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Dept. of Chemical Engineering, Laval University, Québec City, QC G1V 0A6, Canada
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A packed bed operated with descending gas–liquid cocurrent flows in slanted config-
uration to force trickle flow pattern to segregate due to gravity was studied, in addi-
tion to dependences to inclination angle of liquid saturation and pressure drop. Incep-
tion of pulse flow regime could take place regardless of inclination angle and the tran-
sition from segregated/trickle regime to pulse flow regime was experimentally
determined. The Grosser et al. flow regime transition model was modified by consider-
ing only axial components of the gas and liquid superficial velocities to predict the
slant-dependent shifts in transition from segregated/trickle to pulse flow and was found
to agree with experimental data. Pulse flow regime at different inclinations was char-
acterized with respect to frequency, velocity, and shape of pulses. Bed obliquity was
unveiled as a new artifice to pulse flow modulation with possible prospects for cata-
lytic reactions requiring antagonistically high-interaction regime mass transfer coeffi-
cients and partial catalyst wetting. VVC 2010 American Institute of Chemical Engineers AIChE

J, 56: 3189–3205, 2010
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Introduction

It is already more than 2 decades that the concept of
unsteady-state operation of trickle-bed reactors is being
extensively investigated. In its common assertion, trickle bed
reactors operate with gas and liquid flowing cocurrently
downward through a fixed bed of catalyst particles. Liquid
maldistribution, poor mass transfer performances, and the
risk for hot spot formation are recurrent problems in the
design of trickle-flow reactors.1 Silencing the hot spots and
mitigating maldistribution through operation in pulse flow re-
gime can be achieved though at the expense of shortened

residence time of reactants. Flow modulation in trickle beds
was proposed as an alternative that combines versatility in
the control of residence time, improved mass transfer rates
and fluids distribution, and avoidance of hot spots. In liquid-
flow modulation, a constant-flux gas is often fed with pre-
specified binarized liquid stream. The first patented applica-
tion of liquid-flow modulation could be credited to Gupta2

where liquid pulses were meant to wet or rewet the surface
of catalyst to prevent dry spots and catalyst under-utilization
thereof due to partial wetting. Flow modulation was after-
ward explored more systematically by many researchers in a
quest of further improvements. For example, ON–OFF liq-
uid-flow modulation proved its worth concerning gas-limited
reactions: depriving liquid irrigation during the OFF periods
to enhance accessibility of the catalyst surface to gas-phase
reactant for boosting reaction yield followed by resumption
of liquid irrigation to allow removal of heat and of reaction
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products.3–7 Yet, despite the enticing call of flow modula-
tion, industry remains reluctant to commercial implementa-
tion8 most plausibly because of challenges posed by the pro-
cess control infrastructure as dictated by the unending
changes in flow rate policies.

In our opinion, alternative process intensification
approaches with innovative reactor configuration, which do
not require flow rate modulation must be researched. Such
approaches need to be easily implemented while potentially
bringing some advantages over the existing configurations.
Conventional trickle beds operate in vertical position; with
the stipulation of a good design of distributor, liquid, and
gas-phases coexist over the whole bed cross section. It is
speculated that tilting the reactor could induce partial segre-
gation of gas and liquid due to the gravitational force. Liq-
uid would accumulate preferably nearby the reactor bottom-
most wall area, whereas gas would preferentially occupy the
reactor uppermost wall part. Minimizing the liquid-rich area
and imposing pulse-flow modulation via a control of bed in-
clination would cause occasional passages of liquid-rich
pulses over the entire bed cross section. Consequently, the
liquid fraction being retained in the wider gas-rich packing
area would be renewed at will (along with removal of prod-
ucts and reaction heat which would be beneficial for instance
in the case of gas-limited catalytic reactions). The frequency
of pulse passage could be specified via flow rate assignments
and bed inclination adjustment. It would be also possible to
tilt the bed periodically to refresh the catalyst surface and
then return back to vertical position to supply liquid washing
a new catalyst for heat and product removal purposes.

Although it is not the purpose of this work to examine the
claimed benefits from a reaction perspective, a grasp of con-
ceptual knowledge for such inclined flows in packed beds in
terms of hydrodynamics is required, at least to check whether
or not the claimed circumstances are hypothetical or tangible.

Two-phase gas–liquid flow in slant packed-bed configura-
tions has scarcely been studied and details in the scientific
literature are almost absent. Far from representing mere aca-
demic wanderings, flows through slant porous media are
encountered for example in oil production industry, for
example, drilling and pumping; in marine oil field processes,
where several inclined wells are drilled from a single platform
toward different directions. Furthermore, considering the local
geology of rock formations, nonvertical flows of natural gas
and crude oil can emerge in geological rock formations by
virtue of the permeability patterns in inclined fractures.

Numerous studies were reported dealing with air–water
two-phase flows in inclined pipes and tubes.9–13 Issues asso-
ciated with gas–liquid and steam–water flows in inclined
ducts and channels which are in particular encountered in
cooling circuits of pressurized water reactors in nuclear power
plants have also been investigated by several researchers.14,15

In contrast, inclined multiphase reactor configurations with
fixed or slurry catalyst phase are rather on the fringes of
three-phase hydrodynamic studies and are reported very
sparsely in the literature. There are a few theoretical or ex-
perimental studies available which deal with the effect of in-
clination angle of the reactor. From a pragmatic standpoint,
column inclination may have detrimental or beneficial effects
on the performance of the reactor depending on its projected
utilization. Inclined three-phase and gas–liquid fluidized beds

were the objects of studies on flow regimes and their fluid-
ization heterogeneity along with their corresponding heat
and mass transfer characteristics.16–20

Nonvertical packed beds were only addressed in the case
of horizontal position.21–23 Abdobal et al.22 applied a gener-
alized single-phase Forchheimer equation to predict liquid
hold-up and pressure drop. Johnston and Pollitt21 and Abdo-
bal et al.22 identified three possible flow regimes that are
stratified flow, dispersed bubble flow, and annular flow
depending on the fluid throughputs. Iliuta et al.24 proposed a
one-dimensional two-fluid momentum based model and pre-
dicted two-phase pressure drop and external liquid hold up
in horizontally positioned packed beds, which was tested on
the experimental data of Abdobal et al.22 by defining appro-
priate drag closure expressions for the different flow regimes
prevailing in horizontal geometries.

While studying liquid maldistribution by means of a com-
puter-generated two-dimensional trickle bed packed with
uniform spheres, Zimmerman and Ng25 considered the
inclined configuration just for model predictions and valida-
tion. However, any comprehensive parametric studies ana-
lyzing the effect of inclination in packed beds for two-phase
flows is so far fully disregarded.

It can be anticipated that inclination would considerably
affect the flow patterns of gas–liquid cocurrent descending
flows in packed-bed reactors and consequently segregated
flow may appear in the bed. Thus, first of all, knowledge of
the basic hydrodynamics for such inclined packed-bed con-
figuration is compulsory where reactor parameters such as
pressure drop and liquid saturation, flow regime transitions
and their prediction, and pulse flow characteristics, must be
elucidated.

Experimental Setup and Operating Conditions

Figure 1 illustrates the experimental setup built to study
the effect of inclination angle on the two-phase flow hydro-
dynamics in a slanted packed bed (6). The experiments were
performed with air and kerosene (in liquid-recycle mode (1))
at room temperature and atmospheric pressure. To allow pre-
cise angular assignments, the packing-containing Plexiglas
vessel (dr ¼ 57 mm I.D.) was positioned on a special pivot-
able rack. The angular precision was 0.5�. The experiments
were conducted over a wide range of gas and liquid superfi-
cial velocities to cover trickle flow, segregated/trickle flow
and pulse flow regimes. The column was packed up to a
height of 160 cm with spherical glass beads, 3 mm in diame-
ter, resulting in a bed porosity of 0.395. The fluid properties,
operating ranges, and packing and reactor specifications are
summarized in Table 1. The packed bed was preventively
operated in pulse flow mode to achieve full bed prewetting.
To prevent the bed edges from shifting in the slanted posi-
tions, the packing was firmly immobilized between the gas–
liquid distributor (3) atop and a retaining screen in the bot-
tom. The liquid distributor consisted of 13 capillaries, each 1
mm in diameter, inserted 20-mm deep in the packing to min-
imize initial maldistribution of the liquid. Biased pressure
measurements through uncontrollable intrusion of liquid in
the connecting lines between the reactor walls and the differ-
ential pressure transmitter (7) were avoided by connecting
the discharge area below the retaining screen and the gas
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load section just before the distributor section (3). Bed pres-
sure drops were thus measured with dry sampling lines
though at the expense of inclusion of a little extra pressure
drop by the distributor.

A 12/12-electrode twin-plane electrical capacitance tomog-
raphy (ECT) sensor (PTL300E with DAM200E sensor con-
troller, Process Tomography) with axial sliding capability
was used for quantifying the liquid saturation and for sub-
stantiating the qualitative gas–liquid flow dynamics. ECT is
especially suitable for imaging electrically nonconducting or-
ganic liquids such as liquid hydrocarbons of interest for our
research group. The ECT scanner was mounted on a sleeve
and could slide over the reactor outer diameter for interroga-
tion of any axial region of the vessel. Owing to the twin-
plane configuration, tomographic images were acquired
simultaneously at two axial positions by the 2 � 12 active
electrodes at a sampling rate of 50 tomographic scans per
second. The two rows of measurement electrodes (50 mm
high) were bounded immediately above and below with 38-
mm high guard electrodes whose role was to funnel the elec-
tric field nearby the active electrodes. For each plane, 66
sets of independent capacitance measurements between elec-
trode pairs were obtained. The measured capacitances were
used to reconstruct mixture permittivity distribution out of
which perpixel phase saturations were extracted (32 � 32
pixels per image). Tibirna et al.26 implemented a finite ele-
ment method to solve the Poisson equation and developed a
simulator for the dispersion of the electric field inside a sys-
tem characterized by nonhomogeneous permittivity distribu-
tion. Simulations were performed to compare the capability
of different reconstruction algorithms to capture qualitative
(shape) and quantitative (size) image features of phantoms,
of predefined geometry and permittivity, inserted in cylindri-
cal enclosures. The Tikhonov algorithm was among the most
successful reconstruction approaches. Moreover, application
of ECT along with this reconstruction algorithm to determine
liquid saturations in trickle-bed reactors was recently vali-
dated by Hamidipour et al.27 The same procedure was there-
fore used in this study to generate normalized permittivity
maps from the measured capacitance data.

Results and Discussion

ECT calibration

To obtain phase volume fraction from tomographic
images, the ECT sensor was calibrated at drained prewetted
bed (0% reference) and at flooded bed conditions (100% ref-
erence) whose corresponding perpixel mixture permittivities
could be expressed, respectively, as:

Drained pre� wetted bed

a 0½ � ¼ 1� eð Þ � aS þ eresL � aL þ e� eresL

� ��aG ð1Þ

Flooded bed a 1½ � ¼ 1� eð Þ � aS þ e � aL: (2)

In two-phase flow operation, the overall permittivity can be
written as:

Table 1. Range of Experimental Data and System Properties

Parameter Value/Range

Liquid superficial velocity, uL 0.0021–0.0136 m/s
Gas superficial velocity, uG 0.0616–0.3082 m/s
Liquid phase density, qL 792.62 kg/m3

Liquid viscosity, lL 0.0022 kg/(m s)
Liquid surface tension, rL 0.0253 N/m
Gas density, qG 1.2 kg/m3

Glass beads diameter, dp 3 mm
sphericity factor, fS 1.0
Bed porosity, e 0.395
Bed length, L 1.60 m

Dielectric constant, j
Air 1.00059
Kerosene 2.2
Glass bead 3.1
Plexiglas 3.4

Reactor diameter, dr 57 mm
Inclination angle, y 1.5–50�

Figure 1. Experimental setup and inclined reactor arrangement.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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a GL½ � ¼ 1� eð Þ � aSþ eresL þ efdL
� � � aL þ e� eresL � efdL

� � � aG; (3)

where e, eresL and efdL represent, respectively, the bed porosity,
the residual liquid holdup retained postdrainage in the bed due
to capillary forces, and the free-draining liquid holdup;
whereas, aS, aL, aG, are, respectively, the packing, liquid,
and gas electrical permittivities. Therefore, the normalized
permittivity, formed as [(3) � (1)]/[(2) � (1)], gives rise to the
free-draining liquid holdup normalized by the effective void
space after resting the residual liquid holdup:

Normalized Permittivity ¼ a GL½ � � a 0½ �

a 1½ � � a 0½ � ¼ efdL
e� eresL

¼ bfdL ; (4)

bfdL is thus called the free-draining liquid saturation. All the 32
� 32 pixels of the ECT image will provide instantaneous local
free-draining saturation values, bfdL;i, from which the cross-
sectionally averaged free draining liquid saturation, bfdL , could
be calculated (Eq. 5).

bfdL ¼ 1

NP

XNP
i¼1

bfdL;i and bfdL ¼ 1

NF

XNF
j¼1

1

NP

XNP
i¼1

bfdL;i

 !
: (5)

Time-averaged liquid saturation values, bfdL , were obtained for
steady-state flow conditions from �300 successive cross-
sectional images. In this case NP and NF denote, respectively,
the number of pixels and of applied frames.

Subsequently, cross-sectional averaged free-draining liquid
holdup, efdL , could be calculated from Eq. 4, provided bed po-
rosity and residual liquid holdup values are also available.

In anticipation of formation of segregated flows in
inclined bed experiments, phantom measurements were per-
formed to test the ability of the reconstruction algorithm. A
closed-bottom kerosene-filled smaller diameter Plexiglas test
tube (18 mm I.D.) was inserted in the bed test section close
to the wall (Figures 2a1, b1). The aim was to keep liquid
inside the test tube, while draining the external surrounding
bed to examine the reconstructed features (shape, size)
nearby the phantom area. Outside the test tube, ECT recon-
struction would restore the (Eq. 1) drained prewetted bed
reference point.

Two experiments were performed with the test tube. In
the first, the test tube was filled with kerosene only (Figure
2a1) whereby reconstruction would restore permittivity of
pure liquid (Eq. 2, e ¼ 1). In the second test, the tube was
packed with 3-mm glass beads and the resulting porous
space was filled with kerosene (Figure 2b1). In this latter
case, the (Eq. 2) flooded bed reference point would be
restored. This test was considered as the representative of
inclined two-phase flows, where gas–liquid segregation taken
place in the bed to allow demarcating the flooded bottom-
most area (Eq. 2) in contrast to the liquid-depleted upper-
most area (Eq. 1). In both phantom experiments, the lower
reference points for the area inside the tube were obtained
without kerosene, no matter if it were filled with glass beads
(Figure 2b1) or not (Figure 2a1). Liquid in the enclosure
was identified in both instances, in addition to being quanti-
fied correctly in terms of saturations by the reconstruction
algorithm. Quite satisfactory results were obtained regarding
the shape and size of the liquid-containing areas (Figures

2a2, b2). Although the packed test tube held lesser kerosene
volume, it was still detectable and very distinguishable via
ECT measurements (Figure 2b2). The computed smooth
transitions in permittivity nearby the Plexiglas wall bounda-
ries are artifactual because of the poor spatial resolution of
ECT technique. It can be stated that ECT would be able to
detect flow segregation in inclined two-phase flows.

Hydrodynamic characterization of gas–liquid
segregation

As first test and departing from verticality, the drainage
dynamics of bed from resting flooded state was examined as
a function of increasing inclination angles (10� � y � 50�).
The bed was filled with kerosene, and then the exit was
opened apace and completely. The instantaneous variation of
liquid saturation was monitored through ECT measurements
30 cm before bed exit (Figure 3). A two-step drainage dy-
namics is noticeable. In the early few moments, lower incli-
nation yields faster initial drainage by virtue of the larger
stream-wise projection of gravitational acceleration, g�cos y;
which is tantamount to more slanted beds retaining larger
amounts of liquid. This step is subsequently followed by a
distinctly slower drainage step involving the remainder of
the liquid. However, a reversal in trend regarding the angular
dependence of the drainage kinetics can be observed. A
larger inclination angle indeed induces faster secondary

Figure 2. Segregated flow phantoms and correspond-
ing ECT measurements.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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drainage by virtue of the normal component of gravity, g�sin
y, whose tendency is to pull the liquid down toward the bot-
tom alongside the vessel wall hence minimizing liquid-pack-
ing interactions. Consequently, the liquid–solid drag force is
significantly diminished, which is, conversely, tantamount to
more slanted beds retaining lesser amounts of liquid.

Systematic experimental comparisons between vertically
aligned trickle-bed reactors and slanted beds in two-phase
flow operation were carried out to determine at which incli-
nation angle reactor deviations in flow patterns start to
occur. Therefore, the conventional straight reactor operated
at different gas and liquid superficial velocities in a stable
trickle flow regime was gradually inclined. The flow patterns
were objectified with ECT and pressure drop measurements.
Figure 4 shows the development of the free-draining liquid
saturation (henceforth referred to as liquid saturation in
short) over the cross section of the packed bed 70 cm down-
stream in the bed for inclinations varying from y ¼ 0� (ver-
tical) up to 20�.

Vessel inclination obviously affects the gas–liquid distri-
bution and flow patterns in slanted packed beds. The flow

patterns evolve only slightly for low slants. At 6�, the incli-
nation results already in a clear segregation, which becomes
more pronounced at higher inclinations. The segregation
state can be assessed based on the lack of crosswise uni-
formity of the liquid saturation distribution. A uniformity
factor, v, was hence defined on the basis of deviations of
perpixel saturations with respect to the cross-sectional liquid
saturation obtained from Eq. 5:

v ¼ 1

NF

XNF
i¼j

1

NP

XNP
i¼1

bfdL;i � bfdL
bfdL

 !2
0
@

1
A; (6)

where NP denotes the number of pixels in the image, bfdL;i and
bfdL are the local liquid saturation and the average cross-
sectional liquid saturation for every image, respectively.
Approximately 300 successive cross-sectional images (NF)
were applied to reduce bias in the estimation of the uniformity
factor.

Tantamount to pronounced segregation in our context,
increasing values of the uniformity factor mean aggravation
of maldistribution with increased slant (Figures 4 and 5).
Maldistribution starts at inclination angles larger than 6�

which implies the beginning of gas–liquid segregation (Fig-
ure 5). Lower the gas superficial velocities occasion, higher
the values of uniformity factor (i.e., worsening of two-phase
distribution). The effect of liquid superficial velocity was
marginal, except for the lowest gas superficial velocity
where maldistribution seemed to invigorate from inclination
angles y [ 6� due to more accumulation of liquid nearby
the bottommost wall with higher liquid-flow rates.

Although the transition region from trickling flow to a
developing segregated flow can be detected from Figures 4
and 5, clear segregation is expected at higher inclinations.
Thus, the segregated flow study was extended to high incli-
nation angles up to 50� and characterized regarding the
effect of fluid throughputs and inclination on bed pressure
drop and longitudinal development of liquid saturation start-
ing with uniform (initial) liquid distribution.

For a detailed hydrodynamic characterization, the obtained
cross-sectional liquid saturation data were analyzed with
respect to the average liquid saturation (Eq. 5) and to the
pressure drop (Figures 6a, b) at a 70 cm position down-
stream in the bed.

The liquid saturation (Figure 6a) is clearly affected by the
inclination angle for all superficial fluid velocities as investi-
gated in this study. Already at very small deviations from
straight vertical position, the average liquid saturation started

Figure 4. Exemplary illustration of the inclination effect on the flow texture (uL 5 0.0021 m/s, uG 5 0.0616 m/s, 70
cm downstream in the bed).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Drainage of flooded bed as function of incli-
nation degree (30 cm before bed exit).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

AIChE Journal December 2010 Vol. 56, No. 12 Published on behalf of the AIChE DOI 10.1002/aic 3193



to drop down. Higher gas flow rates resulted in lower liquid
saturations in agreement with literature findings for beds in
upright positions.28,29 Increasing gas superficial velocity
results in increased shear stress at the gas–liquid interface,
so liquid saturation accordingly decreases. The effect of gas
superficial velocity on the magnitude of liquid saturation is
more pronounced at low inclination angles because of better
gas–liquid distribution over the cross section and thus higher
interactions between the gas and liquid phases. At inclination
angles higher than 10�, clear segregation has already devel-
oped (see Figure 4) thereby reducing the level of interactions
between the fluid phases. The effect of inclination at higher

angles decreases clearly and the liquid saturations tend to
plateau at values determined by the gas and liquid superficial
velocities (Figure 6a).

Analysis of the pressure drop data (Figure 6b) confirms
lower fluid interactions due to segregation by a decreasing
trend at inclination angles y [ 10�. At conditions with
clearly developed segregation, the pressure drop decreases
with higher inclinations as the ratio of the bed cross section
covered by the liquid phase shrinks. However, contrary to
the clear decreasing trend of the liquid saturation already at
low inclinations (y \ 10�) the pressure drop is almost not
affected in the same range of inclination angles. Further-
more, at low superficial gas velocity the effect of inclination
angle was nearly negligible regardless of inclination. In line
with literature observations,28,29 pressure drop increases with
increasing gas and liquid superficial velocities due to more
pronounced gas–liquid and fluid–solid interactions; though
with a more pronounced effect of superficial gas velocity in
the investigated range.

During segregation, liquid saturation was measured via
ECT at different heights along the reactor (Figure 7). Mea-
surement spots were in particular carried out in the region
close to the bed entrance. However, because of geometrical
restrictions of the experimental setup (ECT sensor unit
length), the first scans could be performed only starting from
a distance of 14.5 cm after bed entrance. Figure 7 shows
that the axial development, until a translation-invariant seg-
regation state is attained, is clearly affected by fluid veloc-
ities and inclination angle. Higher liquid and gas superficial
velocities require longer entrance distances before the cross-
sectionally average liquid saturations stabilize in the stream-
wise direction (Figure 7a, c). Higher inclinations on the con-
trary force two-phase flow segregations to develop over
shorter distances after the bed entrance (Figure 7b). The tiny
plateau near the top of the bed at an inclination angle of 10�

Figure 6. Effect of inclination angle (a) on cross-sectional average liquid saturation (70 cm downstream in the bed)
and (b) on pressure drop.

Figure 5. Effect of inclination angle on uniformity crite-
rion (70 cm downstream in the bed).
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indicates that segregation initiated at superficial fluid veloc-
ities of uG ¼ 0.0616 m/s and uL ¼ 0.0028 m/s is not yet re-
markable.

The hydrodynamic data demonstrate clearly that inclined
packed-bed reactors behave differently in low interaction

regimes from the well-known vertical trickle flow mode
because inclination results in gas–liquid segregation in the
bed. Pulse flow regime could be a method to operate
inclined reactors using the whole bed cross section in a peri-
odic manner. Therefore, it has to be shown, if pulse flow
can be achieved in slanted geometries and how the pulse
flow characteristics could be affected by increased inclina-
tion angle.

Onset of pulse flow regime

It is obvious that conventional flow regime maps of trickle
beds (e.g., proposed by Charpentier and Favier30 and Gia-
netto and Specchia31) are inadequate for the determination of
the onset of pulsing flow in slanted beds since the transition
to pulse flow might also occur from a distinctively new flow
pattern, that is, segregated/trickle flow regime as observed
for high inclinations, which does not exist in vertical flows.
However, setting a new regime transition map applicable for
slanted two-phase flows in porous media will require identi-
fying regime changeover as a function of inclination angle,
bed axial location where flow transition is being scrutinized,
and preferably, along with the underlying mechanisms. Vis-
ual observation revealed that the onset of pulsing for given
gas flow rate and axial location occurred at different liquid
superficial velocities which were dependent on inclination
angles. Thus, the transition from trickle flow (for low incli-
nations) or segregated/trickle flow (for higher inclinations) to
pulse flow was observed visually for selected axial positions
30 cm away from top or from bottom of the packing.

Figure 8a shows the transition to natural pulsing flow re-
gime for different inclination angles, 30 cm away from the
reactor bottom. Between 0� and 7.5� the effect of low incli-
nation angles on the transition (highlighted in grey and
bounded by dashed lines) was marginal with a tendency to
no effect at all toward increased gas flow rates. Higher incli-
nations, on the contrary, resulted in important extensions of

Figure 8. (a) Onset of natural pulsing as a function of the inclination angle 30 cm away from reactor bottom and
(b) transition mechanism changeover (top 5 30 cm away from reactor top, bottom 5 30 cm away from
reactor bottom).

Figure 7. Effect of superficial fluid velocities and incli-
nation angle on axial liquid saturation pro-
files, (a) 50�, uG 5 0.0616 m/s, (b) uG 5 0.0616
m/s, uL 5 0.0028 m/s, and (c) 50�, uL 5
0.0014 m/s.
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the segregated/trickle flow toward the higher liquid veloc-
ities.

To get insight into the mechanism of regime changeover,
the regime transitions determined at the top and bottom sec-
tions of the reactor were compared for inclination angles of
0�, 10�, and 20�. (Figure 8b). It was shown experimentally
that the transition to pulse flow for slightly inclined reactors
(y \ 10�) follows known instability inception. The onset of
pulses occurred first nearby the exit of the reactor and propa-
gated upward with increasing fluid throughputs similar to the
phenomenon for trickle beds, for example, as shown by
Boelhouwer et al.32 However, at an inclination angle of 10�,
the onset of pulsing was observed at the same velocities
both at the bottom and top parts of the reactor. Tilting to-
ward steeper inclination angles (y [ 10�) revealed that puls-
ing was initiated by liquid waves in the upper reactor part
propagating downward and requiring increased liquid super-
ficial velocity for the changeover to occur in the bottom
part. The initial pulsing in upper part can be characterized as
a wavy pulse flow expanding over the whole cross section
that achieves fully developed pulse flow by accumulating
increasing amounts of liquid downstream. It can be con-
cluded that application of conventional models analyzing the
loss of stability of steady-state trickle flow features33 has to
be considered with caution.

However, to characterize the flow patterns that evolve at
the transition from segregated/trickle flow to pulsing regime,
noninvasive ECT can be applied as well. Each ECT image
represents a two-dimensional tomogram averaged over 5 cm
high slices in the reactor corresponding to the electrodes’
height. An Eulerian slice representation of ECT images is
used to visualize the axial development of the liquid-flow
field.34 Pixelized liquid saturations (Eq. 4) reconstructed
along a selected diametrical line (e.g., A-A line in Figure
9a) are shot in a volley at 50 Hz pace as recorded and plot-
ted one after the other from individual images recorded dur-
ing two-phase flow operation. In the current instance, the
perpendicular line A-A crossing the segregated liquid area
from bottommost to uppermost wall areas at a given axial
position is the most representative line. Evolving this line
time-wise from bottom to top as in Figure 9a, would be tan-
tamount to pick up ‘‘upstream’’ events for the flow direction
but delayed in time until they hit the tomograph sensing
plane. This gives, in an approximate sense, virtually local
axial tomogram representation of the liquid-flow field. Fig-
ures 9b, c are typical images used to build the Eulerian sli-
ces (y ¼ 40�). Each row shows different instants of a pulse
passage under specific operating conditions recorded 30 cm
above the bottom of the reactor. The first row (Figure 9b)
was obtained at the transition from segregated/trickle to
pulse flow (uG ¼ 0.154 m/s and uL ¼ 0.009 m/s). The sec-
ond row (Figure 9c) presents different moments of persistent
pulse flow (uG ¼ 0.308 m/s and uL ¼ 0.009 m/s) established
by increasing gas superficial velocity for the same liquid su-
perficial velocity. Several images (17 sec � 50 Hz) similar
to these two rows were used to construct Figures 9d–f (i.e.,
Eulerian slices). Under trickle flow regime (uG ¼ 0.062 m/s
and uL ¼ 0.0023 m/s) and vertically positioned bed (y ¼ 0),
slightly lower liquid saturations are observed close to the
walls which is attributed to the higher porosity in this region
(Figure 9d). Furthermore, the Eulerian slices in trickle flow

regime confirm persistence, and thus stability with time, of
this regime. Tilting the bed by y ¼ 40� (Figure 9e) forces
the liquid to migrate toward the bottom section (or lower
wall) and to trickle in a segregated manner; however, the
liquid saturation values close to the bottommost wall indi-
cate still the presence of gas phase. It should be noted that
the extent of segregation and phase holdup over the cross
section depends on the flow rates and inclination degree.
Increasing gas and liquid superficial velocities will enhance
the interaction between gas and liquid and can initiate pulses
as shown in Figure 9f for an inclination of y ¼ 40� and for
gas and liquid superficial velocities of 0.154 m/s and 0.009
m/s, respectively.

Considering the other way around, that is, fading out of
the pulsing flow, for constant gas and liquid velocities (uL ¼
0.0048 m/s, uG ¼ 0.062 m/s) Figure 10 illustrates the change
in distribution morphology and flow regime as function of
inclination angle. Under the selected operating conditions,
vertical bed (y ¼ 0�) operates in pulse flow regime (Figure
10a). Tilting gradually the bed favors segregation, therefore
pulses turn into new forms of instabilities as shown in Figure
10b (y ¼ 10�). Further increased inclinations can result in
complete segregation. The interaction between phases dimin-
ishes significantly and the pulses totally disappear. As dis-
cussed earlier, accumulation of liquid phase nearby the bot-
tommost wall depends on the inclination degree and superfi-
cial velocities. Figure 10d (y ¼ 50�) reveals higher volume
fraction of liquid close to the bottommost wall when com-
pared to Figure 10c (y ¼ 30�). As the velocities are constant
in this case, more liquid accumulation is attributed to incli-
nation angle. Even closer to this lower wall, liquid satura-
tions exhibit lower values because of higher bed porosity in
this area (Figure 10c, y ¼ 30�).

These experiments reveal a new possibility of controlling
the periodicity of pulses, via bed obliquity, in pulse flow re-
gime. In vertical position, beds experience pulse flows ensur-
ing high mass transfer rates with no possible modulation of
catalyst wetting efficiency as complete wetting is perma-
nently maintained in such flow regime. This can be undesir-
able, especially when gas-limited catalytic reactions are of
interest and for which conversion can be lowered by the liq-
uid-film mass transfer resistance no matter how much this
can be attenuated. Inclined configuration, on the contrary,
suggests controllable liquid resistance and wetting efficiency,
therefore potentially providing a much flexible accessibility
of gas to catalyst surface.

Pulse flow characteristics

To study the morphology of two-phase flow under pulse
flow regime, the Eulerian slices were plotted for the early
pulses forming in the transition region from segregated/
trickle to pulse and for the fully developed pulse flow re-
gime (Figures 11a–c). Liquid superficial velocity was kept
constant (uL ¼ 0.009 m/s) whilst gas superficial velocity was
increased stepwise (uG ¼ 0.154, 0.231, 0.308 m/s) for an in-
clination angle y ¼ 40�. Close to the bottommost wall the
liquid accumulation displays a wavy pattern with pulses
occasionally forming at the transition between segregated/
trickle and pulse flow regimes (Figure 11a). These pulses are
strong enough to burst and sweep the whole cross section at
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Figure 9. ECT images, (a) Schematic of Eulerian slice construction, (b) ECT snapshots of segregated-trickle to
pulse flow regime transition, uG 5 0.154 m/s, uL 5 0.009 m/s, y 5 40�, (c) ECT snapshots of developed
pulse flow in inclined bed, uG 5 0.308 m/s, uL 5 0.009 m/s, y 5 40�, (d) axial liquid field under trickle flow
in vertical bed, uG 5 0.062 m/s, uL 5 0.002 m/s, y 5 0�, (e) axial liquid field under segregated-trickle flow
in inclined bed, uG 5 0.062 m/s, uL 5 0.002 m/s, y 5 40�, and (f) axial liquid field under transition from
segregated-trickle to pulse flow regime in inclined bed, uG 5 0.154 m/s, uL 5 0.009 m/s, y 5 40�.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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a given axial location. Accumulation of liquid nearby the
bottommost wall decreases by increasing gas superficial ve-
locity (Figure 11b) at the expense of a persistent pulse flow
regime. Further increased superficial gas velocity (Figure
11c) results in sharp and strong pulses able to momentarily
remove lower-wall liquid accumulation.

To compare the structure of pulses with the conventional
configuration (y ¼ 0�), axial Eulerian slices of the bed under
the same operating conditions (uL ¼ 0.009 m/s, uG ¼ 0.154,
0.231, 0.308 m/s) are illustrated in Figures 11d–f. Figure
11d shows that under the superficial velocities corresponding
to transition for inclined bed (Figure 11a), the vertical reac-
tor is already in developed pulse flow regime because of the
higher interaction between gas and liquid. The liquid slugs
are thick and cover almost the entire cross section; however,
for most liquid slugs, higher liquid saturations prevail prefer-
entially in the core region. Although consisting of two-phase
mixtures, liquid slugs are liquid richer at lower gas veloc-
ities. Augmenting gas superficial velocity reduces both size
and liquid content of the slugs (Figure 11e). Figure 11f illus-
trates that further increase of gas superficial velocity can
produce more uniform and thin pulses. In general, under the
same conditions, increasing gas superficial velocity tends to
reduce the morphological contrasts between the inclined and
vertical positions.

The behaviors of pressure drop signals are compared in
vertical (y ¼ 0�) and inclined (y ¼ 40�) beds (Figures 12a,
b, respectively) for the same gas and liquid velocities (uL ¼
0.009 m/s, uG ¼ 0.154, 0.231, 0.308 m/s). Unlike with ECT,
not all pulses can be resolved separately in the pressure drop
signals as bed pressure measurements are global, merge,
and/or confound the several pulses coexisting at the same
time along the reactor. Figure 12b shows that at the lowest
gas velocity, the inclined bed experiences lesser pressure
drop due to the fact that most often the phases flow in a seg-
regated manner. Whenever gas–liquid interactions give rise
to pulses, pressure drop rises to levels matched by those in

the vertical bed configuration. For higher gas velocities pres-
sure, drop signals are qualitatively similar regardless of incli-
nation thus making features extraction and analysis from
pressure time series even more ambiguous.

Although the Eulerian slices focused on the spatial shape
of the pulses, more basic temporal characteristics of the
pulsing flow regime such as the pulse velocity and pulse fre-
quency35 can also be extracted from an analysis of ECT
images. Figure 13 shows exemplarily time series of the
(cross-sectionally averaged) pulsing liquid saturation for in-
clination angles of 0� and 50�. Recall that liquid saturations
are measured simultaneously at two axial positions with the
two sensor planes. Note that the 50� saturations were pur-
posely plotted not at scale to highlight the difference in the
qualitative features vis-à-vis the 0� configuration. It can be
seen that over the same time duration, the number and tem-
poral shape of pulses strongly depend on bed inclination.

For different gas and liquid velocities, which resulted in
persistent pulse flow conditions at all inclination angles up
to 50�, pulse velocity and pulse frequency were derived by
applying, respectively, spatial cross-correlation analysis and
perplane fast Fourier transforms to the time-series of liquid
saturation for both electrode planes of the ECT sensor. The
pulse velocity was computed from the time lag maximizing
the cross-correlation between the delayed liquid saturation
time series obtained at the two sensor levels knowing the
distance between sensor planes. The dominant pulse fre-
quency was extracted from the estimated averaged power
spectral densities of the liquid saturation data assembled into
[40 packets of 2048 data points each.27 For all conditions,
pulse flow history was recorded by ECT for 30 min at 50
Hz for straight and inclined configurations alike. Time series
of liquid saturation which contained more than 2000 pulses
were analyzed. In Figure 14, the results for pulse velocity
and pulse frequency are shown, respectively, as a function of
bed inclinations. For vertical reactor, the level of gas and
liquid-flow rates in the investigated range had no effect on

Figure 10. ECT Eulerian slices as function of inclination angle, fade out of pulsation (uL 5 0.005 m/s, uG 5 0.062
m/s), (a) y 5 0�, (b) y 5 10�, (c) y 5 30�, and (d) y 5 50�.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the level of pulse velocity in accordance with literature find-
ings.35,36 For inclined configurations, only at low superficial
gas velocities (uG ¼ 0.154 m/s) that pulse velocity was
affected by inclination angle following a threshold process.
There exists a critical angle below which pulse velocity was
indifferent to inclination and above which pulse velocity
decreased with increasing inclination angle. This threshold
inclination angle increased with increasing liquid velocity. It
can be concluded that the pulse shape for fully developed
pulsing and thus the gas/liquid pulse interactions are con-
stant, suggesting that the effect of gravity in the pulse flow

mode is marginal for inclinations smaller than the threshold
angle.

The pulse frequency shows a decreasing behavior with
increasing inclination angle regardless of fluid superficial
velocities investigated. No threshold inclination angle was
observed for pulse frequency. Therefore, to transport the
same amount of liquid at lower pulse frequency, longer
pulses or pulses with distinctive tails would be expected as
will be analyzed next.

Apart from pulse velocity and pulse frequency, the tempo-
ral pulse shape seems to be drastically affected by bed

Figure 11. ECT axial plots of pulse flow in inclined bed at y 5 40� (a–c) and vertical bed at y 5 0� (d–f), uL 5 0.009
m/s, (a, d) uG 5 0.154 m/s, (b, e) uG 5 0.231 m/s, (c, f) uG 5 0.308 m/s.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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inclination. Thus, the pulse maxima-to-minima height ratio,
DHP,i, was analyzed (Eq. 7, for definition see Figure 13).
Furthermore, the slope of the pulses after the peak maxima
was fitted with an exponential expression, f(kP,i), (Eq. 8, for
definition see Figure 13). bL,0 represents the asymptotic liq-
uid saturation.

DHP;i ¼
bfdL;max;Pii

bfdL;min;Pii

¼ bfdL;max;Pii
� 1

min bfdL
�� ��tPi

tPiþ1

; (7)

bfdL;Pi t� tPið Þ ¼ bfdL;max;Pi
� bfdL;0

� �
� exp �kP;i � t� tPið Þ� �

þ bfdL;0; t � tPi :
(8)

Statistical pulse shape analysis was performed for gas and
liquid velocities of 0.154 and 0.009 m/s, respectively, for the
straight reactor configuration and inclined reactors up to 50�

applying Eqs. 7 and 8. These experimental conditions
represent the case with the most pronounced effect of
inclination angle in the range investigated (see Figure 14).
Normalized distributions of the characteristic data, DHP,i and
kP,i were calculated from more than 2000 pulses (Figure 15).

The mode of the normalized pulse maxima-to-minima
height ratio distribution (Figure 15a) is not affected by the
inclination angle until 30�. (DHP 	 1.35). The distribution is
nearly symmetric and the spreading of the ratio distribution
is also stable. Only for high inclination angles (40� and 50�),
the distribution mode shifts toward lower ratios. This is in
agreement with the expectations derived from pulse fre-
quency and pulse velocity analysis. The slowly decreasing
liquid saturation after a pulse peak at high inclination angles
does not reach comparatively low minima before the next
pulse has initiated increasing values. This characteristic tail-
ing becomes more obvious by considering the distribution of
kP. For inclination angles up to 20�, the distribution mode is
nearly constant (kP 	 13). With higher inclination angles the
mode strongly tends toward lower values of kP; the distribu-
tion is clearly right skewed and becomes narrower. Here,
lower values for kP indicate pronounced tailing after the

pulse peak and thus the same amount of liquid is transported
in spite of lower pulse frequency, as alluded to above.

Modeling of Flow Regime Transition Between
Segregated/Trickle Flow and Pulse Flow

Numerous models for prediction of flow regime transition
from trickle to pulse flow in packed beds were published.
One approach relates the bed scale pulsing to pore scale phe-
nomena (i.e., occlusion of packing channels) applying criti-
cal hydrodynamic parameters for liquid holdup and pressure
drop at the onset of pulsing,37–39 whereas other more general
approaches view the inception of pulsing as a loss of stabil-
ity of the trickle flow regime which is proposed with macro-
scopic scale models.33,40 Grosser et al.33 have predicted the
transition by considering a one-dimensional hydrodynamic
model for the trickling regime based on the volume-averaged
conservation equations for volume, mass (incompressible
version) and momentum (Eqs. 9–11):

eL þ eG ¼ e (9)

Figure 12. Time evolution of overall pressure drop signals, uL 5 0.009 m/s, uG 5 0.154, 0.231, 0.308 m/s, (a) vertical
bed (y 5 0�) and (b) inclined bed (y 5 40�).

Figure 13. Effect of inclination on pulse characteristics
at two ECT heights (uG 5 0.1541 m/s, uL 5
0.0090 m/s).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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@ei
@t

þr � ei � uið Þ ¼ 0 i ¼ G;L (10)

qi � ei �
@ui
@t

þ ui � rui

� �
¼ �eirpi þ ei � qi � gþ Fi þr � ei � si þ ei � Ri½ � i ¼ G;L:

(11)

The onset of pulsing was defined as a loss of stability of the
steady state (indicated by superscript 0) solutions (Eqs. 12 and
13) or as a loss of the existence of any solution.

e0L þ e0G ¼ e (12)

F0
G

e0G
� F0

L

e0L
þ qG � qLð Þ � g ¼ 0 (13)

Assuming one-dimensional perturbations around this uniform
state, a stability criterion was derived that defines the trickling-
to-pulsing transition (Eq. 14).

W1 �W2
5 þ 2 �W1 �W3 �W5 þW2

2 �W4 ¼ 0; (14)

with

W1 ¼
X
i

qi
e0i
;W2 ¼ �

X
i

ai

e0i
� �2 ;

W3 ¼
X
i

qi � u
i
e0i

;W4 ¼
X
i

qi u


i

� �2
e0i

þ rL �
ffiffiffi
e
k

r
� @J
@eL

;

W5 ¼ F0
G

e0G
� �2 þ F0

L

e0Lð Þ2
� nG

e0G
� nL

e0L
þ fG � u
G

e0G
� �2 þ fL � u
L

e0Lð Þ2
;

where fi ¼
@Fi

@u
i

	 
0

; ni ¼
@Fi

@ei

	 
0

and

ffiffiffi
e
k

r

¼ 1� eð Þ
e � dp �

ffiffiffi
A

p
; J ¼ 0:48þ 0:036 ln

e� eL
eL

	 

:

The drag forces are given in Eqs. 15 and 16.

Figure 14. Global pulse flow characteristics at different inclination angles (a) pulse velocity and (b) pulse fre-
quency.

Figure 15. Pulse shape analysis at different inclination angles (a) Pulse maxima-to-minima height ratio distribution
and (b) Distribution of the peak slope exponent.
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FG ¼ � A � lG � 1� eð Þ2�e1:8
d2p � e2:8G

þ B � qG � 1� eð Þ � e1:8 u
G
�� ��

dp � e1:8G

( )
� u
G;

(15)

FL ¼ � e� eL;st
eL � eL;st

� �2:9

� A � lL � 1� eð Þ2�e2L
d2p � e3

þ B � qL � 1� eð Þ � e3L u
L
�� ��

dp � e3
( )

� u
L ð16Þ

The static liquid holdup is estimated from correlations
proposed by Sáez and Carbonell41 in Eq. 17.

eL;st ¼ 20þ 0:9 � Eo
ð Þ�1
with Eo
 ¼ qL � g � d2p � e2

rL � 1� eð Þ2 : (17)

No effect of reactor inclination is expected on the static-liquid
holdup. Unlike Munteanu and Larachi42 who modified the
gravitational terms to consider micro/macrogravity, here we

propose to include reactor inclination in the drag forces and in
the definition of the stability criteria via an intuitive
modification of the vertical fluid velocity components as
shown in Eq. 18 to discuss the transition between the
segregated/trickle flow regime and pulse flow regime for the
high inclination angles:

u
i ¼ ui cos h (18)

This modification of net volumetric fluid fluxes is suggested
through two pragmatic motivations. The first relates to the fact
that for large inclinations segregated/trickle flow would have
already established so that part of gas and liquid velocities will
have already split between the bottommost liquid-rich and
uppermost gas rich domains. Hence, Eq. 18 accounts for the
lowered gas and liquid fluxes in the (lower-part) liquid-rich,
wherein instabilities toward pulsing flow will necessarily have
to originate. The second motivation behind using Eq. 18 is
suggested by the drainage patterns discussed in Figure 3
above, where it was shown that the rapid drainage dynamics

Figure 16. (a) Flow regime transition map, experiments vs. simulation and (b) prediction depending on considered
velocity components, Case 1: u


G ¼ uG cos y, u

L ¼ uL, Case 2: u


L ¼ uL cos y, u

G ¼ uG, and Case 3: u


L=G

¼ uL/G cos y.

Figure 17. Effect of (a) particle diameter (e 5 0.395) and (b) packing porosity (dp 53 mm) on flow regime transition
at different inclination angles.
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portion were mostly driven by gravitational effects of the net
gravity component projected along the stream-wise direction.

In an attempt to back the experimental observations dis-
cussed above, the simulations of the transition from segre-
gated/trickle to pulse flow were performed for air/kerosene
system and current packing properties. The transitional
velocities were determined over the range of experimentally
explored gas and liquid velocities. Only the experimental
flow regime transition velocities at the bottom of the reactor
were compared with the simulation results to neglect any
effects of entrance length at the top of the reactor. The incli-
nation effect on the segregated/trickling-to-pulsing flow tran-
sition was estimated with the modified Grosser et al.33 model
and the results, including experimental data, are shown in
Figure 16a.

First, it can be concluded that experimental and simulated
data are in pretty close agreement. Deviations are obvious at
lower gas flow rates, even without inclination. However, the
simulated values for higher superficial gas flow rates are
conclusive and imply that the model can be used as a predic-
tive tool for inclined packed beds operating up to 50� incli-
nations. The model accounts for the minor effect of low
inclinations (up to 20�) and drastic effects at higher inclina-
tion angles.

Additionally, the effect of considered velocity components
in the drag force formulation (Eqs. 15 and 16) and in the
stability criterion (Eq. 14) was investigated. Figure 16b
shows the model predictions and the experimental transition
data for reactor inclinations of 10� and 50�. For both inclina-
tions angles, three different scenarios are considered: only
the axial velocity component (u*) of the gas (Case 1) or the
liquid (Case 2) phase is modified according to Eq. 18 while
superficial velocity is assumed for the other fluid phase
(Case 1 and 2, respectively) and the third case where Eq. 18
is applied simultaneously to both phases in the model. At
10� inclination there is no effect on simulated transition
shifts of the choice of velocity components. However, differ-
ent flow regime transition simulated curves are obtained for
50� inclination. A delayed transition, in accordance with ex-
perimental observations, is predicted from the model through
amending one axial velocity component at a time (Case 1 or
Case 2) for 50� inclination. Wider enlargement of segre-
gated/trickle flow regions are the resultant of liquid velocity
attenuation, followed to a lesser extent, by gas velocity
attenuation. Although the effect of liquid velocity is clearly
more pronounced, it still under-predicts the transition shift as
measured experimentally had the corresponding axial gas ve-
locity been not considered. Applying Eq. 18 to both gas and
liquid velocities (Case 3) yields very conclusive agreement
between experimental observations and simulated transition.

Applying the modified Grosser et al.33 model considering
both gas and liquid axial velocity components, the regime
transition was simulated for packings of 1 and 5 mm (Figure
17a) and for bed porosities of 0.330 and 0.395 (Figure 17b),
while keeping each time packing porosity and particle diam-
eter, respectively, constant.

At constant gas flow rates, lower particle diameters shift
the regime transition toward higher liquid superficial veloc-
ities, particularly at higher gas flow rates which is in agree-
ment with the literature (e.g., see excel worksheet simulator
for packed beds43). Although lower packing porosities result

in a shift toward lower liquid superficial velocities due to
their stronger resistance to gas–liquid flow, the qualitative
shapes of the flow regime transition lines are preserved. In
both cases, the delayed transition to the pulsing flow regime
is more pronounced at higher inclination angles, which is
attributed to the cosine function feature between 0� and 90�.

Conclusions

For the first time, comprehensive hydrodynamic experi-
ments were performed for packed beds considering reactor
inclinations up to 50�. Although their application in chemical
engineering is yet to be found, this new configuration could
indeed contribute to process intensification combining unit
operations, such as chemical reaction and fluid transport
while using at the same time shortened vessel lengths thanks
to inclination. Furthermore, inclined packed-bed reactors
could be applied as an alternative to periodic operation open-
ing a new vision toward enhanced operation where liquid
pulses with frequencies and velocities depend on inclination
angle and pressure drops can be lowered compared with ver-
tically operated periodic reactors. These experiments reveal
a new possibility of controlling via bed obliquity the perio-
dicity of pulses in pulse flow regime. In vertical position,
beds experience pulse flows ensuring high mass transfer
rates with no possible modulation of catalyst wetting effi-
ciency as complete wetting is permanently maintained in
pulse flow regime. This can be undesirable, especially when
gas-limited catalytic reactions are of interest and for which
conversion can be lowered by the liquid-film mass transfer
resistance no matter how much it can be improved. Inclined
configuration, on the contrary, suggests controllable liquid
resistance and wetting efficiency, therefore potentially pro-
viding a much improved accessibility of gas to catalyst sur-
face.

It is obvious that two-phase flow in porous media results
in new segregated flow patterns and different hydrodynamic
behavior. The hydrodynamics in slanted beds was studied
with regard to pressure drop and liquid saturation, flow re-
gime transition and its model prediction, and the pulse flow
characteristics.

Segregation initiated for inclinations higher than 5� and
clearly developed at inclination angles higher than 10�. The
liquid saturation is strongly affected by the inclination angle.
Already at very small deviations from straight vertical orien-
tation, the average liquid saturation started to decrease. The
effect of inclination angle at higher angles decreases and the
values tend to plateau at levels determined by the level of
gas and liquid superficial velocities. Although pressure drop
is not affected by the inclination for angles lower than 10�,
at higher inclinations its behavior confirms lower fluid inter-
actions due to segregation. Furthermore, it was shown that
development of flow pattern from uniform initial distribution
toward equilibrium segregated flow is forced by higher incli-
nation angles while high fluid velocities counteract the de-
velopment of segregation.

The transition from segregated/trickle flow to natural puls-
ing flow regime occurs at higher fluid velocities. The effect
becomes more pronounced at higher inclination angles.
Especially inclination at low gas flow rates shifts the transi-
tion drastically toward higher liquid velocities. Although
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pulse flow is characterized by a decreasing frequency
because of higher inclinations for all fluid velocities; pulse
velocity decreases only at low superficial gas velocities start-
ing from a certain threshold inclination angle.

A theoretical analysis based on a modified Grosser et al.33

transition model was attempted. Only the axial (or stream-
wise) components of the superficial fluid velocities were
taken into account (u
i ¼ ui cos y) in the stability model
whereby model predictions were in qualitative and quantita-
tive agreement with experimental findings.

Within this study, an enhanced conceptual knowledgebase
for inclined flows in packed beds is provided and recommen-
dations for operation of such reactor configurations can be
derived.
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Notation

A, B ¼ Ergun constants
d ¼ diameter, m

Eo* ¼ Eotvos number, qLgd2pe
2(rL(1 � e)2)�1

F ¼ drag force per unit bed volume, kg/(m2s2)
g ¼ acceleration due to gravity, m/s2

DH ¼ height ratio
J ¼ Leverett J function
k ¼ relative permeability parameter
L ¼ bed length, m

NF ¼ number of frames
NP ¼ number of pixels
p ¼ pressure, Pa
R ¼ pseudo-turbulence stress tensor, kg/(m2s2)
t ¼ time, s
u ¼ superficial velocity, m/s
u* ¼ axial component superficial velocity, m/s

W1 …W5 ¼ see Eq. 14

Greek letters

a ¼ electrical permittivity, F/m
b ¼ liquid saturation
v ¼ uniformity criterion
e ¼ packing porosity

eG ¼ gas holdup
eL ¼ liquid holdup
US ¼ sphericity factor
k ¼ peak slope exponent, 1/s
l ¼ dynamic viscosity, kg/(m s)
q ¼ density, kg/m3

r ¼ surface tension, N/m
s ¼ viscous stress tensor, kg/(m2s2)
y ¼ inclination angle, �
j ¼ dielectric constant (ratio of permittivity of substance to

permittivity of vacuum)
n ¼ see Eq. 14
f ¼ see Eq. 14

Subscripts

G ¼ gas phase
L ¼ liquid phase

max ¼ maximum
min ¼ minimum

p ¼ particle
P ¼ peak

r ¼ reactor
S ¼ solid
st ¼ static
0 ¼ asymptotic

Superscripts

0 ¼ uniform steady state and drained state of the bed
1 ¼ flooded state of the bed
fd ¼ free-draining
G ¼ gas
L ¼ liquid

res ¼ residual

Abbreviation

ECT ¼ electrical capacitance tomography

Literature Cited

1. Boelhouwer JG, Piepers HW, Drinkenburg AAH. Advantages of
forced non-steady operated trickle-bed reactors. Chem Eng Technol.
2002;25:647–650.

2. Gupta R. Pulsed flow vapor-liquid reactor. US Pat. 4,526,757, 1985
3. Lange R, Hanika J, Stradiotto D, Hudgins RR, Silveston PL. Investi-

gation of periodically operated trickle-bed reactors. Chem Eng Sci.
1994;49:5615–5621.

4. Lange R, Schubert M, Dietrich W, Grünewald M. Unsteady-state
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