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ABSTRACT
We present an experimental and numerical study of the flow down-
stream of honeycomb flow straighteners for a range of Reynolds
numbers, covering both laminar and turbulent flow inside the hon-
eycomb cells. We carried out experiments with planar particle image
velocimetry (PIV) in a wind tunnel and performed numerical simula-
tions to perform an in-depth investigation of the three-dimensional
flow field. The individual channel profiles downstream of the honey-
combgradually develop into one uniform velocity profile. This devel-
opment corresponds with an increase in the velocity fluctuations
which reach a maximum and then start to decay. The position and
magnitude of the turbulence intensity peak depend on the Reynolds
number. By means of the turbulence kinetic energy (TKE) budget it
is shown that the production of TKE is dominated by the shear layers
corresponding to the honeycomb walls. The near-field and far-field
decay of the turbulence intensity can be described by power laws
where we used the position where the production term of the TKE
reaches its maximum as the virtual origin.
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1. Introduction

Flow straighteners have often been used to reduce the turbulence level in wind- and water
tunnels. An example of a flow straightener is a honeycomb which consists of many parallel
channels with square, circular or regular hexagonal cross-sections. An example of the usage
of honeycombs in an industrial systemwhere the turbulence levelmust be as low as possible
is the magnetic density separation machine [1–3].

Magnetic density separation (MDS) is a promising recycling technique that can improve
the sustainable usage of plastic [4]. A schematic representation of the MDS setup is shown
in Figure 1. The MDS technique uses a magnetic field applied to a ferrofluid to generate
a specific effective mass density gradient in the fluid. This ferrofluid flows through a flow
laminator, or honeycomb, before it enters the separation chamber. The honeycomb is used
to suppress the turbulence level in the flow such that the flow has as little disturbance as
possible. To this end, conveyor belts are installed on the top and bottom of the channel
and move with the mean streamwise velocity. The conveyor belts are installed to prevent
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Figure 1. A schematic representation of the magnetic density separation setup. Different markers
(colours) represent plastic particles with different mass densities [1].

the formation of boundary layers. Shredded plastic waste, which is a collection of various
types of plastics, is injected on the left top and bottom and will settle to its equilibrium
height in the separation chamber according to its mass density. The plastic particles will be
separated by separator blades further downstream and are ready for post-processing, for
example separation on colour. The characteristics of the flow inside the MDS machine are
of key importance to obtain a good separation efficiency. The main challenge is to obtain
a flow in the separation chamber which has as little disturbance as possible, while main-
taining a high velocity to obtain a large throughput. Therefore, this research focuses on the
flow in the wake of the honeycomb for a range of velocities close to the critical Reynolds
number.

Lumley et al. [5,6] investigated the passage of turbulent flow through a honeycomb by
means of hot-film probe experiments in a water tunnel. They concluded that the suppres-
sion of turbulence is mostly dominated by the inhibition of the lateral components of the
velocity fluctuations. The flow that leaves the honeycomb is not always laminar, as small
turbulent eddies with a length scale smaller than the cell diameter will remain in the flow.
Using a honeycomb with a smaller cell diameter enhances the suppression of these turbu-
lent eddies. However, too small cells have practical disadvantages like blockage of the flow
and a larger pressure loss.

Loehrke and Nagib [7] visualised the flow downstream of a honeycomb and measured
the velocity with a hot-wire anemometer. The honeycomb was located in a compressed-
air driven wind tunnel and consisted of a bundle of plastic drinking straws with an inner
diameter of 0.455 cm and a length of 2.5, 7.5, or 25 cm. They showed that honeycombs
suppress turbulence, but further downstream additional turbulence is created due to shear
layer instabilities. Both Lumley et al. [5,6] and Loehrke and Nagib [7] explained that the
additional turbulence is generated via the break-up of the mean velocity profile from each
cell.

Farell and Youssef [8] performed similar experiments as Loehrke and Nagib [7]. They
measured the mean and rms velocity with hot-wire anemometer technique. They used
a bundle of plastic drinking straws with an inner diameter of 5.95mm and a length of
50.8, 127, or 254mm. They showed that by using honeycombs the turbulence intensity
was reduced by a factor 1.7.
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Mikhailova et al. [9] showed that with an increasing free stream velocity the
turbulence intensity peak shifts further upstream. Furthermore, they showed that increas-
ing the turbulence level of the free stream leads to an upstream displacement of the
transition zone.

Xiong et al. [10] andKühnen et al. [11] both performed experiments with particle image
velocimetry (PIV). Xiong et al. [10] used two perforated plates and a tube bundle. They
stated that the honeycomb induced flow instabilities disappear at the end of the near field
and the decay of the disturbance caused by the installation takes place in the far-field. Küh-
nen et al. [11] used 3D printed honeycombs and determined the pressure drop over the
honeycomb.

Numerical simulations were performed by Kulkarni et al. [12]. They used ANSYS-
CFX to investigate the effectiveness of honeycombs with different lengths and different
cell shapes for the reduction of turbulence. They also considered combinations of honey-
combs with screens. Their model predicts a turbulence reduction factor which is optimal
for a length-to-diameter ratio between 8 and 10.

Althoughmany studies on the effects of honeycombs have been performed, there are no
studies on the dependency of the turbulence intensity in a range of cell Reynolds numbers
close to the critical Reynolds number, on the terms in the turbulence kinetic energy (TKE)
budget downstream of the honeycomb, and on the decay of the turbulence in laminar and
turbulent conditions. These properties are relevant for the design of the honeycomb used
in MDS and in other applications where a honeycomb is applied to relaminarise a flow.
In this paper, we present the results of an investigation on the flow field downstream of
a honeycomb for a range of cell Reynolds numbers around the critical Reynolds number.
We carried out experiments with planar particle image velocimetry (PIV) in a wind tunnel
and performed direct numerical simulations for an in-depth investigation of the three-
dimensional flow field.

The paper is organised as follows. Section 2 describes the honeycomb dimensions, the
experimental set-up, and the numerical model. Section 3 presents the results, where first
the turbulence intensity results are provided, the terms in the TKE budget are analysed and
then the turbulence decay power law is derived. The experimental results serve to validate
the numerical method, which is applied to compute all terms in the TKE budget equation.
Finally, conclusions are provided in Section 4.

2. Methods

In this section, we present the methods used to analyse the flow downstream of a honey-
comb. First, more details are given about the honeycomb and its dimensions. The flow is
analysed using both an experimental and a numerical approach.

2.1. Honeycomb structure

Figure 2 shows the schematic of the honeycomb used in this research. For the experi-
mental set-up a 3D printed honeycomb is used. The honeycomb is produced with SLA
stereolithography, a resin-based laser hardening technology. The outer dimensions of the
honeycomb are 69.7mm × 49.4mm and its length is 500mm. The honeycomb has 5 cells



538 L. C. THIJS ET AL.

Figure 2. Schematic of the honeycomb cross-section with the corresponding coordinate system.

in the vertical y-direction and 7 cells in the spanwise z-direction with a size of, respec-
tively, 9.4 and 9.5mm, which results in a hydraulic diameterDh of 9.45mm. The velocities
in the x, y and z directions are denoted by, respectively, u, v and w, where x is the stream-
wise direction. The solidity s of a honeycomb structure is defined as the ratio of the solid
area to the total area of a cross section of the honeycomb. With a wall thickness of 0.4 mm
the solidity s of the honeycomb equals 0.09. The solidity is related to the porosity φ via
s = 1 − φ and can therefore be used to determine the average velocity inside the honey-
comb cells Ucell based on the average downstream velocity U∞. Based on conservation of
mass itmust hold thatUcell = U∞ 1

1−s . In this paper the Reynolds numbers are based on the
kinematic viscosity of air at room temperature, the average velocity inside the honeycomb
cells and its hydraulic diameter

Re = UcellDh

ν
(1)

The characterisation of the status of the flow is defined by the Reynolds number of
Equation (1).

2.2. Experimental set-up

Figure 3 shows the experimental set-up used in this research. The experiments were con-
ducted in a single-channelwind tunnelwhich ismade of Perspex andhas a length of 1.75m,
an internal width of 70mm, and an internal height of 50mm.Aplanar PIV systemwas used
tomeasure the streamwise and vertical velocity components. The flowmeasurements were
conducted at the centre of the channel as indicated by the coordinate system in Figure 2,
this means at the centreline of a honeycomb cell.
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Figure 3. Experimental set-up of the single-channel wind tunnel used in this research. The white arrow
indicates the flow direction of the air. The seeding particles flow through amixer before entering the 3D
printed honeycomb. At the top centre the sCMOS camera is shown with on the other side the double
pulsed Nd:YAG laser.

Liquid di-ethyl-hexyl-sebacate (DEHS) droplets generated by a Palas AGF 2.0 aerosol
generator were used to seed the flow. The seeding particles were distributed homoge-
neously by means of a mixer before entering the 3D printed honeycomb. Downstream of
the honeycomb a 1mm thick light sheet was generated by a double pulsed Nd:YAG laser.
This means that the relative laser thickness to the hydraulic diameter of the honeycomb
cell is around 1/10. The laser light has a wavelength of 532 nm and can be used with a
frequency of 15Hz, which limits the temporal resolution of the PIV measurements. The
laser cavities produce laser pulses of 32mJ at maximum power. A 5.5-megapixel sCMOS
camera from LaVision was used to record the individual PIV images with a minimum
interframe time of 120 ns. The sCMOS camera and the optical element were mounted on
a rail over which they can be translated in the streamwise direction to measure further
downstream of the honeycomb. The LaVision software package DaVis 10.1.0 was used to
control the equipment and to analyse the measurements. In each measurement, 400 image
pairs were recorded with a mean particle displacement of 6 pixels between two images of
the same pair. The measurement uncertainty of the root mean square of the streamwise
velocity fluctuations u′

RMS is calculated using 95% confidence interval and was estimated
using the normal distribution assumption according to Benedict and Gould [13]. This
results in relative error of 6.9%. For the PIV analysis, a multi-pass cross-correlation PIV
processing with an interrogation window of 32 × 32 pixels and an overlap of 75 % was
used. This interrogation was chosen after an optimisation study where the effect of the size
on the turbulence intensity results was investigated in detail. The obtained vector fields
were processed withMATLAB, where the PivMat 4.0.1 toolbox was used to load the DaVis
output.

2.3. Numerical approach

The fluid is considered as a continuous phase and is treated in an Eulerian way and
assumed to be incompressible. Therefore, the fluid satisfies the continuity equation for
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Figure 4. Numerical domain with the corresponding coordinate system. Periodic boundary conditions
are used in the streamwise (x) and spanwise (z) direction.

incompressible flow,

∇ · u = 0, (2)

with u the velocity of the fluid. The fluid momentum equation is modeled by the incom-
pressible Navier-Stokes equation in rotational form,

∂u
∂t

+ ω × u + ∇P = ν�u + F, (3)

withω = ∇ × u the vorticity,P = p/ρf + 1
2u

2, ν the fluid kinematic viscosity, p is the static
pressure, ρf the fluid mass density, and F the driving force per unit mass, chosen in such a
way to sustain a constant bulk velocity.

The computational domain and the corresponding coordinate system are shown in
Figure 4. A rectangular domain with dimensions Lx × Ly × Lz was used. The walls of the
channel are located at y = −L and y = +L. Periodic boundary conditions are used in the
streamwise (x) and spanwise (z) direction. The domain is discretised in a uniform way
in the streamwise and spanwise directions and in a non-uniform way in the wall-normal
direction. The non-uniform mesh is determined via yi = cos(iπ/Ny), with yi the coordi-
nate of the grid point, Ny the total number of points in the y-direction and i = 0, . . . ,Ny.
The equations are discretised in space by using a pseudo-spectral method. For the spatial
discretisation, a Fourier-Galerkin method is used in the two periodic directions and the
Chebyshev-tau method in the wall-normal direction. For the integration in time, a combi-
nation of an explicit three-stage Runge–Kutta method and the implicit Crank–Nicholson
method is applied. For details of the numerical approach, the reader is referred to Kuerten
et al. [14].

An MDS system usually has moving top and bottom walls to prevent the formation of
boundary layers. The governing equations are therefore solved in a frame moving in the
streamwise direction with the mean flow velocity U∞. This is the biggest difference with
the experimental set-up, where the walls are stationary.

A consequence of solving the governing equations in a moving frame is that time and
streamwise coordinate are swapped in the numerical simulation. This means that time t
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and streamwise position x can be converted via

t = x
U∞

. (4)

Similarly, the initial condition of the numerical simulation corresponds to the time-
dependent flow quantities at the exit of the honeycomb.

The initial solution depends on whether the flow in a honeycomb cell is laminar or
turbulent. For laminar flow in the honeycomb cells, the velocity components are decom-
posed in a mean u and a fluctuation u′ via u = u + u′, where v andw are equal to zero due
to the fully developed character of the flow. The mean streamwise velocity component u is
based on an approximation of the analytical expression for laminar flow in a rectangular
duct as derived by Shah and London [15]

u(y, z) = Ucell

(
m + 1
m

) (
n + 1
n

) [
1 −

( y
b

)n] [
1 −

( z
a

)n]
, (5)

wherem and n are functions of the aspect ratio α∗

m = 1.8 + 0.5(α∗)−1.4, (6)

n =
{
2, for α∗ ≤ 1/3
2 + 0.3(α∗ − 1/3), for ≤ 1/3α∗ ≤ 0.5.

(7)

In order to make a realistic comparison with the experiments, the values for v′
0, w

′
0 and

u′
0 are extracted from the PIV measurements immediately downstream of the honey-

comb. The measured velocities are decomposed in different waves with amplitude A and
wavenumber k in the vertical direction. Since planar PIV onlymeasures the x- and y- com-
ponent of the velocity, the fluctuating velocity components are assumed homogeneous and
isotropic in the y- and z-direction. It is known that this assumption is not so accurate
immediately downstream of the honeycomb. Since the fluctuating velocity field must be
divergence free, the third velocity componentw′

0 can be found viaw
′
0 = ∫

(− ∂u′
0

∂x − ∂v′0
∂y )dz.

This results in the following initial conditions

u′
0 = +Au1 sin

2ku1πx
Lx

sin
2ku1πy
Hc

sin
2ku1πz
Wc

− Au2 sin
2ku2πx
Lx

sin
2ku2πy
Hc

sin
2ku2πz
Wc

,

v′
0 = −Av1

Hc

Wc
sin

2kv1πx
Lx

sin
2kv1πy
Hc

sin
2kv1πz
Wc

(8)

− Av2
Hc

Wc
sin

2kv2πx
Lx

sin
2kv2πy
Hc

sin
2kv2πz
Wc

,

w′
0 = +Au1

Wc

Lx
cos

2ku1πx
Lx

sin
2ku1πy
Hc

cos
2ku1πz
Wc

(9)

− Au2
Wc

Lx
cos

2ku2πx
Lx

sin
2ku2πy
Hc

cos
2ku2πz
Wc



542 L. C. THIJS ET AL.

− Av1 sin
2kv1πx
Lx

cos
2kv1πy
Hc

cos
2kv1πz
Wc

− Av2 sin
2kv2πx
Lx

cos
2kv2πy
Hc

cos
2kv2πz
Wc

, (10)

with ki1 , and ki2 the first twomost dominant wavenumbers with amplitudeAi1 andAi2 . Lx,
Hc andWc are, respectively, the length of the computational domain in the x-direction, the
cell height and the cell width.

The initial condition for turbulent cases is extracted from a direct numerical simulation
(DNS) of fully-developed turbulent duct flow at the same Reynolds number.

For each honeycomb cell, a unique velocity profile is created to break the symmetry. For
laminar flow in the honeycomb cells, the amplitudes are randomly varied between 0.1%
and 0.2% of the measured amplitude. For turbulent flow in the honeycomb cells, the DNS
solution is shifted over a random distance in the streamwise direction for every cell.

3. Results and discussions

The wake behind a honeycomb is investigated in three different ways. First, the velocity
field and the turbulence intensity fields are shown. Then a more in-depth investigation of
production and dissipation of TKE is performed. Finally, a power law for the decay of the
turbulence intensity is proposed.

We first show by comparison with experimental results that the numerical simulations
provide a faithful representation of reality. From the numerical simulations, the time-series
of the streamwise velocity signal will be investigated to show that the flow downstream
of the honeycomb is turbulent above a certain value of the Reynolds number, even if the
flow in the honeycomb cells is laminar. We subsequently use the numerical results, which
are in contrast to the experimental results, not prone to noise, to explore the terms in the
turbulence kinetic energy equation.

3.1. Turbulence intensity

An important question is where the turbulence intensity downstream the honeycomb
reaches its maximum value and what this maximum value is. The amount of generated
turbulence in the wake of the honeycomb is quantified by the turbulence intensity I

I =

√(
u′
RMS2 + v′

RMS2 + w′
RMS2

)
/3

U∞
, (11)

with u′
RMS the root mean square of the streamwise velocity fluctuations. The root mean

square is determined over N sample measurements of the velocity fluctuations and is
defined as

u′
RMS =

√√√√ 1
N

N∑
i=1

u′
i2 . (12)

Since planar PIV can only determine two velocity components, the experimentally mea-
sured turbulence intensity will be calculated assuming isotropic behaviour between v′
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Figure 5. Experimentally obtained velocity and turbulence intensity field downstream of the honey-
comb. (a) and (b) are, respectively, the dimensionless velocity and turbulence intensity field for Re =
1890. (c) and (d) are, respectively, the velocity and turbulence intensity field for Re = 5800.

and w′

I =

√(
u′
RMS2 + 2v′

RMS2

)
/3

U∞
. (13)

Even though the mean velocity is not isotropic, the fluctuations often are.

3.1.1. Experimental results
Measurements were performed for 12 different Reynolds numbers ranging from Re =
1190 up to Re = 7400. Figure 5 shows the time-averaged dimensionless velocity field
ū/U∞ and the turbulence intensity I for a laminar (Re = 1890) and a turbulent (Re =
5800) flow in the honeycomb cells. For the laminar case, it can be seen that the individual
channel profiles downstream of the honeycomb gradually develop into one uniform veloc-
ity profile. The break-up of the individual channel profiles corresponds with an increase in
the turbulence intensity. The turbulence intensity reaches its maximum at a certain dimen-
sionless distance x/Dh and then starts to decay. For the turbulent case, the highest intensity
occurs directly behind the walls and deflects further downstream. This behaviour can be
explained by the vortex street in the wake of the cell walls.

The effect of the Reynolds number on the dimensionless streamwise velocity ū/U∞ and
the generated turbulence intensity I is shown in Figure 6, where the data is extracted at the
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Figure 6. Experimental results for the dimensionless streamwise velocity (a) and turbulence intensity
(b) as a function of x/Dh for 12 different Reynolds numbers at the centre of the channel. Due to the
flanges between the wind tunnel sections, data is missing between 38 < x/Dh < 42 for Re = 1190.

centre of the channel. Since the velocity is measured at the centre of the honeycomb, the
velocity immediately downstream of the honeycomb should correspond to the maximum
velocity ūmax in the honeycomb cell. For a low Reynolds number this dimensionless veloc-
ity, after correcting for the solidity, is close to ūmax/Ucell = 2.096, which is in agreement
with Shah and London [15]. For increasing Reynolds number, ū/U∞ decreases until the
flow in the cells become turbulent and ū/U∞ equals 1.4. The decreasing value of ū/U∞
of the laminar flows in the honeycomb cells indicate that the flow is not yet fully devel-
oped when exiting the honeycomb. From this data it can be concluded that flow inside the
honeycomb cell is turbulent when Re ≥ 4500.

It is clear that the transition towards a uniform velocity profile is associated with an
increase in turbulence intensity. For increasing Reynolds number, the position of the
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turbulence intensity peak moves closer towards the honeycomb, which is in agreement
with [9], until the flow in the honeycomb cell is turbulent. If the Reynolds number increases
further in the turbulent regime the peak moves away from the honeycomb again. Some-
what similar behaviour can be seen for the maximum intensity. For increasing Reynolds
number the maximum grows until the flow in the honeycomb cell reaches the transition
region, after which it starts to decrease. For Re ≤ 2670 the turbulence intensity imme-
diately downstream of the honeycomb is around I = 0.01. for Re > 2670 the turbulence
intensity significantly increases with the Reynolds number. Based on the two observa-
tions of ū/U∞ and I immediately downstream of the honeycomb, it can be concluded that
transition from laminar to turbulent flow in the cells of this honeycomb occurs around
Re = 3200.

A low turbulence level in the wake is important for the application of honeycomb lami-
nators to MDS. A maximum turbulence intensity peak position close to the honeycomb is
favorable, which can be achieved by using a high Reynolds number. However, the turbu-
lence intensity I is a dimensionless number, which implies that a higher Reynolds number
will results in larger velocity fluctuations.

3.1.2. Numerical results
The dimensions of the numerical domain are Lx = 2

3π , Ly = 2 and Lz = 2.8219. Nine
Reynolds numbers are simulated of which five are in the laminar regime and four in the
turbulent regime. As shown in Section 3.1.1, the transition from laminar to turbulent flow
in the cells of this honeycomb occurs around Re = 3200. In the numerical approach, a
choice has to be made for the state of the initial solution. For Re = 3230 the results will
be shown when using both a laminar and a turbulent initial solution. The number of
grid points in wall-normal and spanwise directions are 384, and the streamwise direction
consists of 128 grid points. In order to enable a direct comparison between experimen-
tal and numerical results, the numerical results are made dimensional by using the mass
density and viscosity of air at room temperature and the same channel height as in the
experiments.

Figure 7 shows the time-averaged dimensionless velocity field ū/U∞ and the turbu-
lence intensity I for a laminar (Re = 1890) and a turbulent (Re = 5800) flow. In this
figure time and streamwise position are already converted via Equation (4). The data is
extracted at the centreline of the domain in the spanwise direction, which is the same
plane as where the experimental data is measured. Since the magnitude of the turbu-
lence intensity of the numerical results is not the same as in the experimental results, the
colour scales of Figures 5 and 7 are chosen differently to prevent the loss of visibility of
interesting structures. The results show good qualitative agreement with the experimental
results shown in Figure 5. Similar features can be observed: for instance, the peak posi-
tion shifts more towards the left for increasing Reynolds number. Also, the turbulence
intensity in the turbulent cases is larger near the honeycomb. Due to the moving top and
bottom walls, there is no increasing intensity near the walls, which is in contrast with the
experiments.

The Reynolds number dependent dimensionless velocity and turbulence intensity are
plotted in Figure 8. Since the honeycomb has a symmetric pattern and periodic boundary
conditions are used in the z-direction, the results of the turbulence intensity are averaged
over the z-direction in order to smoothen the data. This is not done for the dimensionless
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Figure 7. Numerically obtained dimensionless velocity and turbulence intensity field downstream of
the honeycomb. (a) and (b) are, respectively, the velocity and turbulence intensity field for Re = 1890.
(c) and (d) are, respectively, the velocity and turbulence intensity field for Re = 5800.

velocity, otherwise the ratio ū/U∞ does not correspond to ūmax/U∞. For the laminar cases
ū/U∞, after correcting for the solidity, is equal to ūmax/Ucell = 2.096. For the turbulent
flows ūmax/U∞ equals approximately 1.4. For Re = 3230 the results are dependent on the
state of the initial solution. The value of ūmax/Ucell is close to the characteristic value of
the initial flow state, while ūmax/Ucell ≈ 1.7 for the experimental results. The turbulence
intensity at x/Dh = 0 for the turbulent initial solution is also found to be higher than in the
experiments. A better qualitative agreement with the experimental results is found when
using a laminar initial solution for Re = 3230.

To make a better quantitative comparison between the experimental and numerical
result themagnitude and the position of themaximum turbulence intensity at the centre of
the channel for the different Reynolds numbers are shown in Figure 9. Similar behaviour
for the turbulence intensity peak position and height are noticeable as in the experimental
results of Figure 6. Better quantitative agreement cannot be expected, since the break-up
of the individual velocity profiles is dependent on details of the flow just behind the honey-
comb in the experiments and in the initial condition of the simulations. Themagnitude and
position of the maximum turbulence intensity at the centre of the channel for Re = 3230
in the case of a turbulent initial solution are indicated by red circles. As can be seen, the
results in this transition region depend on the state of the initial solution. The best agree-
ment between experimental and numerical results is obtained if the initial solution of the
numerical simulation is turbulent. We conclude that our numerical simulation is a faithful
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Figure 8. Numerical results for the dimensionless streamwise velocity (a) and turbulence intensity (b)
as a function of x/Dh for 9 different Reynolds numbers, extracted at the centre of the channel. (b) is
averaged over the z-direction to smoothen the data, while (a) is not.

representation of reality and can therefore be used to investigate the complete 3D velocity
field.

3.2. Turbulence kinetic energy budget

Investigating the turbulence kinetic energy budget in the wake of the honeycomb
provides insight into the mechanisms for turbulence production and dissipation and
increases the physical understanding of this flow. The velocity fluctuations in the hon-
eycomb wake gain and lose energy. Although for low Reynolds numbers the flow is
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Figure 9. Experimental and numerical turbulence intensity peak position (a) and peak height (b). For
Re = 3230 the circle represents the case with a laminar initial solution, while the square represents the
case with a turbulent initial solution.

not turbulent everywhere, we will name this energy the turbulence kinetic energy k,
defined as

k = 1
2

(
u′2 + v′2 + w′2

)
, (14)

which is related to the turbulence intensity by

I =
√

2
3k

U∞
. (15)

How the TKE gains and loses its energy is described by the TKE equation given by [16]

Dk
Dt

≡ ∂k
∂t

+ uj
∂k
∂xj

= Pk + Tk + 
k + Dk − ε, (16)

with

Pk = −u′
iu

′
j
∂ui
∂xj

, (17)

Tk + 
k + Dk = ∂

∂xj

(
−u′

jk′ − 1
ρ0

p′u′
j + ν

∂k
∂xj

)
, (18)

ε = ν

(
∂u′

i
∂xj

)2
, (19)

where i and j are indices for the three directions and summation over repeated indices is
assumed. The left-hand side of Equation (16) represents thematerial derivative of the TKE.
The terms on the right side are, respectively, the production Pk, turbulence diffusion Tk,
pressure diffusion 
k, viscous diffusion Dk, and dissipation ε.

The advection term (uj ∂k
∂xj ) represents the convection of the turbulence by themean flow.

The three transport or diffusion terms (Tk,
k andDk) are responsible for the redistribution
of the TKE in space due to velocity fluctuations, pressure fluctuations, or viscosity. The
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production term (Pk) acts as a source of TKE. The term represents the interaction of the
gradient of the mean flow ∂ui

∂xj and the Reynolds stress −u′
iu

′
j. This gradient of the mean

flow can be a shear term (i.e. ∂u1
∂x2 ), or a dilatational term (i.e. ∂u1

∂x1 ). Since shear usually has
a higher contribution than dilatation, the production is called shear production. The last
term is the dissipation term (ε) and acts as a loss term for TKE. TKE is transferred down
the energy cascade and is dissipated into heat by the viscous stresses.

The TKE budget terms scales as

Dk
Dt

∝ L2

T 3 ∝ U3

L . (20)

With T the characteristic time, L the characteristic length and U = L
T the characteris-

tic velocity. By choosing U = U∞ and L = Dh, the terms can be made dimensionless by
multiplying them with Dh/U3∞.

For the TKE budget we will only investigate the budget of the numerical results. The
derivatives of the numerical results are calculated by spectral differences and ensemble
averages are taken over the streamwise direction. There are three reasons why we are not
able to accurately calculate the individual terms of the TKE from the PIV results. First, we
have no information about the pressurewhich is needed for the pressure transport term
k.
Second, filters are needed to prevent the amplification of noise in the TKE budget terms,
which will automatically result in reduced accuracy. Third, the dissipation term ε needs
local velocity derivatives which cannot be accurately determined due to the combination
of the PIV resolution and the experimental noise.

The TKE budget as provided by Equation (16) is an exact equation that is valid for any
flow, irrespective of its state. Identifying ε and Pk as the turbulence dissipation and turbu-
lence production is only possible if the flow is turbulent. We investigated the time-series of
the streamwise velocity signal from the simulations. The 63 velocity signals are acquired at
the centre of 21 channels and at 3 positions close to each other, where the turbulence inten-
sity reaches its maximum. Figure 10 shows the averaged single-sided amplitude spectrum
of the time signal for Re = 1190, Re = 1890, Re = 3230 and Re = 5800. For Re = 3230
the results are shown with a laminar initial solution (black lines) and a turbulent initial
solution (red lines). We added the f−5/3 line to compare the slope of the spectra with
that of fully developed turbulence. The slopes of Re = 1890 and the laminar Re = 3230
approach f−5/3 while the slopes of the turbulent cases Re = 3230 and Re = 5800 show
good agreement with f−5/3. For the three higher Reynolds numbers the presence of higher
frequencies in the velocity can be observed, which indicates that the flow behaves turbu-
lent. For Re = 1190 the amplitudes are significantly smaller, although the spectrum is also
quite broad, and therefore we conclude that the flow is probably not fully turbulent. This
means that even though the flow in the honeycomb channels is laminar for Re = 1890,
the flow close to the position of maximum turbulence intensity can be treated as turbu-
lent and therefore ε and Pk can be identified as the turbulence dissipation and turbulence
production.

Figure 11 shows the TKE budget for Re = 1890 on the left side and for Re = 5800 on the
right side. The data is again averaged over the z-direction. The diffusion terms are disre-
garded since they only redistribute the TKE and are close to zero when averaged. The terms
of the TKE budget show some significant differences between a laminar and a turbulent
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Figure 10. Single-sided amplitude spectrum of the streamwise velocity time signal for (a) Re = 1190,
(b) Re = 1890, (c) Re = 3230 and (d) Re = 5800. In (c) the black lines represent the case with a laminar
initial solution, while the dashed line represents the case with a turbulent initial solution. The f−5/3 line
is added to compare the slope of the spectra with that of fully developed turbulence.

case. For brevity, only the results of one characteristic laminar case at Re = 1890 and one
characteristic turbulent case at Re = 5800 are shown. Other values of the Reynolds num-
ber for either laminar or turbulent flow in the honeycomb cells show similar behaviour, but
with a different magnitude of the term or a different position where the term has a relevant
contribution.

In the laminar case, the production term starts being relevant at the shear layers
of the individual channels and develops towards the centre of the channel. The dissi-
pation term shows a more uniform pattern over the total height and is imported fur-
ther downstream than the production term. The advection term transports the kinetic
energy of the honeycomb until it starts to dissipate. This term is proportional to − ∂k

∂xj
and is therefore negative when production is dominant and positive when dissipation is
dominant.

In the turbulent case, the production terms arise directly behind the walls of the honey-
comb cells and deflect further downstream. In contrast to the laminar case, the maximum
production is not located in the centre of the cells. This can be explained in the follow-
ing way. For the turbulent case, there is vortex shedding immediately downstream of the
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Figure 11. Numerically obtained TKE budget for a laminar and turbulent case of, respectively, Re =
1890 and Re = 5800, (a) Adv term for Re = 1890, (b) Adv term for Re = 5800, (c) Pk for Re = 1890, (d)
Pk for Re = 5800, (e)−ε for Re = 1890, (f )−ε for Re = 5800.

honeycomb walls which results in TKE production. The effect of this is also visible in the
turbulent dissipation, which is not uniform over the total height but shows a maximum
behind the honeycomb walls. Also, this term deflects until the divergent parts from neigh-
boring walls merge and form one uniform pattern. Since the production and dissipation
act in the same region, the advection term does not show a clear pattern as in the laminar
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Figure 12. Numerically obtained TKE budget for cell Reynolds number 1890 (a) and 5800 (b). The data
is averaged over the z-direction and over the height of one cell. α represents either Pk , Adv or−ε.

case. For the laminar case, vortex shedding either does not take place at all or further
downstream.

Averaging the production, advection, and dissipation term over the height of one cell
results in a TKE budget which is only dependent on the streamwise coordinate. Figure 12
shows these average terms as a function of x/Dh. In the laminar case, the production
increases as the individual channel profiles slowly start to merge into a uniform flow.
At a certain point, the production reaches a maximum and then quickly drops to zero.
The advection transports the kinetic energy further downstream until dissipation becomes
important. The dissipation slowly decreases towards zero until the flow has become uni-
form. We verified that the integrals of the production term and the dissipation term are
equal. In other words, the energy which is produced is also dissipated. It is interesting to
note that the location of the maximum of the production term is slightly upstream of the
turbulence intensity peak. In the turbulent case, the flow exiting the honeycomb is already
highly turbulent and therefore energy is already dissipated at that position. The production
rate is already high at the location of the honeycomb and decreases further downstream.
This increase in production does also result in more energy which must be dissipated,
which causes the dissipation to increase. The advection term has a different shape than in
the laminar case. In the laminar case, the turbulent energy is transported further down-
stream due to the advection term, which is not so obvious in the turbulent case. This
indicates that most of the turbulent energy is dissipated directly after it is produced.

By decomposing the production term in contributions from each velocity gradient, it
was investigated how the turbulent energy is produced. Figure 13 shows this decomposition
of the production term. In both the laminar and the turbulent case −u′v′ ∂u

∂y and −u′w′ ∂u
∂z

have by far the largest contribution. This means that the production of TKE is dominated
by the shear layers corresponding to the walls in the y- and z-direction.

A similar decomposition can be made for the dissipation terms. In Figure 14 the terms

ν(∂u′
∂xj

2
), ν( ∂v′

∂xj
2
) and ν(∂w′

∂xj
2
) are shown. Note that the minus sign is ignored. In both the

laminar and the turbulent case the biggest contribution to the dissipation term is from
the streamwise velocity component. It can also been seen that while the production rate is
mostly dominated by one term,−u′v′ ∂u

∂y , the dissipation term has significant contributions
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Figure 13. Decomposed turbulence production for cell Reynolds numbers 1890 (a) and 5800 (b). The
data is averaged over the z-direction and over the height of one cell. In both the laminar and turbulent
case the turbulence production is dominated by the shear production terms−u′v′ ∂u

∂y and−u′v′ ∂u
∂z .

Figure 14. Decomposed turbulence dissipation for cell Reynolds 1890 (a) and 5800 (b). The data is
averaged over the z-direction and over the height of one cell.

from all three velocity components. This shows that the fluctuations are more isotropic
than the mean flow, but the turbulence of this flow is not homogeneous and isotropic,
since the magnitudes of the three dissipation terms are not equal. After around x/Dh = 18
for the laminar case and x/Dh = 6 for the turbulent case, the dissipation terms are almost
isotropic.

3.3. Turbulence decay power law

Knowing how the turbulence intensity decays downstream of its maximum value is impor-
tant for many applications in which a honeycomb is applied to relaminarise a flow. To
describe this decay, we follow the methods that are used for the analysis of turbulence
generated by grids. However, our goal is not to derive a universally applicable ‘classical’
turbulence decay law, but a decay law that is useful to design a honeycomb that suffi-
ciently reduces the turbulence level downstream and which can be used to predict the
turbulence intensity at a specific streamwise position. Our experimental and numerical
geometries do not satisfy the requirement for avoiding boundary confinement issues and
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producing adequate homogeneous isotropic turbulence since it does not have typically 20
or more meshes across the flow [17,18]. This mean that the results are set-up specific and
only holds for scaled versions of the same set-up. The width over height ratio of the MDS
machine as described in the introduction is in the order of 1000. This means that it has
more than 20meshes in the spanwise direction and is not affected by boundary interference
from these walls. Our numerical model has periodic boundary conditions in the spanwise
direction and can therefore be used for this application. This does not hold for the exper-
imental set-up which has finite dimensions. The differences between the two set-ups will
be discussed.

The power law which applies to the decay of nearly homogeneous and isotropic regions
is widely investigated and applied in studies of grid turbulence. An extended form of this
decay-law as proposed by Batchelor et al. [19] and Mohamed and LaRue [20] is used

I2 = A
(
x − x0
Dh

)p
+ N 2, (21)

with A the decay coefficient, x0 the virtual origin, p the decay exponent, andN the noise.
A problem with the decay-law is the wide range of variations of these parameters.

Mohamed and LaRue stated that the fit parameters must stay constant while varying the
fit range as a function of the downstream position. This procedure is widely used by for
example Lavoie et al. [21] and Kurian and Fransson [22]. In addition to this, Mohamed
and LaRue also suggested that x0/Dh = 0 for square-mesh grids. This value for the virtual
origin is often used in grid turbulence by for example Kurian and Fransson [22] and Isaza
et al [23]. Lavoie et al. [21] also found values larger than zero for the virtual origin while
Djenidi et al. [24] also found negative values.

Isaza et al. [23] performed measurements with a grid and reported two different decay
coefficients, one for the near-field decay (p = −1.90) and one for the far-field decay
(p = −1.34). Mohamed and LaRue suggested that almost all the data is consistent with
p = −1.3. These values are mainly measured in the far-field

Lumley and McMahon [6] and Loehrke [7] investigated the turbulence decay behind a
honeycomb, but they did not use the power law as stated in Equation (21). However, Lum-
ley and McMahon [6] argued that the decay for a honeycomb is dependent on the drag
coefficient CD of the honeycomb. Incorporating the drag coefficient to scale the turbu-
lence downstream of grids and obstacles is also done by Gomes-Fernandes et al. [25] and
Symes [26].

For a honeycomb with laminar flow in the honeycomb cells setting the virtual origin
to zero will not work. In grid turbulence the grid acts as a point source for the turbulence,
meaning that at this position the production of turbulence is highest. For a honeycomb, the
position where the production of TKE is maximum is further away from the honeycomb
in case the flow in the honeycomb cells is laminar. The production term averaged over the
height of the middle cell is maximum at a position just upstream of the peak in I. This
position will be used as the virtual origin and together with a fixed noise, this results in
only two unknown parameters, the decay exponent p and the decay coefficient A.

Based on both experimental and numerical results, it will be shown that there is indeed a
near- and far-field decay region, but measurements and simulations quite far downstream
are required to fully capture the far-field decay. Since measurements in the far-field decay
region are not possible for all Reynolds numbers due to the finite size of the wind tunnel,
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Figure 15. Experimental results: (a) cell averaged production rate as a function of x/Dh. The position
where the production rate reaches a maximum is used to determine the virtual origin. (b) Virtual origins
as a functionof the cell Reynoldsnumbers. The solid linewith circularmarkers correspond tovaluesbased
on the production rate (Table 2), while the dashed linewith triangularmarkers correspond to valueswith
a fixed decay exponent.

the focus of the analysis will bemore on the near-field decay. The two unknown parameters
of the decay law will be determined with a least-squares method.

3.3.1. Experimental results
In Section 3.2 it was stated that the TKE budget can not be determined accurately enough
from the PIV data. However, this does not hold for the production term. The production
term requires the Reynolds stress and the gradient of the mean flow, both terms can be
determined accurately without the need for filters. Figure 15 shows the experimental pro-
duction rates for some of the Reynolds numbers. The positions of the maximum of the
production rate are plotted (solid line) as a function of the Reynolds number in Figure
15(a). The virtual origins of the turbulent cases are set to zero since the production rate
does not show a clear maximum.

3.3.1.1. Near-field and far-field decay. An experimental investigation of the difference
between the near-field and the far-field decay as addressed by Isaza et al. is almost impos-
sible since measurements could only be performed until around x/Dh = 40 and the noise
value has a significant impact on the far-field decay. However, for a cell Reynolds number
of 3150, the start of the far-field region is visible. Figure 16 shows the turbulence inten-
sity downstream of the honeycomb for this Reynolds number on a double-logarithmic
scale. In Figure 16(b) the square of the turbulence intensity is shown as a function of
(x − x0)/Dh together with fits in the near-field and far-field region. The virtual origin
x0/Dh is based on the maximum production rate and equals 3.67, as will be shown in the
next section. As can be seen, due to the lack of data points the far-field is relatively small,
and therefore difficult to fit. However, it can still be seen that the near-field decays faster
than the far-field. The near-field decays with p ≈ −2.25 and the far-field with p ≈ −1.16.
Although we apply the power-law to a different situation, our decay exponents are close
to the values found by Isaza et al, who reported, respectively, p = −1.9 and p = −1.3 for
grid turbulence. All parameters found in the near-field and far-field regions are listed in
Table 1.
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Table 1. Experimentally obtained fit parameters for the near-field
and far-field regions for Re ≈ 3150.

Region p A x0/Dh N
Near-field −2.25 0.44 3.67 0.016
Far-field −1.16 0.015 3.67 0.016

Note: The virtual origin x0/Dh is based on themaximumproduction rate position.

Table 2. Experimentally obtained fit parameters with a fixed noise levelN and the virtual origin x0/Dh
based on the position of the maximum production rate.

Re p σp x0/Dh A σA N
1450 −2.12 0.03 21.51 0.44 0.03 0.008
1890 −2.00 0.01 14.98 0.35 0.01 0.009
2130 −2.04 0.05 10.35 0.40 0.01 0.011
2670 −2.20 0.02 6.27 0.35 0.02 0.015
3150 −2.29 0.03 3.67 0.49 0.04 0.016
3230 −2.10 0.06 3.67 0.36 0.05 0.016
3930 −2.18 0.02 0.00 0.36 0.02 0.011
4500 −2.13 0.02 0.00 0.26 0.02 0.007
5700 −2.12 0.01 0.00 0.28 0.01 0.006
7400 −1.74 0.04 0.00 0.10 0.01 0.011

3.3.1.2. Reynolds-number-dependent near-field fit. For all investigated Reynolds num-
bers the fitted values of the decay coefficient and decay exponent in the near-field region are
presented in Table 2. In all cases the position of the virtual origin is based on themaximum
of the production rate and the noise level is determined by performing a measurement far
downstream of the honeycomb.While the noise level has a large impact on the determina-
tion of the far-field decay, it hardly influences the near-field decay. To make sure that the
criterion of Mohamed and LaRue is met, the fit parameters are listed as a mean and stan-
dard deviation σ of the fit region. The small standard deviation of the decay coefficient
σp shows that the fit meets the criterion of Mohamed and LaRue, that the fit parameters
are independent of the fit region. A value of the decay exponent around−2.1 is found. The

Figure 16. Downstream evolution of the experimentally obtained turbulence intensity measured at a
Reynolds number of 3150. (a) Square of turbulence intensity as a function of x/Dh. (b) Square of turbu-
lence intensity (solid line) as a function of (x − x0)/Dh with the near-field (dash-dotted line) and far-field
(dotted line) decay laws found from a power law fit. The virtual origin x0/Dh is based on the maximum
production rate and equals 3.67.
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Figure 17. Numerical results: (a) cell averaged production rate as a function of x/Dh. The positionwhere
the production rate reaches a maximum is used to fix the virtual origin. (b) Virtual origins as a function
of the cell Reynolds numbers. The solid line with circular markers correspond to values based on the
production rate (Table 4), while the dashed line with triangular markers correspond to values with a
fixed decay exponent.

Figure 18. Downstream evolution of the numerically obtained turbulence intensity measured at Re =
3230with a laminar initial solution. (a) Square of the turbulence intensity as a functionof x/Dh . (b) Square
of the turbulence intensity squared (solid line) as a function of (x − x0)/Dh with the near-field (dash-
dotted line) and far-field region (dotted line) fitted. The virtual origin x0/Dh is based on the maximum
production rate and equals 7.9.

decay exponent for a Reynolds number of 7400 is different from the other ones. This might
be caused by the fact that this flow is highly turbulent, so a negative value of the virtual ori-
gin is more suitable. The dashed line in Figure 15(b) shows the virtual origin in the case
of fixing decay exponent to −2.1. The virtual origin for a cell Reynolds number of 7400
becomes negative as expected.

3.3.2. Numerical results
Figure 17 shows the numerically obtained production rates for all the simulated Reynolds
numbers. The position of the maximum production rate shows the same behaviour as for
the experimental results, but it is not expected that the position will be the same as in the
experiments. The numerical simulations do not have noise which is induced by a system
and the noise level is therefore set to zero in the procedure to determine the power law.
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Table 3. Numerically obtained fit parameters for the near-field
and far-field regions measured at Re = 3230 with a laminar initial
solution.

Region p A x0/Dh N
Near-field −1.89 0.2487 7.98 0
Far-field −1.37 0.0737 7.98 0

Note: The virtual origin x0/Dh is based on the maximum production rate.

Table 4. Numerically obtained fit parameters,
with a fixed virtual origin x0/Dh based on the
maximum production rate.

Re p σp x0/Dh A σA

1190 −1.87 0.02 17.01 0.21 0.01
1450 −1.88 0.03 14.63 0.21 0.01
1890 −1.82 0.01 13.14 0.24 0.00
2670 −1.75 0.03 11.81 0.18 0.01
3230 −1.89 0.02 7.98 0.25 0.01
4500 −2.00 0.01 1.03 0.39 0.02
5800 −2.12 0.00 0.40 0.60 0.00
6500 −2.38 0.00 0.45 1.29 0.01
8500 −2.36 0.01 0.29 1.58 0.04

Note: For Re = 3230 a laminar initial solution is used.

3.3.2.1. Near-field and far-field decay. For investigating the difference between the near-
field and the far-field decay as addressed by Isaza et al., the numerical results with a laminar
cell Reynolds number of 3230 will be used. The simulation extends far more downstream
than possible in the experiments and there is no noise present. Therefore, the far-field
decay can be fitted more accurately. Figure 18 shows the z-averaged turbulence intensity
downstream of the honeycomb for this Reynolds number on a double logarithmic scale. At
x/Dh ≈ 20 the decay rate changes from the steeper near-field to the smaller far-field decay.
In Figure 16(b) the square of the turbulence intensity is shown as a function of (x − x0)/Dh
together with the near-field and far-field power laws found from the least-squares fit. The
virtual origin x0/Dh was based on the maximum production rate and equals 7.9. The near-
field decays with p = −1.89 and the far-field with p = −1.37. Also the numerically found
decay exponents are in close agreement with the results of Isaza et al. for grid turbulence
[23]. The fit parameters are listed in Table 3.

3.3.2.2. Reynolds-number-dependent near-field fit. The fit parameters for the near-field
regionwith the virtual origin set to the position of themaximumproduction rate are shown
in Table 4. For the laminar cases p ≈ −1.9 is found. For the turbulent cases, the decay
exponent is somewhat higher, in contrast to the experimental results.

This means that using the position where the production term of the TKE reaches its
maximum as the virtual origin results in a consistent way of describing the decay of the
turbulence intensity by a power law. In this way, both the near-field and the far-field decay
can be determined for the experimental and numerical results. While the numerical and
experiments results are set-up specific, the decay exponents do not differ much from each
other. Based on this method it is found that the near-field decays with p ≈ 2 and the far-
field with p ≈ 1.3. It is also found that for the experimental and numerical results the decay
rate is not dependent on the Reynolds number.
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4. Conclusions

In this paper, the flow field and turbulence downstream of a honeycomb was investi-
gated experimentally and numerically. For laminar flow inside the honeycomb cells the
individual channel profiles downstream of the honeycomb gradually develop into one
uniform velocity profile. This development corresponds with an increase in the veloc-
ity fluctuations which reaches its maximum and then starts to decay. For turbulent flow
inside the honeycomb cells, larger velocity fluctuations occur already directly behind
the walls of the honeycomb and the regions of high fluctuations deflect further down-
stream. The position and magnitude of the turbulence intensity peak depend on the
Reynolds number. For increasing Reynolds number, the position of the turbulence inten-
sity peak moves closer towards the honeycomb, until the flow in the honeycomb cells
is turbulent. If the Reynolds number increases further in the turbulent regime the peak
starts to move away from the honeycomb again. A somewhat similar behaviour can be
seen for the maximum intensity. For increasing Reynolds number the maximum tur-
bulence intensity grows until the flow in the honeycomb cells reaches the transition
region, and then starts to decrease. The numerical model is a faithful representation of
reality and can therefore be used to reproduce the 3D velocity field downstream of a
honeycomb.

The generated turbulence intensity downstream of the honeycomb was investigated in
more detail through the TKE budget. In the case of a laminar flow in the honeycomb cells,
the production term starts to increase as the individual channel profiles slowly start to
merge into a uniform flow. At a certain point, the production reaches a maximum and
then quickly drops to zero. The advection term in the TKE equation transports the TKE
further downstream until it starts to dissipate. In the case of a turbulent cell flow, the
behaviour is different. The flow exiting the honeycomb is already turbulent and there-
fore energy is already dissipated at that position. It was shown that the production of
TKE is dominated by the shear layers corresponding to the honeycomb walls. The max-
imum location of the production term is slightly upstream of the turbulence intensity
peak. At the peak location the flow is not homogeneous and isotropic, but it shows this
homogeneous and isotropic behaviour slightly downstream of the turbulence intensity
peak.

To describe the decay of the turbulence intensity downstream of the honeycomb by a
power law, we used the position where the production term of the TKE reaches its max-
imum as the virtual origin. In this way both the near-field and the far-field decay can be
determined for the experimental and numerical results. While the numerical and experi-
ments results are set-up specific, the decay exponents do not differ much from each other.
The near-field decay rate is not dependent on the Reynolds number.

A possible topic for future research is a study of the dependence of the results on the
dimensions of the honeycomb cell. In this way it is possible to investigate whether x/Dh
is the correct non-dimensional parameter and how the results depend on the thickness of
the honeycomb walls.
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