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profiles and for turbulence quantities for porosities larger 
than 55.7 % inside the porous medium. The effect of φ on 
turbulence quantities was significant for Re ≥ 2000. Although 
turbulence intensity increased on the downstream side of the 
first screen, the high dissipation forced drastic decrease of 
turbulence levels further downstream in the porous domain. 
Finally, the screens increased the removal of momentum from 
the jet as porosity decreased and screen spacing had a signifi-
cant effect on the removal rate.

1  Introduction and background

Steady jets impinging on porous media have been used in 
many important natural and technological applications. For 
instance, in combustion technology, porous media burn-
ers have been proposed for use in liquid fuel combustors 
to enhance the rate of fuel mixing and reduce emission 
of pollutants (Jugjai et al. 2002; Shahangian and Ghojel 
2010). Porous media can also be used in internal combus-
tion engines to achieve homogenous mixing of gas and liq-
uid (spray) flow to increase ignitability in diesel engines, 
which will lead to a decrease in NOx emissions (Jugjai 
et al. 2002).

Another application is in chemical and food engineer-
ing. Jets can be useful in drying of food and ingredients 
(Moreira 2001; Kudra and Mujumdar 2009), in which case 
large masses of food product (e.g., potato chips) can be 
represented as a porous medium. Other potential applica-
tions include vertical takeoff and landing of aircraft near 
forests or buildings, in which case the propulsive jet flow is 
subjected to complex and/or porous surfaces.

Due to the wide range of industrial applications and 
the complexity of the flow interactions, there have been 
several numerical studies of jets impinging on porous 
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media. Most of these investigations focus on convective 
heat transfer (e.g., Fu and Huang 1997; Jeng and Tzeng 
2005; among others) and turbulent flows inside the porous 
media (Prakash et al. 2001b; Graminho and De Lemos 
2009; among others). However, experiments are lim-
ited due to the difficulties in experimentation, which are 
mostly related to complexity and opaqueness of typi-
cal porous structures. Impinging jet flows are typically in 
the turbulent regime, so understanding the flow in porous 
media and validation of existing numerical tools in this 
flow regime are crucial for further enhancement of prac-
tical applications. Some experimentally guided numerical 
work has been done by Prakash et al. (2001a, b). Due to 
the difficulties stated above, experiments were done only 
in the clear fluid. From this work, it was concluded that in 
order to validate turbulence models in porous media, fur-
ther experimental measurements inside the porous media 
are required.

Some experimental work has investigated steady tur-
bulent jets impinging on a thin porous screen. Cant et al. 
(2002) considered a plane jet impinging on a single, 
thin (0.9 mm thick) porous screen with open area ratios 
φ = 41–65 % and a solid wall with a jet Reynolds number 
of Re ≅ 15,000 using laser doppler velocimetry (LDV) to 
measure flow on the upstream and downstream side of the 
screens. It was observed that for φ > 50 %, the jet width 
increased with decreasing φ and the change in the jet width 
with φ was larger near the screen than further downstream. 
The centerline velocity decay downstream of the screens 
increased as the porosity decreased. Moreover, the decay of 
momentum and the axial volume flux were also dependent 
on the porosity of the screens and increased as the porosity 
decreased. Measurements of the transverse variation of the 
velocity profiles showed wall jets near the upstream side 
of the screens for low porosity (φ < 0.57). Interestingly, 
the wall jets also appeared on the downstream side of the 
screens. The strength of the wall jets was dependent on φ 
and was stronger as φ decreased.

 The second experimental study of a turbulent jet 
impinging on a single thin screen was by Webb and Cas-
tro (2006). They considered self-similar axisymmetric jets 
with Reynolds number greater than 23,000 impinging on a 
thin porous screen. The screen was placed at a downstream 
location of x/D = 50, and screens with open area ratios in 
the range φ = 22.6–54 % were considered. Webb and Cas-
tro (2006) observed wall jets form upstream of the screen 
for φ < 40 %, but no wall jets and no circulatory regions 
on the downstream side of the screen were observed, which 
was different from the plane jet study of Cant et al. (2002). 
It was also observed that as the porosity decreased, the cen-
terline velocity downstream of the screen decreased more 
rapidly. Further downstream the velocity decay followed 
a constant decay rate. Although the jet half-width rapidly 

increased for φ > 31.3 % with a more rapid increase with φ 
for low φ values, the change of the half-width did not show 
a consistent trend with respect to φ further downstream. 
Momentum flux, axial volume flux, and axial turbulence 
fluctuations became very low as porosity decreased and 
showed nearly constant values downstream of the screen. 
At lower porosity (φ < 44.8 %), the locations of the peak 
velocity in the cross-sectional velocity profiles was shifted 
from the center and turbulence levels downstream of the 
screen virtually collapsed to self-similar behavior.

Although the studies by Cant et al. (2002) and Webb 
and Castro (2006) provide important information about 
jet impingement on thin screens, they did not address the 
case of axially distributed porosity (e.g., multiple screens), 
which is important for investigating flow evolution inside a 
porous domain. Moreover, the measurements of the veloc-
ity field distribution, especially data near the screens, were 
sparse due to the limitations of the optical configuration 
used.

The objective of this study is to identify the effect of 
multiple permeable screens on the evolution of steady 
round jets in terms of the main flow kinematics, turbulence 
quantities, and kinetic energy. Although the effect of a sin-
gle porous layer has been studied before in the self-similar 
regime, in real applications, the boundary complexity can 
be much higher and it is important to know the turbulence 
characteristics and flow regimes inside a distributed porous 
medium. Additionally, many applications do not utilize jet 
flows in the self-similar regime. The present study seeks 
to provide full flow field data inside the porous medium, 
which can be important not only for revealing the internal 
flow physics, but also for providing baseline behavior for 
validating computational models of turbulent flows in dis-
tributed porous media.

2  Experimental setup

A schematic of the experimental setup is shown in Fig. 1. 
The apparatus consisted of a glass tank containing an aque-
ous solution of glycerin, a cylindrical nozzle for generat-
ing steady jets, a pressurized tank for driving the flow, a 
frame for holding multiple permeable screens, a CCD cam-
era, and a laser for flow illumination. It should be noted 
that this was the same setup used for vortex ring experi-
ments (with the piston inside the tube removed to allow for 
long duration jets) (Musta and Krueger 2014), although 
only results after the jet had been on long enough to exhibit 
steady flow behavior are considered in the present inves-
tigation. The cylindrical nozzle had an inner diameter of 
D = 37.33 ± 0.25 mm and wedge angle of α = 7° on the 
outer surface of the cylinder at the nozzle exit. The nozzle 
center line was 16.5 cm from the side walls of the tank and 
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25.78 cm below the liquid surface. The screen frame was 
8.87 cm away from the back of the glass tank and 21.0 cm 
downstream of the nozzle exit plane.

The flow was driven through the cylindrical nozzle by 
the pressurized tank using air pressures of 0.16–0.21 MPa, 
depending on the Reynolds number of the experiments. 
Feedback control of the proportional solenoid valve 
(ASCO, Model SD8202G57V) via a computer and inline 
flow rate meter (Transonic Systems, Sensor Model ME 19 
PX, flow meter Model TS410) allowed precise control of 
the jet velocity, Ujet. Jet Reynolds number was defined as 

Re = UjetD

ν
, where ν is the kinematic viscosity of the aque-

ous solution of glycerin. Re was controlled to within 10 % 
of specified values with this setup.

The flow issuing from the tube impinged on an array 
of screens held downstream of the nozzle exit plane by a 
rigid transparent frame (Fig. 1a). The distance from the jet 
exit plane to the first screen (X) was kept constant, namely 
X/D = 7.1 ± 0.1. This distance was chosen so that the 
steady jets were out of the potential core region before 
impinging on the first screen, which occurs for X/D ≥ 6 
for high Reynolds number test cases. At x/D = 7, the jets 
were not in the fully self-similar regime. Larger x/D ranges 
were not possible due primarily to the need to use refrac-
tive index-matched fluid for the experiments (described 
below). This is not viewed as a limitation of the results 

since practical applications of impinging jets are frequently 
not in the self-similar regime, and the present results for the 
flow in the screens are compared to the free jet results from 
the same facility. Nevertheless, X would likely have a minor 
influence on the results through differences in upstream 
development of the jet, but this was not investigated.

The front and back of the frame were open to allow flow 
to penetrate the system, and the sidewalls were constructed 
from polycarbonate. T-slots were machined into the top and 
bottom of the frame for holding up to nine interchange-
able permeable screens (see Fig. 2). The internal opening 
of the frame was a square cross section with a height of 
H = 15.0 cm. The slot placement provided a minimum 
allowable distance of e/D = 0.69 between screen rods. By 
removing screens from slots, the e/D distance could be 
increased in multiples of 0.69.

The screens were made in-house by molding PDMS 
(polydimethylsiloxane) into a grid shape with a rod diam-
eter of 3.18 ± 0.005 mm (Musta 2012). This diameter was 
chosen to have enough stiffness for the tests due to the low 
Young’s modulus of elasticity (~1 MPa) for PDMS. The 
open area ratio of the screens (φ) is defined as the cross-
sectional open area in the axial direction (AP) divided by 

total area in the axial direction, φ =
(

AP
A

)

. Screens with 
open area ratios of 49.5 ± 0.23, 55.7 ± 0.27, 69.0 ± 0.32, 
and 83.8 ± 0.38 % were constructed. The corresponding 
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Fig. 1  Schematic of experimental setup



 Exp Fluids (2015) 56:61

1 3

61 Page 4 of 22

void ratios, er
D

, for these screens were 18.89 ± 0.07, 
25.69 ± 0.09, 37.08 ± 0.32, and 73.56 ± 0.27 %, where er 
is the distance between screen rods (see Fig. 2).

Full field measurement of the flow evolution using 
digital particle image velocimetry (DPIV) required opti-
cal access to the entire flow region. PDMS was chosen as 
the material for the permeable screens to facilitate opti-
cal access to the porous matrix since PDMS has a rela-
tively low refractive index (n ≈ 1.41) and because it could 
be molded into the desired shape. To match the refractive 
index of the fluid with that of the screens in order to elimi-
nate illumination shadows in the measurement domain, an 
aqueous solution of glycerin [61 % (wt), glycerin supplied 
by US glycerin] was used as the working fluid. The result-
ant aqueous solution of glycerin had a measured kinematic 
viscosity of 8.9 ± 0.1 × 10−6 m2/s, which is approximately 
seven times larger than the kinematic viscosity of water. 
This high viscosity limited the Reynolds numbers that were 
readily achievable.

The flow was illuminated with a frequency-doubled, 
pulsed Nd:YAG laser (200 mJ per pulse maximum, 532 nm 
wavelength) formed into a laser sheet of approximate thick-
ness 1.5 mm that was aligned with nozzle center line. The 
flow field was imaged with a UNIQ UP-1830 CCD cam-
era (1024 × 1024 pixel2 resolution, 30 fps frame rate). 
Although the measurements were made with the refractive 
index of the fluid closely matched to the PDMS screens, 
slight variations in the refractive index and surface impu-
rities (dust and/or small bubbles) on the screens caused 
unwanted light scattering from the surface of the screens. 
In order to minimize the effect of scattered light from the 
screens on the images and provide a clear optical field, the 
flow was seeded with 75–90 µm fluorescent particles and 
the flow was imaged using a high-pass filter to remove the 

laser light (Musta 2012). The particles were made in-house 
following a procedure similar to Pedocchi et al. (2008) 
and had an estimated density of 1.2 g/cm3 (Pedocchi et al. 
2008). The density of the working fluid was approximately 
1.158 ± 0.005 g/cm3, which was close enough to that of 
the particles to provide a long settling time for the particles.

Before processing the image data for velocity field 
information, the images were pre-processed using a digi-
tal image processing technique similar to Uzol et al. (2002) 
to eliminate image noise and any remaining scattered light 
that was not eliminated by analog filtering (Musta 2012). 
Following pre-processing, the images were processed for 
velocity data using 32 × 32 pixel2 interrogation windows 
with 50 % overlap using a cross-correlation algorithm 
similar to that developed by Willert and Gharib (1991). A 
second processing pass utilized window-shifting (Wester-
weel et al. 1997) to reduce error and improve vector fields. 
Minor refractive index mismatches noted above had no 
significant impact on the accuracy of the results, including 
turbulence quantities, because the index of refraction was 
tuned to eliminate all visible shadows, making any optical 
disturbance much smaller than the interrogation window 
size. The contribution of particle displacement and particle 
size on the uncertainty of turbulence quantities was con-
sidered using the results of Wilson and Smith (2013). The 
uncertainty in the mean velocities was estimated as 2 %. 
For the fluctuating components, the uncertainty in �u′u′�

U2
cl

 

was estimated as 2.5 % and the uncertainty in �u′v′�
U2

cl

 was 
estimated as 4 %.

Measurements were made for Re = 1000, 2000 and 
3000 with open area ratios of φ = 100.0, 83.8, 69.0, 55.7 
and 49.5 % for three measurement regions to balance the 
field of view (FOV) and spatial resolution requirements of 

Fig. 2  Schematics of a the 
frame geometry (screen cross 
sections shown as black dots in 
this view) and b a permeable 
screen

(a) (b)
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the investigation. Figure 3 shows the selected measurement 
domains. By increasing the camera magnification, feature 
resolution was increased at the expense of a smaller FOV.

The most common measurement domain was M3 using 
six screens for e/D = 0.69 and four screens for e/D = 1.38. 
All the screen slots were not used for all the test cases. 
Increasing the number of the screens and decreasing the 
open area ratio increased the flow dissipation so that the 
majority of the flow had dissipated before the final screen 
slots. Measuring the flow in this region only served to 
decrease the measurement resolution. Measurements using 
the M1 region were made for the open area ratios of 55.7 and 
69.0 %, to get detailed, local information near the screens, 
and to measure the effect of the er/D on the flow evolution.

Measurements in the cross-plane (y–z plane) were made 
for φ = 55.7 and 83.8 % at e/D = 0.69, and Re = 3000. 
For these measurements, experiments were made midway 
between screens 1–2, 2–3 and 3–4.

3  Qualitative flow field behavior

Experiments for φ = 100 % were made to compare the 
interaction of the jet with the porous screens to the free 
jet case in the same facility. At Re = 1000, the φ = 100 % 
instantaneous results showed laminar behavior with an 
occasional sinus-type variation in the flow, which was 
the first sign of instability (Crow and Champagne 1971). 
The dimensionless centerline velocity decay rate (slope of 
Ujet/Ucl vs x/D) was very low (approximately 2.5 %, see 
Fig. 12) which indicates laminar flow. These results are 
consistent with Todde et al. (2009) who showed that jets at 
Re < 1600 and 0 < x/D < 15 exhibit laminar flow behavior. 
For Re = 2000, the instantaneous flow fields were unsteady. 
The (dimensionless) rate of centerline velocity decay for 
Re = 2000 was 25 % and large-scale structures devel-
oped in the flow field and spread radially to give a “wavy” 
motion to the jet flow. For Re = 3000, flow unsteadiness 

and centerline velocity decay similar to the Re = 2000 
case were observed. When combined with the turbulence 
intensity measurements (Tu) exceeding 20 % of the center-
line velocity (see Sect. 5), these results for Re = 2000 and 
3000 are indicative of turbulent flow behavior. Similar flow 
regimes were observed by Kwon and Seo (2005).

Effect of the porous medium on the jet is first illustrated 
qualitatively by considering instantaneous flow fields for 
the M3 FOV. Figure 4 shows sequences of two instantane-
ous vector fields at Re = 1000 for φ = 83.7 and 55.7 % 
with e/D = 0.69. The time for the corresponding frames 
in each sequence was normalized as t∗ = tUjet

D
. For these 

cases, the flow is nearly steady (only small fluctuations are 
present) with the flow dividing sharply at locations where 
the jet impinges on the screen rods (the cross sections of 
the screen rods in the measurement plane are indicated by 
the black circles in the figures). For high φ, mild sinuous 
flow oscillations can be observed on the centerline, espe-
cially downstream of x/D = 10.5 (Fig. 4a–b). It is pos-
sible that this is due to the central jet-like flow becom-
ing unstable downstream of the screen rods. The lower φ 
value shows nearly steady flow conditions with minimal 
flow oscillations downstream of the first screen. Any mild 
unsteadiness present could be associated with or induced 
by vortex-shedding behavior near the circular screen rods 
where the Re based on the rod diameter and upstream aver-
age velocity is Red ~ 570.

For higher Reynolds number, unsteady flow behav-
ior dominates for all cases. Figure 5 shows instantane-
ous flow fields for Re = 3000 at φ = 83.8 and 55.7 % 
with e/D = 0.69. The results for Re = 2000 are qualita-
tively similar (Musta 2012). For both φ, the upstream flow 
changes direction with time (the jet is “wagging”). This 
wagging behavior is not continuous through the screens 
and seems to attenuate as the flow moves downstream. 
Similar transition from steady to wagging behavior with 
increasing Reynolds number was observed by Kwon and 
Seo (2005) for the case of a free jet. For φ = 83.8 %, dissi-
pation is lower and the flow is split into three regions based 
on the screen geometry, with higher speed on the center-
line. For φ = 55.7 %, the jet is spread out and the down-
stream flow speed decreases to very low levels. A weak 
recirculation zone is generated upstream of the first screen 
for this case. To show the direction of velocity vectors and 
circulation regions, instantaneous streamlines are shown on 
the upstream side of the first screen (Fig. 5c–d).

Mean velocity field data for steady jets impinging on the 
permeable screens are presented in Figs. 6, 7, 8 and 9 for 
low- and high-resolution data at Re = 1000 and 3000. The 
mean velocity fields were obtained by averaging over 1000 
vector fields for all cases.

The Re = 1000 data (Figs. 6, 7) show that decreasing 
φ causes the flow to split into multiple directions based on 

M3
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M2

Fig. 3  Measurement domains
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the screen rod locations and large wakes are formed down-
stream of the screen rods. Jet-like flow structures form on 
the centerline based on the pore size of the screens and the 
rest of the jet diameter splits into multiple directions after 
impinging on the screens. This splitting is stable, with little 
to no variation in time at this Reynolds number. In effect, 
voids in the screens act like channels for the flow.

For φ = 83.8 % (Re = 1000), due to the high open area 
ratio, radial spreading of the flow is the lowest and the axial 
reduction of the flow speed is small. The effect of e/D on 
the mean flow field for φ = 83.9 % is not pronounced, with 
the main effect being a slight change in the deflection angle 
of the flow separation from the central stream (Fig. 6a–b). 
For φ = 69.0 %, the flow spreads at a larger angle with 

decreasing e/D. The part of the jet separated from the cen-
tral stream impinges on the frame wall near x/D = 9 for 
e/D = 0.69 and x/D = 11 for e/D = 1.38 (Fig. 6c–d). The 
φ = 55.7 % results illustrate a weak recirculation zone 
upstream of the first screen in Fig. 6e–f. Radial flow fea-
tures between screens 1–2 and 2–3 for e/D = 0.69, and 
between screens 1–2 for e/D = 1.38 appear as weak semi-
circular features in the mean flow field. The radial flow is 
visible in these cases because of the strong blockage effect 
from the screens. Interaction with the frame wall causes the 
flow to wrap back around in the upstream direction. Simi-
lar flow structure was determined from the radial velocity 
profiles for φ = 23–37 % by Webb and Castro (2006) as 
related to a wall jet upstream of single screens. In addition, 
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Cant et al. (2002) concluded from the radial velocity pro-
files that wall jets existed both upstream and downstream 
of the screen and circulation upstream of the screen was 
observed for a planar jet impinging on the screen.

The high-resolution data (Fig. 7) more clearly illustrate 
the radial flow upstream of the first screen and between 
screens 1 and 2 for the φ = 55.7 % case, which appear 
as weak circulation regions formed upstream of the first 
screen and semi-circular flow structures (flow starting 
to turn upstream) appear for large y/D. These structures 
become larger with increased e/D (not shown in Fig. 7). 
Very fine scale splitting of the jet flow is observed in the 
high-resolution results, indicating small adjustments (on 
the order of the screen rod diameter) to the screen rod loca-
tions (by adjusting φ or e/D) can have a significant effect 
on the overall flow structure.

Mean velocity profiles at Re = 3000 in Fig. 8 show that, 
unlike the Re = 1000 case, the jet does not split into discrete 
directions downstream of the first screen, but instead finger-
type flow structures in the mean flow field form between 
the screen rods. Here, the “wagging” unsteady nature of the 
jet flow causes the time-averaged flow to fill out between 
screens, rather than follow discrete paths through the obstruc-
tions. The screens increase the jet spreading rate for all φ, 
with the majority of the effect occurring at the first screen. 
Associated with the in-filling between the screens, narrower 
wake regions (compared to Re = 1000) are observed down-
stream of the screen rods. Together with the increased jet 
spreading rate for decreased φ, the flow speed also decreases 
considerably for reduced φ due to increased dissipation. 
Although the instantaneous flow fields show unsteady behav-
ior, the time-averaged flow fields are nearly symmetrical 

with respect to the centerline of the jet. Recirculation regions 
appear upstream of the first screen for smaller φ and can 
be readily observed for the φ < 69 % cases, similar to the 
Re = 1000 results. Downstream of the first screen, radial wall 
jets are apparent for φ < 69 %, but complete recirculation 
regions are not apparent between screens 1 and 2 in Fig. 8.

The high-resolution data (Fig. 9) show the recirculation 
regions upstream of the screens more clearly, especially 
for the φ < 69.0 % results. Additionally, the formation of 
a recirculation region between screens 1–2 for φ = 55.7 % 
can be observed in Fig. 9b, where instantaneous stream-
lines are included to highlight the recirculation region. 
On the upstream side of the screens, the mean flow speed 
decreases as it approaches the screen plane, and then, it 
increases as it passes between screen rods, providing mul-
tiple jets downstream of the screen planes. The e/D = 1.38 
results show similar behavior, but clear recirculation 
between screens 1–2 is not observed.

To further illustrate the overall flow symmetry and the 
three-dimensional shape of the flow structures identified 
in the previous results, measurements of the flow evolu-
tion were made in the cross-plane (y–z plane). Figure 10 
shows mean velocity field measurements in the y–z plane 
at x/D = 7.35, 8.04 and 9.42 (midway between screens 1 
and 2, 2 and 3, and 3 and 4, respectively) for φ = 83.6 %, 
e/D = 0.69 and φ = 55.7 %, e/D = 0.69 at Re = 3000. The 
vectors have been scaled according to Ujet. All results show 
high degree of symmetry between all locations and show 
the pore structure due to the very low velocity behind the 
screen rods. It should be noted that the degree of symme-
try was sensitive to the relative location of the jet axis and 
center of the screens.
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To obtain a more quantitative comparison of results for 
the different φ and Re cases, the following sections will 
discuss traditional measures of jet behavior, beginning with 
jet centerline velocity and half-width evolution.

4  Effect of φ on the jet centerline velocity and the jet 
half‑width

Figure 11 shows the mean centerline velocity for all Reyn-
olds numbers and all φ values. Vertical dashed lines show 
the screen x-axis locations for e/D = 0.69 and 1.38. Fol-
lowing common practice for free jet results, the mean 

centerline velocity, Ucl, is plotted dimensionless as 
Ujet

Ucl
 so 

that the decay is more easily observed as an increase in 1
Ucl

. Also, because the decay in Ucl is more rapid for the cases 
with screens, the results are plotted on a semi-log plot.

Overall, Fig. 11 shows that decreasing φ increases the 
jet velocity decay (decreases Ucl) and the decay appears 
to follow a linear trend with x/D (on average) on the semi-
log plot (indicative of exponential increase in 1/Ucl with 
x/D) for Re = 2000 and 3000. For Re = 1000, the decay 
in Ucl also increases with decreasing φ, but the trend with 
x/D appears to have more of a parabolic behavior for low 
φ. For all Re, the φ = 83.8 % cases show centerline veloc-
ity decay close in magnitude to the free jet results between 
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6 < x/D < 8.5. Oscillations in the trends show the effect of 
the screens, which cause the centerline velocity to decay 
when approaching the screen and then increase as it passes 
through the screens due to the pressure change across the 
screens. The effect of changing e/D was limited for all the 
Re cases, and the effect of the Reynolds number on the 
decay was not as strong for the Re = 2000–3000 results 
compared to the Re = 1000 results.

Quantitative comparison of the overall trends was per-
formed by determining the inverse slope K according to the 
equation

where x0 is a virtual origin for the observed trends. The 
velocity constant K indicates the rate of centerline veloc-
ity decay and is shown in Fig. 12 as a function of φ for all 
cases. The values of K and x0 were determined using lin-
ear regression of the data downstream of the first screen. 
Error bars on the plot show the possible range of K based 
on the regression (accounting for nonlinearity in the data). 
The φ = 100 % measurements can be compared with the 
free jet results in the literature, although in the present 
study there is an effect from the frame and the measure-
ments were made in the intermediate region (6 < x/D < 12). 
For Re = 2000 and 3000, K = 3.97 and 4.37, respectively, 
for the present results at φ = 100 %. In the literature, 
Todde et al. (2009) found K = 4.64 for Re = 2164–4000 at 
~11 < x/D < 40 and Kwon and Seo (2005) found K = 5.5 
for Re = 1305–5142 at 15 < x/D < 75. The current values 
are somewhat smaller than these, but this difference is most 
likely due to the measurement location (notice that the 

(4.1)
Ujet

Ucl

=
1

K

( x

D
−

x0

D

)

free jet results from literature show a slight decrease in K 
as the average measurement region moves closer to the jet 
exit plane) and the effect of the confinement. The smaller 
value for Re = 2000 is likely related to weak Re effects at 
these lower Re. The higher K values with screens for the 
Re = 1000, φ > 49.5 % results is due to the slower decay 
of the centerline velocity in this case, which is expected 
since the flow near the core remains confined to this area 
without much lateral spreading or dissipation (see Fig. 4). 
Decreasing the open area ratio decreases K (increases the 
decay rate). For Re = 2000 and 3000, the trends in K are 
very similar and show a nearly exponential growth with φ 
over most of the φ range.

The jet half-width, b, is traditionally defined as the dis-
tance from the centerline to the location where the mean 
jet velocity reaches half of the centerline velocity. How-
ever, for the cases with permeable screens (φ < 100 %), 
jet-like flow structures were formed between the screens. 
This produced highly irregular jet velocity profiles, and 
the traditional definition of the jet width was inadequate 
for such cases since the velocity profile was not monotonic 
[for the free jet results in the presence of the frame com-
pared with traditional free jet results from the literature 
see Musta (2012)]. To avoid complications with the tradi-
tional definition, a generalized integral width was defined 
according to,

where y = 0 is the centerline (i.e., the location of the maxi-
mum velocity in the cross section) and H is the frame 

(4.2)r1/e =
1

2

[

∫ H/2
0

�u�ydy
∫ H/2

0
�u�dy

+

∫ 0
−H/2

�u�ydy
∫ 0
−H/2

�u�dy

]
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height defined in Sect. 2. Following the notation of Kwon 
and Seo (2005), r1/e represents the jet width, and the jet 
width for each cross section was calculated using Eq. 4.2.

The rate of change of r1/e with x is shown Fig. 13. The 
results for Re = 1000 are not presented in this figure since 
the jet split into the multiple pieces and formed a highly 
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segregated structure. The values were determined as the 
slope of a linear regression of r1/e from the first screen over 
the remainder of FOV for the low-resolution measurement 
domain, and error bars on the graph show the possible 
range of values based on regression. The φ = 100 % results 
in Fig. 13 are lower than expected for a free jet, where tra-
ditionally db/dx ~ 0.1. Due to the integral definition of r1/e, 
the value of dr1/e/dx is affected by the shape of the veloc-
ity profile and tends to be significantly smaller than values 
based on b, so the dr1/e/dx results for φ = 100 % are also 
shown in Fig. 13 for comparison with the permeable screen 
results. For φ < 100 %, the Re = 2000 and 3000 results 
shown here indicate that decreasing φ increases dr1/e/dx by 
separating the jet flow as it moves downstream. Increasing 
the Reynolds number decreases dr1/e/dx slightly and e/D 

has little effect on this parameter for Re = 3000, but e/D 
does appear to affect the jet spreading rate at Re = 2000 for 
φ < 83.8 %.

5  Cross‑sectional profiles of jet flow quantities

Cross sections of the jet velocity profiles for the Re = 2000 
case are shown in Fig. 14. The Re = 1000 and Re = 3000 
results are not shown here since the segregated behavior 
of the Re = 1000 results does not follow typical jet behav-
ior and the Re = 2000 results are qualitatively similar to 
the Re = 3000 results (Musta 2012). The mean velocity, 
〈u〉, in Fig. 14 was obtained by averaging more than 1000 
instantaneous velocity fields and normalizing by the local 
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maximum centerline velocity. For φ = 100 %, the results 
(normalizing y by b in this case) show near self-similarity 
over the cross section, especially for x/D > 7.35 (Fig. 14a). 
The velocity profiles for cases with screens show that 
the flow is not completely self-similar, but the large φ 
(φ > 55.7 %) cases are near self-similarity further down-
stream. It is also interesting to note that for smaller x/D, 
the velocity profile decay with y approximately follows 
the envelope of the upstream flow (the free jet Gaussian-
like profile). The velocity profiles between the screens are 
modulated by wakes from the screen rods, but the global 
behavior appears to follow remnants of the self-similarity 
Fig. 14b–d. This behavior persists for all x/D in the FOV 
for the larger φ (83.8 and 69 %), but for φ = 55.7 %, 
the velocity profiles expand beyond the envelope of the 
upstream jet as x/D increases. In particular, at x/D = 11.49 

(not shown), the jet profile has expanded across the entire 
channel containing the screens as the flow has decayed to 
very low velocities and has become nearly uniform across 
the flow domain.

Looking at the fine structure of the velocity profiles, 
Fig. 14 shows a decrease in thickness of the central, high 
velocity portion of the jets (i.e., the flow between the cen-
tral screen rods) as φ decreases. From x/D = 7.35 to fur-
ther downstream, this central portion of the flow shows 
nearly self-similar behavior for φ = 83.8 and 69 %. The 
self-similarity is better for small e/D for higher φ screens 
(Musta 2012). Considering the φ = 55.7 %, e/D = 0.69 
case (Fig. 14d), it is worth noting that the large veloc-
ity peak surrounding the jet centerline persisted until 
x/D = 11.49. This may seem counter intuitive due to 
the expected higher dissipation for smaller e/D, but the 
smaller e/D constrains the central flow more severely, 
preserving the flow geometry in the central region by 
preventing mixing of the flow in between the screen 
planes, which also explains better the self-similarity for 
the low e/D cases. This was the case for all Reynolds 
numbers. The φ = 55.7 % cases show nearly self-similar 
flow behavior for x/D = 5.97–10.11, where the velocity 
profiles are shifted up, showing higher dissipation and 
stronger spreading of the jet. Some asymmetry exists for 
the e/D = 1.38 case in the downstream region. The asym-
metry in the downstream region for these cases is asso-
ciated with the maximum velocity not appearing on the 
centerline (Fig. 14e). At these parts of the measurement 
domain for these test cases, the flow velocity was low and 
noise, pressure effects, or slight asymmetries in the screen 
array could lead to such shifts in the data.

The root-mean-squared (rms) magnitude of u′ and v′ were 

expressed dimensionlessly as Tu =
√

�u′2�
Ucl

 and Tv =
√

�v′2�
Ucl

 
where Ucl = Ucl(x). These turbulence intensity profiles are 
presented in Fig. 15 at Re = 2000 for φ = 100 % and cases 
with screens for φ = 83.8 and φ = 55.7 % at e/D = 0.69. 
The Re = 1000 data are not presented here since these cases 
showed mainly steady laminar behavior, and the φ = 49.5 % 
case was not considered here since its open area ratio is 
close to φ = 55.7 % and the results were similar.

Overall the results show that for cases with screens the 
peak Tu increases with increasing φ, which is due to the 
localized nature of the screens when compared with the 
φ = 100 % case (Fig. 15a–c). Additionally, nearly self-
similar behavior can be observed for higher x/D’s both for 
φ = 83.8 %, e/D = 0.69 and for φ = 100 %. The results for 
φ = 83.8 % show that for x/D < 7.35 (upstream of the first 
screen) Tu has a peak value of 0.2–0.22 with a valley near 
the centerline (Fig. 15b). On the downstream of the first 
screen, the peak in Tu increases substantially. At x/D = 9.44 
(downstream of the fourth screen), the profiles very nearly 
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collapse and the shape of the profile near the centerline has 
assumed the size of the center screen pore. The results for 
φ = 69.0 % (not shown) are qualitatively similar.

The φ = 55.7 % Tu results (Fig. 15c) give higher values 
than the larger φ cases (especially close to the first screen), 
which was due to the upstream unsteady jet motion through 
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the screen as the jet was subjected to increased instabil-
ity by the flow contraction through the screen pores where 
local velocity increased (Figs. 8, 9) and local maximum 
Reynolds number increased to as much as Re = uer

ν
≈ 523 

and, based on the average velocity, Re = �u�er

v
≈ 424. 

At x/D = 7.35, there is a large peak on the centerline (a 
value of 0.7), which drops further downstream to 0.32. 
The overall shape for the large x/D is Gaussian-like, with 
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oscillations imposed by the screen rods. The final two axial 
locations have a sharp peak near the center and taper off 
smoothly for larger y without any oscillations on the plot. 
It should be noted that the downstream centerline veloci-
ties (i.e., denominators in Tu andTv) are very low due to the 
high dissipation.

The effect of the Reynolds number on Tu can be ana-
lyzed by comparing Figs. 15 and 16 (φ = 83.8 %). The 
results show a decrease in the peak Tu with higher Re. 
Except for data obtained at x/D < 7.35 (upstream of the first 
screen), the turbulence intensity profile shapes are similar 
for both Re at this φ. For φ < 83.8 % at Re = 3000 (not 
shown here), the profile shapes are similar to Re = 2000, 
but Tu is generally larger at large |y| and the peak values are 
lower (Musta 2012).

The Tv values are smaller than the Tu values at the 
same x/D for all cases and any increase in peak value after 
the first screen (if present) is smaller (Fig. 15a–c). For 
Re = 2000, the φ = 83.8 % results are qualitatively similar 
to Tu, showing a double peak before the first screen, fol-
lowed by an increase in the peak value further downstream 
with large values around the centerline in a region approxi-
mately the size of a screen pore, and self-similar behavior 
for x/D ≥ 9.42 (downstream of the third screen). The results 
for φ = 69.0 % (not shown) have similar behavior (Musta 
2012). For φ = 55.7 % and x/D < 7.35, the Tv are higher 
than larger φ cases, similar to the Tu data. For x/D ≥ 7.35, 
there is a general increase in the Tv values, but without a 
strong peak on the centerline. For x/D > 9.42 (downstream 
of the fourth screen), there is a strong peak in the Tv profile 
on the centerline with a smooth and approximately mono-
tonic decrease in value with increasing |y|. Increasing the 
Reynolds number to 3000 decreased the upstream peak 
values of Tv without a strong effect on the profile shape 
(except for x/D = 7.35, where the valley near the centerline 

has essentially disappeared). For x/D < 7.35, the Tv values 
are generally similar to or smaller than the upstream peak 
values at x/D = 6.68.

Increasing e/D does not significantly affect the general 
shape of the Tu and Tv profiles, but changes with x/D are 
delayed to larger x/D since there are fewer screens.

Reynolds stress profiles, normalized by centerline 
velocity, are shown in Fig. 17 for φ = 100.0 % and cases 
with screen for φ = 83.8 and 55.7 % at Re = 2000. The 
Re = 3000 results show similar Reynolds stress profiles and 
are not shown here. The Reynolds stress profiles for the free 
jet (with the frame present) produced nearly self-similar pro-
file shapes for x/D > 6.66 with peak Reynolds stress mag-
nitude of ~0.015 (Fig. 17a). The cases with screens, on the 
other hand, have Reynolds stress profiles modulated by the 
screen geometry downstream of the first screen with self-
similarity occurring only for large x/D at φ > 69.0 %. Addi-
tionally, the peak values were increased over the free jet case 
by a factor of 2–3 after the first screen, and decreased well 
below the free jet values further downstream.

The Reynolds stress profiles for φ = 83.8 % are nearly 
anti-symmetric with respect to the centerline (y = 0) for all 
x/D. At x/D < 7.35 (upstream of the first screen), the pro-
file shape is similar to the free jet case where a sinus shape 
is expected (Fig. 17b). However, at x/D ≥ 7.35, the profile 
contains two extrema on the positive and negative sides. 
The peak values on either side of the centerline continue to 
increase in magnitude with downstream location (the highest 
peak reaching a magnitude of approximately 0.032–0.033 
near the centerline where the velocity is largest). The peak 
values remain approximately constant and the profile shape 
collapses to a nearly self-similar shape for x/D ≥ 9.44.

The φ = 55.7 %, e/D = 0.69 cases (Fig. 17c) have the 
highest peak for x/D = 7.35 downstream of the first screen. 
The number of extrema in the profile is larger for this case 
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due to the increased number of screen rods, which gener-
ates multiple inter-pore “jets” between the screens for both 
cases. Increased corrugation of the profile is also seen for 
φ = 69.0 %, e/D = 0.69 [not shown, see Musta (2012)]. 
For x/D ≥ 9.44 (downstream of the second screen), there is 
decay of the Reynolds stress, especially away from the cen-
terline. The data do not appear to collapse to a self-similar 
shape for the downstream range measured.

Increasing e/D gives a small decrease (~10 %) in the 
maximum Reynolds stresses amplitude for the φ = 83.8 % 
case and the profile shape remains similar. For the 
φ < 83.8 % cases, however, there is an increase of the maxi-
mum peak Reynolds stress amplitude (~49 % increase for 
φ = 69 and ~110 % increase for φ = 55.7 %) with a gen-
eral overall increase in Reynolds stress magnitude com-
pared to the lower e/D cases. This may be related to the 
mixing of the jet-like structures downstream of the screen 
rods (Musta 2012).

Increasing the Reynolds number to 3000 does not change 
the overall profile shape significantly, but it does generally 

increase the Reynolds stress values overall, except that the 
maximum magnitude of the Reynolds stress is reduced to 
±0.02 for φ = 83.8 % and to ±0.045 for 55.7 % (Musta 
2012). At this Re, the φ = 83.8–55.7 % data for e/D = 1.38 
do not show significantly higher peak values compared to 
the e/D = 0.69 results.

Total turbulent kinetic energy per unit mass is given by

For the present 2D results, the out-of-plane fluctuations 
were approximated by 〈w′2〉 ≈ 〈v′2〉, which was shown 
to be reasonable for axisymmetric free jets by Hussein 
et al. (1994). Figure 18 presents the total turbulent kinetic 
energy per unit mass, Eturbk (normalized by U2

jet) for 
φ = 100, 83.8, 55.7, and 49.5 %, e/D = 0.69–1.38, and 
Re = 2000. The Re = 1000 results are not shown because 
the flow is laminar and the kinetic energy from the fluc-
tuations is generally low with the highest values down-
stream of the screen rods nearest the centerline, apparently 
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introduced by the local flow separation around the screen 
rods. The Re = 3000 results are not shown because the tur-
bulent kinetic energy profiles are similar to the Re = 2000 
case (Musta 2012).

In Fig. 18, the overall magnitude and extent of Eturbk are 
larger for φ = 100 %, which is expected since the flow was 
unsteady and no longer completely laminar for this case. 
For φ < 100 %, the peak Eturbk increased dramatically, 
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with large local Eturbk values downstream of the screens 
rods, except for φ = 49.5 % which shows very rapid dis-
sipation downstream of the first screen (Fig. 18f–g). For 
higher φ values [φ > 55.7 %, including φ = 69.0 % (not 
shown)], increasing the number of screens (decreasing 
e/D) tended to increase length of elevated Eturbk, but the 
overall maximum turbulent kinetic energy (located behind 
the first screen) stayed almost same between the two e/D 
cases. For lower φ, where the screens provide more dissipa-
tion, increasing e/D increased the turbulent kinetic energy 
between screen rods. Increasing Re to 3000 showed lim-
ited effect, but did increase the relative magnitude of the 
turbulent kinetic energy downstream of the first screen for 
φ = 49.5 % (Musta 2012).

6  Jet momentum flux

Momentum flux of the jet is a key metric for jet flows inter-
acting with permeable screens because for free jets this 
quantity is conserved in the axial direction (Capp 1983; 
Webb and Castro 2006). For the present investigation, how-
ever, drag from the screens removes momentum from the 
flow, which reduces the momentum flux from the jet and 
provides an important metric of the effect of the screens on 
the flow. The time-averaged jet momentum flux with the 
contribution of an axial pressure gradient for an axisym-
metric jet flow is given by

where u is the axial velocity, and u′, v′, and w′ are fluctu-
ating components in axial, radial, and azimuthal direc-
tions, respectively (George 1990; and Hussein et al. 1994). 
An axial pressure gradient across the jet in this equation 
appears as the radial and azimuthal fluctuating velocity 
components and was derived from the radial momentum 
equation for the jet. The fluctuations were calculated from 
the DPIV data as u′ = u − 〈u〉 and v′ = v − 〈v〉. The same 
approximation used in the kinetic energy results was used 
here for the out-of-plane velocity fluctuations, in which 
case Eq. 6.1 reduces to

Equations (6.1) and (6.2) assume axisymmetry of the 
flow at every downstream location in order to complete 
the integration in the azimuthal direction (using pro-
files measured in the x–y plane). While the grid geometry 
of the screens used in this investigation (Fig. 3) prevents 
perfect axisymmetry, approximate axisymmetry in an 
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average sense is expected (i.e., the flow variations along 
lines through the origin in the y–z plane are similar on aver-
age), which is also supported from the y–z mean velocity 
profiles in Fig. 10. In particular, Eqs. (6.1) and (6.2) prop-
erly weight the flow at larger y more heavily because of 
the greater associated flux area. Additionally, calculations 
of M(x) from both positive and negative y were averaged 
to help account for asymmetries in the flow. The lack of 
true flow axisymmetry, however, limits the accuracy of 
Eqs. (6.1) and (6.2) somewhat for the present results (for 
example in determining the drag force on each screen). 
Nevertheless, as the dominant physics are captured by 
these equations, they can be expected to reliably determine 
the trends in momentum flux for purposes of comparison 
between cases investigated herein (though perhaps not with 
results for different configurations) because errors in the 
calculation are expected to be similar between cases.

The momentum flux results from Eq. (6.2) are shown in 
Fig. 19 for all cases considered. In this figure, the momen-
tum flux was normalized by the initial upstream value at 
x/D = 5.84 (M0). The momentum flux was computed 
between the screens at the same axial locations for all 
cases. This was done to avoid variations of the flow asso-
ciated with the slowing and acceleration of the flow as it 
approached and passed through the screens due to the local 
pressure variation around the screens.

For Re = 1000, the free jet results (φ = 100 %) with 
and without the frame present are similar and show very 
little change with x, which is expected since the jet diam-
eter is small and the flow should not be strongly affected 
by the frame. The higher Reynolds number free jet results 
show a bump at intermediate x/D for the cases with the 
frame present. Capp (1983) discussed confinement effects 
and indicated that for insufficiently large jet facilities at 
high Reynolds numbers, returned flow (recirculation) of the 
entrainment regions leads to momentum loss. To prevent 
this, the flow facility should be more than the 105 times 
that of the jet exit area (Capp 1983). The effect of confine-
ment was verified by the work of Hussein et al. (1994). 
Although the present study can be considered a confined jet 
(Aframe

Ajet
= 2055 ± 2) for x/D > 5.7, no observable return flow 

was detected in the instantaneous or time-averaged velocity 
fields (Musta 2012). However, due to the confined environ-
ment, the effect of the frame wall was still detected in M.

For cases with screens, the change in M with x in Fig. 19 
shows that the momentum removal increases with decreas-
ing φ and increasing Reynolds number, as expected. Addi-
tionally, e/D has a significant effect on M, with M decreas-
ing more rapidly for smaller e/D because momentum is 
removed more frequently in x for these cases. For lower 
φ values (φ < 69.0 %), the e/D effect is not as distinctive 
since most of the momentum is extracted by the first screen 
and the highest decay of the momentum flux is for the 
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φ = 49.5 % screens. For similar reasons, the effect of e/D is 
diminished for Re = 3000.

7  Discussion

Comparing the effect of Re on the qualitative flow behav-
ior showed a dramatic shift in the flow evolution as Re 
increased above 1000. For Re = 1000, impingement of the 
flow on the porous screens produced large wake regions 
behind the screen rods because the local flow Re was large 
enough to effect flow separation around the screens. The 
Re was not so high, however, that the resulting separated 
jets became transitional or turbulent (they remained almost 
entirely steady as discussed previously), so the entrain-
ment rate of the separated jets remained low, preventing 
the wakes from closing a short distance behind the screen 
rods. For higher Re, the flow had an unsteady and turbu-
lent character (see, for example, the Re = 3000 results) 

which caused the flow to fill in downstream of the screens. 
The screens affected the spreading rate and momen-
tum and energy decay, but the mean flow direction was 
affected much less strongly by the local screen features for 
Re > 1000.

Inside the permeable screens, self-similarity was 
observed for cross-sectional mean velocity profiles (for 
φ > 55.7 %) and some turbulent quantities (e.g., Reynolds 
stress for φ > 69.0 %) in the Re > 1000 cases. This may 
be somewhat unexpected given the very segregated nature 
of the flow observed at Re = 1000. The structure of the 
permeable screens likely played a role in this behavior. 
The screens comprised a regular series of grids, and the 
flow tended to be directed through the voids/pores in the 
screens to form smaller jets. Because the screen geometry 
was aligned, these smaller jets could persist through several 
screens so that each “pore jet” would be able to achieve 
local self-similarity. Likewise, the persistence of the cen-
tral pore jet was related to the regular screen structure. The 
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central pore jet persisted longer than the flow at larger y/D 
because the flow near the centerline was aligned with the 
screen geometry (flow at larger y/D had a remnant v com-
ponent), so it was not dissipated as strongly by the screens. 
If the screens do not have a regular, aligned grid pattern 
throughout, the local self-similarity of flow through pores 
would not be expected, but the self-similarity of the overall 
jet flow would be likely to persist over some region of the 
porous domain if Re was sufficiently high.

Investigation on the effect of Re number was limited 
due to experimental capabilities of the present investiga-
tion. For Re > 104, enhanced mixing downstream of the 
screen rods would be expected due to the expected higher 
turbulence levels on the upstream side of the first screen 
and higher Red. In addition, deeper penetration of the flow 
through the screens would be expected, along with smaller-
scale structures between the screens. However, the quali-
tative observations about the self-similar behavior of the 
results and decay rates (for energy, centerline velocity, etc.) 
are expected to remain as they showed little Re dependence 
over the limited range investigated. Additional experimen-
tal study for higher Re would nevertheless be useful for 
understanding applications involving higher Re.

8  Conclusions

The effect of permeable screens on the intermediate region 
of steady jets was studied in terms of centerline velocity 
decay, evolution of the jet half-width, profiles of velocity 
and Reynolds stress tensor components, and momentum 
flux for Re = 1000–3000. The results showed laminar, pre-
dominantly steady flow behavior for Re = 1000. For this 
Re, the flow became segregated inside the porous domain, 
with large wakes regions, which was very dissimilar from 
jet behavior in a clear fluid. For Re ≥ 2000, the jet showed 
unsteady and turbulent behavior with a more smoothly 
distributed mean flow field inside the porous domain. As 
a result, more traditional jet features of self-similarity and 
increasing jet width were compared for the higher Reynolds 
number cases. Jet penetration along the centerline was sig-
nificant (and related to the regular structure of the screens), 
with strong decay along the lateral (y) axis. Decreasing φ 
significantly increased the jet width and the rate of increase 
of the jet width compared to the free jet case. Additionally, 
the jet centerline velocity was significantly decreased and 
its decay rate was significantly increased by decreasing φ. 
Self-similarity (or near self-similar behavior) was observed 
in the downstream flow field at φ = 83.8 and 69.0 % for 
the cross-sectional profiles of velocity, Reynolds stress, and 
turbulence intensity, but the shape of the profiles seemed 
to be locked to the grid structure. Changes in the cross-
sectional turbulence intensity and Reynolds stress were 

affected mostly by φ rather than Re or the screen spacing. 
The peak values in turbulence intensity and Reynolds stress 
tended to increase as φ decreased, but decreased sharply 
downstream of the first screen. Turbulent kinetic energy 
showed large values concentrated downstream of the screen 
rods. For the φ > 55.7 % cases, the turbulent kinetic energy 
was distributed downstream through the porous domain, 
whereas for the φ < 69 % cases (high dissipation), the tur-
bulent kinetic energy was confined to a small region down-
stream of the first screen. The screens’ extracted momen-
tum from the jet at a higher rate for lower φ and the effect 
of e/D was significant for the higher φ values. M decreased 
more rapidly for smaller e/D because momentum was 
removed more frequently in x for these cases.
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