage experiments, ˇL,dyn,dr.
It can be concluded that the parallel model should be applied for
calculation of the liquid saturation based on capacitance measure-
ments. However, the derivation from exact parity could be related
to the fact that the permittivity of the packing is not considered
explicitly in the models but interferes in a more complex manner.
Similar deviating calibration curves were obtained in ECT studies,
for example shown by Liu et al. [32]. Eventually, a linear calibration
equation can be derived (see Fig. 3). As no reconstruction algorithm
Fig. 3. Dynamic liquid saturation parity plot for different permittivity models.
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Fig. 4. Tracer signals S1 and S2 obtained for uL = 0.49 cm/s and uG = 2.12 cm/s at pixel
p
osition {07;11}.

Fig. 6. Effect of superficial gas velocity on dynamic liquid saturation and correspondin
Fig. 5. Effect of superficial gas and liquid saturation on dynamic liquid saturation.

g frequency distribution of the local dynamic liquid saturation (uL = 0.53 cm/s).
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ig. 7. Effect of superficial liquid velocity on dynamic liquid saturation and corresp

an be large if the reduced liquid saturation from WMS measure-
ent, ıL, is considered as a dynamic liquid saturation, ˇL,dyn,WMS.

his fact should be considered for all tomographic studies where
edia with internal porosity are applied because the static liquid

raction and internal liquid in the pores cannot be separated and
etermined experimentally. Relative errors (Eq. (11)) increase with
maller porosity and higher static liquid fractions:

rror =
∣∣∣∣

ˇL,dyn,WMS − ıL

ˇL,dyn,WMS

∣∣∣∣ = εL,st

ε − εL,st
(11)

n our case, based on correlations proposed by Sáez and Carbonell
29], the static liquid holdup was determined to be 0.0495. This
ould result in a relative error of 14.3% if the reference volume
ere not reduced by the static liquid volume.

.2. Determination of local liquid velocity

Although the circuit of the capacitance WMS was conceived and
mplemented to measure only the capacitance, the introduction of

onducting fluids (such as saline water) will produce changes in the
easured Vlog. In that case, Eq. (1) is no longer valid and the fluids

n-between the sensing point must be described as lossy dielectric,
.e. the equivalent circuit is formed by a capacitor (linked with fluid
ermittivity) and a resistor (linked with fluid conductivity).
g frequency distribution of the local dynamic liquid saturation (uG = 8.49 cm/s).

It was shown by da Silva [33], for conductivity values higher than
500 �S/cm, the resistive part of the complex impedance becomes
dominant and the response of Vlog becomes logarithmic dependent
on the conductivity (Eq. (12)):

Vlog,x∼log(�L,x) (12)

Utilizing this behavior, conductivity tracers can be applied to mea-
sure the velocity based on the tracer pulse time-of-flight between
the planes of two stacked WMSs. It is worth to note that for velocity
measurements one is not interested in the absolute value of con-
ductivity or permittivity. In fact, the passage of tracer through each
plane must be correctly recognized and the time delay between the
planes has to be quantified. Corresponding pixel signals of sensors
S1 and S2 were normalized according to Eq. (13):

Sn,x = 10Vlog,x(�L,x) − 10
Vmin

log,x

10
Vmax

logx − 10
Vmin

logx

(13)

The local liquid velocity was based on the time-of-flight of a tracer

pulse peak, which considered the distance between both WMSs
(see Eq. (14)):

vL,x = �s

��x
(14)
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t should be mentioned that axial dispersion and tortuous liq-
id pathways cannot be detected. However, due to low distance
etween both WMSs, these effects were neglected. Fig. 4 shows
he tracer pulses at both sensors S1 and S2. Shifting the normalized
racer signal of sensor S2 by ��x to the left side demonstrates the
onsistent shape of the response curve, which indicates a negligible
ispersion within the short distance.

. Results and discussion

.1. Liquid saturation measurement

Fig. 5 represents the dynamic liquid saturation in the cross-
ection averaged over all four sensors. The dynamic liquid
aturation deviations between all sensor planes were negligible.
ncreases in the superficial gas velocity resulted in a slight reduc-
ion of the values for the dynamic liquid saturation. Contrary to
his effect, the saturation is strongly sensitive to the superficial liq-
id velocity. It can be concluded that the saturation behavior based

n the WMS data is in line with the results shown in the litera-
ure (e.g. shown by Al-Dahhan and Dudukovic [34] and Aydin and
arachi [35]).

The effects of the superficial gas and liquid velocities on the
patial distribution of the saturation values are discussed below.

Fig. 8. Effect of superficial gas velocity on liquid velocity distribution and corresp
ng Journal 158 (2010) 623–632 629

In Figs. 6 and 7, the distribution of the dynamic liquid saturation
in the cross-section is depicted for sensor S4 at 103.0 cm down-
stream the upper end of the packing. However, the normalized
frequency distribution of the local dynamic liquid saturation for the
corresponding couples of superficial gas and liquid velocities are
calculated by consideration of the sensing points of all four WMS
(4 × 208) to increase the statistical certainty.

The cross-sectional images in Fig. 6 confirm the low effect
of the gas flow rate on the cross-sectional averages dynamic
liquid saturation. It becomes more obvious, if we consider the
frequency distribution of the local data for the dynamic liquid
saturation. The mode of the distribution is not affected by the
increasing gas flow rate. However, the peak plateau of the distri-
bution at the lowest gas flow rate acuminates slightly with higher
values.

The gas phase hardly has an effect on the mean value of the
dynamic liquid saturation, as channel flow is reduced towards
higher gas flow rates (see pixels in rows 7 and 8 in Fig. 6).

The color-scale distribution images in Fig. 7 highlights clearly

the effect of the superficial liquid velocity on the dynamic liquid
saturation. The frequency distribution changes from right-skewed
to left-skewed frequency distributions with increasing superfi-
cial liquid velocity. Furthermore, the standard deviation increases
monotonically.

onding frequency distribution of the local liquid velocities (uL = 0.71 cm/s).
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.2. Liquid velocity measurement

The main focus of our study was the measurement of spatially
esolved liquid velocities. The distribution of the liquid velocities
as determined by injecting 10 ml of saline tracer, which had a con-
uctivity of 0.7 S/m. Subsequent to the tracer injection, the signals
f both stacked sensors S1 and S2 (twin-sensor) at every sensing
oint were recorded with a frequency of 1000 Hz. The local veloc-

ties were calculated according to the introduced routine above.
ig. 8 shows the liquid velocity distribution in the cross-section
nd the corresponding frequency distribution of the local liquid
elocities for a superficial liquid velocity of 0.71 cm/s at different
uperficial gas velocities. The color scale indicates the local liquid
elocities from 0 to 0.1 cm/s.

It is obvious that the velocities at many local positions increase
ith increasing gas flow rate even if the velocity at some pixels
ositions remains constant. The packing structure was not mod-

fied from experiment to experiment. It is well-known that the
iquid distribution and flow in the voidage is very stable in the trick-
ing flow regime. The preferred flow paths persist even if the gas

elocity increases. This behavior is strongly pronounced at posi-
ions with high velocities (see pixels {15;7}and {4;2} in Fig. 8). Such
ixels can also be an indication for higher local void fractions (in-
omogeneities) as higher porosity directly results in higher flow
ates.

Fig. 9. Effect of superficial liquid velocity on liquid velocity distribution and corres
ng Journal 158 (2010) 623–632

A more detailed view on the velocity measurements can be
obtained from statistical analysis. The corresponding frequency
distributions for the local velocities are shown below the cross-
sectional images. The mode values of the local velocities increase
with increasing gas flow rate from approximately 0.025 cm/s for
liquid only flow to approximately 0.035 cm/s for a gas superfi-
cial velocity of 8.49 cm/s. Furthermore, the distributions become
clearly wider for higher gas flow rates. It should be mentioned
that pixels with velocities higher then 0.1 cm/s are not considered
in the frequency distribution for ease of comparison. The number
of such pixels, Npixel(vL,x > 0.1 cm/s), increases with augmentations
in the gas flow rate, which indicates a higher number of flow
channels.

The effect of the superficial liquid velocity on the liquid velocity
distribution in the cross-section and the corresponding normalized
frequency distribution of the local liquid velocities for a constant
superficial gas velocity of 2.12 cm/s at different superficial liquid
velocities are shown in Fig. 9. Increasing the superficial liquid veloc-
ity shifts the frequency distribution to higher values. Particularly,
this effect is obvious at the highest superficial liquid velocity of

uL = 1.06 cm/s.

It should be mentioned that all experiments were performed
in the trickle flow regime. The algorithms used to extract the
velocity information require stable flow conditions. For other flow
conditions, e.g. pulse flow, further developments in data/image

ponding frequency distribution of the local liquid velocities (uG = 2.12 cm/s).
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ig. 10. Definition of area-weighting factors for sensing points within the compart-
ent.

rocessing are necessary since the natural pulses may mask the
racer pulses.

.3. Validation of wire-mesh sensor data

To validate the WMS measurements of local liquid velocities and
iquid saturation, experiments were performed using the liquid col-
ector below the twin-sensor. The liquid flow rates were obtained
y successively collecting the liquid volume in all 25 compartments
ver a period of 1 min. It was proven that the flow was steady state
ver the whole collection period as the average flow rate in the
ompartments reproduced the adjusted flow rate with a deviation
f less than 1%.

For the same steady operating conditions, the volumetric liq-

id flow rates can also be calculated according to the application
f the continuity equation to the WMS liquid saturation and veloc-
ty measurement. Thus, local saturation and velocity data obtained
rom subsequent WMS measurements at steady state were applied

ig. 11. Comparison of compartments flow rates from collector and wire-mesh
ensor (sorted by increasing flow rate).
ng Journal 158 (2010) 623–632 631

to Eq. (15) together with the area-weighting factor of every sensing
point fx that contributes to compartment j of the collector.

V̇L,j =
∑

x

ˇL,dyn,xvL,xfxApixel,xε (15)

Fig. 10 shows schematically how the area-weighting factors for all
sensing points of the compartment are defined by applying Eq. (16)
with a standard pixel area Apixel = 0.36 cm2 (pixel area at the outer
ring of the cross-section is lower depending on its position):

fx =
A∗

x( ∈ j)

Apixel,x
(16)

We observed from saturation measurements at different heights
that the distribution in the cross-section changed, while statis-
tical values (frequency distribution, average value and standard
deviation) remained nearly constant. As the collector could not
be installed directly below the twin-WMS, a straight correlation
from the defined compartment of the sensor to the corresponding
compartment of the collector below was not possible. However,
the obtained flow rates in the compartments were re-arranged in
increasing order and plotted in Fig. 11.

The corresponding curves (collector and WMS) are in an excel-
lent agreement and demonstrate the applicability of the combined
velocity/saturation measurement in porous media using WMSs to
analyze spatial distributed flow rates.

V̇L =
∑

j

V̇L,j (17)

Furthermore, the total sums of the individual compartment flow
rates calculated from WMS measurements (Eq. (17)) were equal to
the adjusted liquid flow rates (less then 0.6% error), which is very
satisfying taking into account that errors consist of contributions
from both the saturation and the velocity measurements.

5. Conclusion

A new high-speed capacitance-based WMS system was success-
fully applied to a packing of porous particles that enables access
to the dynamic liquid fractions and to the real liquid velocities
in trickle bed reactors simultaneously for all sensing points of the
whole cross-section.

Experiments that studied the influence of different superficial
gas and liquid velocities on local dynamic liquid saturations and
velocities were performed using a trickle bed reactor at pilot plant
scale. Increasing the gas flow rate results in higher velocities at
many positions of the cross-section even if the velocity at some
positions remains constant. The number of positions with increas-
ing liquid velocities grows with higher gas flow rate. The frequency
distributions of the local liquid velocities indicate that augmen-
tations of the gas flow rate resulted in right-shifted frequency
distributions. Same trends were observed for the effect of the liquid
flow rate.

The local analysis of the liquid velocity highlighted that, once a
stable trickle flow is developed, preferred flow paths persist even
if the gas velocity increases as long as the packing structure is the
same.

In order to validate the WMS measuring approach, local flow
rates based on WMS measurements of velocities and dynamic
liquid saturations were calculated and compared to data from
local flow rate measurements using a segmented liquid collector

mounted below the twin-WMS.

Even if phase fraction measurements were shown only with an
air/water system, as our WMS technique is based on capacitance
(admittance) measurements, it can be applied for non-conductive
(e.g. organic) liquids as well. To perform velocity measurements
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hich require conductive tracers, so-called conductivity improvers
an be added to the non-conductive organic liquid as shown by
amidipour et al. [36].

Therewith, this technique can result in a powerful and cost-
fficient measuring device e.g. for industrial hydrotreating trickle
ed reactors. Further advantage of our capacitance WMS is its appli-
ability to measure quantitatively the liquid fraction in industrial
ackings of porous particles, which is not the case for conductivity
MSs.
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