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Screens used in the settling chamber of wind tunnels are known to introduce non-
uniformities into the flow which, in turn, may influence the flow in the working
section. A thorough investigation was made, using a flow visualization technique, of
the development of non-uniformities generated by screens and their influence on the
flow in the stagnation region of circular cylinders placed normal to the flow. A
theoretical model of the flow downstream of screens is presented that is consistent
with the experimental findings.

1. Introduction

Screens are used in the settling chamber of wind tunnels in order to reduce non-
uniformities of the flow and to damp the oncoming turbulence. These favourable
effects of screens have been studied extensively and reviews on this subject are given
by Corrsin (1963) and Laws & Livesey (1978). On the other hand, screens introduce
their own non-uniformities into the flow. Bohl (1940), Corrsin (1944), Baines &
Peterson (1951) Morgan (1960), Bradshaw (1965) and de Bray (1967) describe non-
uniformities of the flow downstream of screens and grids of parallel rods. Bohl (1940)
and Corrsin (1944) have observed that the single jets emerging from the open parts
of grids coalesce into groups to generate velocity variations of rather large scale.

Bradshaw (1965), de Bray (1967), Furuya & Osaka (1975) report about spanwise
variations of surface shear stress in nominally two-dimensional boundary layers
which they attribute to non-uniformities generated by the last screen in the settling
chamber. A theoretical analysis of Crow (1966) has shown, that small non-
uniformities of the approach flow produce considerable variations in laminar
boundary layers.

It was suggested by Bohl (1940) and reviewed by Morgan (1960) that the flow
behind screens may, under certain conditions, be unstable and small irregularities of
the screen may cause the coalescence of groups of jets. For sufficiently large open
area ratios the regular pattern of jets is found to be stable. Bradshaw (1965),
therefore, recommends using screens with an open area ratio (open area/total area)
of #> 0.57. Mehta (1985) points to the effect of weaving properties: woven metal
screens produce more non-uniformities than flat plastic screens and a correlation
with the uniformity of weave is found.

Non-uniformities of the flow, as brought about by screens and grids, have also been
quoted as the probable cause for the regular pattern of longitudinal vortices that is
often observed in the stagnation region of cylindrical bodies placed normal to the
main flow direction. A review and detailed discussion of the phenomenon in question
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is given by Morkovin (1979). Flow instability as well as the direct effect of non-
uniformities of the oncoming flow have been considered as possible causes for the
observed vortex pattern.

The possibility that the flow near the stagnation point may become unstable was
first suggested by Gortler (1955) who pointed out that the streamlines near the
stagnation point have a concave curvature, and the flow in the boundary layer may,
therefore, be subject to a centrifugal instability analogous to the flow over concave
surfaces. The very regular pattern of longitudinal vortices observed e.g. by Colac-
Antik (1971) apparently supports the instability hypothesis. A mathematical
treatment of the stability problem by Hammerlin (1955) led him to the conclusion
that the stagnation-point flow is unstable. It was felt, however, that the results of
Himmerlin are unsatisfactory and the problem was re-examined by Kestin & Wood
(1970) and again by Wilson & Gladwell (1978), who concluded, as Hainzl (1965) had,
that the stagnation-point flow is stable.

Another approach to explain the occurrence of longitudinal vortices in the
stagnation flow is the ‘vorticity amplification theory’ of Sutera, Maeder & Kestin
(1963) and Sutera (1965). It is assumed that finite disturbances are generated in the
approaching flow, e.g. by screens or grids in the settling chamber of the wind tunnel.
In general, the disturbances contain vorticity with components in all spatial
directions. Following the streamlines past the stagnation point, the flow is accelerated
and the vorticity component parallel to the local flow direction is stretched. The
stretching of the vorticity increases the vortical velocity and leads to the observed
vortical structures. Sadeh, Sutera & Maeder (1970a) extended the boundary-layer
theory of vorticity amplification into the outer flowfield. In an experimental study,
Sadeh et al. (19705) verified that the rate of amplification depends on the scale of the
disturbances in accordance with the theoretical predictions. Hodson & Nagib (1975)
have shown experimentally that the wake downstream of a single wire produces a
counter-rotating vortex pair in the stagnation region (see figure 8) in accordance with
the theory of Sutera (1965).

Our experimental results support the view of Sutera (1965) that finite disturbances
of the approach flow are responsible for the observed pattern of longitudinal vortices
in the stagnation region of cylindrical bodies, whereas no indication of flow
instability was found. Assuming that the observed flow pattern is merely the result
of non-uniformities of the approach flow it appears difficult, however, to explain why
rather regular, almost periodical structures are observed and which mechanism
determines the wavelength of the periodical structures.

In order to get more insight into the phenomenon, the flowfield downstream of
screens and grids was thoroughly investigated by flow-visualization experiments.
Section 2 gives a description of the experimental apparatus and procedures. In §3 the
experimental results concerning the flow downstream of screens and grids are
presented and in §4 the influence of screens on the stagnation flow of circular
cylinders is discussed. Finally, in §5 an attempt is made to explain the experimental
results by means of a simplified model of the flow through grids.

2. Experimental apparatus and procedures

In order to investigate the non-uniformities of the flow generated by screens and
grids it was considered essential that the upstream conditions of the test flow are as
uniform as possible. For this reason the experiments were carried out in a water tow
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F1eURE 1. Experimental set-up in the water towing tank of the DFVLR. 1, water tank; 2, towing
carriage ; 3, towing rope; 4, screen; 5, circular cylinder; 6, splitter plate; 7, hydrogen-bubble probe
1; 8, hydrogen-bubble probe 2.

tank where the upstream conditions can be controlled more readily than in a closed
water tunnel or wind tunnel.

The water tow tank of the DFVLR Géttingen is 18 m long and has a cross-section
of 1.1mx1.1 m. A detailed description of the tank was given by Bippes (1972).
Figure 1 shows a typical experimental set-up. The flow was investigated by towing
the model (a screen or a screen with cylinder mounted downstream) through the
water at rest. For flow visualization the hydrogen-bubble technique was used. The
figure shows the arrangement of two hydrogen-bubble probes. A coordinate system
is used with the z-axis oriented in the mean flow direction and the origin = 0 at the
screen plane. The y-axis is aligned with the cylinder axis and the z-axis is normal to
the x and y-axis (figure 1).

The flowfield downstream of eight woven screens with different geometries was
investigated. The open area ratio of the screens was in the range 0.45 < £ < 0.75. In
addition, grids of parallel rods and one flat screen were used. In this paper the results
from three screens and two grids with different geometries are discussed. These
screens and grids were investigated most extensively and lead to the main
conclusions. The dimensions of the screens are shown in table 1. For further results
see Bottcher (1987).

The free-stream velocity, i.e. the tow velocity, was varied in the range
0.03m/s < U, < 0.8m/s, corresponding to Reynoldsnumbersof 9 < Re; < 240 where
Re; = U, d/v with d as the wire diameter and v the kinematic viscosity of water. By
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d M
Screen/grid no.  (mm) (mm) g= (1—d/M)?
Screen no. 6 0.30 1.10 0.53
Screen no. 7 0.30 1.23 0.57
Screen no. 8 0.30 2.28 0.75
Grid no. 1 0.30 2.00 0.85
Grid no. 2 0.30 4.00 0.93

TaBLE 1. Dimensions of screens and grids

using two cylinders with different diameters D = 80 mm and 200 mm the model
Reynolds number Rey, = U, D/v could be #aried in the range 2400 < Re;, < 160000.
The distance x between screen and hydrogen bubble probe or stagnation point of
the cylinder, respectively, was varied in the range 5 mm < x < 1460 mm.

3. The flow downstream of screens and grids

Figure 2 shows typical time line photographs of the flow downstream of a screen.
The flow direction is from left to right. The hydrogen bubble wire is placed at a
distance x downstream of the screen. Time lines are generated by a pulsating voltage
on the wire. Since the wire is pulsed periodically, a set of equally spaced time lines
appears downstream of the wire. The spacing is Ax = UAt = 11 mm, where At is the
time interval between two consecutive pulses and U the stream velocity. The time
lines closest to the hydrogen-bubble wire are shaped as the local velocity profile (i.e.
the velocity profile at the location of the wire). The shape of the time lines further
downstream has not a simple interpretation — it is determined by the infinite set of
velocity profiles the time line has experienced between its birth and the time of
observation. If the velocity profiles are not changing much between the hydrogen-
bubble wire and the locus of observation, the shape of the time line approximates a
mean velocity profile.

At large distanees behind the screen the spanwise variations of the velocity become
very small, i.e. the velocity profile is nearly uniform (figures 2¢ and 2d). The small
velocity variations appear enlarged when the time lines are observed at a larger
distance from the wire. For this reason, a large number of time lines is displayed in
each of the figures.

Immediately behind the screen (figure 2a) a periodic pattern of jets and wakes is
formed that reflects the structure of the screen, i.e. the spacing of the wakes is equal
to the mesh size. Further downstream the jets and wakes appear to coalesce to the
effect that the number of jets and wakes is reduced (figure 25). At 2 = 570 mm (figure
2¢) the distance between adjacent jets —briefly denoted as ‘wavelength’ - has
increased further. At still larger distances, x > 1400 (figure 2d), the wavelength
remains constant. Figure 3 (a—) shows the wave pattern of three different screens in
comparison.

A large number of hydrogen-bubble pictures was evaluated to determine the
evolution of the wavelength A. In figure 4 (a—) the averaged wavelength, normalized
with the mesh size M, is plotted versus the distance x for screens nos. 6, 7 and 8. Here
the averaged wavelength is the length of the hydrogen-bubble wire divided by the
number of waves. Every peak that could be resolved was counted as one wave. A
comparison of figures 4a, 4b and 4¢ shows that similar results are obtained for the
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FicurE 3. The flow downstream of (a) screen no. 6, g = 0.53; (b) screen no. 7, f = 0.57;
(¢) screen no. 8, f=0.75. 2 =570 mm, U_ = 0.16 m/s, Re, = 48.
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Ficurg 4. The normalized wavelength A/M versus the distance z for (a) screen no. 6, g = 0.53;
(b) screen no. 7, #=0.57; (c) screen no. 8, #=0.75. O, U, =0.10m/s; A, U, =0.16 m/s; [,

U, =0.37Tm/s.
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Ficure 5. The normalized wavelength A/M versus (z/M)(1/Re,,) in logarithmic scale for screens
nos. 6, 7 and 8. Details as for figure 4. , theory.
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Figurk 7. The normalized wavelength A/M versus (x/M)(1/Re,,) for (a) grid no. 1 and () no. 2
in logarithmic scale. theory. Q, U, =0.10 m/s; A, U, =0.16 m/s; 0, U, = 0.37 m/s.

different screens. Close to the screens A/M =1 as may be expected. Further
downstream the wavelength increases until a final value is reached. The increase of
A/M is dependent on the free-stream velocity U, . The final wavelength depends on
the screen geometry.

Plotting A/M versus a normalized distance £ = x/(M Re,,) (figure 5a—c) the curves
for different free-stream velocities U, collapse onto one curve. The solid lines in
figure 5(a—c) show the result of a theoretical analysis presented in §5.

Naturally, the disturbances generated by a screen decrease with increasing
distance from the screen. The decrease is apparent from the photographs of figure
2 (a—d) which show the reduction of the amplitude with increasing x. The amplitude
reduction is discussed in more detail because this quantity can be compared with
theoretical predictions.

In figure 6(a—) the normalized velocity variation AU/U, is plotted versus the
normalized distance T = x/(M Re,,) for the three screens. Here the velocity variation
is defined as AU = U, — U, in, where U, and Uy, are the observed maximum and
minimum velocities, which have been determined by evaluation of the hydrogen-
bubble photographs. The figure shows that a plot of AU/U,, versus x/(M Re,,) gives
a straight line in double logarithmic scale which is almost independent of U,,. The
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theoretical results, which are discussed in §5 are also plotted in figure 6 (a—) as solid
or broken lines. Apparently, the theoretical approach describes the experimental
results quite well.

Additional tests have been performed on grids of parallel rods. The investigation
of the flow downstream of grids is of particular interest because screens can be
regarded as composed of two grids positioned perpendicular to each other.

In all cases reported here the grid wires were perpendicular to the observation
plane. The wire diameter was 0.3 mm and the mesh size (spacing of the wires) was
2 mm and 4 mm respectively (see table 1). Details of the construction of the grids are
described by Bottcher (1987).

Results of a systematic evaluation of a large number of hydrogen-bubble pictures
are shown in figure 7(a-b). As in figure 5(a—c) for the screens the normalized
wavelength is plotted versus the normalized distance x/(M Re,,) with the effect that
all the data for different U, collapse onto one curve. As for the screens (figure 5a—),
the normalized wavelength increases with x/(M Re,,;). In figure 7(a-b) also the
theoretical result is plotted as a solid line. The theoretical curve has about the correct
slope but is somewhat higher than the experimental points.

4. The influence of screens on the flow in the stagnation region of
cylinders

Hodson & Nagib (1975) have shown that the wake of a single wire generates a
vortex pair in the stagnation region of a cylinder downstream from the wire (see
figure 8). The reversed flow between the counter-rotating vortices is caused by the
pressure rise near the stagnation point. To investigate the influence of a screen on the
stagnation flow, a circular cylinder was mounted downstream of the screen. Figure
9 shows a typical photograph of the flow in the stagnation region. Every hydrogen-
bubble line on the cylinder represents a pair of counter-rotating vortices (see Colak-
Antic 1971). The experimental parameters were chosen so that the final wavelength
was reached. Compared with the experiment of Hodson & Nagib (1975), using a
single wire, the flow downstream of the screen is more complex. Nevertheless, figure
9 shows that essentially the same phenomenon occurs in the stagnation region. For
each wake a pair of counter-rotating vortices develops. We therefore denote the
distance between two adjacent vortex pairs also as wavelength.

With no screens upstream of the cylinder no longitudinal vortices in the stagnation
region could be observed, not even for large model Reynolds numbers of up to
Re,, = 700000. Figure 10 shows photographs for various distances x between screen
and cylinder. The photographs correspond to those shown in figure 2 except that now
the cylinder is present. For a very small distance x (figure 10a) a vortex pair develops
for every mesh. In figure 105 the number of vortex pairs is reduced. In figure 10c¢,
for a distance x = 600 mm, the final wavelength is reached. In figure 10d the number
of vortex pairs has not changed compared with figure 10¢, but the vortex strength
is reduced because the amplitude of the oncoming disturbance decreases continually
downstream.

Figure 11 shows the flow in the stagnation region for a case where the disturbances
were generated by a grid of parallel rods. The photograph clearly shows the evolution
to increasingly larger wavelengths.

In figure 12 the results of a systematic evaluation for the screens nos. 6, 7 and 8
and a cylinder diameter D = 80 mm are plotted. The final wavelength is neither
dependent on the diameter of the cylinder nor on the existence of a cylinder at all
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Ficure 8. Development of a counter-rotating vortex pair in the stagnation region
(Hodson & Nagib 1975).

(compare figure 12 with figure 4). The relation between the wavelength and the
distance behind the screen is slightly changed owing to the deceleration of the flow
in the stagnation region.

The results of the experiments with screens plus cylinder demonstrate that the
vortical flow observed in the stagnation region of the cylinder is not initiated by the
cylinder, but the cylinder is merely an indicator of the flow pattern that already
exists in the approach flow and which is amplified in the stagnation region. With no
disturbances in the oncoming flow, no longitudinal vortices develop in the stagnation
region. The present investigation gives no indication for the existence of an
instability as proposed by Gortler (1955).

To confirm the last statement, additional experiments were carried out in a water
tunnel. At a distance x = 500 mm upstream of a circular cylinder (with diameter
D =80 mm) a wire (d = 2 mm) was suddenly brought into the flow and the time
interval At,, was measured which elapsed until a longitudinal vortex pair appeared
in the stagnation region of the cylinder. Again the hydrogen-bubble technique
was used for flow visualization. In a second experiment the wire was withdrawn
suddenly and the time interval A¢, was measured, until the pair of longitudinal
vortices disappeared. The measurements were performed at free-stream velocities
U,=005m/s, 0.10 m/s and 0.23 m/s corresponding to Reynolds numbers of
Re;, = 4000, 8000 and 18400. In figure 13, A¢, and Af, are plotted versus Rej,.
Apparently it is At; = At, within the accuracy of the measurements. The fact that the
pair of longitudinal vortices appears and again disappears after exactly the time it
takes to convect the upstream disturbance towards the cylinder proves that the
observed vortical patterns are a direct result of the non-uniformity of the flow and
that the stagnation flow is stable with respect to small disturbances within the
experimental range of Reynolds numbers.

5. Theoretical analysis of the flow behind grids

In this section an attempt is made to explain the experimental results of the
previous sections, namely the fact that fairly regular velocity variations are observed
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Fiaure 9. The flow in the stagnation region of a circular cylinder. The disturbances were gener-
ated by screen no. 7. Flow from the left. U, = 0.16 m/s, Re, = 48, z = 930 mm, D = 80 mm.
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Ficure 11. The flow in the stagnation region of a circular cylinder. The disturbances
were generated by an array of parallel rods. Flow from the left. M = 2.0 mm, d = 0.3 mm,
U,=0.10m/s, Re; = 30, x = 40 mm, D = 80 mm.

in the wake of screens and grids and that the wavelength of the variations is
continually increasing in the downstream direction until the amplitude of the
disturbances is decreased below a small percentage of the free-stream velocity.

The theory presented in the following does not assume, as is usually done, that the
velocity variations are brought about by the coalescence of two or more jets
emerging from the screen pores although it shall not be questioned that the
coalescence of jets, or wakes, may be observed under certain conditions. The
theoretical analyses of Bohl (1940) indicate that coalescence of jets may occur as
the result of flow instability provided that the intensity of the jets is large, i.e. the
variation of the velocity between jets and wakes is not small compared with the mean
velocity. Observations have shown, however, that the wavelength of the disturbances
increases downstream even though the amplitude becomes extremely small.

An obvious explanation for the increase of wavelength in the downstream
direction is that the small wavelength components are more rapidly damped than
disturbances of larger wavelengths. It will be assumed in the following that woven
screens are not perfectly uniform, i.e. the mesh size is not exactly constant but varies
in arandom way. As a result, the wake behind the screen not only contains variations
having a wavelength equal to the mesh size and its harmonics, but also variations
with larger wavelengths. In fact, velocity disturbances with a continuous spectrum
of wavenumbers will be generated by the random variations of the mesh size. Why
then are the variations downstream of the screen fairly regular, showing a dominant
wavelength ? The answer is roughly as follows. The spectrum of wavelengths is cut
off at very small wavelengths because these are rapidly damped. The very large
wavelengths are cut off because the generation of large wavelength components (by
random variations of mesh size) is very improbable as will be shown by the following
analysis.

There remains a fairly small band of wavelengths of those spectral components
that are sufficiently large to be observable downstream of the screen.

Since the wake behind a screen can, approximately, be made up of the wakes of
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Fiaure 12. The normalized wavelength A/M versus the distance x between screen and stagnation
point of a circular cylinder (diameter D = 80 mm). (a) screen no. 6, § = 0.53; (b) screen no. 7,
£ =0.57; (c) screen no. 8, f=0.75.
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Fiaure 13. Time lag versus Reynolds number Re,,. O, At,: time lag of the appearance of a
vortex pair. [J, At,: time lag of the disappearance of a vortex pair.

two grids, oriented at 90° to each other, the following analysis can be restricted to
a two-dimensional wake behind a grid of parallel rods.
The velocity distribution behind a grid of N parallel rods at positions y,, is:

N
u=U-X Wy—y,) =U-u (1)
n=1
where U = constant and the ‘wake function’ W(y—y,) describes the velocity-defect
profile behind a single rod at position y,,.
In order to calculate the velocity distribution at a large distance downstream of
the grid, we consider the Fourier decomposition of u’:

y o 2niK
w=2X Wly—ya)= Z ax@XP( ] y) (2)
n=1 K=—x
where [ is the width of the grid, which is the number of rods N times the average
spacing M, i.e 1= MN. 3)

According to (2) the wake is assumed to be periodic with period ! = NM. This
assumption is not a serious restriction if N is a sufficiently large number.
Assuming that 4’ < U, the equation of motion for «’ is, in linear approximation:

ou’ o’
The initial distribution of «’ (at x = 0) is given by (2). With this initial condition the
solution of (4) is: / w oniKy A K
W= 3 aygexp ] exp W . (5)
K=—00

The coefficients ay follow from Fourier transformation of (2):

_21;1Ky) dy.

llN

ak =7 z W(y—yn)eXP<

0n=1
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We are mainly concerned with the Fourier components for small wavenumbers
—N < K < N (i.e. large wavelength A > M) since these are the only ones that survive
far downstream from the grid, while the large wavenumber components decrease
rapidly with increasing x as shown by the exponential factors exp (—4n*K*vx/Ul%) in
(8).

Now, for small wavenumbers (—N < K < N) the width of the wake function
W(y~—y,) is small compared with the wavelength A > M so that the wave factors
exp (—2niKy/NM) in (6) do not change appreciably over the width of the function
W(y—wv,), which therefore acts like a Dirac d-function on the wave factors and (6) can

be approximated by: N .
Ay =% Y exp (_inllg_:ﬁ), (7
n=1

with qg= W(y)dy. (8)
wake
For a perfect grid the rods are at positions y, = Mn and, according to (7) the
coefficients ay are zero except for K = 0,N,2N, 3N, ... reflecting the fact that the
wake is periodic, like the grid, with period M.
Large wavelength components of the wake flow are generated by irregularities of
the grid. To investigate the effect of irregularities, we assume that:

Yo =M(n+3d,), (9)

where the 8, are small random numbers, |3,| € 1. The average value of 8, is zero and
the standard deviation (variance) is _
ot =6z, (10)

Inserting (9) into (7) gives, with { = MN:

N . .
_q —2niKn —2niKo,
Ay = M——N”)_El exp (—N )exp (———N . (11)

For |K| < N and |d,| < 1 the second factors in (11) can be approximated by:
exp(—2mK8”) N 1_2mK&”

N )7 N
and (11) becomes:

N O N O
aK=—q—Zexp( 2mKn) g 2nK 2mKn)' (12)

M2 N ) NMN Zw”"""( N

n=1
The first sum in (12) represents the Fourier components for a perfect grid, which are
different from zero only for |K| = 0, N, 2N, .... The component with K = 0 corresponds
to a constant mean velocity of the wake while the large wavenumber components
with K = N,2N,3N,...,are rapidly damped in the downstream direction. We
therefore retain only the second term of (12) which represents the Fourier components
with small wavenumbers 0 < |K| < N. Writing

N -
N "
n=1

it can be shown at once, that the quantities Ay are again (complex) random numbers
having zero mean values and the variance:

A E = N6 = No=. (14)
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Thus we have: Ay = -N—g—u% for 0 < |[K| < N. (15)
Inserting (15) into (5) and interpreting (5) only for large values of x, so that the
Fourier components with |K| 2 N can be neglected, we obtain

, _2ng & K niKy 4n*K*vx
V=, = whkex p( NM ) XP( UNMEE ) (16)
Taking the square of (16) and averaging with respect to y gives a representation of
u’? by its energy spectrum:

. 4mg 2 (K 8m2K?
WE = NZAZ*K_Z ( )|AK|2exp( gﬁﬂﬂ;‘) (17)

For N o0 the sum in (17) may be replaced by an integral over k = K/N and |Ag|?

by its mean value |A|* = No?, because, as a function of k, |Ag|* oscillates rapidly

about its mean value and the oscillations do not contribute to the integral.
Writing K/N =k and (¢/M) (v/UM) = %, (17) becomes with N— c0:

4n2q2

2

8

a? J k% exp (— 8n2k3z) dk. (18)

Equation (18) shows that the spectrum of w2 has a pronounced maximum at
k = 1/(8n2%)i. The corresponding wavelength is A = M/k or:

A/M = (8n2z). (19)

The fact that the spectrum of »’# has this pronounced peak can explain the rather
strange observation that the wake downstream of the screen has an almost sinusoidal
velocity distribution (see e.g. figure 3) the wavelength of which increases continually
with Z. The theoretical result, equation (19), also shows good quantitative agreement
with the observed wavelength, as shown in figures 5 and 7 where (19) is plotted as
a solid line. L
Equation (18) also allows us to predict the decay of the amplitude (u%)? of the
velocity disturbance. Performing the integration in (18) and taking the square root
gives:

M0y 1 anbp=0.22397 L

=31 Sy e

(20)
It remains to determine ¢/M and o.

The term ¢ is defined as the integral over the velocity defect profile of a single rod
and related to the drag coefficient of the rod. It can, therefore, be related to the
pressure loss coefficient ¢, = Ap/(3p) U? of the screen. It is:

ﬁqﬂ ~ e, 21)
72\3
and we get: (“U) = 0.056 CD%. (22)

with £ = (/M) (v/UM).

The standard deviation o of the screens used is not known exactly but
its magnitude can be inferred from a technical data sheet of standards for woven
screens according to which the permissible average deviation of the mesh width is
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+6%. In order to compare the theoretical decay law, equation (22), with
observations, experimental ¢,-values were used. The ¢, -values can be approximated
by ¢p82/(1—f) = 7/(Re,)}. The standard deviation o was chosen so that a best fit was
obtained with the experimental data of figure 6. The velocity amplitude AU, plotted
in figure 6, is defined as (Upyy — Upia), Which is easier tolobserve experimentally than

(w2 AU was assumed to be, roughly, AU = 24/2(u"?)%, so that:

AU o
0. 0-16%x_g- (23)
Figure 6 shows that a very good agreement with experimental data could be obtained
for suitable values of o which are between 3.5 % and 6.5 % and thus compatible with
the cited standards. The theoretical decay law, equation (23), also explains the small
additional effect of the Reynolds number Re,; which is displayed by the experimental
points and which is theoretically due to the small Reynolds number dependence of
the drag coefficient c;,.

The above analysis cannot explain that a final wavelength is reached for large
values of z. It should be noted, however, that the final wavelength is not reached
before the amplitude of the disturbances decreases below a few per cent of the free-

stream velocity.

6. Conclusions

Flow-visualization experiments have led us to the conclusion that the regular
pattern of vortices observed in the stagnation region of c¢ylindrical bodies is directly
related to the non-uniformities of the oncoming flow and not the result of a
stagnation point instability. Moreover, a theoretical analysis could explain why there
are fairly regular variations of the streamwise velocity component in the flow
downstream of screens. The evolution of the mean wavelength and the decay of the
velocity variations agree with the theoretical predictions.

The present investigation is restricted to variations of the streamwise velocity
component. For woven screens, due to the three-dimensional nature of the weave, it
is expected that variations of the flow direction are also generated by small
irregularities of the screen. The spanwise variations in boundary layers observed (e.g.
by Bradshaw 1965) have been attributed to such variations of the flow direction in
the oncoming flow.

The flow visualization experiments described in §3 of the present paper pre-
suppose that the flow downstream of the screen is steady. For large screen-Reynolds
numbers Ud/v, the flow through the screen becomes turbulent and the unsteady
motion will smooth out non-uniformities of the mean flow. It is informative to
compare the decay of turbulent fluctuations with the decay of the steady non-
uniformities.

According to theoretical studies of Loitsiansky (1939) and Batchelor & Townsend
(1948) the energy of homogeneous turbulence decays in the final stage like u’2 ~ 7%,
In contrast, Birkhoff (1954) and more recently Saffman (1967) conclude that the
turbulence energy ultimately decays like #’2 ~ 2%, which agrees with the decay law
presently derived for steady non-uniformities, equation (22). The different results
follow, basically, from different assumptions about the energy spectrum at low
wavenumbers. Loitsiansky’s result follows from an energy spectrum that, for k >0,
has the form E(k)=bk*+... while Birkhoff’s decay law results from an energy
spectrum E(k) = ak®+....
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There are few experimental results on the decay of turbulence in the final period,
and it appears that the accuracy of the experimental results is not sufficient to prove
one or the other theory. It is possible that the energy spectrum and the decay law
depend on the way in which the turbulence was generated initially. A summary of
various possible decay laws was given by Rotta (1972). For the steady non-
uniformities considered in the present study the energy spectrum for small
wavenumbers is E(k) ~ k* (equation (18)) and consequently the decay law is
u’® ~ 2%, The evolution of the mean wavelength A ~ z# agrees with the corresponding
law for the turbulence lengthscale.
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