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Abstract

This is Part III of a series of three papers describing
the design and development of the Fluid Mechanics
Research Laboratory (FMRL) 60x18 cm’ wide-angle
screened-diffuser blower tunnel. In this part, the design
and -development of the settling chamber and the
contraction are described. The calibration schemes for the

determination of the. quality of flow at the contraction

exit and the results are reported. The results show that the
tunnel performs satisfactorily. For the current
configuration, the maximum speed of the tunnel is 13.95
" m/s with the nen-uniformity of the freestream less than +
1.5% and with the average boundary layer thickness less
than 3 mm. At another lower speed; the speed of 7.29
m/s, the non-uniformity is less than + 2.2% and the
average boundary layer thickness is less than 4 mm.

1. Intreduction

As discussed in Part I, generally, the desired standard
condition for the flow in the test section of a wind tunnel
is steady, uniform, with low freestream turbulence level.
Other qualities that may be of concern are, for example,
the thickness and the uniformity of the distribution of the
thickness of the boundary layer and the uniformity of the
skin friction coefficient at the contraction exit.

Depending on the flow that is to be investigated and on ‘

the flow diagnostics that is to be employed, the
requirements of these qualities vary. For example, for
high quality flow visualization, very low freestream
turbulence level is often required of smoke tunnels. This
is also true for wind tunnels. that are used for study of
laminar-to-turbulent transition.

Although the exit flow from a screened diffuser of a
blower tunnel can be made fairly uniform, it is often far
from being uniform and steady epough.. And, most
importantly, it often has swirl and high freestream-

turbulence level. To condition the exit flow from the-

diffuser, two main components are employed: a settling
chamber and a contraction. In a settling chamber, there
are a honeycomb and a series of screens. A honeycomb 1s'
mainly used for removing swirl and lateral mean velocity

variation, while a series of screens is used for removing-
mean velocity variation as well as turbulence. On the
other hand, a contraction is used for accelerating the flow
to a desired speed in the test section as well as for
removing mean  velocity variation and freestream
turbulence.

In this part, the settling chamber and the contraction
of the FMRL wide-angle screened-diffuser blower tunnel
are described. The calibration results for the tunnel,
specifically the uniformity of the mean velocity and the
boundary layer thickness, are reported. Unfortunately,
owing to the lack of measuring instrument, the data on
turbulence intensity are not available. We shall report this
when they become available..

2. Settling chamber

Two main components in a settling chamber are a
honeycomb and a series of screens. Honeycombs come in
various cell shapes and sizes. The most common shapes
commercially are probably a hexagonal, a circular, and a
square. However, '‘Bradshaw and Pankhurst (1964)
suggested that in wind tunnel application the cell shape
was not so critical so long as the ratio between its length
and diameter was between 6 to 8. Thus, the choice
depended more on the availability. On the other hand, the
cell' size should be less than the smallest lateral
wavelength of velocity variation. Generally, 50 cells per
settling chamber diameter should be adequate for a

~ settling chamber fitted with a number of screens.

It is important to note that, although honeycombs, as
well as-screens, are used to suppress turbulence, they also
generate turbulence. For a honeycomb, it suppresses the

" incoming turbulence mostly through the: inhibition of
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latetal components of the fluctuating velocity. At the
same time, it generates turbulence through shear-layer
instabilities in its near wake region. Loehrke :and Nagib
(1976) studied these two mechanisms and found that the
character of the fine shear layers emerging from a
honeycomb had strong influence on the level, structure,
and decay of turbulence farther downstream. By putting a

fine mesh screen at various downstream distances from



the exit plane of a honeycomb, they were able to modify.
the characteristics. of the emerging shear layers. Their
results indicated that,- the reduction of turbulence was
effective as long as the screen was positioned upstream of
the point where - appreciable growth of large- scale
instabilities had taken place. This corresponded to .the
distance of approximately S honeycomb meshes. In
addition, their results suggested that the most effective
location for the screen was right at the exit plane. As a
result, for effective suppression of turbulernice they
recommended the use of @ honeycomb in combination

with a screen1, the honeycomb cell length as short as

possible provided that the cell length to diameter ratio

was approximately equal to or more.than 10, and the .

screen installed within 5 honeycomb meshes downstream
of the exit plane of the honeycomb.

A series of screens ,is generally used in a settling
chamber for removing mean velocity variation and
- turbulence from the flow downstream ‘of a honeycomb.
We. have reviewed some theoretical and . experimental
results for flow through screens from past studies in Part
I1. At this point, it suffices to emphasize for reference and
to add some of the relevant points for the apphcatlon of
screens in a settling chamber.

Firstly, for flow through a screen, the factors of
reduction of mean velocity variation were given by

I+a-ak ., for longitudinal component, (1)
l+a+K'
and a, for lateral component, 2)
(Batchelor, 1953), and the factors of reduction of

turbulence intensity were given by,

0.63

. , for longitudinal component, 3)
\/l-j+ K’
092 , for lateral component, 4)

JI+K'

(Sathapormnanon et al., 1999). The last two equations are
the modifications of the theoretical results of Dryden and
Schubauer (1947) using the experimental results of
Townsend (1951). For nomenclature in these equations,
see Part IL

Secondly, to the question of the open-area ratio of
the Sreens, as Bradshaw (1965) pointed out, the use of
screens of open-area ratios less than 0.57 generally
causes instability of the flow behind them owing to
random coalescing of the emerging jets, ultimately
resulting in spanwise variation in boundary layer
thickness and surface shear stress. Therefore, it is
recommended that the screens with open area ratios more
than 0.57 be used.

Thirdly, to the question of the number of screens, the
determining factors are the desired factors of reduction in
mean velocity variation and turbulence level (Egs. 1-4) —

particularly those of the lateral components. In addition,
owing to a relatively low throughflow speed ina settling
chamber - particularly at high  contraction ratio, the
percentage of loss through screens in a settling chamber
is rather small compared to those of the upstream
components. Therefore, loss should not be a ljmiting

factor.

Fourthly, to the questlon of the spacmg between
screéns, because small-scale turbulence generated by the
wire wakes behind a screen generally requires a distance
of 500. wire -diameters- to decay, and because multiple
screens are most effective for the reduction of turbulence
when they. are mounted far enough apart so that the wire
wakes of one screen decay before the next screen is
reached, it is therefore recommended that the screens be

“spaced at least 500 wire dlameters apart (Bradshaw and

Pankhurst, 1964).

Finally, it is mteresting to note that the factors of
rediction “of turbulence given in-Eqs. 3 and 4-are. the
approximates at-a point behind the screen. Due to the
decay of turbulence, further reduction is achieved as the
flow evolves . downstream. Experimental results of
Townsend (1951) suggest that, for a-screen with mesh 16
and wire diameter of 0.25 mm, further reduction of
approximately 50% for both components is achieved at
the distance of 600 wire diameters.downstream.

3. Contraction

Similar to screens, contractions also help removing
mean velocity variation as well as turbulence. Batchelor
(1953) gave the theoretical treatment of an axisymmetric
contraction with a contraction ratio ¢ as: the factors of
reduction of percentage mean velocity variation,

H= Lz , for longitudinal component,  (5)
c
1 :
v=— for'lateral component, 6)

Je
and the factors of reduction of turbulence intensity,

1

U= — 3 ln(4c3 )1}, for longitudinal component (7)
2c ’

vi= %\/E , for lateral component. 8)
c

For nomenclature in these equations, see Part L. »
Uberoi (1956) studied the effect of  square
contractions of area ratios 4, 9, and 16 on isotropic grid-
generated turbulence by measuring turbulence velocity
fluctuations at various points from inlet to exit. The
results showed decrease in absolute magnitude for the
longitudinal component and increasew for “the lateral
component for the contraction ratios of 4 and 9. This is in
agreement with the theoretical results in Eqs. 7 and 8.
(Note that Eqs. 7 and 8 are the equations for the ratios of
the relative turbulence intensity at the exit to that at the
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inlet, not for the ratios of the absolute magnitudes of
turbulence velocity fluctuation. To get the ratios of the
-absolute magnitudes of the turbulence velocity
fluctuation, multiply the corresponding equation by the
contraction ratio ¢. This also applies to Eqs. 5 and 6.)

However, for the contraction of area ratio 16,. the -

longitudinal component first decreased and then
_increased as the flow reached the contraction exit.

In addition, further measurements in the test section
downstream of the contraction exit showed slight
‘increase in the longitudinal component and decrease in
the lateral component and, as a result, the turbulent
energy in all three components tended to equalize. The
results showed that the decrease in energy of the lateral
component was due mainly to viscosity than to the
transfer of energy to the longitudinal component, whose
“energy, as a result of this transfer, slightly increased.

It is interesting to note that thete seems to be no
general consensus regarding the best wall shapes for a
contraction. Various wall shapes were studied and used,
‘ranging from an eye-design, a polynomial, matched cubic
arcs, matched elliptic arcs, etc. The choice, to some
extent, depends primarily on the experience of the
designer and the ease of making. The most common
shapes, nonetheless, seem to be based on polynomials of
various degrees. However, irrespective of wall shapes,
for finite length contractions, therc are regions of adverse
velocity gradient on the walls at each end (Bradshaw and
. Pankhurst, 1964). In other words, the wall-velocity has a
local minimum near an inlet and a-local maximum near
the exit. Hence, there are dangers in having flow
separation at both ends. As a general guideline, it is
desirable to have a relatively large radius of curvature at
the inlet and a relatively small radius of curvature at the
exit to avoid flow.separation.

Other desirable properties required of a contraction

besides: the uniformity of the exit flow and the avoidance-
of having flow separation are minimum length and
minimum exit boundary layer thickness. However, there
is a trade off between the length and the boundary layer
thickness. A short contraction runs the risk of having
flow separation owing to too steep pressure gradient
while a long contraction causes thick exit boundary layer.
Generally, the suitable length of contraction ranges
between 1 to 1.5 times the inlet diameter. For further
details on the design of contractions, see, for example,
Bradshaw and Pankhurst (1964), Morel (1975,1977), and
Downie et al. (1984).

4. The settling chamber and the contraction of the
FMRL blower tunnel

The settling chamber has a nominal. inner cross-
section of 100x100 cm?® (102x102 cm? actual) and length
of 134 cm. Flow conditioniing devices in the settling
chamber consist of (see Fig. 1 in Part I), from upstream to
downstream, a screen of mesh 4 and wire diameter of 0.6
mm (f= 082, K'= 0.27); a honeycomb made of
sections of PVC pipe, 15 mm in inner diameter, 1 mm
thick, and 125 mm long (length-to-diameter ratio of 8.3
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and approximately 60 cells per settling chamber width),
sandwiched between fwo mesh 4 screens; and a series of
seven household screens of mesh 16 and wire diameter of
0.24 mm (B= 0.72, K'= 0.54). The spacing between
devices are uniform at approximately 130 mm.

Flow conditioning devices, i.e., honeycomb and
screens, are constructed on wooden frames. The frames
are 102x102 cm? in inner dimensions, 10 cm in width,
and 4.3 cm in thickness. Each’ of the seven screens is -
sandwiched between a pair of frames. In the making, the
sereen is stretched and stapled onto one of the frame and
the two frames are tightehed together with bolts and nuts.
Similarly, five frames are used for the honeycomb. The
three inner frames support the staggered pipe sections,
the two outer frames at each end sandwich the end
screen, and the five frames are tightened together with
bolts and nuts. There are total of 29 frames, 14 for the
screens, S for the honeycomb, and the rests are used as
spacer frames. :

The structure of the settling chamber is made of
wood, built into a box-like structure with flanges at both
ends. The floor and the ceiling of the settling chamber are

~made of aluminum plates while the side walls are made

of ply wood 15 mm thick. Both side walls can be easily
removed. By designing the settling chamber as a box and
frame inserts this way, the flow conditioning devices-can
be arranged and re-arranged as desired, and the screens
can be easily removed for cleaning. The spacers can be
used to adjust or change the spacing between screens as
needed. In the current configuration, the spacing between
screens is uniform at 130 mm, one spacer between
screen-assemblies.

Owing to the difficulty in the making, for the
contraction we made no attempt in doing any elaborate
design calculation except taking some general guidelines
into considerations. In addition, from our past experience
the: polynomial of degree 4 seems.to work quite well
(Rassame et al., 1998). Therefore, the shapes of both.
pairs -of walls, top-bottom and left-right, are polynomials
of the form '

y(x)=a, +ax+a,xt +ayx’ +axt, )

which allows for five specified conditions. The five
conditions that we choose are the positions and slopes of
the wall at the inlet and the exit, and the location of the
inflection point, i.e., ' :

=

at the inlet: - y(0)= ‘2—1 , ¥'(0)=0,

' W
at the exit: y(L)= 72 , Y'(L)=0,
at the inflection: y'(x,)=0,

where W, and W, are the widths of the inlet and the exit
respectively, L is the contraction length, x, 1is the
location of the inflection point, and the origin of the

coordinates is at the center of the inlet. In the current
configuration, the top .and the bottom walls have the



profile, looking from side view, with W;=100 cm,
W,=18 cm, L=1.5W,=150 cm, and x,=(2/3)L, and
both side walls have the profile, looking from top view,
with W, =100 cm, W,=60 cm, L=1.5W,=150 cm, and
x;=(2/3) L . Figures la and 1b show the normalized
profiles, y (x"), as well as the first and the second
derivatives of the normalized profiles, y* and y*", of

the top-bottom and the side walls respectively, where
x*=x/L and y*=y/L.
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Fig. 1. Normalized contraction-wall shape and its first

and second derivatives: (a) top and bottom
walls, (b) side walls.

The total length is chosen to be 1.5 times the inlet
width to avoid large pressure gradient (in the making, an
additional straight section of 10 cm is added at each end
for ease of support) and the inflection point is chosen to
be located at (2/3)L to allow for a relatively large radius
of curvature at the inlet. For comparison, if the inflection
point is located at (1/2)L, we have an anti-symmetrical S-
curve with a linear second derivative and with equal radii
of curvature at the inlet and the exit. This is to be
avoided, especially if the contraction length is short, for it
runs the risk of having flow separation at the inlet owing
to steep adverse pressure gradient.

The contraction is made of 2.5-mm thick steel plates.
For the construction, the resulting wall profiles were first
transformed into the actual plate profiles for cutting.
Then, the plates were cut and rolled at the wide ends into

a

the desired shapes. (The original plan was to roll at both
ends. However, due to some mishaps, only the wide ends
were rolled.) All four walls were then welded at the wide
end first. Then, the plates were gradually heated, bent
into shape, and. welded at the narrow end. In this bending

-process, the bottom wall was slightly bent out of shape,

resulting in a strip of locally high curvature along the
span at approximately 33 cm upstream of the contraction
exit flange. After finished, the shapes of all four walls
were checked with templates and the local error of the
profiles was found to be within + 1.5 cm.

5. Calibration Schemes

Two types of calibration were conducted. For
uniformity. of the mean flow, the velocity distribution at
the contraction exit was measured. For the boundary
layer thickness, the boundary layer profile was measured.
As mentioned in the Introduction, unfortunately, the
turbulence intensity could not be measured at this time.
Both types of calibration were done - for two tunnel
speeds, corresponding to the settings of an inverter of 25
Hz and 50 Hz. Only the results for 50 Hz setting are
presented-in details.

The measurements of the mean velocity distribution
were done with a standard pitot probe with inner diameter
of 1'S mm and outer diameter of 4 mm. The
measurements were made at the location approximately
0.5 cm upstream of the contraction exit flange, ie.,
approximately 9.5 cm downstream of the zero-slope
termination point. The spatial resolution of the
measurement grids was 4 cm x 2 cm. The measurement
grids, the coordinates system employed, and the
designation for each wall as viewed from downstream of
the contraction are shown in Fig. 2a.

The measurements of the boundary layer thickness
were done by measuring the velocity distribution in the
boundary layers along.the periphery of the contraction
exit. Since it was expected that the boundary layers were
thin, a smaller probe than the existing standard probe was
needed. Therefore, a smaller laboratory-built pitot probe
was made. This probe was made from a hypodermic
needle with inner diameter of 0.8 mm, outer diameter of
1.2 mm, and length of 11 cm. To make a pitot probe, the
sharp end of the needle was cut straight and filed, to
make a probe tip. Care was taken in filing so that the

“probe tip was circular — inside and outside - by carefully

filing the cut mark off without bending the needle. (After
removing the plastic receptor, the other end could be used
as a tip too. Some filing may still be necessary.) Then,
the stem was bent 90° at approximately 3 cm from the
probe tip, resulting in the straight section from the tip to
the stem approximately 27 mm - 22.5 times the outer
diameter of the probe. The plastic receptor at the other
end of the needle was then removed, and the needle was
inserted and glued into a stainless steel tube of inner
diameter 2 mm, outer diameter 5 mm, and length 32 cm.
The length of the straight section of the needle between
the bent and the stainless steel tube was approximately 5
cm. The probe was then calibrated against the standard



probe employed in the measurement of the mean velocity '

distribution over the range of 2 to 15 m/s, no significant
deviation was detected.

The measurements of the boundary layer profile
were done at a total of 16 locations along the periphery of
the contraction exit — at 5 and 3 uniformly-spaced
locations along €ach wider and ‘each narrower wall,
respectively - and at the' same streamwise location as the
measurements of the mean velocity distribution. Figure
2b shows the measurement locations. For the
measurements, the probe was traversed at [-mm step
from the wall. On the one hand, since the boundary layers
were relatively thin compared with the size of the probe,

“but on the other hand, since only the thicknesses, not the
profiles, were desired, no elaborated correction scheme
was applied to the measurement data to correct for the
effects of the probe size, of wall proximity, etc.

~Finally, all the pressure measurements were made
with an Auto Tran Inc. préssure transducer model 750D-
212 with range + 0.5" WG and accuracy (supplied by the
manufacturer) 0.25% FS.
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Fig. 2. Coordinates system and measurement grids:
(a) for mean velocity, (b) for boundary layer
profile.

6. Results and discussion

Figure 3a shows the mean velocity distribution at the
contraction exit for an inverter. setting of 50 Hz. The
uncertainty in the measurement is estimated to be + 0.08
m/s. For the contour plot, the velocities at the grid points
on each wall are substituted  with the average value of the
freestream  vélocities from the boundary. .layer
measurements along that wall. The average velocity over
the cross'section is then determined to be 13.95 m/s with
the non-uniformity of + 0.2 m/s, a non-uniformity of less
than + 1.5%. _

Similarly, for an inverter setting of 25 Hz (Fig. 3b),
the average velocity is determined to be 7.29 m/s with the

non-uniformity of + 0.07 m/s. However, the uncertainty

for the measurements in thi§ case is estimated to be +
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0.16 m/s. Therefore, the non-uniformity is estimated to
be less than + 2.2%.
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Fig. 3. Mean velocity distribution at the contraction
exit: (a) inverter setting 50 Hz, (b) inverter

setting 25 Hz.

The results for boundary layer measurement for the
case of an inverter setting of 50 Hz are shown in Figs. 4a
to 4d. The average boundary layer thicknesses along
walls A, B, C, and D are determined to be less than 3, 3,
3, and 4 mm, respectively, the overall average of less
than 3 mm. The results show that the thickness of the
boundary layer along each wall is relatively uniform.
Nonetheless, some irregularity seems to be present along
wall D (the bottom wall). Since the spatial resolution of
the measurements is relatively low, we offer no further
details regarding the boundary layer profiles. It suffices
to mention, however, that such irregularity, if it exists,
will not cause any difficulty in our planned research
programs. The reason is that, in our programs, thick
turbulent boundary layers are required.
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Fig. 4. Normalized -boundary layer profiles along the
contraction exit walls : (a) wall A, (b) wall B,
(c) wall C, (d) wall D.

For the case of an inverter setting of 25 Hz, the
average boundary layer thicknesses along walls A, B, C,

and D are less than 4; 3, 3, and. 6 mm, respectively, the

overall average of less than 4 mm.

7. Conclusions v

This is the last part in the series of three papers
describing the design and development of the Fluid
Mechanics Research Laboratory (FMRL) 60x18 cm?

wide-angle screened-diffuser blower tunnel. In this part,

the design and development of the settling chamber and
the contraction were discussed. The calibration schemes
for the quality of the flow generated as well as-the results
were reported. . :

For the current configuration, the maximum speed of
the tunnel, measured at the contraction exit, was
determined to be 13.95 m/s with the non-uniformity of +
0.2 m/s, a non-uniformity of less than + 1.5%. The
average boundary layer thickness over the periphery of
the contraction exit was less than 3 mm. At another lower

_speed, the speed of 7.29 m/s, the non-uniformity was

Al

estimated to be less than + 2.2%, and the average
boundary layer thickness was less than 4 mm.

From the calibration results, we conclude that the
tunnel performs quite’ satisfactorily. The quality of the
flow generated is more than sufficient and well suite for
our planned research programs.
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