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ABSTRACT
Flow past obstacle clusters in micro-channels is central to a wide range of microfluidic applications, yet its fundamental hydrodynamics 
remain poorly understood under strong geometric confinement. No-slip boundary conditions on all walls enforce inherently three- 
dimensional (3D) flow structures in fully confined micro-channels, fundamentally altering wake formation, momentum transport, and drag 
mechanisms. A combined experimental and numerical investigation of wake dynamics behind obstacle clusters in laminar micro-channel 
flows is presented. High-resolution micro-particle image velocimetry and resolved 3D computational fluid dynamics simulations are 
employed to systematically explore the effects of Reynolds number and cluster porosity. We demonstrate that full wall confinement sup
presses classical wake–regime transitions commonly observed in shallow and unconfined flows, including shear layer instabilities and vortex 
shedding. Instead, wake recovery is governed primarily by secondary flows that promote rapid momentum redistribution across the channel 
depth. As a result, wake length exhibits only weak dependence on Reynolds number and is controlled predominantly by cluster porosity. 
We further introduce the relative bleeding velocity as a unifying metric to characterize the transition from macro-particle to individual par
ticle behavior. The relative bleeding velocity is the ratio of the mean velocity through the cluster’s main axis perpendicular to the inflow and 
the mean inflow velocity. These findings establish a distinct physical regime of confined wake flows, bridging the gap between classical shal
low flow theory and microfluidic hydrodynamics, and provide a foundation for improved prediction of pressure losses, transport, and mix
ing in micro-reactors and porous microfluidic systems.

VC 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license 
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0332464

I. INTRODUCTION
The flow past obstacles or arrays of obstacles in confined micro- 

channels is a foundational element in microfluidics,1–5 providing the 
physical principles for the design of micro-reactors, filtration mem
branes, and lab-on-a-chip devices.3,4 While wake hydrodynamics for 
obstacle arrays in shallow flows are extensively documented,6,7 we are 
not aware of any application of these principles to fully enclosed shal
low micro-channels, despite its importance in device design. In shal
low micro-channels, the presence of top and bottom walls introduce a 
viscous damping effect that alters wake stability. The increased wall 
friction caused by the confinement can stabilize the wake and shift the 
wake characteristics into regimes that suppress the onset of large-scale 

instabilities such as Kelvin–Helmholtz vortices and von K�arm�an 
streets, even at elevated Reynolds numbers.6

Previous studies on shallow flows focused on the characteri
zation of the wake around object arrays.6 Chen et al.7 also com
pared the wake length of obstacle arrays and corresponding single 
large obstacles. Single large obstacle refers to an obstacle that 
occupies the same space as the array outer boundary would (see 
Fig. 1). Nicolle and Eames8 investigated the dependence of poros
ity (e) on the wake characteristics of circular cylinder arrays with 
two-dimensional (2D) simulations. Their data suggest three dif
ferent regimes: (i) uncoupled individual wake (e > 0.95), (ii) 
steady drag force while forming shear layers at obstacle shoulder 
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(0.85 < e < 0.95 porosity), and (iii) single large obstacle wake 
(e < 0.85).

The significant difference between shallow and micro-channel 
flow is that shallow flows are only confined at three sides, while rect
angular micro-channel flows are confined on all four sides. Shallow 
flow wake theory shall be used to investigate the flow characteristics 
in flat micro-channels due to the given similarity of the two flows. We 
investigate the effect of the additional confinement and wall friction 
on wake characteristics using shallow flow theory for micro-channel 
flows. The investigated key properties are the wake length and wake 
regime, while the transition between single large object and obstacle 
array is also of interest.

An experimental and simulative approach is used to investigate 
the micro-channel flows. The flow characterization is done using sin
gle large obstacles and cylinder arrays. Subsequently, we refer to the 
cylinder arrays as (particle) clusters, to the individual cylinders as par
ticles, and to the single large obstacles as single particle (SP) reference 
to frame the context to a more practical application. We take advan
tage of computational fluid dynamics (CFD) to investigate the flow 
field structures in detail as well as micro-particle image velocimetry 
(lPIV) for model validation.

II. PSEUDO-2D SYNTHETIC PARTICLE CLUSTERS
The synthetic 2D particle cluster resembles a classical array of 

obstacles. The geometry is a simplification of the synthetic three- 
dimensional (3D) particle cluster used in Ref. 9. It consists of a raster
ized quadratic four times four array of cylinders rotated by 45� to the 
axial direction around the center point to split the flow field at the 
leading edge. Figure 1 schematically shows the synthetic cluster and 
its orientation inside the micro-channel. The cluster diameter (Dc) is 
defined as the length of the array’s main axis while the distance 
between the particle/cylinder center points is defined by D. The red 
dashed line defines the single particle (SP) reference for the cluster 
and will be used for comparison. The cluster was printed into the cen
ter of a 3.8-mm-wide and at least 8.5-mm-long micro-channel with a 
depth of 400 lm. Figure 1 is proportional to the simulation domain 
used in the CFD calculations.

The particle diameter (dp) is 150 lm, while the distance between 
the particles depends on the cluster configuration. The SP or cluster 
diameter is defined as 

Dc ¼ dp þ 3 � D: (1) 

The bleeding velocity (Ub) through the cluster is determined as 
the average axial velocity at the blue span-wise plane in Fig. 1. The 
bleeding velocity will be later used in the wake characterization.

Furthermore, two different Reynolds numbers will be used for 
the flow characterization throughout the manuscript, the particle 
(Rep) and the cluster Reynolds number (Rec): 

Rep ¼
dp � U1
�

; (2) 

Rec ¼
Dc � U1

�
; (3) 

where U1 and � are the inflow velocity and the kinematic viscosity, 
respectively.

III. THEORY
The flow patterns around and through particle clusters can be 

categorized by various properties. In shallow flows, which have simi
larities to flows through thin micro-channels, wake length, wake 
structure, and eddy structures are typically used.6 Another interesting 
property is the drag force as it is proportional to the heat and mass 
transfer rates.9,10 The drag force cannot be used to characterize wake 
regimes but it indicates similarities in heat and mass transfer of differ
ent cluster configurations.

A. Wake properties
The wake characteristics can be described by different properties. 

He et al.6 proposed a dimensionless blockage parameter and a wake 
stability parameter to divide the wake into different regimes. Four dif
ferent wake regimes have been identified:6,11,12 

• coupled individual wake (CI)
• Kelvin–Helmholtz instability wake (KH)
• steady þ shedding wake (SS)
• vortex street wake (VS).

The CI regime features a stable, steady shear layer around the 
array of obstacles without any vortex shedding in the wake. The KH 
regime features a steady, unstable shear layer due to Kelvin– 
Helmholtz instabilities but no von K�arm�an vortex shedding. 
Contrarily, the SS regime is defined by a steady, unstable array shear 
layer which features a steady wake region in the vicinity of the array 
that turns into a von K�arm�an vortex street further downstream. In 
the VS regime, a vortex street is formed directly behind the array 
causing an unstable and unsteady wake region.

The wake regime is characterized by the dimensionless blockage 
parameter (CD)6,13 and the wake stability parameter (SC):14 

CD ¼
Cd a Dc

ð1 − eÞ
; (4) 

SC ¼
Cf Dc

h
; (5) 

where Cd, a, Dc, e, Cf , and h are the averaged drag force coefficient 
for a single particle, the frontal area of the particles per volume, the 
cluster diameter, the cluster porosity, the channel friction coefficient, 
and the channel height, respectively.6 Cd is extracted from the cluster 
simulations in this work, while Cf is calculated using the channel 

FIG. 1. Schematics of the synthetic 2D cluster inserted into the 0.4 mm high fluid 
domain.9 The red line indicates the single particle reference shape. U1, D, dp, 
and Dc are the inflow velocity, the particle center distance, particle diameter, and 
the cluster diameter, respectively.
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Reynolds (Rec) number and the laminar relation for rectangular 
ducts15–17 

Cf ¼
96
Rec

: (6) 

In contrast, Nepf and co-workers,7,18 proposed two different 
wake length scales to characterize the wake behind clusters of obstruc
tions. According to Nepf and co-workers,7,18 the wake length (Lw) is 
determined by the centerline velocity approaching the free stream 
velocity and can be divided into two sub-lengths: L1 and L2. L1 is the 
steady wake region directly behind the obstacle, while L2 is the dis
tance between the end of the steady wake region and the end of the 
wake region: 

Lw ¼ L1 þ L2: (7) 

For solid bodies, e.g., the SP references (Cd a Dc > 20), no steady 
wake region (L1) exists downstream of the cluster.7

Figure 2 schematically shows the different wake lengths defined 
by Nepf and co-workers. The steady wake region can be interpreted as 
the distance between the obstruction and the lowest wake velocity.7,18 

The overall wake length is estimated by the point where the axial cen
terline velocity reaches 90% of the expected mean flow velocity.19

The total wake length (Lw) can be estimated by the analytic 
expression derived by Chen et al.:7 

Lw

Dc
¼ 1:2þ ð25 6 10ÞCd a Dð−0:960:2Þ

c : (8) 

B. Drag force
The drag force alone cannot be used to characterize wake prop

erties. However, the drag force can be used to compare the hydrody
namic behavior at the macro scale and to estimate and compare heat 
and mass transfer rates between fluid and clusters using the general
ized L�evêque equation (GLE):10 

Nu
Pr1=3 Fp;dyn ¼

Sh
Sc1=3 Fp;dyn ¼ 0:404 xf Fd;f Re2 dh

L

� �1=3

; (9) 

where Nu, Pr, Sh, Sc, dh, and L are the Nusselt, Prandtl, Sherwood, 
and Schmidt number, the hydraulic diameter, and the length scale in 

flow direction, respectively. Fp;dyn is the dynamic pressure, while Fd;f 
is defined as the frictional share (xf ) of the drag force: 

Fd;f ¼ xf Fd: (10) 

xf has to be determined experimentally or via simulations. For 
porous clusters, the ratio dh=L can also be expressed based on the 
porosity (e):21 

dh

L
¼

2
3

e

1 − eð Þ
2=3 : (11) 

In other words, the L�evêque approach correlates the heat and 
mass transfer and the frictional drag force. Friction enhances bound
ary layer renewal and depends on the flow obstacle surface and the 
flow structures surrounding it. Higher bleeding velocities increase 
frictional forces because they mainly occur at the obstacle surface. 
Furthermore, by comparing cluster and SP reference cases, the drag 
force can be used to distinguish between single particle and multiple 
particle behavior of the clusters.10

IV. PIV MEASUREMENTS
lPIV measurements are used to determine the flow field around 

and inside the particle clusters and the SP reference cases. These mea
surement results are subsequently used to validate the CFD simula
tions and compare the flow field surrounding particle clusters.

Previous studies have shown that measurements at high veloci
ties are possible, but limited due to lPIV system limitations.22 The 
limitations depend on several factors: particle image displacement, 
seeding, camera frame, spatial resolution, depth of field. The spatial 
resolution is directly influenced by tracer particle size.23 To overcome 
these challenges, adaptations to the standard lPIV system are neces
sary, e.g., high-speed cameras and lasers or long-range microscopic 
objectives.22,24–27

A. Method
The synthetic 2D particle clusters and reference particles were 

printed into micro-fluidic channels of the type IbidiVR , l-Slide VI 0.4 
using the high-resolution 3D printer NanoOne (UpNano GmbH, 
Vienna, Austria) based on the multiphoton lithography method. High 
photosensitive cross-linking polymers are polymerized by femtosec
ond laser pulses to enable 3D printing on a sub-micrometer scale.28 

The unpolymerized resin was washed out of the micro channels with 
isopropanol in an ultra-sonic bath after printing. Figure 3 shows the 
500 lm cluster in the micro-channel. Despite thorough ultra-sonic 
cleaning, dispersed resin residues can be seen in the channel.

The employed lPIV system (TSI Inc, USA) consists of a double- 
pulsed Nd:YAG laser (Bernouilli 200-15, Litron Lasers Ltd., Rugby, 
Warwickshire, UK) with an emission wavelength of 532 nm. The fluo
rescent seeding particles were excited by the laser and the emitted 
light was captured at two distinct time points by a high-speed camera 
(Zyla 5.5 sCMOS USB 3.0—5.5 megapixel with 6.5 lm spatial resolu
tion, Andor, Oxford Instruments plc, Tubney Woods, Abingdon, 
UK) in double-frame mode. The camera was synchronized with the 
laser (LaserPulse Synronizer 610036, TSI Inc. Shoreview, MN, USA). 
The time step between consecutive frames was adjusted depending on 
the flow rate. The post-processing of the generated data was done in 

FIG. 2. Comparison of wake regimes around array structures in shallow flow. 
Adapted from Refs. 18 and 20.
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the imaging software 4G Insight 11.1.0.5 (TSI Inc., Shoreview, MN, 
USA).

The field of view of the lPIV system is 1.86 � 2.20 mm2 at the 
required eight time optical magnification. Tracer particles are resolved 
by 10 to 18 pixels in the lPIV images, while the region of interest is 
0.01 mm smaller than the field of view (1.84 � 2.19 mm2). At least 
150 image pairs were recorded per experiment at 15 Hz frequency 
with an offset of 25–50 ms between the individual images. The final 
interrogation window was 64 � 64 pixels with at least nine particles 
per window.

Figure 4 gives a schematic overview of the lPIV system. Seeding 
was done by suspending 5.5%v/v of polystyrene fluorescent tracer par
ticles with diameter dt ¼ 5 lm (Fluoro-Max, Thermo Fisher 
Scientific, Fremont, CA, USA) in water. The tracer particles have an 
absorption maximum at ka ¼ 530 nm and an emission peak at 
ke ¼ 607 nm. A syringe pump (Harvard Apparatus Model 11, Instech 
Laboratories Inc., Plymouth Meeting, PA, USA) was used to pump 
the solution at various flow rates through the micro-channel.

The depth of correlation (DOC) indicates the depth of the mea
surement volume perpendicular to the laser sheet and can be defined 
as the depth over which particles significantly contribute to the corre
lation function.29 The DOC is inversely proportional to the numerical 
aperture (NA) of the microscope objective and is calculated as 
follows:29 

DOC ¼ 2
1 −

ffiffiffiffi
/
p

ffiffiffiffi
/
p f 2

f d2
t þ

5:95ðM þ 1Þ2k2
e f 4

f

M2

 !" #1=2

; (12) 

where M is the magnification, ke is the wavelength of emitted light, dt 
is the tracer particle diameter, e is the threshold value of the particle 
contribution to the velocity, and ff is the focal number. The focal 
number is a function of the refractive index (no) and the numerical 
aperture: 

f 2
f ¼

1
2

no

NA

� �2
− 1

" #1=2

: (13) 

The magnification of the microscope lens was M¼ 8, and the 
threshold value is typically assumed to be /¼ 0.01.30 The refractive 
index of the channel walls is no¼ 1 and the numerical aperture of the 
microscope lens is NA¼ 0.13. Based on these parameters of the given 
setup, DOC¼ 185 lm. Experiments have shown that the predicted 
DOC values can be smaller than the actual values31 and if the channel 
width is considerably larger than the DOC and the flow velocity is 
constant the DOC’s influence can be disregarded.31 In the case of the 
presented lPIV measurements, a DOC of 185 lm means that 
although the optics was focused on the channel’s central plane located 
at 200 lm the actual measurement plane extends from 108 to 293 lm.

Field of views had to be combined to measure the flow profile in 
the vicinity of the particle clusters because the region of interest is 
larger than the field of view. Two measurements were required for the 
250 lm case, while four were required for the 500 lm case. 
Contamination from the printing and washing/cleaning process 
caused some bright spots in the lPIV images, which can impair the 
evaluation of the flow velocities in nearby regions.

Potential error sources of the lPIV results are the DOC, out-of- 
plane laser positioning, 3D secondary flows, and resin residue in the 
channel. Assuming a perfectly aligned laser sheet and fully developed 
flow, the DOC contributes up to 80% of the measurement error.32 

Furthermore, the optimal time step for image capturing is different 
for every layer because the velocity varies across the channel. 
Quantifying the error contribution of an out-of-plane laser sheet is 
tricky as the error correlates with out-of-plane distance and angle. An 
error of approximately 25% is caused by a plane deviation of 100 lm 

FIG. 3. Image of the 500 lm distance cluster in the micro-channel. Small impuri
ties that survived the cleaning can be seen toward the top of the cluster.

FIG. 4. Schematics of the lPIV setup. 

Phys. Fluids 38, 062020 (2026); doi: 10.1063/5.0332464                                                                                                                                                                  38, 062020-4 
VC Author(s) 2026

Physics of Fluids                                                                                             ARTICLE pubs.aip.org/aip/pof 

 
0
6
 
A
u
g
u
s
t
 
2
0
2
6
 
0
4
:
1
4
:
3
0

pubs.aip.org/aip/pof


with respect to the center plane. Horseshoe vortices are the main sec
ondary flows that form in the vicinity of the particles.33,34

Horseshoe vortices emerge from to the channel walls at the up- 
and downstream side of the particles. These vortices can extend 
toward the horizontal center plane at high velocities. The axial veloci
ties are decreased at the leading edge and increased at the trailing 
edge by the horseshoe vortices. The error induced by these vortices 
increases at higher velocities and out of plane positions. Therefore, a 
quantification of this error is not possible. The measurement error 
introduced by the resin residue is also not quantifiable.

B. lPIV results
Figure 5 shows the axial velocity lPIV results for the 250 lm 

particle distance and 9 ml/min flow rate cases. The differences 
between the cluster and the single particle reference cases are clearly 
visible. The wake region of the SP case is around one third longer 
compared to the cluster case. The maximum axial velocity is slightly 
higher for the cluster case despite having a larger free cross section. 
This effect might be caused by measurement errors in the recircula
tion region of the SP case.

Figure 6 shows the axial velocity lPIV results for the 250 lm 
particle distance and 20 ml/min flow rate. The results are in line with 
the 9 ml/min flow rate cases. The SP case wake region is larger com
pared to the cluster case, while the cluster case shows higher maxi
mum velocities than the SP case. In the case of 20 ml/min flow rate, 
the cluster case features a significant smaller wake region compared to 
the SP case.

The differences between the 9 and 20 ml/min cases are in line 
with the expected behavior: The wake region increases at higher 
velocities.

Figure 7 shows the axial velocity lPIV results for the 500 lm 
particle distance and 9 ml/min flow rate cases. The 500 lm cluster 
case features wake areas behind the individual particles of the 
cluster and a macro wake region behind the cluster. The SP case 
features a distinct wake area which is larger than of the cluster. 
The cluster case features a higher maximum axial velocity com
pared to the SP case, despite its higher effective channel cross sec
tion. This behavior seems counterintuitive but might be explained 
by a more pronounced wall effect due to the non-smooth outer 
surface of the cluster.35

Figure 8 shows the axial velocity lPIV results for the 500 lm 
particle distance and 20 ml/min flow rate cases. The individual wake 
regions of the cluster particles and the macro wake region are more 
pronounced at the higher flow rate compared to the lower one. The 
SP case features a significantly larger and more distinct wake region 
compared to the 9 ml/min case. The differences between the cluster 
and SP cases are clearly visible at the 20 ml/min flow rate.

The lPIV results indicate that the flow around the clusters resem
bles the flow around the SP reference for the 250 lm clusters, while 
individual wakes are very prominent for the 500 lm clusters with 
greater distance between particles. Furthermore, the results reveal the 
transition from a single particle-like behavior of the cluster toward an 
individual particle behavior at increasing particle distance and inflow 
velocity.

FIG. 5. lPIV axial velocity contour plots of the 250 lm cluster and single particle 
reference case for 9 ml/min flow rate.

FIG. 6. lPIV axial velocity contour plots of the 250 lm cluster and single particle 
reference case for 20 ml/min flow rate.
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V. CFD ANALYSIS
Computational fluid dynamics simulations are conducted to 

extract more details of the flow compared to the experimental 
results. A total of 50 simulations has been conducted in this work: 
25 using the synthetic cluster (SC) and 25 using the single refer
ence particle (SP). Table I of the supplementary material summa
rizes the simulated cases. Three additional flow rates (5, 15, and 
40 ml/min) and cluster configurations (375, 750, and 1000 lm dis
tances) were simulated to obtain additional data. The additional 
configurations were added in the simulations but not the experi
ments, since the two flow rates are sufficient for validation. 
Stability issues of the 3D printed structures and limitations of the 
lPIV system’s shutter speed were limiting for the high velocities 
and the limited field of view was limiting for cluster distances. The 
additional particle distances and flow rates were included to eluci
date the effect of cluster void fraction and flow rate. The CFD 
model is validated employing analytic velocity profiles and lPIV 
data to ensure physically correct results.

A. Method
The CFD simulations are conducted using simpleFoam from the 

open-source toolbox OpenFOAMVR 36 version 10. simpleFoam is an 
incompressible, steady-state solver employing the Semi-Implicit 
Method for Pressure-Linked Equations (SIMPLE) algorithm37 to 
solve the continuity [Eq. (14)] and incompressible Navier–Stokes 
[Eq. (15)] equations: 

dq

dt
þr � q~uð Þ ¼ 0; (14) 

d q~uð Þ

dt
þr � q~u �~uð Þ ¼ −rpþ lD~u; (15) 

where q is the fluid density, t is the time, ~u is the velocity vector, p is 
the static pressure, and l is the dynamic viscosity.

For incompressible flows, the time-dependent term of the conti
nuity equation vanishes, while a common practice among incom
pressible CFD codes is the simplification of the Navier–Stokes 
equations by dividing it by the density: 

r �~u ¼ 0; (16) 
d~u
dt
þr � ~u �~uð Þ ¼ −r

p
q
þ

l

q
D~u ¼ −rp� þ �D~u; (17) 

where p� and � are a pseudo-pressure and the kinematic viscosity. 
Therefore, the simulated pressures have to be multiplied by the fluid 
density to obtain physical meaningful values. The fluid’s physical 
properties were assumed to be water at 25 �C with a density 
q¼ 997 kg/m3 and a kinematic viscosity �¼ 0.894 � 10−6 m2/s.

The simulation domain is discretized using the finite volume 
(FV) method. OpenFOAM’s structured meshing tool snappyHexMesh 
is used to generate the computational mesh. Although the clusters are 
pseudo-2D, the simulations are conducted in 3D to capture wall 
effects, which can be dominant in such narrow rectangular channels35 

and 3D secondary flows.33,34,38,39 Furthermore, the particle-resolved 
simulations are assumed to be laminar since the highest channel, 

FIG. 7. lPIV axial velocity contour plots of the 500 lm cluster and single particle 
reference case for 9 ml/min flow rate.

FIG. 8. lPIV axial velocity contour plots of the 500 lm cluster and single particle 
reference case for 20 ml/min flow rate.
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cluster, and particle Reynolds number are 355, 1550, and 74, 
respectively.13,15,16

The final mesh consists of cells between 34 lm in the main flow 
while the cell size reduces to 8.5 lm in the vicinity of the particles. 
This results in computational meshes between 1.1 � 106 (250 lm 
case) and 3.7 � 106 (1000 lm case) cells for the different clusters. 
Grid independence was verified by varying the cell size by 620%. 
Velocity differences between the employed and the finest mesh were 
below 1%.

Figure 1 shows the generic form of the investigated particle clus
ters and the SP reference case. The set of boundary conditions is iden
tical for all cases: A fixed flow rate is imposed at the inlet, a zero- 
gradient condition at the outlet, and a no-slip boundary condition at 
the channel walls and particle surfaces for the velocity. A fixed gauge 
pressure of 0 Pa is set at the outlet, while zero-gradient conditions are 
imposed on all other patches for the pressure. The investigated flow 
rates are summarized in Table I of the supplementary material. The 
simulations were assumed to be steady-state after the residuals for 
pressure and velocity subceed 10−4 and 10−5, respectively. During a 
pre-evaluation, the high-velocity cases of all cluster geometries were 
simulated by a transient approach to evaluate any oscillating behavior. 
The transient simulations lack any non-steady flow features and the 
results are inline with the steady-state ones.

B. Validation
Validation of numerical results obtained by CFD is a crucial 

step. In this work we use two different ways to validate the simulation 
results: (A) comparison with analytical flow profiles in rectangular 
channels and (B) comparison to the measured lPIV results. As 
already discussed in Sec. IV, there are multiple error sources which 
can affect the lPIV results, therefore, despite including a quantitative 
comparison, we focus more on the qualitative differences between the 
cases.

1. Validation analytical velocity profiles

Holmes and Vermeulen40 proposed a simple correlation for the 
analytical velocity profile inside rectangular ducts for height to width 
ratios a ¼ h1=2=w1=2 � 0:5: 

u
umean

¼
mþ 1

m
nþ 1

n
1 −

y
h1=2

� �n
" #

1 −
x

w1=2

� �m
" #

; (18) 

where41 

m ¼ 1:7þ 0:5a−1:4; (19) 

n ¼ f ðaÞ ¼ 2; a < 1=3;
2þ 0:3ða − 1=3Þ; a � 1=3;

�

(20) 

with w1=2, h1=2, y, x, and a being the half channel width, the half chan
nel height, the chordwise coordinate, the spanwise coordinate, and 
the height to width ratio.

Figure 9 compares the simulated and analytical spanwise and 
chordwise velocity profiles for 9 and 20 ml/min inlet flow rates. 
Empty channel simulations were conducted to confirm the fully 
developed incident flow assumption. The simulated profiles were 
extracted 2.125 mm from the inlet (halfway between the cluster 

position and the inlet). Negligible differences exist between the ana
lytic and simulated maximum velocities. In summary, the presented 
data clearly indicate that the CFD model predicts the correct micro- 
channel flow physics.

2. Validation lPIV measurements

Figure 10 compares the measured and simulated axial velocities 
at the channel centerline for the different clusters and velocities. In 
most cases, the experimental velocities of the SP reference cases 
exceed the cluster velocities, while the simulations predict similar 
velocities for the single reference particle and the cluster. According 
to Campos Marin et al.42 an error of up to 12% can be expected when 
comparing lPIV and resolved CFD simulations and a difference of 
up to 70% can occur in stagnant regions. These effects are clearly visi
ble in the 20 ml/min cases. The experimental velocities deviate more 
than the expected 12% for some cases. Taking into account the differ
ent shape of the micro-fluid channel, which is 4 mm in height and 
0.4 mm in depth, wall effects and a not perfectly aligned focus point 
of the laser can contribute to additional errors. In addition, three- 
dimensional secondary flows occur around objects in (micro-)chan
nels perpendicular to the axial direction which can cause reduced 
axial velocities outside of the center plane.38,39 For cylinders in trans
verse flows, horseshoe vortices form at the leading and trailing 
edge.33,34 These structures are also seen in the simulation data. The 
lPIV system’s DOC is another potential error source; see Sec. IV for 
more details on the experimental errors.

Figure 10(a) compares the measured and simulated centerline 
axial velocities for the 250 lm cases. The measured 9 ml/min SP and 
20 ml/min velocities are similar at the inflow despite they should differ 
by a factor of two. The exact reason for this discrepancy remains 
unclear but the most reasonable explanation is an out of center laser 

FIG. 9. Comparison of the CFD velocity profile halfway between the inlet and the 
cluster position and the theoretical velocity profile in a rectangular duct.
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sheet in combination with faster secondary flows perpendicular to the 
axial direction at higher flow rates. At the trailing side, the velocities 
give reasonable results for both cases. The 9 and 20 ml/min SP cases 
give reasonable results but the inflow velocity is underestimated by 
approximately 0.1 m/s.

Figure 10(b) compares the measured and simulated centerline 
axial velocities for the 500 lm cases. The measurements indicate a 
steeper velocity decrease for the single particle reference cases at the 
inflow side compared to the cluster cases. Furthermore, the inflow 
velocities are slightly lower for the reference cases. The simulations 
over-estimate the inflow velocities compared to the experiments. The 
trailing edge velocities are over-estimated by the simulations com
pared to the experiments for the cluster cases. Measured intra-cluster 
velocities are in line with the simulated ones for a particle distance of 
500 lm.

Considering the reported experimental errors of lPIV measure
ments, the CFD model also reasonably reproduces the governing 
effects. This is confirmed by the comparison of the analytical velocity 
profile and the empty channel simulations.

C. CFD results
In this section, steady-state axial velocity contours are compared 

and discussed for 9, 20, and 40 ml/min flow rates for all cluster config
urations and the corresponding SP reference cases.

Figures 11 and 12 compare the simulated axial velocity contours 
of the 250 lm particle diameter cases, which were also measured with 

the lPIV system (see Sec. IV B). The contour plots of the other flow 
rates can be found in the supplementary material. The wake regions 
are qualitatively similar between the measured and simulated cases. 
The cluster wake region is over-estimated by the simulations com
pared to the experimental data, while the SP wake region is under esti
mated. Furthermore, the simulated cases predict higher maximum 
axial velocities for the SP cases, whereas the experimental data indi
cate slightly higher velocities for the cluster cases. The 40 ml/min case 
features a one third longer wake region than the 20 ml/min case. As 
for all simulated 250 lm cases, the wake region of the cluster case is 
slightly shorter than for the SP cases.

Figures 13 and 14 compare the simulated axial velocity contours 
of the 500 lm particle diameter cases which were also measured with 
the lPIV system (see Sec. IV B). The contour plots of the other flow 
rates can be found in the supplementary material. Similar to the 
250 lm cluster cases, the simulations predict qualitatively similar 
wake regions compared to the measured ones. Distinct wake regions 
are visible downstream of the individual particles at 9 and 20 ml/min 
flow rate. These regions combine to a macro wake region behind the 
cluster which seems to have a flatter decay angle compared to the SP 
reference cases. However, the wake velocities are approximately twice 
as high for the cluster case compared to the SP case. The 40 ml/min 
case also features individual particle wake region, which combine to 

FIG. 10. Comparison of measured and simulated axial velocity for the 250 lm (a) 
and 500 lm (b) particle clusters along the domain centerline.

FIG. 11. Contour plot of the axial velocity contour for the 250 lm cluster and sin
gle particle reference case for 9 ml/min flow rate.

FIG. 12. Contour plot of the axial velocity contour for the 250 lm cluster and sin
gle particle reference case for 20 ml/min flow rate.
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a macro wake region, while the corresponding SP case is in line with 
the other SP cases.

The contour plots of the 375, 750, and 1000 lm clusters are in 
line with the findings of the 250 and 500 lm cases. Larger particle dis
tances promote individual particle wake behavior, while higher flow 
rates increase wake length. SP reference cases feature longer wake 
regions at higher flow rates. The 1000 lm 40 ml/min SP reference 
case is unstable in the steady-state simulations, which indicates fluctu
ating flows, e.g., vortex shedding around the obstacle. Therefore, these 
data are excluded from the subsequent investigations. The axial veloc
ity contours of all investigated cases can be found in the supplemen
tary material.

Figure 15 compares the normalized axial centerline velocities vs 
the axial direction in units of cluster diameter Dc for all 50 cases. The 
absolute distance increases from the 250 to 1000 lm cases, since Dc 
increases. As a result, the inflow velocity profiles change but the intra- 
cluster and downstream velocities can be easier compared. In general, 
the differences between the cluster and the SP axial velocities increase 
at larger particle distances. At 250 lm the velocity profiles are almost 
identical, while they are fundamental different at 1000 lm distance. 
Re-circulation zones (negative axial velocity) form for all 250 lm clus
ters cases, while they form only for high flow rates at larger particle 
distances. Wake region and re-circulation zone length behave contra
dictory for cluster and SP cases: Lengths decrease for clusters with 

larger particles distances, while they increase for the SP cases. This is a 
consequence of the higher porosity in the clusters and the smaller free 
cross section in the SP cases.

VI. WAKE CHARACTERIZATION
This section uses the simulation data to put the cluster cases into 

the theoretical framework presented in Sec. III.

A. Wake stability
The wake regions of all clusters are consistent with the coupled 

individual wake (CI) regime defined by He et al.6 This regime features 
a stable shear layer and a wake region dominated by the wake of 

FIG. 13. Contour plot of the axial velocity contour for the 500 lm cluster and sin
gle particle reference case for 9 ml/min flow rate.

FIG. 14. Contour plot of the axial velocity contour for the 500 lm cluster and sin
gle particle reference case for 20 ml/min flow rate.

FIG. 15. Comparison of the normalized axial velocity along the centerline for the 
250 (a), 375 (b), 500 (c), 750 (d), and 1000 (e) cluster configurations.
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individual particles. For the SP reference cases, the dimensionless 
blockage parameter (CD) is infinity and only the wake stability factor 
is relevant. The threshold value for CI wake behavior is SC > 0.6, 
which is fulfilled for all the SP reference cases. Table I of the supple
mentary material summarizes the calculated values of CD and wake 
stability factors for the simulated cases.

B. Wake length
A significant steady wake region as described by Nepf and co- 

workers7,18 was only observed for the SP reference cases and the 
250 lm distance clusters. Therefore, we employ the total wake length 
(Lw) for comparison here. The total wake length is determined by the 
point where the axial centerline velocity reaches 90% of the expected 
mean flow velocity.19 The total normalized wake lengths are also sum
marized in Table I of the supplementary material.

Figure 16 investigates the dependency of the normalized wake 
length on the particle and cluster Reynolds number, the cluster void 
fraction, and the cluster diameter. Furthermore, the empirical wake 
length correlation of Chen et al.7 [Eq. (8)] is compared to the simula
tion results.

The wake length correlates with the Reynolds number for each 
individual cluster and rescaling using the cluster Reynolds number 
fails to collapse the different curves as for the drag force. Cluster void 
fraction and cluster diameter correlate with a quadratic decay and lin
early with the wake length. The empirical model predicts opposite 
behavior. This deviation from the empirical correlation indicates a 
stabilization effect caused by the full enclosure of the micro-channel 
flow compared to the shallow flow. The additional frictional resistance 
introduced by the upper enclosure in combination with the small 
channel height cause this stabilization.

Reynolds number scaling of the dimensionless wake length 
(Lw=Dc) is used to evaluate this effect: 

Lw

Dc
/ Rek

c ; (21) 

where k is the slope. The slopes of the cluster cases range from 0.63 
for the 250 lm to 0.22 for the 1000 lm case, while the slopes of the SP 
reference cases is between 0.64 and 0.67. Slope comparison with shal
low flow data are difficult since the available datasets are incomplete 
and/or lack systematic variation, e.g., Chen et al.,7 Zong and Nepf,18 

and Follett and Nepf.20 Instead of shallow flow data, we employ the 
measured wake lengths surrounding single cylinders measured by 
Honji43 and Taneda.44 The extracted slopes are between 1.1 and 1.3, 
which is approximately twice as high as for the confined micro- 
channel flow and indicates a weakened influence of the Reynolds 
number on wake length in micro-channels.

C. Drag force
Figures 17(a) and 17(b) compare the total drag force of all cases 

vs various particle and cluster Reynolds numbers. The results for the 
clusters below 500 lm distance collapse to a single curve when scaling 
with the cluster Reynolds number, while distinct curves exist for the 
single particle Reynolds number. The drag force curves clearly distin
guish between cluster and SP reference for cluster distances above 
500 lm, where the SP drag is significantly higher than the cluster 
drag.

In addition, Figs. 17(c) and 17(d) show the drag force vs the 
dimensionless blockage (CD) and wake stability parameter (Sc). 
Although the CD of the SP reference particles is infinity, we used the 
corresponding cluster values to compare the drag forces. The cluster 
and SP drag forces for the 250 to 500 lm are similar, while the 750 
and 1000 lm SP case give orders of magnitude higher total drag forces 
than the cluster cases. Similar to the drag force vs Reynolds number 
comparison, the SP cases give higher drag forces compared to the 

FIG. 16. Comparison of the dimensionless wake length vs the particle Reynolds 
number (a), the cluster Reynolds number (b), the cluster void fraction (c), and the 
cluster diameter (d).

Phys. Fluids 38, 062020 (2026); doi: 10.1063/5.0332464                                                                                                                                                                38, 062020-10 
VC Author(s) 2026

Physics of Fluids                                                                                             ARTICLE pubs.aip.org/aip/pof 

 
0
6
 
A
u
g
u
s
t
 
2
0
2
6
 
0
4
:
1
4
:
3
0

https://doi.org/10.60893/figshare.pof.c.8524308
https://doi.org/10.60893/figshare.pof.c.8524308
https://doi.org/10.60893/figshare.pof.c.8524308
pubs.aip.org/aip/pof


cluster cases. The drag force vs the wake stability parameter give simi
lar results as for the dimensionless blockage. Furthermore, results 
indicate that the SP and clusters for particle distances up to 500 lm 
can be characterized as a macro particle, while the other clusters seem 
like individual particles. From a drag force point of view, this suggests 
that the solid body is lower than Cd a Dc > 20 as defined by Chen 
et al.7 Cd a Dc is larger than 6.1, 5.4, and 4.4 for the 250, 375, and 
500 lm cases, while not exceeding 15 in any case. Cd a Dc increases 
for lower flow rates.

The advantage of CFD simulations is that the different drag con
tributions can be easily extracted from the data and xf can be 

calculated. Figure 18(a) shows the contribution of the viscous drag 
force vs the cluster Reynolds number for all cases. Evidently, the fric
tional share is very high for the clusters while its below 15% for the SP 
reference cases. xf for the 250 lm cases is in between the other cluster 
cases and the SP cases. Frictional forces are generated near the par
ticles surfaces and increase at higher bleeding velocities. As a conse
quence, the boundary layer renewal is enhanced which increases heat 
and mass transfer rates.

The dimensionless heat and mass transfer unities Nu=Pr1=3 and 
Sh=Sc1=3 can be calculated with the given xf to compare the heat and 
mass transfer rates of the different cases. Figure 18(b) reveals that the 
heat and mass transfer rates collapse to a single function when using 
the cluster Reynolds number and cluster diameter as characteristic 
length scale.

D. Relative bleeding velocity
Figure 19 investigates the dependence of the total drag force, the 

dimensionless blockage parameter, the wake stability parameter, and 
the normalized wake length vs the relative bleeding velocity. Among 
others, the relative bleeding velocity depends on the cluster porosity, 
inflow velocity, and very likely on the cluster shape. Two things are 
immediately evident: (i) the relative bleeding velocity is fairly constant 
for the 250, 750, and 1000 lm cases for varying flow rates and (ii) 
three different regimes can be defined. The macro particle region in 
the low bleeding velocity region, followed by the transition region 
between individual and macro particle characteristics, and finally the 
individual particle characteristics at high bleeding velocities.

The particle clusters behave like a single large particle in the 
macro particle regime, while no cluster effects occur in the individual 
particle regime. In between these two regimes is the transition regime, 

FIG. 17. Comparison of the total drag force vs the single particle Reynolds num
ber (a), the cluster Reynolds number (b), the dimensionless blockage (c), and the 
wake stability parameter (d) for the simulated cases.

FIG. 18. Comparison of the viscous drag force share (a) and a dimensionless 
heat and mass transfer identity (b) vs the cluster Reynolds number.
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where the flow penetration into the cluster defines the extent of macro 
or individual particle behavior. Figures 17(c) and 19(d) indicate that 
individual particle behavior is dominant at high velocities.

The transition region is characterized by a strong influence of 
the flow rate on the relative bleeding velocity, while its influence is 
only minor in the other regimes.

VII. SUMMARY AND CONCLUSION
Shallow flow wake theory was used to investigate the flow 

characteristics in flat micro-channels. A significant difference 
between shallow flows and micro-channel flows is that the 

latter are confined on all four sides. The micro-channel flow 
characteristics were investigated using lPIV and CFD 
simulations.

The lPIV and CFD results agree qualitatively, while deviations 
of up to 100% exist at the leading edge due to potential measurement 
errors. Nevertheless, predicted flow field could be validated qualita
tively with the lPIV results.

The CFD results demonstrate that full wall confinement 
reshapes wake formation, momentum transport, and drag mecha
nisms of obstacle clusters, invalidating the shallow flow assump
tion. Normalized wake lengths decrease at higher cluster porosity 
and higher relative bleeding velocity. Comparing the normalized 
wake length’s scaling with the cluster Reynolds number of the 
cluster and the SP reference cases confirms this effects. 
Furthermore, micro-channel wake lengths show reduced 
Reynolds number dependency compared to unconfined flows. 
Contrary to the shallow flow wake characteristics, the relative 
wake length decreases at higher cluster porosity for micro- 
channel flows. Based on the dimensionless blockage (CD) and 
wake stability (SC) parameter, all investigated cases fall into the 
coupled individual wake (CI) regime according to shallow flow 
wake regime classification.6,11,12

Furthermore, the bleeding flow through the cluster acts as a flow 
stabilizer: Higher relative bleeding velocities reduce the wake length. 
The bleeding velocity allows the classification in three different 
regimes: (i) the macro-particle, (ii) the transition, and (iii) the individ
ual particle behavior. The transition regime features a significant 
dependence of the investigated parameters on the bleeding velocity. 
The transition regime starts at a cluster porosity between 0.31 and 
0.69, while the individual particle regime starts at higher porosity 
between 0.83 and 0.92. These results deviate from the 2D data 
obtained by Nicolle and Eames.8 Additional data for different cluster 
shapes are required before a (semi-)theoretical correlation to estimate 
the wake length can be derived.

The comparison between the cluster and single particle (SP) 
reference cases reveals that clusters reduce total drag, while 
increasing the viscous drag share due to higher surface area to vol
ume ratios. The increased viscous drag force impacts the heat and 
mass transfer characteristics by promoting boundary layer 
renewal. The generalized L�evêque approach allows to estimate 
heat and mass transfer rates based on the frictional drag force. 
The investigated cluster and SP reference cases revealed the same 
cluster Reynolds number dependence. In addition, strong second
ary flows provide additional fluid mixing and can also improve 
heat and mass transfer rates.

These findings have direct implications for the design of micro- 
reactors, e.g., when optimizing heat and mass transfer with respect to 
pressure loss. Furthermore, the findings increase the understanding of 
wake physics in fully confined laminar flows, bridging the gap 
between classical shallow flow theory and microfluidic applications. 
Future studies should explore the interaction of differently shaped 
obstacles, the interaction of secondary flows, and heat and mass 
transport.

SUPPLEMENTARY MATERIAL
See the supplementary material for the axial velocity contour 

plots for all investigated cases and an overview of the cluster proper
ties and determined wake characteristics.

FIG. 19. Comparison of the drag force with (a), the dimensional blockage parame
ter (b), the dimensionless wake stability parameter (c), and the relative wake 
length (d) vs the relative bleeding velocity.
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