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Abstract  To date, many models have been developed to calculate the flow field in the structured packing by the 
computational fluid dynamics (CFD) technique, but little experimental work has been carried out to serve the vali-
dation of flow simulation. In this work, the velocity profiles of single-phase flow in structured packing are meas-
ured at the Reynolds numbers of 20.0, 55.7 and 520.1, using the laser Doppler velocimetry (LDV). The time-averaged 
and instantaneous velocities of three components are obtained simultaneously. The CFD simulation is also carried 
out to numerically predict the velocity distribution within the structured packing. Comparison shows that the flow 
pattern, velocity distribution and turbulent kinetic energy (for turbulent flow) on the horizontal plane predicted by 
CFD simulation are in good agreement with the LDV measured data. The values of the x-and z-velocity components 
are quantitatively well predicted over the plane in the center of the packing, but the predicted y-component is sig-
nificantly smaller than the experimental data. It can be concluded that experimental measurement is important for 
further improvement of CFD model. 
Keywords  velocity profile, structured packing, laser Doppler velocimetry, computational fluid dynamics 

1  INTRODUCTION 
Structured packing is widely used in chemical 

and biochemical industries as static mixer or distilla-
tion column internals. The hydrodynamic behavior of 
the fluids is of great importance in determining the 
process performance involved with structured pack-
ing[1]. Up still, many numerical investigations have 
been carried out to simulate the flow field in the 
structured packing by the computational fluid dynam-
ics (CFD) technique, but most of them were validated 
by pressure drop or other macro scale experiment. 
Detailed information about the flow field by experi-
ment for structured packing is still lacking in the lit-
erature.  

Among the theoretical investigations on the flow 
behavior in structured packing, Hodson et al.[2] may 
be the first which using CFD method to simulate the 
flow pattern of the vapor phase on the micro-scale 
within the channels of the structured packing. Van 
Gulijk[3] presented a simplified model, the “Toblerone” 
model, to investigate the transversal dispersion be-
havior with the CFD code, CFX. Based on van 
Gulijk’s work, Higler et al.[4] and van Baten et al.[5,6] 
studied the liquid phase mixing and mass transfer 
within a catalytic packed-bed reactor which contained 
Katapak-S structure. Petre and Larachi[7,8] considered 
the structured packing layers as the combination of four 
representative elementary units (REU), simulated the 
aerodynamics in each REU using three-dimensional 
CFD and reconstructed the overall pressure drop in 
single gas-phase flow in structured packing. Using the 
volume-averaging method, Zhang et al.[9] proposed a 
CFD model to describe the liquid flow behavior in a 
structured packing column without taking the 
gas-phase behavior into account.  

For simulating two-phase flow within a struc-
tured packed bed, Szulczewska et al.[10] built a 
two-dimensional model to calculate the gas-liquid 
interfacial area and study the mechanism of droplet 
formation and liquid film breaking during gas-liquid 
countercurrent flow over the vertical flat and corru-
gated plate. Li et al.[11] numerically simulated the 
droplet behavior in the wave-type flow channel, and 
the predicted pressure drop and separating efficiency 
are in good agreement with the air-water experimental 
results. Gu et al.[12] presented a two-phase model, 
based on the volume of fluid (VOF) method to predict 
the hydrodynamics of falling film flow over the cor-
rugated plate and interpret the effects of the plate sur-
face microstructure, liquid properties and gas-liquid 
interaction. Also via the VOF approach, Raynal et 
al.[13] successfully estimated the liquid film thickness 
and thus the liquid holdup in structured packing (a 
two-dimensional zigzag channel). Valluri et al.[14,15], 
using a CFX code, simulated flow of water over the 
doubly sinusoidal surface of Mellapak 500Y at Re＝
10.45 and 200, and found that there exists re-circulation 
regions in the substrate ‘valleys’ at the Reynolds 
number of 200.  

Additionally, it was noted that all the works men-
tioned above used pressure drop or liquid holdup to 
validate their theoretical models. To the authors’ 
knowledge, there is still no published experimental 
report on measuring the velocity distribution within 
the structured packing, even for single-phase flow, due 
to its complex geometry and the lack of an effective 
measuring tool. For two-phase flow in the structured 
packing, it is much harder to measure the velocity 
profiles, because of the difficulty of determining the 
free surface of liquid phase. 
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For investigating the detailed information of com-
plex flow, laser Doppler velocimetry (LDV)[16,17], 
particle image velocimetry (PIV)[18,19], and mag-
netic resonance imaging (MRI)[20] were commonly 
used techniques. In this work, LDV was used to 
measure the velocity profile within the structured 
packings. However, as pointed out by Gunjal et al.[21], 
it is difficult to experimentally study the influence of 
all key parameters. Here, the single-phase flow 
through the structured packing was also simulated 
using computational fluid dynamics. The CFD simula-
tions were carried out in a 3-dimensional geometry 
which corresponded to the domain within two adja-
cent corrugated plates. The simulated velocity distri-
bution was compared with the experimental measure-
ments. The model and results discussed here may be 
helpful for the understanding of the flow within struc-
tured packed beds. 

2  EXPERIMENTAL SETUP AND MEASURE- 
MENT SCHEME 

A schematic diagram of the experimental system 
is shown in Fig.1, including (a) a photograph of ex-
perimental setup and (b) the scheme of experimental 
flow sheet. The setup mainly consisted of two adja-
cent corrugated plates, the liquid circulation system, 
and the LDV system. 

 
(a) Experiment apparatus 

 
(b) Experimental flow sheet 

Figure 1  The schematic diagram of the 
experimental system 

1—Plexiglas packing; 2—rotameter; 3—centrifugal pump; 
4—liquid tank; 5—liquid distributor; 6—partitioning plate 

The measuring box was composed of two pieces 
of Plexiglas corrugated plates. The front plate inclined 

to the left while the back one to the right. The size of 
each plate was 312mm×190mm×20mm. The corru-
gation crest height and corrugation base length of the 
plate were 10mm and 29.3mm, respectively, and cor-
rugations inclined at 45° with respect to the horizontal. 
The hydraulic diameter of the flow channel is dh＝
0.033m. The space embraced by two plates was the 
domain of measurement. The measurement was made 
at atmospheric pressure and room temperature. Glyc-
erol aqueous solution (65%, mass fraction), with a den-
sity of 1167kg·m－3, a dynamic viscosity of 0.01554Pa·s, 
and a refractive index of 1.42[22], was selected as the 
test liquid to minimize the refractive effect of Plexi-
glas, with a refractive index of 1.48. 

As shown in Fig.1, the liquid circulation system 
comprised a centrifugal pump, a set of liquid distribu-
tor and nine rotameters. The liquid distributor was 
practically a cuboid box, in which there were ten par-
titioning plates evenly distributed inside the box to 
obtain an even flow profile at its outlet. The glycerol 
aqueous solution was pumped from the tank, flowing 
through nine transparent pipes and entered the liquid 
distributor. The pipes were evenly distributed at the 
entrance of the distributor. At each pipe, a rotameter 
with measuring range of 6—60L·h－1 was used to con-
trol the flow rate. The overflow liquid atop the pack-
ing was circulated to the tank. To avoid air entering 
into the packing during the experiment, the liquid was 
introduced from the bottom.  

A Dantec 3D Fiberflow LDV system was used to 
measure the liquid velocity profile inside the packing. 
The system consisted of a 5 W argon ion laser emitter 
(Spectra-Physics-Laser, 2017), transmitting and re-
ceiving optics, a signal processor (57N20 BSA), a 
traversing system and a control computer. In the ex-
periment, the glycerol aqueous solution was seeded 
with hollow glass particles with the diameter of     
8—12μm and a density of 1360kg·m－3 (the volume 
fraction of the particles about 10－4). A lens with a fo-
cal length of 310mm was mounted on the LDV probe. 
A frequency shift of 40MHz was used to remove the 
directional ambiguity of the velocity. Three colored 
beams (purple, green and blue) was actually used for 
measurements. The signals were processed by BSA 
processor, connected to a computer, and then con-
verted into transient velocity values by the BSA flow 
v2.1 software package[23]. By statistical analysis, the 
time-averaged velocity and fluctuated velocity were 
obtained.  

In the experiments, the velocity distributions 
were measured at the horizontal plane of the packing 
in detail for the Reynolds number of 20.0, 55.7 and 
520.1. To avoid the influence of the outlet effect, the 
measurement of x and z velocity components was 
made in three selected regions of the horizontal plane, 
88mm below from the outlet of the structured packing, 
as shown in Fig.2. On each plate, the distance between 
the stagger crests of two packings was 10mm. The width 
of each region was set about two times corrugation base 
length, 58mm. The right, central and left measuring re-
gions in the plane was 12mm, 114mm and 224mm away 
from the right side of the packing, respectively.  
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Besides, to determine the flow parameters of the 
liquid, the turbulent kinetic energies, calculated by 
Eq.(1), at a typical point in the center of the plane 
were obtained at different Reynolds numbers:  

( )3
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1

1
2 i i

i
k u u

=

= −∑              (1) 

where ui is the instantaneous velocity component and 
iu  is the average over all velocity samples. In the 

measurements, the 3D non-coincidence mode was 
taken to measure the three velocity components. For 
each measured region, a 2mm×1mm mesh was plot-
ted in its x－y cross section. Generally, the sampling 
frequency is about 200—3400Hz at the center of the 
channel, and 10—50Hz near the wall. At each point, 
the sampling time was 20s, determined by the repeti-
tive experiments. 

3  NUMERICAL SIMULATION 
The commercial CFD software package, Fluent 

v6.1, was used to predict the velocity profile inside the 
packing which was exactly the same as those used in 
the LDV measurements. For turbulent flow, the turbu-
lent viscosity was calculated by the renormalized 
group (RNG) k ε−  model. Since the concentration of 
the added particle was dilute, the interactions due to 
particles were negligible. In the simulation, the fluid 
was considered to be incompressible and isothermal, 
and thus the liquid properties were constant. The com-
putational domain of the model was shown in Fig.3. 
Considering its complex geometry, the non-structured 
tetrahedral grid was used in the simulation. 

 
Figure 3  Computational domain of the model 

 

The mathematical model describing the flow in-
cluded the mass and momentum conservation equa-
tions, and the k ε−  model may be referred to the 
Fluent User’s Guide[24] for more details of the 
mathematic model. 

The boundary conditions used are as follows: (1) 
at the liquid inlet, a constant velocity was specified, 
and the flow direction was defined normal to the 
boundary; (2) at the outlet, the flow is considered to 
be fully developed, that is, the diffusion flux for all 
flow variables in the exit direction are zero; (3) 
non-slip condition was used at the walls, and the flow 
behavior in the region near the walls was approxi-
mated using the “standard wall functions.” 

The finite-volume method was employed to solve 
the partial differential equations, using a segregated 
numerical scheme with implicit linearization. The 
pressure values were interpolated on the faces using 
momentum equation coefficients and the SIMPLE 
pressure-velocity coupling algorithm. 

For investigating the grid dependence of the so-
lution, four different computational grids (consisting 
of 57542, 169984, 284834 and 448326 cells, respec-
tively) were generated. The numerical experiments 
were carried out with the first-order upwind discreti-
zation scheme. As shown in Fig.4, the simulated 
pressure drops were plotted against the number of 
cells. It was found that 169984 cells were enough for 
the calculation.  

 
Figure 4  Dependence of the simulated pressure drop on 

the number of computational cells (Re＝55.7) 

In the simulation, the under-relaxation factor for 
pressure was set to 0.1 at the beginning and was in-
creased up to 0.3 as the solution progressed. The  
under-relaxation factor for momentum was set to 0.2. 
When the residuals fell below 1×10－3 for all equa-
tions, the simulation was considered converged. 

 
Figure 2  The measured regions in the horizontal measurement plane 
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4  RESULTS AND DISCUSSION 
The velocity profiles were measured at three 

Reynolds numbers of 20.0, 55.7 and 260.1, and the 
CFD simulations were conducted at exactly the same 
conditions. Before the calculation, the nature of liquid 
flow was determined by the experiment. Fig.5 pre-
sented the relation between the turbulent kinetic en-
ergy and the Reynolds number, showing that, when 
the Reynolds number is lower than 200, the turbulent 
kinetic energy increases slightly with Re, which indi-
cates the flow is laminar; when Re rises up to 300, the 
turbulent kinetic energy increases greatly, and the flow 
has developed to be transitional. When the Reynolds 
number increases higher than 300, the turbulent ki-
netic energy increases rapidly, which means that the 
fluid has become turbulent. Referring to this observa-
tion, it can be concluded that the flows at the Rey-
nolds numbers of 20.0 and 55.7 are laminar, and at the 
Reynolds number of 520.1, the flow is turbulent in the 
simulation. 

 
Figure 5  Relation between the turbulent kinetic energy 

and the Reynolds number from experiment 

In the following discussion, the LDV-measured 
velocities are time-averaged measurements.  

4.1  Flow patterns 
In this part, the flow patterns in a horizontal cross 

section within the structured packing were discussed 
qualitatively. First of all, it should be pointed out that 
the measured flow patterns in the different regions on 
the same plane are very similar, which will be vali-
dated in the latter part of this paper. And as a result, 
only the results in one measurement region are pro-
vided here.  

Figure 6 illustrated the experimental results in the 
region-2 compared with CFD predicted ones in the 
form of vectors which composed of x- and y- veloci-
ties. The Reynolds number of the flow is 55.7. From 
experimental results in these figures, it could be found 
that the horizontal flow patterns show certain similari-
ties to a certain extent, in different regions of the same 
plane. Generally, the fluid flowed around the valleys 
of the packing opposite to the projection of the inclin-
ing direction of the triangular channel. It can be ob-
served from Fig.6(a) that, under the influence of the 
structure of the packing, there exist obvious circula-
tion areas in the region. The typical circulation area 
appears in the center of the wider channel.  

 
(a) LDV 

 
(b) CFD 

Figure 6  Flow pattern comparison in region-2 in the 
measurement plane (Re＝55.7) 

Figure 6(b) presents the CFD predicted flow pat-
tern in the region, corresponding to the region-2 in the 
experiment. By comparison, it can be seen that the flow 
pattern of the experimental and computational result is 
roughly the same, but the experimental map shows a 
little more complexity than the CFD calculated one. In 
the center of the wider channel, the circulation area is 
reproduced by the simulation, but not so obviously.  

Due to the similar reason as mentioned above, only 
the results in the region-2 of the plane at the Reynolds 
number of 20.0 and 520.1 are given in Figs.7 and 8, 
respectively. Comparing Fig.7(a) with Fig.6(a), it can 
be found that the flow patterns at the Reynolds num-
bers of 20.0 and 55.7 are very similar, except that the 
circulation area is smaller at lower Reynolds number. 
At the Reynolds number of 520.1, however, the circu-
lation area is not as obviously observable as that at the 
Reynolds numbers of 20.0 and 55.7. The reason may 
be that the flow has developed to be turbulent and the 
flow field is not greatly affected by the structure of the 
packing. The CFD calculated results at the Reynolds 
numbers of 20.0 and 520.1 also approximately repro-
duced those measured in the experiment. 

 
(a) LDV 

 
(b) CFD 

Figure 7  Horizontal flow pattern comparison in 
region-2 in the plane (Re＝20.0) 
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(a) LDV 

 
(b) CFD 

Figure 8  Horizontal flow pattern comparison in 
region-2 in the plane (Re＝520.1) 

4.2  Vertical velocity component 
Figure 9 gave the distributions of z-velocity in 

three regions obtained by the LDV measurements at 
the Reynolds number of 55.7. From the figure, it 
could be found that the distributions of z-velocity in 
the region-1 and region-2 are well in agreement, but a 
little different from that in the region-3. Even so, it 
could be concluded that, in some extent, the liquid 
entered the packing uniformly. Comparing the veloc-
ity distribution profiles of z-velocity in different re-
gions, it can be also found that the values in the center 
of the channel are relatively higher, and the maximum 
values of z-velocity are about 0.07m·s－1. 

Figure 10 presented the distribution of z-velocity 
obtained by CFD simulation in the region-2. Compar-
ing with LDV measured results, it can be seen that 
both the distribution structure and the range of 
z-velocity are in good agreement.  

The z-velocity distributions measured by the 
LDV measurements at the Reynolds numbers of 20.0 
and 520.1 showed the similar characters as those at the 
Reynolds numbers of 55.7, and hence, the figures are 
not given here. 

4.3  Quantitative comparison of CFD results with 
LDV data 

Since the velocity distributions on the same plane 
are similar, and for the convenience of simplicity, the 
quantitative comparison is only conducted at one third of 
the points in the region-2. The comparison for Re＝55.7 
is shown in the Fig.11 (the x and y positions in the figure 
are relative coordinate). The velocities from the CFD 
simulation are collected at the same coordinate points as 
the LDV measurements. From the figures, it can be ob-
served that, at most points, the x- and z-velocities are 
well predicted by the CFD calculations. In the center of 
the plane, both x- and z-velocity are higher in value. The 
z-velocity is slightly under-predicted by the CFD simu-
lation. The maximum discrepancy of the z-velocity 
between the prediction and measurement is about 44% 
at x＝16mm at the Reynolds number of 55.7. For 
x-velocity, the maximum prediction error is about 

38.7% at x＝52mm. At other positions, the relative 
prediction errors are often lower than 15%. Detailed 
data for other Reynolds numbers may be available 
from the communication to the corresponding author. 

 
(a) Region-1 

 
(b) Region-2 

 
(c) Region-3 

Figure 9  Contours of measured mean z-velocity in 
three regions of the plane (Re＝55.7) 

 
Figure 10  Contours of CFD predicted mean 

z-velocity in region-2 (Re＝55.7) 
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       (a) ux 

 
        (b) uy 

 
        (c) uz 

Figure 11  Mean velocity comparison in  
region 2 of the plane (Re＝55.7) 

■ LDV; ● CFD 

Unlike x- and z-velocities, y-velocity is under- 
predicted greatly compared with the experimental data 
for the reason mentioned above, which is the reason 
why the predicted flow pattern in the horizontal plane 
shows a little difference from the experimental result. 
Similar result has been found by Harris et al.[25], Ng 
et al.[26] and Li et al.[27], that the tangential velocity 
component was greatly under-predicted in the simula-
tions of the flow in a stirred vessel using commercial 
software. These authors all attributed the results to the 
turbulence model used. In the current case, it can be 
considered that the great discrepancy of y-velocity 
component is caused by the same reason. Even so, the 
whole flow pattern on the horizontal plane is still 
similar. 

5  CONCLUSIONS 
In this work, detailed LDV measurements of the 

flow profile of glycerol solution in the structured 
packing have been carried out at the Reynolds num-
bers of 20.0, 55.7 and 520.1. The measured results 
indicate that the flow pattern in the horizontal plane 
the velocity distribution show good spatial periodicity. 
In the wider part of the flow channels, the circulation 
areas can be clearly observed. All three velocity com-
ponents reach their maximum at the center of the 
packing “valley”.  

On the basis of the experimental observation, the 
CFD simulations under the same conditions are con-
ducted. The CFD-predicted and LDV-measured values 
for x- and z-velocity are found to be well in agreement 
but the y-velocity is predicted with large discrepancy 
compared with x- and z-velocity. 

The comparisons suggest that although the nu-
merical calculations can not substitute experimental 
work, especially for the case of complex flow such as 
in structured packing, the CFD simulation can play a 
role supplemental to experiment. 
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NOMENCLATURE 
dh hydraulic diameter [dh＝4 (wetted area/wetted pe-

rimeter)], m 
k turbulent kinetic energy, m2·s－2 
p pressure, Pa 
Δp pressure drop, Pa·m－1 
Re Reynolds number for liquid phase ( s h /Re u dρ μ= ) 
ui i-direction local velocity, m·s－1 
us superficial velocity, m·s－1 
x, y, z Cartesian coordinates, m 
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