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Plane jets impinging on porous walls

Ross Cant, lan Castro, Peter Walklate

Abstract The flow of a two-dimensional plane turbulent
jet impinging on a porous screen has been studied ex-
perimentally. It is shown how the overall flow structure
depends on the porosity of the surface. For low screen
porosity (ff < 0.41, say), transverse wall jets can be formed
on both sides of the screen and in extreme cases the axial
momentum flux some way downstream of the screen falls
to zero, so that the screen has the same drag as would a
solid wall. For high screen porosity (ff > 0.57, say) the
axial volume flux is largely preserved through the screen,
but the dominant eddy structures present in the upstream
jet are largely destroyed, so that entrainment rates down-
stream of the screen can be very low. The relatively small,
intermediate range of porosities (0.41 < f§ < 0.57, where f§
is the screen open area ratio) is associated with dramatic
changes in flow pattern and recirculating regions can exist
on the upstream side of the screen. These flows, although
all geometrically very simple, provide a serious challenge
for computational modelling.

Introduction
Two-dimensional plane jets are a classical type of inho-
mogeneous turbulent shear flow and their mean flow and
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turbulent structure is well known (e.g. Gutmark and
Wygnanski 1976, Everitt and Robins 1978). Likewise,
axisymmetric jets and also their impingement onto a solid
surface have been widely studied, the latter often in the
context of vertical short takeoff and landing (VSTOL)
applications. In contrast, there are few published studies of
planar jets impinging on solid surfaces - Beltaos and
Rajaratnam (1973) is a rare example. In this case, the jet is
turned through 90° by the solid surface and eventually
develops into two planar wall jets moving in opposite di-
rections. In the better known axisymmetric case, a radial
wall jet is produced (e.g. Foss 1979, Ozdemir and Whitelaw
1992).

There are some practical situations in which the im-
pingement surface is not solid. The present work formed
part of a more extensive study of jets impinging on porous
regions, with the particular application of orchard crop-
spraying in mind. In this instance, the sprayer typically
produces an air jet to enhance the transport and deposi-
tion of pesticide spray throughout the vegetative volume of
large bush and tree crops. There has been some study of
the nature of the penetration of such jets and how the flow
patterns indicate different mechanisms for describing the
surface interface layer and inner volume of a generic po-
rous structure (Weiner 1993, Walklate et al. 1996, Walklate
and Weiner 1997). Simple scaling properties of the jet
penetration of a porous volume have been derived from
the analytical solution of the governing two-dimensional
momentum equation (Walklate et al. 1996). However, the
flow and momentum redistribution due to interaction of
the jet and the outer surface of a porous structure is less
well understood and the present idealised experiment was
conceived in order to shed some light on this aspect of the
problem.

The nature of the jet penetration through both the ini-
tial row of obstacles and the later rows must clearly de-
pend on the scale of the obstacles and spaces between
them (the ‘scale of the porosity’) compared with the scale
of the jet. Previous work has shown that if the jet has a
width (at the porous surface location but in its absence) of
the same order as the porosity scale, then it can bifurcate,
with different ‘branches’ of the jet moving through adja-
cent spaces between the solid obstacles (Weiner 1993). In
these circumstances, details of the penetration behaviour,
and of the interaction with the first row of obstacles, de-
pend strongly on the precise geometry of the porosity. On
the other hand, if the porosity scale is small compared with
the jet scale, then one would not expect such bifurcating
behaviour and, in the limit of small enough porosity scale,



the penetration details should presumably not depend on
the details of the porosity but only on the overall param-
eter defining the porosity itself - here taken as f3, the open-
area ratio (i.e. the ratio of open area to solid area of the
screen). (Of course, even for a uniform upstream flow, in a
region just downstream of the screen, there will always be
individual jets corresponding to flow through the ‘holes’,
whatever the shape of the latter, and these jets will sub-
sequently coalesce, perhaps unstably, depending on the
screen porosity - Bradshaw 1965). We concentrate here on
the idealised case of an upstream jet whose width is large
compared to the geometry of the porosity, studying only
the flow behaviour for jet impingement onto a single, thin
screen, but with various values of . This can be thought of
as an idealisation of the flow at the interface between a jet
and a porous volume.

The experiments are in some senses preliminary. No
comprehensive attempt has been made to examine the
details of the turbulent structure either in the impinge-
ment region or downstream of the screen. Attention is
concentrated on the influence of the porosity, f§, on the
overall nature of the flow, so as to delineate the ranges of
that give rise to fundamentally different flows. None the
less, some of the turbulence measurements are used where
necessary to assist in explaining the characteristics of the
different flow types.

Experimental arrangement

The (nominally) two-dimensional plane jet was produced
by fitting an additional contraction to the 300 X 600-mm
contraction exit of an open-circuit blower tunnel in the
EnFlo laboratory at the University of Surrey. The final
outlet was 600 mm wide by 5.5 mm and side walls were
installed to confine the spreading of the jet to the trans-
verse y-direction only. One of these walls was Perspex, so
as to allow penetration of laser doppler anemometry
beams. Figure 1 shows the general arrangement and a full
description of the rig is given by Guridi (1997).

For most experiments, the outlet velocity, U,, was
maintained at about 40m/s, giving an outlet jet Reynolds
number based on total jet width (b,) of about 15,000.
Initial checks showed that the outlet flow was highly uni-
form in the spanwise direction and had a closely ‘top-hat’
velocity profile, with extremely thin boundary layers. The
outlet velocity was monitored by a 1.5-mm o.d. total head
tube connected to a standard micromanometer.

The porous screens were constructed from 0.9-mm-
thick sheets of perforated steel, with circular holes uni-
formly spaced on a 60° triangular grid. Four screens were
used, having hole diameter and pitch, respectively, of
(12.7, 15), (12.7, 16), (9.5, 12.8) and (6.4, 9.5), with all
dimensions in mm. These values give porosities, f3, of 0.65,
0.57, 0.5 and 0.41, respectively. The maximum pitch
(16 mm) ensured that there were at least 15 holes across
the width of the jet at the screen location, defined by
H = x, = 500 mm. This was deemed sufficient to ensure
that the porosity geometry would not be a significant pa-
rameter in determining the flow. (Some earlier tests con-
ducted at Silsoe Research Institute lend support to this
assumption - see Cant 1999). In addition to this criterion,
the screen location and (jet) nozzle size were chosen to
ensure that the free jet would achieve its self-preserving
state before the influence of the screen would be felt.

All the mean velocity and turbulence measurements in
the jets were made using a one-component (Dantec) laser
Doppler anemometer. The optics produced two beams
focused through a front lens of 500 mm focal length, re-
sulting in a measurement volume of 0.24 mm diameter
and about 6 mm long, the long axis being aligned with the
spanwise (z) direction. Resulting errors arising from spa-
tial averaging in the spanwise direction were insignificant
because of the relatively large scale of the jet flow at most
measurement locations. The probe was mounted on a
manual traverse gear located to the side of the jet (outside
the Perspex side wall). This allowed positioning in 1-mm
increments through the ranges 0 < x < 900 mm and
—400 < y < 400 mm. All data presented here were ob-
tained in the central plane of the jet (z = 0). The photo-
multiplier signal was analysed using a burst detector and a
covariance processor operated by the Dantec PC-based
software systems.

Seeding, in the form of silicon oil droplets produced by
a commercial smoke generator, was delivered into the jet
via both the jet air itself (injecting upstream of the blower)
and the entrainment air (by using a spanwise, ‘multi-hole’
pipe suitably positioned in the far field). Particle sizing of
the smoke, undertaken using a Dantec particle phase
Doppler analyser (PDA), showed that 99.8% of the parti-
cles had diameters below 5 pm, which, according to the
criterion that the particle time constant should be less than
the Kolmogorov time scale (George and Taulbee 1992),
was more than adequate in this flow. Velocity bias arising

Side walls
Ay
Jet contraction /’ ‘\
Blower
screen
\
Main contraction - — >X
' Fig. 1. Sketch of the experimental rig (not
# - - T P \ to scale). Note that the jet width in the
. ! ! spanwise (out-of-page) direction is
"H=500mm  750mm 600 mm
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from the entrained air containing no particles was obvi-
ated by seeding this air as well as the primary jet air, as
explained earlier. To prevent any possible velocity bias
arising from non-periodic sampling - more fast particles
arriving than slow, per unit time - the dead-time facility in
the sampling software was set to 0.05 s, which resulted in a
nearly uniform sampling rate of about 20 Hz. For the
spectral measurements, the sampling rate was about

40 Hz. Preliminary tests were carried out using a range of
settings for the photomultiplier voltage, velocity range (via
the bandwidth) and gain, in order to achieve the maximum
possible data rate without compromising the accuracy of
the results because of spurious values in the velocity his-
togram. We estimate, partly on the basis of these tests, that
mean velocity and turbulence (standard deviation) data
are accurate to within at least 2% of U, and usually sig-
nificantly better. Certainly, the repeatability is consistently
much better than this.

Results and discussion

The free jet

Mean velocity and turbulence data taken in the unob-
structed jet had the expected features. Figure 2 presents
mean velocity data obtained at various downstream
locations, normalised by the maximum value, U,,, at each

location and with the spanwise variable normalised by the
jet width, b, defined as the value of y where the mean
velocity was 0.5 Up,. The profiles have the usual Gaussian
behaviour and are closely self-similar. Figure 3 shows the
growth of the jet width and the decay of the centreline
velocity and includes the linear best fit lines, forced to give
the same virtual origin. Slightly improved fits would be
possible, particularly to the U, data, if this latter condition
were relaxed, but, nevertheless, the slopes are close to
those found in the literature. In the present case, the slopes
are (0.103, 0.185) for the jet width and inverse velocity
relations, respectively, (see Fig. 3) and can be compared
with those found by, for example, Beltaos and Rajaratnam
(1973) (0.100, 0.174), Flora and Goldschmidt (1969) (0.13,
0.23) and Gutmark and Wygnanski (1976) (0.100,0.175).
Everitt and Robins (1978) had a range of results (0.09-
0.11, 0.14-0.22), but their jets included those with a co-
flowing stream. Note that the data at the final downstream
station have not been included in the fits in Fig. 3 and it is
clear that there is some departure from linearity beyond
about x/b, = 135. This is probably a result of residual
draughts in the laboratory; U,, at this location was only
about 6 m/s. Axial turbulence intensity data are shown in
Fig. 4. Close similarity is again observed, with the data
lying between that of Gutmark and Wygnanski (1976) and
Everitt and Robins (1978).
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Fig. 2. Normalised mean velocity profiles
0 1 2 3  in the free jet. Axial locations in the legend
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Fig. 4. Normalised axial turbulence
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It is worth noting that in common with most experi-
ments on turbulent jets, the exit momentum flux, M,, is
somewhat higher than that calculated from the down-
stream velocity profiles, M(x). In fact, M(x)/M,, gradually
falls with increasing x, to about 0.8 at x/b, = 155. This
behaviour has been observed in previous work and
Schneider (1985) showed it to be a result of the recircu-
lating flow inevitably present for a rig which takes fluid
from a closed environment (e.g. inlet air to a blower) and
returns the same fluid to it (via the jet itself). It is of no
major concern in the present case, since our essential
intention is to study the changes in the jet flow caused by
the imposition of a porous screen.

Jet impingement on a solid wall

The free jet is one of the two limiting cases and corre-
sponds to f§ = 1. Before presenting data for the porous
surface impingement cases, the results for the other
limiting case (the solid wall, § = 0) are briefly discussed.
Figures 5 and 6 show mean velocity and turbulence in-
tensity profiles, normalised in the same way as the data in
Figs. 2 and 4. In this case, the profiles are distinguished by
their x/H values in addition to their x/b, values. H is the
axial position of the screen (and note that H = 91b,,). The
mean velocity profiles appear to remain self-similar, fol-
lowing the free-jet data, up to at least x/H = 0.9, but by
that stage, both the jet width and the centreline velocity

intensity profiles. Symbols as in Fig. 2. GW
and ER refer to Gutmark and Wygnansky
(1976) and Everitt and Robins (1978),
respectively

are significantly different from the free-jet values. Their
variations are included in Fig. 3 and it is evident that b/b,
and (U,/U,,)* begin to deviate from their free-jet values
around x/b, = 70 (x/H = 0.7). Figure 6 shows that the
axial turbulence intensities begin to rise above the free-jet
values for x/H>0.8, so the ’apparent’ self-similarity of the
turbulence evidently disappears a little earlier than for the
mean flow. The ratio H/b, is different in the present
experiments from that used by Beltaos and Rajaratnam
(1973). However, normalising the axial location by H and
the jet width and centreline velocity by the values they
would have in the free jet allows the two sets of data to be
compared. This is done in Fig. 7. For both jet properties, it
is clear that the jet behaves essentially as a free jet up to
around x/H = 0.7, beyond which both the centreline ve-
locity decrease and the jet width increase is more rapid
than in the free jet. There is reasonable agreement between
the two experiments. Once the jet completes its 90° turn, a
wall jet develops and Fig. 8 shows the resulting velocity
profiles at various distances from the original jet centre-
line. The data are normalised using the peak velocity, V,,,
and the distance, b,, from the wall to the point where
the velocity is 0.5 V,,.. It is evident that there is a good
degree of similarity, at least over the y/H range shown.
Wygnanski et al.’s (1992) data are included for compari-
son; whilst agreement is reasonable, the differences are not
insignificant and are almost certainly due to the different

12 o 267,0.294
[ o 35.8,0.394
1 + 44.9,0.494
[ x 54.0, 0.594
0.8 | a 63.1,0.694
[ a 722,079
U/U. 06 - 785,0.864
" : o 81.3,0.894
04 [ e 87.6,0.964
r Gaussian
02 F
:+ on®
o (& . St:gﬂ A+,
3 ) -1 0 1 2 3 Fig. 5. Normalised mean velocity profiles
for the § = 0 case. Legend gives x/b, and
y/b x/H values
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means of producing the wall jet. Wygnanski et al. (1992) might expect the wall jet to take a long time to recover
used the classical arrangement - tangential blowing from from the complex effects of the mean strains in the im-
an orifice attached to the wall. In the present case, one  pingement region.



It is concluded from all the previous results that in both increase in the region of the screen itself, the growth rate is
the limiting cases (f = 0 and § = 1) the flows have the = substantially reduced (Fig. 10); indeed, the data suggest
behaviour expected on the basis of the previous literature. that the jet ceases to grow altogether. We return to this
We turn now to the results obtained with the solid wall point later. On the other hand, for = 0.5, the jet width

replaced by the various porous screens. continues to grow rapidly, at least up to about x/H = 1.4

and there is a corresponding continual fall in centreline
Porous screen cases velocity (Fig. 9). In the ff = 0.4 case, this fall in velocity is
Mean velocity and turbulence profiles were obtained for  even more rapid and, in fact, the velocity reaches zero
the four (non-zero porosity) porous screen cases around x/H = 1.3. Few definitive measurements were

(p = 0.65, 0.57, 0.5 and 0.41) and used to obtain the jet  made further downstream in this case, but some isolated
growth, the maximum velocity decay and the axial volume tests indicated that the velocity did become negative,

and momentum fluxes at each axial location, including a although very small in magnitude, as the data in Fig. 9
number of locations downstream of the screen (up to x/ would suggest. It was difficult to determine jet width in
H = 1.7). We discuss first the mean flow properties. As  this very-low-velocity region, so that the single data point
might be anticipated from a comparison of Figs. 2 and 5, at x/H = 1.3 for § = 0.41 is probably in error.

the mean velocity profiles in each case were reasonably These results suggest qualitative differences in the
self-similar, even for those profiles obtained beyond the  overall flow structure in different f§ ranges. Figures 11 and
screen, and so are not shown here. 12, which show the (axial) volume and momentum fluxes

Figures 9 and 10 show the decay of the centreline ve-  calculated by appropriate integrations of the mean velocity
locity and the growth in jet width, respectively, for each  data, emphasise these differences. A number of points
case. The behaviour is clearly consistent with the overall should be noted. First, as indicated earlier, the free-jet
expectation that the downstream jet becomes progressively momentum flux falls slowly with x (Fig. 12). The screen
more diffuse as the screen porosity decreases. In every drag leads to a fairly sudden fall in momentum, by an
case, the jet width is increased by the screen, with a cor- amount which depends on f, as expected. However, except
responding fall in the maximum velocity below the free-jet at the lowest (non-zero) porosity, the decay in momentum
value. However, there are significant differences between flux downstream of the screen recovers roughly to the rate
the various cases. For § = 0.65 and 0.57, after the initial seen in the free jet. Secondly, for this f = 0.41 case, the
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Fig. 11. Variation of axial volume flux.
Legend as for Figs. 9 and 10

Fig. 12. Variation of axial momentum
flux. Legend as for Figs. 9 and 10

Fig. 13a, b. Transverse veloci-
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screen effectively removes all the axial momentum.
Thirdly, downstream of the screen the volume flux

(Fig. 11) actually falls with x for the two more solid screens
(p = 0.5 and 0.41), whilst remaining virtually constant for
the two more open cases (f = 0.57 and 0.65). A falling
volume flux must be a consequence of the existence of
significant wall jets transporting fluid out sideways away
from the impingement zone (as for the f = 0 case).

16ty profiles for a f = 0.41 and b
=05

Figure 13, which shows measurements of the lateral mean
velocity at three fixed y/H locations for the ff = 0.41

(Fig. 13a) and the = 0.5 (Fig. 13b) cases, confirms the
existence of such wall jets. For § = 0.5, the jet is relatively
weak, with the peak V/U, (at y/H = 0.4 ) reaching only
about 0.06 compared with 0.14 in the § = 0.41 case, and it
seems not to survive beyond about y/H = 0.5. Wall jets did
not exist at all for the more open screens.
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Fig. 15. Streamlines for porous-screen
cases

Consideration of the likely pressure field also suggests
that such wall jets, on both sides of the screen, must exist
for sufficiently low porosity. There will be a static pressure
rise upstream of the screen - driving wall jets on that side
- and although there will then be a significant (local)
pressure drop across the screen, the static pressure just
downstream must still, for low enough porosity, be ini-
tially significantly higher than atmospheric, so that wall
jets could also be driven on the downstream side. When
the porosity is higher, the static pressure levels near the
screen (on y = 0) will not be sufficient to initiate wall jets.
This seems to be the situation for the f = 0.57 and 0.65
cases. Figure 14 shows the transverse mean velocity vari-
ation along the line y = 2.5b - near the edge of the jet.
Sufficiently far upstream of the screen the V-component is
negative, being essentially a measure of the entrainment
process. As the screen is approached, however, V rises
rapidly, indicating the turning of the jet. For the two more
solid (but porous) cases, V remains positive downstream
of the screen, because of the wall jets present on that side
also, whereas for = 0.57, it returns to negative values,
indicating that the jet is continuing in the downstream x-
direction. If the porosity is sufficiently low to give strong

wall jets on both sides of the screen (as in the ff = 0.41
case), entrainment into the wall jet on the downstream side
of the screen would induce a flow in the -ve x-direction
further downstream and this could account for the small
negative volume and (possibly) momentum fluxes shown
in Figs. 11 and 12. However, a negative momentum flux
implies that the screen drag coefficient is actually higher
than it would be for a solid wall, which seems intuitively
unlikely. On the other hand, Fig. 13a suggests that the
downstream wall jet does not grow significantly with in-
creasing distance from the impingement zone, in contrast
to the upstream wall jet, whose velocity profiles look
similar to those obtained for the solid wall case, so any
entrainment velocity would be extremely small. In addi-
tion, there could be weak lateral (and spanwise) flows near
the edges of the screens which, given also the rather un-
certain influence of recirculating laboratory air, would
make the execution of a complete momentum balance
rather uncertain. Such balances would strictly, of course,
need to include the turbulence contributions and these
might be quite significant far downstream (see below).

What is certain, however, is that at least not too far from
y = 0 there is an upstream flow far downstream of the
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highest solidity screen. This is emphasised by the streamline
patterns deduced by appropriate integrations of the velocity
data and sketched in Fig. 15. In each case, the region shown
covers the ranges 0 < x/H < 1.7 and —0.8 < y/H < 0.8. The
different nature of the mean flow for the different degrees of
porosity is clear, with the higher porosity screens leading to
an increase in jet width and the lowest porosity leading to
wall jets on both sides with inflow from far downstream. The
intermediate case, f§ = 0.5, gives what might be termed a
‘fan jet’ downstream of the screen. Notice too that in this
case there is evidence of recirculating regions on the
upstream side of the screen. This may also occur for the
f = 0.41 case, but, if s0, it is clearly on a considerably larger
scale and might thus be more influenced by far-field effects
(arising from the finite geometry of the rig). To confirm the
overall mean flow behaviour for different levels of screen
porosity, some flow visualisation experiments were under-
taken. These used a different rig, at Silsoe Research Institute,
but the results (see Cant 1999) were entirely consistent with
the more quantitative data presented here.

We complete our presentation of the measurements by
considering some of the turbulence data and their impli-

cations. Figure 16 shows a selection of the axial rms tur-
bulence profiles (normalised by the local maximum
velocity). Data for x/H<0.7 are not shown as they collapse
well to the free-jet results (as noted for the f = 0 case
shown in Fig. 6). Note first that for the two most open
cases (Fig. 16a and b), the screen acts to reduce the tur-
bulence energy below the free-jet values, after an initial
increase just behind it. This latter increase is noticeably
larger for f = 0.57 than for = 0.65 and for lower po-
rosities, the reduction to energy levels lower than free-jet
values does not occur, although, for f = 0.5, there is an
initial fall to (almost) the free-jet value before a relatively
slow rise further downstream. The behaviour is summar-
ised in Fig. 17, which shows the centreline intensity vari-
ation for all cases. Of course, when normalised by a fixed
velocity scale (like the jet exit velocity, U,) rather than the
local maximum velocity as in Fig. 17a, all the screens act to
reduce the turbulence energy levels substantially; this is
shown in Fig. 17b. At x/H = 1.3, for example, u’/U, is in all
cases less than about one half of the free-jet value at the
same location. But the data (in Fig. 17a) are clearly con-
sistent with the earlier conclusion that there is a distinct



change in flow structure between the § = 0.41 case and the
two more open screens, with the f = 0.5 case having an
intermediate behaviour.

Further results and final discussion

The results presented in the previous sections have led to a
reasonably clear picture of the overall nature of the flow
for jet impingement onto the four porous screens used
here. Firstly, if the screen is sufficiently open (f > 0.55,
say), the jet proceeds uniformly through the screen, which
acts mainly to enhance its width locally but reduce its
momentum flux - the latter because of the screen drag.
The increase in jet width is an inevitable consequence of
the well-known process perhaps first identified by Taylor
and Batchelor (1949), who showed that screens placed
normal to a flow tend to reduce departures from non-
uniformity - which is, of course, why (generally wire-
gauze) screens are used in wind tunnel settling chambers.
In the present case, the upstream jet provides an unusually
extreme case of mean-flow non-uniformity and the screen
certainly reduces this substantially.

A curious feature for these more open screens is the
apparently very small jet growth rate further downstream,
which implies a large reduction in entrainment rate. Since
the entrainment in free jets is mainly governed by the large
eddies, the implication is that the screen tends to remove
these large eddies preferentially. To check this conclusion,
a few spectral measurements were made at x/H = 1.3.
These did not extend to high frequencies; they were lim-
ited in that respect by the sampling rate of the LDA sys-
tem, 40 Hz for these measurements, so no information
relating to time scales shorter than 0.05 s was available.
However, they were sufficient to allow integral scales to be
estimated, on the basis that the integral scale, L, can be
expressed in terms of the spectral energy at zero fre-
quency, invoking Taylor’s hypothesis. The usual relation-
ship was used, i.e. L = S(0)U/4u’%, with S(0) being the
asymptotic spectral density at zero frequency, u’* the total
fluctuating energy and U a convection speed, taken to be
the local velocity. For the free jet, L,/b was found to be
0.39. This compares well with the Everitt and Robins
(1978) result — 0.4. The lateral integral scale, L,/b, was
0.26. Corresponding values of (L,/b, L,/b) for the ff = 0.65,
0.57 and 0.5 cases were (0.29, 0.14), (0.18, 0.11) and (0.07,
0.05), respectively. These results clearly confirm that the
screens produce a substantial reduction in large-eddy
scales (compared with local jet width). In the present ex-
periments, measurements extended to x/H = 1.7 at most
and, since this represents only about three jet widths
downstream of the screen, no conclusions are possible
regarding jet development in the far field. In principle,
presumably, the usual large-eddy structure would re-
establish itself and the growth rate would thus increase
again, but a rather different scale (and geometry) of ex-
perimental rig would be needed to investigate this point.

It is of note that for the S = 0.5 screen, there was no
evidence of periodic (or quasi-periodic) instabilities de-
tectable in the spectral data. This is interesting because it
is well known that, in general, screens having open-area
ratios below about 0.57 tend to produce instabilities and
non-uniformities (Bradshaw 1965) because of preferential

coelescence between the small jets issuing from adjacent
holes in the screen. Neither were such non-uniformities
detected in the mean flow data, even for the f§ = 0.41
screen. This is not to say that they did not exist; they may
have been of sufficiently small scale, compared with the
underlying non-uniformity of the jet flow, to remain un-
detected, although we emphasise that no specific search for
them was made.

Secondly, for sufficiently low porosity (below = 0.5),
the jet impingement is similar to the case of a solid wall, so
that wall jets appear on the upstream side of the screen.
However, they also appear on the downstream side; this is
probably not directly because of any boundary coupling
from one side of the screen to the other, but rather because
the centreline pressure just downstream of the screen re-
mains high enough to provide the necessary forcing. In
this case, it seems that far downstream there is conse-
quently an entrainment velocity in the negative x-direc-
tion. Details of the near-surface flows in the wall jets on
either side of the screen have not been studied, so there
remain questions concerning how (or if) the wall jet on
one side is affected by details of the jet on the other side.
Such details will probably depend on the nature of the
porous geometry, for even if the scale of the latter is small
compared to the free-jet width (at the screen location, but
in its absence), it may not be small compared to the inner
region of the wall jet.

Thirdly, at intermediate porosities, around § = 0.5, wall
jets on the upstream and downstream sides of the screen
seem to begin, but they dissipate rapidly, with both ve-
locity components falling close to zero quite quickly. Most
of the volume flux of the original jet (plus its entrained
fluid) appears in the jet continuing in the axial direction
downstream of the screen. The upstream wall jet in this
case is not sufficiently strong to prevent the entrainment
processes leading to a clear recirculating region between it
and the upstream normal jet. It is unclear whether or not it
is significant that this intermediate range of f§ coincides
roughly with the point at which smooth downstream flow
behind wire-gauze screens is known to break down to
become unstable and contain irregular non-uniformities -
around f§ = 0.57, as mentioned above. This point requires
further study and would be important if, for the even lower
p range, the structure of the wall jets turns out to depend
significantly on the geometry of the porosity (for fixed f).
If this were the case, as it surely must be if the porosity
scale is not small compared to the jet scale, one would
expect the f§ value at which the qualitative change in flow
structure occurs to be dependent on details of the porosity
geometry. This is obviously a much more difficult flow to
consider.

Conclusions

The results presented above have shown how the nature of
the mean flow of a planar turbulent jet impinging normally
onto a porous wall depends strongly on the particular
value of the posority. We have demonstrated that if the
porosity is low enough, wall jets appear on both sides of the
screen and this can lead to an ‘upstream’ entrainment flow
in the far field downstream of the screen. For higher
porosities, such wall jets do not exist (although in an
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intermediate porosity range they may begin, but then
disappear rapidly). The jet in this higher porosity case
expands significantly on passing through the screen and
thereafter seems to grow only very slowly, if at all, because
(apparently) of the destruction of the large-eddy struc-
tures. It is emphasised again that this is a preliminary
investigation. There remain various questions, which can
only be properly answered by a detailed study of the tur-
bulence; this is now under way. It would also be interest-
ing, and perhaps even more useful from a practical
perspective, to study the corresponding axisymmetric case.

Impinging jet flows have been a particular problem for
turbulence modellers over many years. Most of the effort
has been concentrated on radial jets and it has become
quite clear that standard closure models, even second-
order ones, are not adequate for such flows. Particular
attention has to be paid to the wall-reflection terms that
appear in the modelled equations, but it has been shown
that if this is done, second-moment closures or even higher
order eddy viscosity models can achieve some success (e.g.
Craft and Launder 1996, Craft et al. 1997). Flows including
impingement onto porous surfaces have received much less
attention. The porosity models that are often part of com-
mercially available CFD packages (and are usually based on
variants of Darcy’s law) would be inappropriate for the
present case. So we conclude by pointing out that the flows
described in this paper would provide challenging test
cases for numerical modellers.
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