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SUMMARY

A blower tuﬁne] is an open-circuit tunnel driven by a
centrifugal blower at the entry: usually the blower is a standard
commercial unit, rather than a special design, wifh a rotor carrying
aerofoil-section blades as distinct from radial vanes. This project
was initiated to gain a better understanding of the performance of
blower tunnel components and so make their design more scfentific,
logical and successful. The design and performance of the blower,
d%ffuser and screens are discussed in detail because of the strong
influence of theseAcomponents on tunnel performanéé;' Soﬁe of the
| material has been bresented‘in a review article (Mehta, 1977): this
.'thesis contains extra original work and some of the discussion is
”sﬁperseded by the present one. |

. Design rules for wide-angle diffusers are presented, based
’main]y on correlations of data collected from existing designs. For a
diffuser usiﬁg gauze screens for boundary layer control, the important
" parameters are found to be the diffuser angle, area ratio, number of
screens and the overall pressure drop coefficient of the screens.

Screens are by far the most popular means of preventing
separation in wide-angle diffusers and so a detailed investigation was
carried out on the effecté of‘gauze screens on turbulent flow. An
incidental finding is that commercial polyester screens yield more
uniform flow, away from the boundary layers, than metal screens,
evidently because they are more evenly woven. It is shown that
geometric parameters, such as the open-area ratio and co-p]anarity of
'tﬁe‘screen,and aerodynamic.barameters, such as the magnitude and

direction of the incident flow, can affect the pressure drop and, hence,



(1)

tﬁe uniformity of the emerging flow-field. A mofe accurate %ormu]ation
for the def]ection‘toefficient or "refractive index" of a screen is also
proposed.

Tests on single-inlet centrifugai blowers revealed vortices
in the outlet flows. It is shown how this swirling motion can be used
to advantage in preventing separation on the wide-angle diffuser walls.

Contraction and working section designs, which have been
studied widely over the years, differ little betwéen open-circuit and
closed circuit tunnels, and are thus discussed here in lesser detail.
| Detai]s.of an experiment on the effects of free-stréam
turbulence on large sca]é strﬁcture in turbulent miX1n§ 1ayérs are aiéo

included.
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CHAPTER 1

el INTRODUCTION

The design of a blower-driven wind tunnel such as that
»shown in Fig. 1.1 is a combination of art, science and commonsense,
the last being the most essential. It is difficult and unwise to
predict firm rules for tunnel design. This is mainly due to the wide
variety of tunnel designé and the lack of'understanding of the flow,
in particular, turbulent shear layers in wind tunnel components like
the diffuser, screens and the 51ower itself. Moreover,ain blower
tunneis, the retufn circuit flow through the 1abofa£ory,'whith can
affect the tunnel f]ow symmetry significantly, depends on such varied
facfors as the size of the laboratory and the position of the tunnel
aﬁd other obstacles. It is more feasible and sensible to predict
approximate design-béundaries based on data from existing tunnels which
are kndwn tﬁ perform satisfactofi]y. In this project, design boundaries
or suggestions have been drawn both from data on existing tunnels and
from résu]té of some originaT experiments on the more important tunnel
components.‘ _

- The earliest wind tunnels were open-circuit suction designs
with an unobstructed intake and an axial fan at the exit, Fig. 1.2,
a]though the Wright Brothers' tunnel had an axia]ifan in the intake.
The expanding passage or "diffuser" downstream of the working sectibn
is intended to decelerate the flow and recover some of its kinetic
energy in the form of a static pressure rise, thus reducing power
cohsumption. Some sort of.transition section between the working
secfion and the fan is essential unless,the working section is circujar,

and the optimum fan efficiency is obtainedﬂif the cross-sectional area



at the fan is between 2 and 3 times that of the working section so that
some of the static pressure. is recovered. It is, therefore, usual to
place the fan near (often at) the ‘end of the diffuser.

Since the 1930s, when the strong effect of free-stream
turbulence in triggering early transition of the Taminar boundary layer
became apparent, emphasis has been laid on wind tunnels with low Tevels
of turbulence and unsteadiness. Consequently, most wind tunnels too
large for a laboratory, and many laboratory-size tunnels as well, have
been designed as closed—circuit types to ensure a smooth return flow.

A possible distinction between turbulence and 1rrotat1ona1 unstead1ness
and their causes in wind tunneTs is discussed by Bradshaw and Pankhurst
(1964). Essentia]]y, working section disturbances with a wave]ength
greater than the working section 1ength itself should be classified as
unsteadiness and measured as such. Genuine turbu]ence can be regarded
as.cpnsjsting of random vortex lines and is, therefore, three-dimensional,
rotational and has no strong]y-preferred direction of mot{dn.‘ In high
performanee tunnels, mean ve1ocity variations across the working section
 are expected to be less than + 0.2% in magnitude and = + 0.19 in direction
about the mean, with a turbu1ence intensity level (measured with a low
frequency. cut-off corresponding to a wavelength equal to the length of
the working section) less than 0.1%. The h%gh pass fj1ter setting may
typically be 5 - 1Q Hz, depending on the working‘eection size, and the
low pass setting, to discount the high frequency noise generated within
the electronic equipment, about 10 KHz: 1ittle tunnel turbulence

N remains at frequencies above this. | '

It has been found that open-circuit blower tunnels with
centrifuga1 b1owers (wtth backward-facing aerofoil-type blades) at the

‘entry, Fig. 1.1, are much less sensitive to disturbances in the entry



flow than suction tunne]s. Open-circuit tunne]s'usua]ly have.dust
ff]ters attached t&itheir in]ets which reduce these disturbances

- anyway. Also, centrifugal biowers run with reasonable steadiness and
efficiency over a much wider range of f]ow conditions than axial fans
do, go that quite large changes in power féctor Can be accepted. The

power factor:-

' H
A= r————
. A

3 ys
2 po Uo 0

is défined as the ratio of input power to the rate of kinetic enérgy*~
flux in the working section. Furthermore, disturbances or blockage in
~ the working section can great]y‘affectzthe flow into a fan downstream
but have virtually no aerodynamic effect on an upstream blower. Some
of the first blower tunnels designed include: Clauser's boundary layer
tunnel (1954) and the Liverpool University 4' x 2' tunnel (1959); the
latter had an éxia] fan. B

| | The general arrangement of abbtower tﬁnne] is similar to
that of a sﬁction tunnel. However, a diffuser is génerally'needed
between the blower and the settling chamber, while the diffuser down-
étream of the working section is no ]onge;wnecessary forlthe‘fan's l
sake. It may even be omitted if f]exibi]ity of working¥section
arrangements is more important than pressure recovery. . Pressure
recovery in the diffuser that matche§ the blower to the settling
qnchamber is usually uﬁimportant for'teaspps mentioned below, and it is
now customary for this diffuser to be a rapid ("wide-angle") one with
sometmeans of bbundéry layer control. For a blower operating»at
_maximUm efficiency, the dynamic pressure at exit is much 1ess'than‘the

static pressure rise and, therefore, oh]y a'few_per'cent of the working



section dynamic pressure; Consequently, a sma]]vstatic pressure
recovery or even aﬁ overall. loss, due to boundary layer control
devices, can bé accepted in the wide-angle diffuser. Such diffusers
have also been ﬁéed for some time past in c]osed?circuit tunnels,
usually between the fourth corner and the settling chamber: McLellan
and Nichols (1942), Squire and Hogg (1944), RAE 4' x 3! (1946), Squire
~and Nihter, (1953) and Cambridge University cascade tunnel (Rhoden,
1951). In both casés, the object is to reduce the overall length of .
the tunnel. Details of hany tunnels, together with advice on 1Qw speed
wind tunnel design, can be found in Bradshaw and Pankhurst (1964).

The main aim.of wind tunne]ldesign ﬁs'to'p;oduéé a éteady.
flow with spatial uniformity in the working section, over a range of
Reynolds numbers. The Reynolds number (Re), which is proportional to
| tHe ratio of a typical inertia force to a typical vischs force and
strong]y influences the behaviour of boundary 1ayérs and wakes, is the
most important non-dimensional group a§ far as Tow speed wfﬁd tunnel
design is concerned. It is not essential to reproauée the exact Re in
- model tests since transition of boundary layers can be artificially
stimulated and quantities like the skin friétion, whose variation with
Re is known, modified according)y. For a_given Re, the required speed
of the flow is inversely proportional to thé mode] sfze. The upper
speed limit for b1pwer tunné]s is.set by the tunné1 pdwér and structural
" limitations. The power consumption of a tunnel increases as (speed)®
and loads on the tunnel structure and mode]_increase as (speed)®. The
" annoyance value of draughts in the room also increases as (speed)2.
Consequently, a working section Re per metre of more than about 3 x 10%
. (a épeed of about 40»msF]) is rare in blower tunnels of whatever size,

‘and commercial blowers capable of producing such a speed in a working



section more than about 1 m* in area are also rare,

The coﬁfigyration of a wind tunnel is often decided by the
size of the working section. Most tunnels with a working section diameter
gréater than aboﬁf a metre have return circuits with cascades of corner
vanes. (The term "diameter" is defined as the diameter of a circle with
the same cross-sectional area as the component). One of the main reasons
for this is that a large open-circuit tunnel would be of rather
ihconvenient dimensions,.mainly jn length; in a return—circuit tunnel,

the exit diffuser can accommodate the first.cornef. However, in order
| to save 1aboratory space or due to the lack of it, some;b]ower tunng]s
nowadays also incorporate a corner in the exit diffﬁsef,'thus°exhaustihg
vértica]]y upwards (or back towards the inlet with two corné?s). This
problem is further magnified by the requirement that the open-tunne1

akis must not be too near the ceiling, floor or side walls, andvthe
~inlet must not be ¢1oser than 1 - 13 times its own diameter from the end
wall. This.is to ensure that fhe "open return“ circuit through fhe
1abora£ory is not unduly interfered with. It}has been known for blowers
p1aced.with their inlet too near an obstruction to develop a fbath-tub“
vortex at the entry which can result in a fall of the blower RPM and,
hence, the efficiency. In some suction tunnel installations, a honeycomb
or screen partition has to be fitted across the room to ensure that the
return flow arrives at the entry w{th a re]ative1y'sma11 degree of swirl,
"~ although in most cases, it is sufficient to install a honeycomb or
splitter at the tunnel entry. On the other hand, a room containing an
open-circuit tunnel should not be too large since the performance of
thése tunnels is liable to-suffer from draughts.which may themseives
induce a vortex motion. Coﬁsequent]y?'outdbor tunnels almost always

have return-circuits.



On average, ciosed-circuif tunnels have a better flow and
lower. power factor‘than the average open-circuit tunnel mainly because
most open-circuit tunnels are small and often without exit diffuseré.
Since the disturbed air from the working section is not directly
recirculated in an open-circuit tunnel, and because of the absence of
corner vanes in most cases, one would tend to believe the converse, and
indeed the Indian Institute of Science at Bangalore has built a 14' x 9'
(4.3 m x 2.7 m) open-ciréuit tunpe] with a maximum speed of 350 ft/s
(100 m/s) and a power factor of about 0.15. An important point to note
is that the working section pressure in a blower tunne]_with.an exit
diffuser is always less thaﬁ atmospheric and so sbufioﬁs'jets; norma1>'
to the mainstream, result from holes left unpatched. Also, an open-
circuit tunnel flow suffers less from temperature changes since it is
ndt directly recirculated and soworking section condjtion; are more
ngar]y constant with time thaﬁ those in an unvented return-circuit
working secfion. ‘

Blower tunnels are often used for cascade tests, boundary
layer §tudies and similar work where the flow leaving the working
section is greatly disturbed. The omission of an exit diffuser
necessarily makes the power factor, A greater than unify because the
whole of the kinetic energy flux through the working section is Tost
at exit, but the gain in flexibility of working séctidn arrangement
"~ usually outweighs this. Some of the blower tunnel working sections
used in the Aeronautics Department at Imperial College are shown in
Fig. 1.3. Even with such varied working section arrangements, a high-
qué1ity flow can be obtained in a well-designed blower tunnel. This,
togéther with the saving of.space and constructional costs, makes the

blower tunnel an attractive proposition both for general purpose work



and for specialised working section afrangements;

The’maih components of a blower tunnel, starting from the
upstream end, are the centrifugal blower, wide-angle diffuser,
settling chamber, contraction,'working section and sometimes an exit
diffuser,'Fig. 1.1.

The air is sucked through the centrifugal blower inlet aﬁd
a total?pressure risebimposed upbn %t. It is important to assess
the quality of the flow from a cgntrifuga] blower.and how it changes
with loading, because the performance of components downstream is
dependent on it. In the wide-ang]é diffuser the cross-section is
expanded, usually in the least possible axial disfaﬁce'shbjéct‘to the
avoidance of severe flow separation which can lead to unsteadiness.in
the working section flow. The most popu]ar means of prevénting sévere
séparation in the diffuser is to install wire-gauze screens. Screens
operate'by reducing the total pressure of high-speed regions more than
that of IOQ-speed regions (e.g; boundafy layers) so that downstream of
the region of static pressure perturbations caused by the screens, the
ve]ocify is more uniform and»the boundary layer further from separation.
The screens'in the wide-angle diffuser incidentally help to reduce the
turbulence of the flow, but further screens and the hoﬁeycomb intended
primarily to reduce turbu]ence_are installed in the settling chamber,
where the cross-sectional area is largest, so as to mfnimize the losses.
: The honeycomb reduces irregularities in the flow direction, removing
any swirl still present,and reduces the turbulence level, and the
screens improve the flow uniformity and steadiness besides further
reducing the turbulence 1ntensfty. In the'contraction, the mean velocity
_is increased and percentage spatial or temporal variations are further

reduced. This flow, with the desired'qua11ty, then passes through the



working section. The eXit diffuser and corner optionris settled by
considefing the tuﬁhe] power factor and working section flexibility.
The order in which. these components are discussed below reflects the-
relative importance attached to them as far as the tunnel performance
is concerhed, rather than a recomiended sequence of design. Each
chapter is nearly self-contained, vital information from other éhapters
being repeated for convenience.

We start the detai]ed discussion of blower-tunnel design .
with an aécount of the design and performance of wide-angle diffusers
(Chapter 2) followed by a critical analysis of the flow through‘gauze
screens (Chapter 3) and 6f thé aerodynamic perfbrmanbeﬁof Céntrifuga1'
blowers with special reference to the exit flow (Chapter 4). The
desigh of the remaining tunnel components, contraction, settling
chamber and working section, is much the same as for return-circuit
tunnels and is discussed in Chapter 5. Blower-tunnel design rules and
suggéstions derived or inferred from the previous chapters are summarized

in the form of conclusions in Chapter 6.
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CHAPTER 2
" <. WIDE-ANGLE DIFFUSERS

2.1 General Considerations

| ‘Although diffusers are widé]y used, their flow characteristics
are still not fu11y-understood. The flow through a diffuser inevitably
depends on its geometry, defined by the area ratio, wall expansion
angle, cross-sectional shape and wall contour. Other parameters such
as conditions at entry and exit and boundary layer control devices, if
ahy, also affect the diffusér performance. With an arbitrary combination.
- of these parameters, the flow through a diffuser bé¢OmesAtoo-diff1cu1f
~to predict in detaf]. The issue is further complicated by the
.'occasional presence of boundary layer separation caused by the adverse
pfessure gradients‘necessari1y present in a diffuser; It was in fact
this.separation in a conical diffuser that inspired Prandtl and in
1904, the concept of boundary layers emerged.

These features, coupled with tﬁe}genera] problems of

'predictfng the behaviour of turbulent flow, make the diffuser one of
the least understood fluid flow devices. Almost all the knowledge
acquired about diffusers is empirical.’

Diffusers can be classified into two distinct categories:-

(1) Exit'diffusers.' Exit diffusers, as fitted, for example,

after a wind tunnel working section, generally have very gentle
expansions with an "equivalent cone éngle" of between about 5° (for
best flow steadiness) and 10° (for best pressure recovery), and an
'afea ratio (Qutlet to in]et) not exceedihg<about 2.5. The equivalent

cone angle of a diffuser is defined as the included angle of a



13

circular cone having the.same inlet afea, out]et:area and length as

the given diffuser:j In the case of a two-dimensional diffuser, the
concept of an equivalent wedge 15 more useful. It is important to

have a reasonable degree of flow steadiness in the exit diffuser, since
otherwise the pressure recovery tends to fluctuate with time, and,
therefore, so does fhe tunnel speed if the input power is nearly
‘constant. The flow in this class of diffusers is intended to be fully
attached and their desigh is fairly well catered for by existing methods.

For a review, see Cockrell and Markland (1974).

(i1) Wide-angle diffusers. The uniformityiof flow in a wind

tunnel can be-greatly improved if a contraction section or nozzle of
large area raﬁio is provided immediately upstream of}the working section.
If a large diffdser area ratio is required, so as to provide a large
contraction ratio,.a long conventional diffuser, with an equivalent
cone “angle ﬁf 50, is undesirab]é'economica]]y. For instance, if a
contraction ratio of 12 is required; a 5° diffuser with a length of 20
‘times fhe working-section diameter would be needed. A short diffuser,
with a large area ratio and, consequently, a large equivalent cone |
angle, is then installed. This is a "wide—ang]e"«diffﬁser,,defined as
a diffuser in which the cross-sectional area increases so rapidly that
‘sepération can be avoided only. by using boundary 1ayer control. In
this survey, all diffusers with an equivalent cone angle of greater
than 6° are taken as wide-angle diffusers, although this is by no means
a universé] definition. |

| A wide-angle diffuser should be regarded as a means of
reddcing the length of a diffuser of gfven-area ratio, rather than a

device to effect pressure recovery. Uniformity and steadiness of the
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flow at the diffuser exit are of‘prime concern since this affects the
performance of vita} components downstream. In particu]ar, intermittent
separation in‘the wide-ang]e_diffuser would almost certainly result in
an unacceptable level of flow unsteadiness in the working section,
Effectively, the static pressure rise is sacrificed for compactness and
for uniformity and steadiness of the exit flow. |
| One of the most popular means of preventing separation in
wide-angle diffusers is by introducing screens of perforated metal or,
more usually, woven wire gauze. For the smal]er blower tunne]s; the
cheaper plastic (nylon or polyester) mesh screens may be strong enough
A screen is usually specified by the "mesh", def1ned as the number of
openings per lineal inch (1/2), and by the wire diameter (d). Given
these two specifications, the screen open-area ratio 8, equal to
(f ~ d/%)* for square meshes, can be determined. | |

_ Gauze screens make the ve1oc1ty prof11e more uniform and
thus reduce the boundary layer ‘thickness. The ability of a ‘boundary
layer to withstand a given adverse pressure gradient is increased when
~ the boundary layer thickness is decreased, because pressure-gradient
parameters such as (6*/Tw) ggfare smaller for a given-gg. Therefore,
a screen, besides removing the direct effects of boundary layer growth
and_incipient separations, gives the bouddary layer a new lease of life
so that a further pressure rise_can be negotiated.withogt separation.
However, the corner flow in a wide—ang1e diffuser of rectangular

| cross-section is still 1iable to separate because of secondary flow

o effects, but, providing that the seperation region remains confined to
the corner regibn, this\just "fi11s-up" the corners andrdoes not present
a mejor problem, espeeielly since the pressure recovery is notvof

‘primary importance. Screens also reduce the turbulence intensity level
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in the whole Flowfield and refract the incident flow, towards the local
norma],'downstreamiof the gauze. These last two factors, however, do
‘not necessarily take thé boundary layer fufther away from separétion,
although further downstream of the screen, the boundary layer growth
rate couid be reduced due to Tower entrainment frbm the core fiow which
now has a lower turbulence level, remembering that tunnel bohndary
1ayérs often have high freé-stream turbulence - even when the flow is
not a fully developed duct flow which it Sometimes is.

\ The effectiveness of a conventional woven wire screen
Adépends largely on its pressure drop coefficient (K), which is defined
as the ratib of the stafic pressure drop acfoss tﬁé screén (Ap) to the
dynamic pressure of the uniform parallel flow dpproaching the screen
"(q = %-pUg). .Thu5, K= Ap/q; Kis a function-of B, the Re based on the
wire diameter, and‘e, the inlet flow angle. The refractive index of
the screen (u), defined as in optics, is about 0.9 y/T ¥ K, for small
angles of incidence. Allowance for its effect on lateral component
velocity (Bafche1or, 1970) modifies simple formulae for the |
' atténtuation factor for velocity non-uniformity. The simple formulae
suggest that a single screen with K = 2 eliminates small non-uniformities.

A detailed analysis of flow through gauze screens is givén
below in Chapter 3. _ o -
| In a widé-ang]e diffuser,.it is better fo‘use several
screens, each with a re]atiVely low value of K (say between 1 and 2)
: and preferably placed at the points where the flow would otherwise
separate, than to use a single screen with a large K. This is because
increasing K at one station in the diffuser has Tittle effect on the

'skin friction at a station much further downstream. The most

efficient diffuser, needing the fewest scréens, is in general one with
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curved walls, which distributes the extent of the adverse pressure
gradient. However,-straight-wa11 diffusers, with discontinuities of
wall slope at entry and exit, are easier to build and perform
satisfactorily if fhe eqdiva]ent cone angle is nof too large. In
“inviscid f]ow; a stagnation point occurs at a concave corner aﬁd an
infinite velocity at a convex-corner, and it is only the presence of
the boundary layer that smooths out the flow. Even so, separation is
Tiable to occur upstream4of a concave corner (at least in the absence
of bohndary layer control) with reattachment further downstream,‘thus.
"~ setting up a separation bubble in the corner. In the case of a convex
corner, separation is Tiable to oécur at ihe ¢ornér,ana ﬁeréiét for a |
long distance downstream. The positioning of screens, as will become
apparent later, is also of vital importance, particularly in straight-
wall diffusers.

Diffuser behaviour is greatly affected by the flow condjtions
at entry. A relatively thin boﬁndary layer with stéady flow conditions
at entfy would, no doubt, delay separation and ihprove pressure
recovery conéiderab]y. Conversely, non-uniform or inclined entry f]ow
can lead to'early separation. Liepe (Kachhara, 1973) investigated the
effect of swir]ing-fiow, characteristic of single-inlet centrifugal
b]owers (see Chapter 4), in conical diffusers and found that the
distribution of longitudinal velocity component wés more important
thanAthat of the circumferential one. Liepe concluded that although .
rotation Qecreased the diffuser efficiency, it was possible to use it
to advantage in preventing separation. In our tests on centrifugal
b]bwers (Section 4.2), it Was also found that swirling flow could, if
suifab]y controlled, aid flow attachment in a wide-angle diffuser. The -

effect of inlet conditions on the'outlét velocity profile is less in
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screened diffusers than in any other type of diffuser because of the
strong effect of gauze screens on the whole flowfield.

~ Diffuser efficiency (n) can be defined as the ratio of the
gain in pressure energy to the loss in kinetic energy. For the simpleSt

case where the velocity is uniform over the cross-section:-

Pout = Pi - o
o = fout ” Pin - ()
7fp(ui - Uout)

This efficiency is generally Tow when the prevention of
separation depends on the action of one or more screens. The principal
losses are due to the pressure drop across the screens. Since, as
'»exp1ained_in_Chapter 1, this is not of primary importance in blower
tunnel entry diffusers, little will be said about efficiency in what
follows. |

- Section 2.2 presehts an analysis of about a hundred wide-
aﬁg]e diffusers, installed mainly on low-speed wind tunnels. Section
. 2.3 reviews further wide-angle diffusers using boundary layer control
devices Other than screens and Section 2.4 is a discussion of design

rules besed on the analysis of Section 2.2.

2.2 Optimum Design Charts for wide—Ahg1e Diffusers

The four most important parameters in a wide-angle diffuser

are: -

(1) the area rat1o, A;
(i1) the d1ffuser ang]e, 29;
(iii) the number of screens within the diffuser, n;

(iv) the pressure drop coefficient of each screen, K.
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The diffusef angle 28 is defined as fhe angle between two
straight lines joiﬁ;ng the inlet to the outlet, as shown in Fig. 2.1.
If the'diffuser angles are different in plan view and in elevation, the
Jarger is taken to define 20. This definition is slightly different
from the "equivalent cone angle" gefined in Section 2.1 but is probab]y
more relevant for short diffusers.

In analysing published data, the pressure drop coeffitient
of each screen ié estimated in terms of B, from Collar's (1939)
equation: K = C(1 - B)/B?, where the constant C is taken as 1. The
validity of this equation for varying speeds and four different screens
is discussed in Section’3.3.2.‘ This formula may Be Eoﬁs%stént1y B
overestimating slightly for the screens near the diffuser entry, where
"the flow spegd is relatively high, say-greatér than 10 m/s, and
'uﬁderestimating slightly for the screens near the exit. However, the
overa]] effect on the present aﬁa]ysis is negligible. |

| Schubauer and Spangenberg (1948) inferred desidn»ru]es from

their own experimental results. In this 1nvestiga£ion, data have been
" collected from many séurces. Results are biased towards the Schubauer
and Spangenberg rules because mény later designers have relied on
them, evidently successfully. The present analysis can be regarded as
a reassessment and extension of the 1948 rules. Schubauer and
Spangenberg used screens to obtain “fully fil]ed"'conditions (negligible
regions of separation) in straight-walled diffusers of circular cross-
section, aiming for zero pressure recovery. They also designed and
" tested a natural streamline-shape diffuser, and derived a relationship
between A and K for straight-walled diffusers (Fig. 2.4).
o The datahédilected for this analysis were taken not only

‘from the “successful" diffusers, but also from a few in which separétion
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occurred or which otherwise performed. unsatisfactorily. A successful
conffguration'is défined herein as one in which the flow is attachéd
-almost everywhere and hés a fairly uniform velocity profi]e with an
acceptable turbulence intensity level at the outlet. On the whole,
diffusers of which théir‘designers have been proud enough to write them
up in the literature have been assumed successful. As well as recording
parameters (i) to (iv) above, a note was made of sbme of the other
igeometrica] parameteré of the dfffuser, 1ike the cross-sectional and
wall shapes, the screen shape (i.e. whether plane or curved), and of
Vthe type of wind tunnel (return or open-circuit) to which the
particular diffuser was fitted. A]} the coiIecte&‘Aéta are tabu]ated'
in chronological ofder ianable 1, and combinations of parameters are
plotted in Figs. 2.2, 2.3 and 2.4. |
| It must be noted tha; most of the diffuser geometry

measurements_were taken from small published drawings and are thus
.susceptible to small errors. It is thought, however, that this will
not affect tﬁe overall conc]usfons in any critical way.

iIn Fig. 2.2, the area ratio is plotted against the diffuser
ahg]e. The number of screens for each configuration is épecified, and
smooth curves have been drawn to enclose the successful configuration
points for combination of 0, 1, 2 and 3 screens. The diffuser cross-
section and wall shape for each configuration are.é1$o shown in.this’
figure. The Tline AB differentiates between diffusers with straight
walls and curved walls and curve CD is the zero-screen, unseparated-
flow Timit suggested by Kline et al (1957).

Fig. 2.3 is.based on the same axes as Fig. 2.2, but to a
different scale, and shows‘Qiffusers using various other methods for

boundary layer control.
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Fig. 2.4 is é plot of the sum of preésure drop coefficients

'of all the screens,iK (Z_%?), vs area ratio. A straight line (EF)

sum

is drawn so as to include the maximum number of successful configurations,

and passing through the point KSum = 0, A = 1, which represents the

limiting case of no diffuser‘at ail. In this figure, diffusers

containing curved screens are distﬁnguished from those containing plane

ones. A configuratidn is defined as containing curved screens if half

or more of the total number of installed screens are curved. The dotted

and chain-dotted lines in this figure show the formulae of Schubauer and

Spangenberg (1948) and of Squire and Hogg (1944), respectively.
The'imp]icatﬁon of these results for Widé-énglé'diffuser"

design are discussed in Section 2.4.

2;3 A Review of the Other Types of Boundary Layer Control
Devices

2.3.1  Splitter System

4 ‘The main effect of a splitter system is to increase the
total displacement thickness of the boﬁndary layers so that the
effective diffusion angle becomes smaller. In potential flow, a
symmetrically piaced splitter would have 66~effect. 4

Splitters in wide—angie diffusers were extehsive]y tested
by.Raju and Rao (1964). The system consisted of a conical diffuser,
split into eight, roughly triangular, expanding passages. Assuming
s uhiform or axisymmetric flow at the 1n1et,'ea¢h passage captures an
equa] proportion pf the diffuser mass flow. Due to boundary layer
growth in the éma11é¥'inc1uded angie of.the inner corners of the

_Passages, a larger reduction of mass flow per unit area occurs along
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these corners. This, tdgether with the high adverse pressure gradient,
‘causes the flow tolgeparate;in the corner, and immédiate]y @ ]dng bubble
is formed near thé diffuéer axis, the rear portion containing a well- |
defined, intense vortex. The bubble deflects the incoming flow outwards
and after passing through the nar:ow "throat", the flow is entrained by
the vortex. A small separation trip placed on the ciuster apex is
sufficient to maintain the vortex-type flow pattern. The entrance loss
can be reduced by sharpening the vane leading edgés. Flow uniformity
depends on the vortex position, which can be'suitab1y varied. For this
splitter, satisfactory uniform flow was obtained at the exit, with

about 55% efficiency, at‘an afea ratio of 15 (cbnfighrétioh'23);

Welsh (1976) reviews some passive flow control devices
jncluding one with radial spikes - "star" -which is a variation of the
Raju and Rao.idea, although this device has finite thickness and does
not spén the whole Tlength of the diffuser. He found that a star with
eighf‘afms proved most satisfactory; the same number as Raju and Rao,
~although this system produced a doub]e-peaked profﬁ]é. The geometry
- and location of the star were found to be strongly dependent on the
inlet flow condition. Welsh successfully used a star flow control
device in a wide-angle diffuser of area ratio 4 and 20 =.22?

(configuration 57).

2.3.2 Suction Slots

The idea of using suction slots to control boundary layer
" separation is originally due to Griffith (Gfiffith and Meredith, 1936).
The wall is shaped so that the diffuser has constant high ve]ocity
upstream of thé s]ottand'constant low velocity downstream. Thus, all

‘the flow retardation takes place over the slot. Let us consider a -
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streamline in the bouhdary layer, immediately upstream of the slot,
above which the f]Jid possesses sufficient kinetic energy to overcome
the pressure increase occurring across the slot. The stream]ineA
considered must then be made to stagnate on the downstream slot lip.
Thus, by removing through the slot those fluid particles having
1hsuff1cient kinetic energy to overcome the adverse pressure gradient,
separation isvprevented} This category of diffusers, 1ike for example
the Griffith diffuser, 15 found ﬁo have a performance far superior'to
that of comparable straight-walled diffusers. Yang'gg_gl (1973) also
used s1ots‘satisfactori1y on Griffith diffusers of both circular and
annular cross-section (configuration 47). Howevér,lsubfibn‘s1ots méy |
not be very successful in diffusers with rectangu]ar cross-sections.

‘ A review of boundary layer suction experiments and methods
of calculating laminar boundary layers with suction is given in

Lachmann (1961).

2.3.3 Trapped Vortex

- The original idea of separation control by a trapﬁed vortex
is due to Ringleb (1961). On the basis of potential flow theory, and
ﬁsing a few results from viscous flow theory, he derivéd the condition
for a flow in a 2-D duct containing two standing vortices. The vortex
energizes the boundary layer through forced mixiﬁg wffh the outer
stream. Difficulty has been experienced in retaining a stable vortex
system since energy is lost within the cusp due to skin friction.

| There are two common methods of energizing the vortex.
‘Hdight and 0'Donnell (1974) used a jet from a slot which reinserted
into the flow the energy 1o$t (configuration 48). Adkins (1975) hsed

what is probably a simpler scheme, a “b]eed-pff" from the vortex, which



23

is rép]aced by air of a higher energy level from the mainstream
(configuration 52)3 By 1ocating a fence just downstream of the vortéx,‘
" the amount of bleed reqﬁired'for a given area ratio can be controlled.
This diffuser exhibited low total preséure loss and high static

pressure recovery, and so a high efficiency.

2.3.4  Vanes
Small inlet guide vénes placed near or At the diffuser

inlet can improve performance appreciably (Moore and Kline, 1958). If
ihe flow is at an incidence to the vanes in "side~view", they act as
simple aerofoils, reducing the pressure gradient ﬂﬁ the'main'wall, and
this is believed to be their function and mechanism for separation
;'de1ay. Moore and_K]ine used multiple, short, straight vanes placed
jdst downstreém of the throat and eliminated all sepération up to
'diffuger.an§1es of 45° (configuration 13). For a wide-angle diffusef
with 261= 450 and'1ength-to;entrance-width ratio 8, five vanes (length
to entrance Qidth ratio = 2) were successfully used.
| | .A variation of this idea was used by Lawson (1971) for his
"egg-box" diffuser. He expanded 3.46 : 1 from the swirl-free exit
annulus of contra—rofating fans to a rectangular duct (height = tip
diameter). Three uniformly spaced horizontal plates divided the
diffuser into 4 eﬁuai area layers. Curved verticé] vénes divided
each layer into 8 equal-area ducts. The appreciable design and
manufacturing effort produced a good outlet distribution with an
efficiency of about 0.75. |

_ Another variation of this is to use vortex generators,

‘which shed longitudinal vortices, increasing mixing in the boundary

layer. Mabey and Sawyer (1974) prevented separation in their wide-
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ang]eAdiffuser/(configuration 50) by mounting two ;ontra—rotating o
vortex generators of “gothic" planform at 159 incidence. = faylor (1950)

gives some useful design criteria for typical diffuser application.

2.3.5 Miscellanecus Methods

| “The Pope and Goin (1965) perforated cone is used in several
blow-down supersonic wind tunnels. Their cone faces upstream from the
settling chamber, into the diffuser, and stfaightens the flow through
the numerous perforations. This type of cone, with an included ang]e
of 90°, was used by Azzouz and Pratt (1968) in their inlet diffuser
(A= 5.5, 26 = 60°). Gibbings (1973) used a variation of this method
and emp1oyed'an upstream-pointing pyramid gauze in a wide-angle diffuser
of area ratio 16.7 and 26 = 540; a very severe geometry. ‘These
Qbstream-facing cones are used as flow straightehers rather than f1ow
spreaders for which pufpoSe a downstream-facing cone, fitted at the
diffuséf entry, would be more successfd]. The upstream-facing cone
obviously has a smaller pressure drop and perhapsva]SO aéts like a
splitter, reducing the overall diffuser éng]e.

Migay (Kachhara, 1973) used transverse ribs, with vortices
set up in between, to prevent separation in a wide-angle diffuser. He
found that thé méximum advantage due to these was realised ét
26 = 40 - 45°, when the energy spent in the vortices ber unit of energy
~ saved due to suppfession of sepéfation was é minimum.

Tennant (1973) used a form of moving wall for boundary
~ layer control in a wide-angle diffuéér;, Hé had two cylinders, one on
each side of the diffuser entrance, rotating in the.f]ow direction.
The s]ow-moviné f]u{d'ih the boundary layer inftia]ly formed in the

-diffuser inlet is accelerated by the moving walls.
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2.3.6 Summary of Boundary Layér Control Methods

Diffusérs with very severe geometries (large A and 28)
require a large number of screens for satisfactory performance. AccesS
for cleaning becomes difficult and if the entry.épeed is high, the
loading of the fifst few screens may be severe. All thesé factors
suggest that other methods of boundary layer contrb] may bé preferable
to screens for diffuseks of extreme geometry.

A11 these boundary layer control methods increase mixing
in the boundary 1ayer‘above its natural level and so promote transport
of momentum towards the wall, thus delaying separation.v‘The effectiveness
of these methods, therefore, fa]ﬁs with increase ﬁn.eﬁfry bbundéry—]é}er
thickness. These methods do have certain advantages over screens in
thét they can cope with solid particles or vapour that might -be present
iﬁ the stream and also do not support any 1arge'aerodyhamic 1bads.
Furthermore, vanes and splitter clusters can remove any swirl in the
f]ow,ahd can act as sound absorbers or'heat exchangers. |

However, for common diffuser geometriés,'screens‘shou]d be
~ used, since they serve two purposes by not only preventing or delaying
separation, but also 1owering:thé turbulence intensity level and
generally steadying the flow. Most of the,other‘devices, such as
splitters and vanes, actually increase the turbulence level by shedding
tur5u1ent wakes. Moreover,'screens are easier tovinsta11 than most of |
the other boundary layer controi'deyices discussed. The results of

this survey (Figs.'2.2 and 2.3) seem to justify these suggestions.

2.4 Discussion

2.4.1 Design Rules

In Fig. 2.2, the curves enclose diffusers which are claimed
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or implied by the1r or1g1nators to be v1rtua1]y free of separation,

with fairly un1form velocity profiles and acceptable turbu1ence levels
at exit. A few conf1gurat1ons that did not perform satisfactorily are
also shown on the figure and most of them Tie outside their respective
curves. All the curves have an approximété]y hyperbolic shape. As the
value of n increases, the hyperbola vertex moves to a higher value of 26
and, to a lesser extent, also to a higher value of area ratio, thus
implying a greater dependence of n on 20.

The asymptotic behaviour of the upper parts of the curves
implies that one can have 1nf1n1te1y 1ong diffusers, free of separation.
. According to Townsend (1976) the maximum diffuser ang]e for a 2D
channel, for which unidirectiona],‘self-preserving, fully-developed
flow is possible without any form of boundary layer control is 4.3%,
.Thus, if we assume that roughly the samerresult app]ies to diffusers of
near-square cross-section, a1i the curves should eventda]]y asymptote -
towardé.a line 20 = 4.3°, since we arevon1y considering a finite
number of screens in the infinitely long diffuseré. As far as the lower
regions of the curves are concerned, there must exist an accepted
separation 1imit line beyond which, with short and very wide-ang1ed
diffusers, we have, in effect, flow over a backward facing step. This
. maximum diffuser ahg]e probably depends on the pressure-drop coefficient
of the corner screen, but a safe 1imit suggested by the collected data
in Fig. 2.2 is 26 = 559, |

The hypothesized 1imit line (EF) in Fig. 2.4, which is

7" represented by the equation: Av=’]'14'Ksumv+ 1, includes not only most

of the successful combinations, but.also a few unsuccessful ones. These
unsuccessful configurations satisfying the limiting line in this figure

“do nof; as it turns out, satisfy their respective curves in Fig. 2.2.



27

These particular diffusers have about the right Ksum_for the given area
}ratio,but»too'farg; a diffuser ang]e,and include éonfigurations 3c and
‘ d, and 5f and i. On tﬁe other hand, the unsuccessful configurafion 14d

satisfies ifs curve in Fig. 2.2, but not the one in Fig. 2.4,implying
that the number of screens installed is enough but not the overall

K-value. There are no unsuccessful configurations satisfying both the

hypothesized curves except 44 and 50, which will be discussed later.

Thus, an overall design hypothesis is pdt forward thaﬁ if a
diffuser configuration, with a sensibly-chosen wall shape.and sensibly-
Tocated screens, satisfies its respective curves in both the Figs. 2.2
and 2.4, then it should perform successfully. Wall shape and screen
location are discussed in more detail in Section 2.4.2.

A few of the apparently successful configurations do not
sétisfy bbth the Hypothesized conditions. A]though,-as mentioned
beforé, the curves are not inflexible, we ndw take a closer Took at
these so-called "abnormal" cases (5s, r; 12 and 23d, e). (Configufations
43 and 56 are used as test-cases and are discussed below in Section 2.4.3).

Diffuser 12 was used as a jet muffler and thus primary
attention was given to reducing the noise Tlevel of the jet. The walls
were made of perforated metal sheet with a 2 in thick_outer:covering‘of
fibreglass. This arrangement could, in-effect, providg suction at the
walls, thus prevent{ng possible separation. In any cése, the flow did,
appakent]y, separate at the sharp in]ét corner. The othgr point to note
is that this diffuser had a free outlet and thus the adverse static-
pressure’gradient is not increased just upstream of the outlet, as is
the case with diffusers whose wall angle changes abruptly at the start

‘of a paraliel duct. | |

- Raju and Rao (1964) tried various screen arrangements for
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their wide-angle diffuser (A = 15, 20 = 380). About nine screen
arrangements were Found to give relatively steady flow, but only two
(23d and e), gave a good degree of fi11ed condition in the diffuser.
The exit velocity profiles for these two arrangements were, however, |
found to be very siﬁi]ar to that uf a fully developed turbulent pipe -
flow, implying a high turbulence intensity level, which may not be
acceptable, , |

_ In the case of Schubauer and Spangenbérg's (1948) diffuser
A (5j, k, 1), attached flow was achieved in all three cases, but 5j
with the six 22-mesh screens gave an overall efficiency nearer fo zero,
the others giving negative efficiencies. With diffuser B, the suggested
optimum combination (5r) of two 54-mesh and one 30-mesh screen gave a
slight sepération in the diffuser. The five 30-mesh screens (5p),
aithough claimed to be "too many" seem to give a "fu11y filled"
condition and this is the combination suggested for diffuser B by
Figé, 2.2 and 2.4, The velocity profiie for diffuser C (5s) showed
that the boundary layer was quite thick and some ésymmetry in the flow
near the exit was also noted. This reinforces the suggestion of Fig. 2.4

that a higher K may be needed in this case.

2.4.2 Ana]yﬁis of the Desigh Rules

The rules embodied in Figs. 2.2 and 2.4 séem to suggest a
satisfactory proceﬂure for wide;angle diffuser design, pfovided that
certain other design factors are kept in mind. |

In analysing these\factokS;«it became apparent that diffuser
designs fall into. two major categories. In the first category are
diffusérs which are”désigned simply to fulfil the requireménts -

“perhaps not very accurately specified in the first place - with the
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finer design points ignored. In the other category fdll diffusers
designed with a mo;e cautious attitude, where all the optimum design
points have been cons{dered. The latter category includes the larger
retufn-circuit wind tunnels because of the greater financial risks

involved.

(i) - Inlet conditions. - The first important factor involves the

flow conditions at entry to the diffuser, which, as discussed above,
affect the diffuser performance markedly. In the case of diffuser 50a,
it seéms surprising that the flow should separate, considering its
1ocation in‘Fig. 2.2. The reason for ma]functioﬁ_cbulaiwéli be thé
rather thick boundary layers at the diffuser ehtry, and a high adverse
‘pressure gradient ih the diffuser, due to the high flow Mach number in
the working section. On the other hand, Squire (1953) obtained attached
flow in an unscreened diffuser -of area ratio 16 and diffuser angle 109,
presumab]y.thanks‘to the thin iﬁ]et boundary layer. As will be seen in
Section 4.2.2, the flow out of a centrifugal blower is far from uniform,
but.emérges in a swirling motion which is found to aid wall flow

attachment and static pressure recovery (Neve and w1ransinghé, 1978).

(i1) Screen positioning. Wall shapes and screen location can be

critical. Straight-Wa]]ed diffusers really need screens at, or just
~inside, the inlet and outlet to suppress separation altogether, but
even this.is not essential for acceptable performance, as can be seen
from the ﬁumber of successful straight-walled, one-screen diffusers
(Fig; 2.2). The basic rule, though, is to place a screen where the
diffuser wall angle changes suddenly, since these are the points where

the flow is most 1ikely to separate. The screen positioning (and in
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fact a]so_the screen shape) fs, theréfore, closely related to the wall
shape. ‘n.\i,v |

A classic examb]e-of adverse screen positioning is provided
by diffuser 44. This diffuser divergeé in two sections, in dne plane
at a time. The two screens were not installed ét the points where the
wall angle changed, but halfway along each section. Moreover, a
honeycomb was installed immediately upstream of the diffuser entry, thus
straightening the flow which has_then to be peréuaded to expand through
the diffuser - not a recommended designlprocedure. Thus this diffuser,
a]though‘iﬁ_satisfies both the suggested design criteria, failed to
‘perform satisfactorily becauseISOme'even more baéjc.deéfgh factors had'.
not been considered. |

| Offen, in a‘diffuser without any‘abrupt changes in wall

ahg]e, a screen of relatively high resistance is placed near the entry,
fo]]owed by one or.two, depending on the geometry, of relatively lower
resistance’near the exit. Schdbauer and Spangenberg (1948) showed that
with one screen, the extent of sepération was reduced by placing it
nearer.the4diffuser entrance. A more precise guide to screen positioning
is now proposed.

In diffusers where no obvious screen 1ocatfon is 1ndicatéd,
the following "moment-type" ana1ysis may be applied. We start by |

defining three non-dimensional parameters:-

n .
My = T K. = Ko | | ~ (2.2)
1
o nox,
Mg LTk (2.3)
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X ? | S A -
T g . | | (2.4)

X denotes the 1ocetion measured}from the inlet, of a screen with
pressure drop coeff1c1ent K P and L is the overal] diffuser length.

M0 or K def1nes the sum of the pressure drop coeff1c1ents
of‘e11 the screens in the d1ffuser,-and for a given area ratio, the
minimum acceptable value of M is given by Fig. 2.4: The number of
screens requ1red in the diffuser (n) can be determ1ned from Fig. 2 2.
For a given diffuser, having determined M0 and n, the,va]ues‘of M] and

M have to be optimized by inserting suitable va]ues'of-xr/Lfin egs.

2
2.3 and 2.4, respectively.
_ M1 tends to zero if the screen pos1t10n1ng 1s ‘biased towards
‘the 1n1et and tends to unity if the screens are 1ocated nearer the
outlet. The optimum value of M1, for uniform screen d1str1but1on, is,
therefore, about 0.5. The optimum value of M2, which is related to the
-spacing between the screens, depends on the diffuser wall angle at inlet
‘ and outlet. Sharp inlet and outlet corners require screens if
separation is to be avoided there. In this case, the optimum value of

M., is about 0.17. On the other hand, if the diffuser has curved

2
fairings at the corners (and the use of these is strongly recommended ),
then the optimum value of M2 is ebout 0.04 (lower. for a singie screen).
These values quoted for M, are essentially for n < 4. |
Although these M-values should not be taken as infa]]ible,
they should be of use as a more concrete guide on screen positioning.
It the diffuser entry conditions can be predicted accurately (which is
_rare in practice), then it is possib]e'to calculate the flow in detail

and thus predict the presence and location of boundary layer separation

(e.g. Senoo and Nishi, ]977) and the screens can then be installed
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appropriate1y.

| (iii) Wall shape.(side-view), Straight-walled diffusers are
easief and cheaper to construct, but curved-walled diffusers.can be
used to advantage. Oftén when large area ratios are involved, straight
“walled diffusers expanding in two sectionﬁ, in one plane at a time, are |
employed. With these, it is advisable to expand in the horizontal plane
. first because of the undésirab]e_effects of the blower tongue on the
flow fn the Vertica] plane. | |
| The number of.screens required in a diffuser employing
~curved walls could well be reduced, and the~efficignby‘{hcfeased at.thé
came time. It is evident from Fig. 2.2 that almost a1l the curved-wall
 diffusers lie to the right of line AB, given by the equation:
A = 0.1 (28) + 1, thus 1hp1ying that curved walls have been used on
djfosers with the iérger diffuser angles.
| .Gibson'(19]0) and Ackeret (Patterson, 1938) found that the
diffuser efficiency was improved when the walls were be11éshaped,
a]though large losses were experienced in the exit sections due to‘thé 
higher adverse pressure gradients imposed there. Kiichemann and Weber
(1953) describe a trumpet-shaped diffuser with a resisténce at the
outlet. This type of diffuser was found to operate without separation
and at the same time, pressure was also recovered, |
Earlier, McLellan and Nichols (1942) conducted experiments

on_this type of trumpet diffuser and obtained satisfactory performancé
for 26 < 30° and A < 3.

| For this type of arrangement, the relation A = /T + K _seems
to hold well (private correspondence, D, M{ARao);

Squire and Hogg (1944) analysed the flow of a jet through a
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séreen and this led to what is knqwnvaé a streamline_diffuser, with an
in;lected wall shaﬁe. The desirable condition of constant-pressure
diffuser walls would be realised if these were §haped to coincide with
the free sfream]ines of the fet. Pressure recovery'woq1d obviously not
be possible, but flow separation could be prevehted, and, according to
Gibson (1959), the performance of su;h a diffuser might be superior td
that of a diffuser with multiple screens, possibly involving an overall
_ pressure 1oss; The Same‘idea 6f shaping the walls was also used by
- Yang et al (1973), where instead.of a screen, suction slots were used at
a similar étreamwise position. Schubauer and Spangenberg (1948) used
this idea td design a successful one-screened diffuéerf(Sé); : |

- Potential flow methods are sometimes ﬁsed to determine
« diffuser wall shapes. The common method is to kepresent-the potential
flow through the duct on a complex plane and sbecify the required
bouhdéry velocity on a hodograph plane. This is then related to the
ﬁhysica] piane by conformal transformation. Kachhara (1973) used this
method to design some axisymmetrié screened-diffusers and fbund that,
in genéra], the theoretica] and experimental results differed, mainly.
due to the rapidﬁbouﬁdary layer growth. He concluded that potential
theory is justified in designing wall shapes for diffuéers jn Which
-boundary layers do not separate, but remafn thin along the entire
length. These necessary condifions reflect the ihadeduacy of potential
flow methods in simulating real flow situations. However, it is
perhaps fair to say that potential flow methods are good enough in
most case;, although it may be just as easy to design wall shapes by
eye and then subject them to a trial and error treatment.

Very often, thoUgh, straight-walled diffusers are employed,

with curved screens installed at the points of-discontinuify_in wall
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angie. Sharp inlet corners must, however, be avoided since they
undoubtedly pfomoté separation. The need for a radiused inlet was
‘re-emphasized by the présent author's measureménts (Section 2.4.3).
_In the simplest cése, the fairing need merely be a bent piece of

plywood, tacked over the sharp corner.

(iv) ; Screen shape. It ‘is an advantage for the screens to

| intersect the diverging walls and streamlines at right angles, so.that
the refraction of the flow by the screens does not itself tend to |
pfoduce separation (see Section 3.1). So curved screens, usually spher-
ical caps or circular arcs,.aré?insta11ed ih the d{%fuséf, ﬁéually where
the wall angle chaﬁges, at right angles to ‘the downstream wall SO aé to
‘refract the flow in a desirab]e direction. Curved screens canvbe held
iﬁ metal frames (é.g. channel sections) pressed intolcircular arcs and -
11ned With'wooden strips so that the gauze may be firmly embedded o
between two frames. In 2-D diffusers, the screens may be clamped on
.two_sides oniy, with plenty of slack. Tt has been found (Bradshéw, 1972)
" that ai practical tunnel speeds, the screens fi1l out into a nominal
~catenary shape with no apparent tendency to unsteadiness, although
this would depend to some extent on the material of the screen. Small
gaps on the unsupportedlsides do not seem to matter: in fact, they ~
probably help in evéning out the boundary layers bn the four wé]ls.
On inspecting the co]]ected'déta; it was found that in most cases
curved screens had been used when the walls were curved as well.

Another alternative is to use a plane, "variable-K" screen.
This normally comprises one screen, cbncentfica]1y superimposed on
'aﬁdther‘(with the same K-vaiue). This combination then has a highek

resistance in the centre and it thus imposes a higher pressure drop on
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'the relatively highgrvsbeed regions near the diffuser axis. Kachhara

- (1973) found that éor equivalent values of K, outlet profiles were more
unifofm with a plane "variable-K" gauze than with a plane "conétant-K"
gauze. He gives‘an optimum value, for uniform o&t]et profile, for the
ratio of the screen diameters as U.84. Of course, the losses through a
“variab]e-K" gahze are greatér due to the relatively higher K in the
middle. A plane, "constant-K" screen will, in general, exhibit this
"variable-K" effect in a wide-angle diffuser anyway since the pressure
drop is reduced by streamline inclination (see Section 3.4.3) which is

necessarily higher near the diffuser walls.

(v) : Cross-sectional shape. Most of the diffusers plotted in

Fig. 2.2, and especially those with an area ratio of over 3, are seen

té have square or rectangular cross-sections. The maih, obvious reason
'for}this is that rectangular diffusers are ﬁuch easier and cheaﬁér to
build than circular ones. It is adviséb]e’to fi]iet.the cdrners between
adjacent walls, especial]y-in small tunnels, whosé désigns are likely to
~ be more adventurous. Gibson k1910) considered the effects of three
sectional shapes, circular, récténgu]ar and square, on diffuser
efficiencj. He concluded that for a given.rate'of expansion, the
circular duct was the most efficient, fo]]oﬁed by'the(square one. Asd
‘mentioned befdre, for wide-éng]e diffusers used aé entry diffusers, as
most of the ones plotted are, préssure recovery 1s not of majof

importance, and this probably explains the preference for square

< cross-sections in practice. Also this is a more convenient cross-

sectional shape since most working sections and blower outlets are
rectangular. So, unless pressure recovery is important, a rectangular .

‘or square diffuser cross-section (with corners filleted) is adequate.
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(Vi) Tunnel circuit. In Table 1, a note is made of the type of

tunnel circuit from which the particular diffuser configuration is taken,
and most are found to originate fromvopen—circuit tunnels. This is
because most return-circuit wind tunnels employ long, gradually

exbanding diffusers with 26 of about.5°, SO thaf at most, only a moderéte
expansion through a wide-angle diffuser is needed. _Most wide-angle
diffusers, especially those of high area ratio, were designed for small
blower tunne]s and it is, therefore, not surprising to see (Table 1) that

all the diffusers with A > 4 originate from open-circuit tunnels.

2.4.3 Comparison and Verificatfon.ofVbésigh-Rulés

- The curve (CD) in Fig. 2.2 is fhe\Jimiting curve for no

' appreciable separation, in a 2-D duct with no screens, as suggested by

Kiine et al (1957). Noting that it is for a 2-D duct,-it still seems

to suggest configurations of a very conservative nature. The general

shape tends towards that of the newly hypothesized zero—scféen Timit.
In Fig. 2.4, the second postulated curVe:for successful

operation is compared with two existing theories.' For a diffuser with

n screens, Schubauer and Spangenberg (1948) derived a formula for a

straight-walled diffuser of circular cross-section, which gives the

area ratio in terms of K for each screen as:- ' L

N |
Lo B LA DL (S DL ,_ (2.5)

in

Since a diffuser with two screens of equal K is quite a
common configuratioﬁ,‘this dptimum combination line is plotted (dotted

-in Fig. 2.4) using this formula, which reduces to: A =K+ 1. This



Wide-Angle Diffuser

Diffuser | Area Wind Tunnel Diffuser ' Diffuser Number of Sum of Pressure
Origin Angle Ratio Circuit "] Wall Shape| Cross-Section| Screens or drop Coefficients
20 A : : B-L Control K '
Device sum
1. Pattersen (1938) o
“(a) Peters 8 2.34 - Straight Circular - -
(b) Gibson 10° 2,25 . Open i " - -
(c) Gibson 10° - " " " - -
(d). Gibson 10° 9 " " Rectangular - -
2. Mclellan,Nichols o
C {19u2) 30 3 " Curved Circular 1 4.3
3. Squire,Hogg (1944) o : :
(a) ©Hu0.1 2 " Curved " 3
(b) tau.7° 3.5 " Straight " 5 5
(c) 6u.1° M " Curved " .3 6
(d) 560 - 4 " Straight " 3 B *
4. Squire,Hughes(19u4) ° ‘ .
. (a) . 17.1 5 " Curved " 1 (Curved) 0.8
(b) ' 31.7° 2.0 " Curved " 1 (Curved) - 1.33
5. Schubauer,. '
Spangenberg (19u8) o
(a) Diffuser A 28 y " Straight " 1 0.72 %
(b) A 28° 4 " " " 1 1.20 #
() A 28° n " " " 1 1.40 #
(@) A 28° y " " " 1 1.25 *
(e) A 28° | 4 " " " Sl _l.ug ®
(£) A 28° 4 ome " " 1 2,95 *
(g) A 28° V oy " " " 1 1.55 *.
(h) A 28° 4 " " " ; 1 1.90 #

- % Unsuccessful Configuration
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3.04 *

(i) Diffuser A 28° 4 Open Straight Circular 1 .

G A 28° Ty " " " 6 . 3.38 ##

(k) 4 A 28° 4 " " o 5 3.89

1) A 28° Y " T " 3 ) 3.8l
. (m) Diffuser B 90° 4 " " u 1 0.51 #

(n) B 90° 4 " " " 1 1.16 *

(0) B 90° 4 n " " 1 1.22 *

(p) B 90° 4 " " " 5 '3.89
(a) . B 30° 4 " n " 3 3.81

(r) B 90° 4 " " " 3  y.ug ta
_ (s) Diffuser C 7.5° Y " Curved " 1 1.26

6. Squire (1953)

(a) 6° mn " Straight " - -

(b) g° y " " " - -

. (e) 10° -y " "o " - -

(a) 10° 1 " " " - -

7. Dryden,Abbott(1949) | 7.2° 2.42 ‘Return " " - -

8. Rhoden (1951) 30° 3.6 Open " Rectangular 1 Curved -

‘ honeycomb,

9. Reid (1953) )

(a) 17.4° 2.63 " " Rectangular 1 Curved 5.69
() 18.9° 3.5 " " " 1 (Curved) 5.69
“(e) 15.9° 4 n " o 1 (Curved) 5.69

Q) 15.2° 5 " " " 1 (Curved) 5.69
(e) 10.7° | s " e " 1 (Curved) 5.69

10.Squire,Winter (1953)u6.5 3.56 Return " ’u‘Octagonal' 3 5.64

* Unsuccessful Configuration

%% Optimum Configuration
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11.Green,Lilley(1955) | 58.5° | 17.5 Open Curved . Circular 3 and Suction
12.Campbell (1957) ys® 8 " Straight " 2 (Curved) 6.3
13.Moore,Kline (1958)
(a) 7° 2.0 " " Rectangular Vanes -
(b) qso 7.7 1] n " " -
14 .Gibson (1959) .
(a) 19.8° [ 2.s5 " Curved CircpOctag. | 1 (Curved) 2.05
(b) . ) 19.8° | 2.55 " " " Con 1.36
(¢) 19.8° | 2.55 n " " " 1.40
(d) 19.8° [ 2.55 " " " " 0.83 #
15 Robertson, o .
Fraser (1960) 12 2 " Straight Circular - -
16 Savage (1960) _
(a) 38.4° | 2.95 " Curved " Slots -
(b) 20° 2.95 " Straight " " -
{c) 72u° 5.65 R ' " Rectangular " -
17. Migay(l1962~ o Transverse . _
Kachara,1973) | 31 4.35 Circular Ribs
18. Bradshaw,Hellens o
(1964) 35 1.81 Return " Rectangular 2 (Curved)” 3.3
19 .Bradshaw,
Pankhurst (1964) )
(a) NPL 36"x27" 56.6° | 1.54 Return " " 2 3.2
1 (b) NPL Duplex 22.4° | 3.2 Open n Circular - -
(c¢) McKinnon Woods L : : : A
13t x 9 30.6 1.93 Return " Octagonal 3

* Unsuccessful Configuration °
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(d) Manchester Univ.

Rectangular

Lon Tiad. 32.2 1.7 Return Straight 4 4.0
" 20.Domholdt, -
Moszynski(1964) : ‘
(a) | 30° 2.75 " " " 3 3.72
(») §.2° 2.9 " " Circular - -
21. Feil (196%
(a) 60° 3.05 Open " Circular Vanes -
(b) . 80° 3.05 " " " " -
22.NPL 9'x7" ' _ v
' W/T (1964) 37.7° | 2.0 Return Curved- Rectangular 3 (2 curved) 5.64
" 23.Raju, Rao (1964)
(a) 38° 15 Open Straight Cireular " 5.0 %
(p) 38 15 " " " "3 4.2 %
(c) 38 15 " " " - 4.0 ¥
(d): 38 15 " " " 3 6.4
(e) 38 15 " n n 2 5.4
24, CSIRO, Australia
' (1965) .
(a) 47.3° | 1.92 Return o Rectangular - 3 2.63
(b) 24.3 1.92° Open Curved oom ~ | 1 (Curved) 1.23
(e) 26.2° | 1.71 " " " 1 (Curved) © 0.99
(d) 24° 3.14 " " " 2 (Curved) 2.87
: And Honeycomb

25. Bradshaw (1967) | 38.6° | 2.27 " " Rect.+Cire | 2 (Curved) 3.76
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26. Carlson et al .

(piuod) T g1Vl

(b)

19

(1967) :
(a) 10.5° 2.1 Open Curved Rectangular - -
(b) 1_90 3 ' W " " - _
27. Rao (1967) 38° 15 " Straight Circular 8 Vane Splitter -
28, Ali (1968) . ‘
(a) 28° 2.25 Return Curved Octag*Rect 1 4.0 *%
(b) 28° 2.25 " " " 1 1.06
(e) . 28° 2.25 " " " 1 3.02
29. Azzouz, Pratt
(1968)
(a) 14.3° 4.8 Open Straight Rectangular - -
(b) 60° 5,44 " " Circular Perforated Cone -
30.Bachmeier (1968) 28° 3.15 " " " Trapped Vortex -
. PP
31. Bradshaw (1958)
{a) NPL 15"x1lO" 41.7° 2.26 " Curved Rectangular 2 (Curved) 3.76
(b) NPL 36"x36" 43.7° | 2.25 Return Straight LI " 3.76
(c) NPL 18" Octagonal | 7.7° | 3.24 Open " Circular - -
32. Vogel (1968) 33.7° | 2.6 " Curved Rectangular- | 1 (Curved) 4,77
33. Imperial College ‘ o : :
24t 2" (1969) 31.2 2.65 " " " 4 (2 Curved) 6.4
34, Johns-ton,
Powars (1969)

(a) 10.5° | 2.1 " Straight " - -

o 3 " " n’ - - %

‘ «$

1§



35. NAE 30'x30' V/STOL

(e) Diffuser D

W/T (1969) .
(a) ' 50° 2,05 Return Straight Circular 1l 1
(b) 12° 4.0 " o " - -
(c) 5° 2.25 " " ”" - (_
36 .Imperial College o
6" (1970) 43,7 3.49 Open " Rectangular 2 (Curved) 3.2
37.Lawson (1971) 46.7° 3.u6 " Curved Circular Vane Cluster -
38, Pirrello et al
(1971)
(a) Grumman 26" 7° 2.69 " Straight Octag.+Circ. - -
(b) Boeing 9' x 9! 8.4° 2.56 " " Circular - -
39. Bradshaw(1972) 18.2° 2.19 " " Rectangular 2 (Curved) 3.19
40.Fielder,Gessner
o (1972)
¢ o " " " Tangential Fluid -
(a) l“o 1.98 Injection
(b) 20 2‘[‘_0 t 1" 1" " " -
(e) 30° 3.14 " " " " -
“l'Bﬁiiﬁzga (1973) 13° 6.55 " " Circular - - &
42 Gibbings (1973) 54° 16,7 " " Circ*Rect Pyramid Gauze 1
43. Kachara (1973 ‘
(a) Diffuser A 20.2° 3.99 " Curved Circular 1 2.37
(b) Diffuser Al 29.3° 3.86 " " " 1 2,37
(c) Diffuser B 33.6° 3.99 " " " 1 2.37
(d) Diffuser C 3u.8°- | 3.78 " " " 1 (Variable-K) 2.69
29.5° 4.0 " " ", 1 (Curved) 2.64
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Manchester Univ. o : .
Blower Tunnel“” 46.3 2.98 Open Straight Rectangular 2 (Curved) 3.73 #

‘ (1973)

45. Runstadler, » r

Dolan (1873)

(a) : 1_50 . , 4,09 " n " - -

(b) 14° 4,68 " " " - -
(c) 12° 4,57 " " " - -

(a) 10.5° | . 3.94 " " " - -

(e) 13° 3.96 " " " - -

(£) g° 3.36 " " " - -
(g) '70., 2.85 " " " - -

(h) 16° 5.21 " " n Suction Slots -

(i) 12° 4,15 " " n " -
" 46.Tennant (1973) : i .

(a) 8.5° '1.75 " Curved " Rotating Cylinders| =

(b) 11.30‘ 2.0 " n " " -

47. Yang et al(1973) | 25.7° 3.0 " " Circular Slots -

ug, Haight,OZDonell 19.0° 1.73 " " Rectangular. | Trapped Vortex -

1974)

48 Juhasz (1974) - 86.4° 2.5 n " _Circular Wall Suction -

50. Mabey,Sawyer(1974) .

(a) 13.2° | 3.7 | Return Straight " - -

(b) 13.2° 3.74 " " " Vortex Gens -

ey



S1l.Watts et al.(1974)

5.05

57. Welsh (1976)

Circular

45 4.77 Open Straight Rectangular y
52.Adkins (1975) 30° 3.2 Sm " Circular Trapped Vortex -
53.G.A.Slow Speed W/T '
Salisbury,Australia . :

(197s5) 16.5 1.27 " Curved Rectangular 2 (curved) 2.46
54.Juhasz (1975) 86.4° | 4.0 " " Circular Wall Suction -
55.Smith (1975) 20° 4.0 n Straight " Trapped Vortex -
56.Imperial College .

Test Diffusers (1976)
(a) I ' 20° 4 n " ~Rectangular 4.8
(b) II 33° n " 1 " 4.5
(c) III 450 u " ] " 3 ‘_4.2
(a) W Ju6° 2 " " "o 2 (1 Curved) 2.5
22° . 4 " " Star Splitter -

(PIW2) T FTEAVL .

1A%
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curve is seen to lie just within the postulated curve (A = 1.4 K, + 1),
thus enc]osing mosg‘of the successful combinations. On recalculating
‘sevefal of the configurﬁtions, using this formula, it was found that .
they not only lay within the 1line EF, but very close to the actual va]ues:
used. This suggests that many designers have relfed on the ruies put
forward by Schubauer and Spangenberg (1948).

Squire and Hogg (1944) made a siﬁplifieq analysis of screen
combinations in relation to wind tunnel design, which yielded some
interesting results. They considered an example of a jet in an infinite,
idea] fluid impinging normally onto a screen, and using the Bernoulli

and continuity equétions, they derived:-
A= (4+K)/(4-K) | | L (2.6)

This formula holds accuratély only for small va]ués of'K'since it
assumes that the velocity is uniform over the cross-section of the jet
at the screeﬁ position. The theory becomes less and Tess exact as K
" increases. In Fig. 2.4, it is seen that this formula (chain-dotted)
agrees well with the hypothesized curve up to K, — = 2.4. Beyond this,
the curve diverges rapidly towards the asymptote, Ksum = 4. These
theories, with the different cfrcumstances_in mind, seem to agree well
with the hypothesizéd curves. _ o |

In order to supplement the postulated design rules, some
f]ow‘visua1ization tests, usinngool-tufts, were conducted on diffusers:
cut from po]yétyrene blocks. The details of the diffusers tested, and
results obtained,are given in Table 2. Four different geometries,

“chosen so that each satisfied a different Timit in Fig. 2.24were

constructed. Each diffuser was built in 2 - 3 sections so that screens
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could be sandwiched between sections and the whole arrangement then
housed in a wooden:box attached to a blower tunnel (Fig. 3.4). The

entry to the box was.108 x 108 mm (4.25 x 4.25 in). A1l the diffusers
had étraight walls, with sharp corners between adjacent wa]]s and also
at entry and exit. Diffusers I, II and III were found to suffer from
severe secondary flow effects in the corners between adjacent walls and
wefe, consequently, fitted with triangular po]ystyrene'fi]]ets, which
reduced this problem. These three diffusers}diverged eQua11y in both
p1ane$, but diffuser IV was two-ﬁimensiona] and was specially constructed
to determine the effectiveness of a curved screen. Diffusers II, III and
IV had shorf parallel ducts attached to their exfts'andnthus the adverse’

pressure gradient was probably increased just upstream of the diffuser

outlet, due to the abrupt change in wall-angle. Although the raw surface -

finish on the diffuser walls was satisfactory, especially on those cut
from fine-grained polystyrene,:they were all plastered with Polyfilla,
‘ f§11owed by a coat of emulsion paint, giving a smooth, impervious
surface.

~ The first column in Table 2Agives the diffuser geometry and
the “theoretical" minimum number of.screens and KSum required,.as'given
by Figs. 2.2_énd 2.4, respectively. The tests were pefformgd at a Re
per metre of about 10 with two extreme entry flow conditions: an
a]most‘fu11y developed flow frdm a long (3m) channel éﬁd the flow from
‘a contraction with relatively thin boundary layers (§ = 5 mm). The
boundary layer was tripped at the contraction exit as shown in Fig. 3.4.
The_resul%s presented in Table 2 are, however, generalized for all
entry flow conditions, in accordance with the design rules. The
pressure drop coefficients of the screens Wefe determined using Collar's

(1939) equation (with C = 1.0) and the M-values using eqs. 2.2, 2.3 and



47

e
phd

'Wide-Angle Diffuser Test Results

-

(Configuration 56 in Figs.2.7 and24}

ORSERVED

(1 Curved){’

Diffuser n Mo Ml M2
Details B T FLOW CONDITION.
sum .
I 1l 3 0 0.25 Flow near entry attached - tends
A=q ’ - to separate towards exit.
20=20° 1 |3 0.33] 0.028 Flow downstream of screen attached
nfl but separated on two walls
) upstrean,
$ 2.5 2 |u.5 0.11 0.18 Flow tended to separate near
sum : Y v v
exit.
2 4.8 0.12] 0.17 Steady and attached but separation
on one wall near exit. '
11 1 3 0 0.25 Separation on all walls.
. A= .
20= 33° 2 lu.s 0.12] 0.18 Wall flow attached but separation
n$2 : on fillets towards exit.
Ksum{ 2.5 2 4.7 0.25}0.17 Flow unsteady and separated between
» screens, but attached and steady
downstream of second Screen.
2 4.5 0.5 10.03 Flow downstream of both screens
- attached and steady-not observable
near entry.
JII ' 2 4.5 0.17 ] 0.17 Separated on two walls downstream
A=y o - - of second screen. ’
26= 46 2 fu.7 0.18] 0.17 Flow condition near exit improved-
nt3 - ‘ A less separation
KS 4 2.5 3 6.2 0.381] 0,18 Flow downstream of second and third
um screens attached and steady.
3 |42 0.4 |0.16 Wall flow attached throughout-slight
. separation on fillets upstream of
first two screens. °
Iv 1 1.5 o 0.25 Separation immediately downsteam
A= . of screen. .
" 20= 46° 1[5 o |o.25 Flow attached immediately downstream
ntl (Curved) of screen-separated near exit,
' K il 2 p.s 0.4 |o.25 Flow slightly unsteady and tended to
. o separate, near exit.
"2 2.5 0.4 0.25

Steady and attached flow throughout.
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2.4,

The‘coﬁbination listed last for each diffuser was found to
be the optimum and is the one plotted in Figs. 2.2 and 2.4. For
diffuser I, it seems evident that a higher M, (screens nearer the exit)
is requiréd, but the sharp inlet, by inducing separation, makes this
optimization difficult. One screen seems quite inadequate for diffuser
IT and this agreés with Fig. 2.2. With two screens, the wall flow
improves with increasing.M]. Diffuser III, Which,]ies quite near the
‘two-screen limit in Fig. 2.2 (configuration 56c) seems to operate fairly
satisfactorily with two screens. The corner and exit f]ow conditiop
was, however, improved considerably by 1nsta111n§.tﬁfeé'scréehs. The
resu]fs from diffuser IV exemplify the usefulness of a curved screen in
maintaining attached flow. .

| Kachhara (1973) gives a detailed aécount of the construction
and testing of fivé axisymmetric, widé-ang1e diffusers. This report
was encounfered after the presént design rules had been derived and is
used here as a test casé. The geometrical details of these diffusers
are-gi?en in Table 1 (configuration 43)'and their berformance details-
are givén in Table 3, which is based on the same format as Table 2.

A11 the diffusers were found to operate ungatisfactorily
(i.e. with flow separation) without any screens: 1in agreement with
Fig. 2.2. However, they all performed satisfacto}ily with one screen,
when suitably positioned, and this is not in complete agreement with
Fig. 2.2.; A1l but one configuration (43a) are seen to 1ie beyond the
one screen limit line in Fig. 2.2, although two of them (43b and )
aré not very far beyond. vIn Fig. 2.4, diffusers.43d and e are within
the successful operation line, EF, whekeasldiffusers, 43a, b and c,

although not quite within, lie very close to the boundary. The values
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v v - TBIE 3
-Analysis kahchhara's(1973) Wide-Angle Diffuser Test Results.
(Configuration 43, in Figs.272andgd).

Diffuser .
Details | " {K::m) g 2 : PLOngg§§§¥ION
A 1 2,37 | 0.303 ] 0.039 ' | Transitory separation downstream of
screen. , _
A=3.99 1 3.61 | 0.376 | 0,015 Separation upstream of screen.
20=20.2° 1 }2.37 | 0.327 | 0.033 | Steady attached flow.
n<l 1 |2.41 | 0.324 | 0.031 | Steady attached Flow.
_ Ksum¢2.62 1 2,37 | 0.345 | O0.024 Steady attached flow.
AL 1 2,37 | 0.475 | 0.0005 | Separation downstream of screen.
A=3.86 1 }3.61 | 0.565 | 0.004 Separation upstream of screen.
20= 29,3° 1 }2.37 | 0.529 | 0.0004 | Steady attached flow.
nt2 :
Koum? 2-5
B 1 3.03 '} 0,468 |- 0,001 Separation downstream of screen.
=3.99 1 3.61 } 0.534{ 0.0012 | Separation upstream of screen.
20=33.6° | 1 |2.41 [ 0.494 | 0.00003| Steady attached flow.'
(Curved)
‘nt2
K, $2:62 1 [2.37 | o.u04 | 0.00003| Steady attached flow.
c. -1 2.37 | 0.366 | 0.018 Separation downstream of screen.
- A=3.78 1 2.37 | 0.384 | o0.014 Separation downstream of screen.
20= 34.8° 1 3.03 | 0.421 | 0.006 Separatioﬁ upstream of screen..
n{2 1 |3.03 | 0.384 | 0.014 | Steady attached flow.
K. 42.44 1 |2.69 | 0.369 | 0.017 | Steady attached flow-uniform outlet
Psum (Va£§§bld | profile '
D 1 2.12 | 0.389 | 0.0122 | Separation downstream of screen.
e 1 {2.37 | 0.389 | 0.0122 | Separation downstream of screen.
20= 29,5° 1 J2.64 | 0.389 | 0.0122 | Steady attached flow.
“n fv2 (Curved)
Ksum‘ 2.63
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of M] and M2 for the optimum combinatiqns in Table 3 are, in general,
slightly less thantihe optimum values quoted in Section 2.4.2. It must
'be noted that Kachhara's (1973) diffuser tests were performed with
favourable inlet flow conditions - a uniform velocity profi1é with thin
boundary layers. | |

Kachhara's results seem to leﬁd support to the design rules,
but our test results seem to imply that small séparations or unsteadiness
may be acceptable in a wind tunnel diffuser. Also, ﬁt is clear that
these rules must not be taken as infallible or inflexible, but it is
hoped that they will be of use as a confirmation and extension of

Schubauer and Spangenberg's (1948) work.
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_ CHAPTER 3 -
= SCREENS
3.1 Introduction
3.1.1 Basic Principles

In engineering fluid mechanics, screens are used for

seemingly contradictory purposes:-

(a) The production of a uniform time-mean ve]oqity profile
from arbitrary non-uniform conditions‘upstream, dr the
production of a specified shear velocity profile, normally

from uniform conditions.

(b) The suppression of turbulence existing upstream of the

screen, or the controlled generation of grid turbulence.

For wide-angle diffyser and settling chamber applications,
only the first purposes in each category are relevant, and hence are
the only ones discussed here. These screens are normally made of metal
wires (e.g. brass, phosphor bronze and stainless steel) interwoven to
form square or rectangu]ar_meshes with typicé]]ylzo - 40 meshes per
Tineal inch. Screens woven from nylon or polyester threads are also
now beinq used when the wind loads are not expected to be very high.
It is revealed below how the aerodynamic properties of the two types
of screens differ signifiéant]y, presumably because of detai]ed'
differences in the wéave. |

Screens are instai]ed_in the settling chamber to improve

flow uniformity throughout the cross-section. Screens in a wide?angle
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diffuser can, if qgrefu]]y iﬁsta]]ed, also perform this function, as
well as their spec}fic task of suppressing separation, so that in
~principle the number of screens in the settling chamber can}be‘reduced.
An additioha] effect of gauze screens is to reffact the incident
" (inclined) flow towards the locai normal to the screen. This is why
screens installed in wide-angle diffusers are often}curved. Screens
with the open-area ratios normally required (of the order of 0.6) are
. available commercia]]y and although there is a festriction on the
maximum width avai1ab1e‘in a single piece (abéut 1.5 m), this does not
present a problem for screenrsizes.norma11y required for blower tunnels.
The action of the gauze is describéd.inAtérms‘df two .

parameters: - _ .

(1) K (= Ap/q), the screen pressure drop coefficient; | B
(ii) a (5 ¢/6), the deflection coefficient, defined as the ratio

of the flow emergence angle (¢) to the incidehée angle (0).

6 and ¢ afe méasuredvfrom the normal to the screen (Fig. 3.1).

Note that the refractive index of a screen (u) defined as in
optics is equal to 1/o for small 6. We expect the functional relation-

ships for K and a to be:-

7

f1 (B, Re, 6)
f2 (8, K, 8)

~
-

Q
n

qu a plane screen placed normal to the axis of the flow,
and for K> 0.7, a genéra]]y accepted semi-gmpirica] relation due to

* Schubauer et al (1950) is:-
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S IS - | | 6
RN \ | - .

3.1.2  Review of Previous Hork

(a) . General
| Screens have been used to improve flow quality in wind
tunnels since the 1930s. Prandtl (1933) noted that when screens were
installed the velocity distribution improved, and he gave a simp]e-
theory for this effect. The effect of screens ih,reducing the turbulence
intensity levels became apparent later. Dryden and Schubauer (1947)
‘gave a physical exp1anation for this éffectE turbulent eddies of
larger scale than the screen mesh size are decreased, and although at
the same time smaller scale eddies may be introduced, they decay much
more rapidly than-the.origina1 large scale motions would do in the |
absence of the screen. The overall effect is that at some distance
downstream, both the turbulence intensity and scale have been reduced.
Taylor and Batchelor (1949) produced a detailed analysis
‘of the effect of gauie screens on small disturbances. This theory is
linearized on the assumptibn-that the}e is negligible natural decay of
turbulence while the field is translated through the "region of .
influence" (length comparable to the size of the energy'coniaining
eddies). For the case in which fhe turbulence far upstream is isotropic,
the equations for ‘the factors of reduction of turbulence intensity
become relatively easy to compute (Batchelor, 1970). The numerical
reduction factors given by these eduations'and Townsend's (1951)
measurements (Table 4) are for initially-isotropic turbulence. Dryden
and Schubauer (1947) derived a simple theory for the reduction of
“turbulence intensity based on the assumption that the effect of a

screen is partly to absorb the kinetic energy of the turbulence. Both .
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~.

(i) U ?Nébmponent mean velocity

K ' 1 2 3 L
' lta-aK 1 0.3 0.1 ~0.022 ~0.086
1+a+K . o '
(Taylor- o '
Batchelor) with a = 1.1//14K}
(ii) V - component mean velocity
= K - <1 : 2 3 L
a 10.78 0.64 . 0.55 0.49
(iii)‘ u - component r.m.s. intensity
K 1 2 3 i
Theoretical o.u4 0.21 - 0,14 0.13
-(Taylor- . , - .
Batchelor)
Experimental 0.45 . 0.36 0.31 0.28
(Townsend) '
- 1/V(14K) 0.71 0.58 0.50 0.45
(Dryden- .
Schubauer)
(iv) v - w component r.m.s. intensity
K- 1 "2 3 3
. Theoretical 0.7 0.5¢  0.50 0.u45
(Taylor- '
Batchelor) )
Experimental 0.66 0.54 0.u45 0.40
{Townsend) : '
1/¥(14K) 0.71 - 0.58 " 0.50 0.45
(Dryden- : .
Schubauer)
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thése theories_igngre the furbu]ence set up by the screen itself.

Thé exsression‘for the factor of reduction of U-component
mean velocity given by Taylor and Batchelor (1949), (1 +a-0aK)/(1+a+K),
implies the interesting possibility that the longitudinal component is
completely suppressed by a gauze with K =1+ %3 which corresponds to
K=2.8if a and K are related as in eq. 3.1. Also, this expréssion
reduces to the one derived by Prandtl (1933), namely: 1/(1 + K), when
a = 0 and to the one due to Collar (1939), namely: (2 - K)/(2 + K),
when o = 1. Taylor and Batchelor show how the analyses leading to thése'
simp1er expressions iné]ude unrealistic assumptions, in effect, for a.

According to ‘the Tay1or-Batchefor thébry, thé létera]- |
compohent r.m.s. iﬁtensity decreases monotonically with increasing K
| while of'the Tongitudinal component has a flat minimum at K = 4. Since,
for a given value of K, the reduction of the longitudinal component is
greater than that of the 1étera1 component, a reduction of the latter
to an acceptable Tevel ensures an acceptable longitudinal intensity.
Dryden and Schubauer (1947) give the reduction factor for the turbulence

"/2. It is

intensity by n identical screens in series as: 1/(1 + K)
thus apparent that, for a given pressure loss, a greater reduction in
turbulence intensity is obtained by using multiple screens,,each‘with
a comparatively 1ow.K. Low K is also desirable for other reasons.

For screens with B < 0.5, Baines and'Peterson (1951) found
instabilities in the downstream profiles. Morgan (1960) found that in
_ceriain cases, the flow behind a uniform screen was unstable with both
spatial and fempora] variation. Bradshaw (1965) soncluded that this
effect was mainly confined to screens with Open4area ratios of less

than about 0.57, which corresponds to K's-of more than about 1.6 (at

Re = 100). This instability was explained as that caused by the



60

jets emerging from the §creen pores, coalescing in random patterns.
Because the contraktion that follows the screens reduces mean-velocity
variations but necessarily leaves the circulation around a fluid element
virtually unaltered, this sort of spatial instabi]ity leads to weak
longitudinal vortices in the working section, which are very effective
at producing spanwise variation of boundary layer thickness and surface
shear stress in a nominally two-dimensional boundary layer. These
variations can be of the order of * 10% of the mean values but may be

unimportant except in boundary']ayer studies.

(b) Determination of K

Over fhe years, several expressions have been derived giving
the pressure drop coefficient of a screen (K) in terms of its open-area
rat1o (B)

_ For square-mesh screens, B = [1 - 5}2. Pinker and Herbert
(1967) suggest that this underest1matés the effect1ve open area and
propose a "sinusoidal" poros1ty. This assumes that the flow remains
_perpendicular to the scree& plane a§ it passesAthrough it. All in all,
the above expressﬁon’giving a pfojected open-area ratio is adequate.

One of the first deductions for K, which is still used, is
due to Collar (1939). He was the first to.suggest that the pressuré
drop coefficient wou]d also vary with Re until a'1imiting value.

Assuming the resistance of a gauze is proportional to the area of the

-material and to the square of the speed through the holes, he deduced:-

K =G ]B; B e | (3.é)

where some dependence of the constant C on Re is to be expected. Collar
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found that when C was given ﬁhe value 0.9, thé formu]a fitted the
. experimental point; (for U = 9 m/s) very well., Simmons and Cowdrey
(1949) found that for a screen placed normal to the flow, and for
.velocities greater than about 10 m/s, C = 1.0 géve a satisfactory
agreement.

| Annand (1953) produced a similar semi-empirical fit, based

on Simmons and Cowdrey's data:-

- g2 o . : -
K = c'ﬂ_gzs_l (3.3)

Pinker and Herbert (1967) found the general form of Annand's
equation agreed best with their extensive measurements and suggested a
value of 0.52 for the constant, C’in the high Re limit (Ud > 600J for
B in the range 0.3 - 0.6.

The drag coefficient of an isolated circular cy!iﬁder also
decreases with Re until about.Re = 10° when it flattens out before
'increasing slightly. Annand also suggested that the pressure-drop
coefficient of a screen should increase with a further increase in Re
but there is no real evidence for this. Despite some similarities, on
the whole it is not p]aﬁsib]e to think of a gauze screen as consisting
of rows of isolated cylinders since there is stfong intekaction between
wakes of the individual wires.

Wieghardt (1953) plotted K against Ud/Bv (a modified Re
based on wire diaméter), and found“amfbest fit" to the experimental

data, which inc]uded that of Collar (1939) and Simmons and Cowdrey

_Ud
By

B (0.6) corresponds to 1.5 < U < 15 m/s, W1eghardt gjves: -

(1949). For 60 > => 600 which for typ1ca1 values of d (0.4 mm) and
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,K=6;5E;2ﬂ[%\%[ ‘ . (3.4)

The effect of the Re factor in eq. (3.4) diminishes as U

increases, and the correlated data suggest that K is independent of
Re for 35 > 600. |

The pressure drop coefficient of a screen, based on the
magnitude of the flow velocity, is found to decréase with increasing
. flow inclination - this can be éfude]y‘explained'by considering the
drag on the wires. Although theoretical and semi-empirical relations
have been proposed, no universality has been noted.

For 0 <9 < 45°, (see Fig. 3.1 for notation), Schubauer

et al (1950) found an empirical relation:-

K

— % - (Re Cos )
Cos? o ' ) o ’ ' i

suggesting that the pressure drop is proportional to the squﬁre of the
velocity ﬁomponent normal to the screen. Gibbingé (1973) derived the
same expression by considering the drag force on each wire.

Carrothers and Baines (1965) showed that this fé]ation did
not hold for 8 > 45° and suggested that flow conditions for these
highef angles of inclination may be "different" from those at smaller
angles (6 < 450).

| Reynolds (1969) also considered the drag force on the wires
and assumed that the actual flow deflection angle at the screen was

(6 - ¢)/2 (for B8 > 0.5). He obtained:-

1+ Sec @ 5 ¢
2

- 2
Ke = K Cos< 6
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Simmons and Cowdrey (1945) measured Ke for 0 < @ < 60°.
Their Ke decheasesias approximately Cos 8 for all the screens although

" this relation was not noted by them.

'(c)‘ | Determination of o
Several workers have developed expreésions for the deflection
vcoeffiéient, but, as for'Ke, no satisfactory agreement has evolved. |
'Thié is partly due to the difficulties in measuring.the flow angles
accurately and consistently.
Experimental evidence suggests that ¢/6 tends to a finite
limit, a, as ® » 0 (Taylor and Batchelor, 1949) and for K > 0.7,
Schubauer gjigl_(1950) gave the generally accepted semi-empirical

" relation defined in eq. (3.1):-

R Iy
(1 + K)?

This relation was obtained by considering the force coefficient
parallel to the b]ane of the gauze, Fe. This coefficient can be
expressed as a function of 6 and ¢ by cdnsiderinq the change in

momentum across the screen, giving:-

Fo = 2 Cos 8 Sec ¢ Sin (6 - ¢) : | (3.5)

Schubauer et al also obtained an empirical relation, based

almost entirely on their own results:-

F

0 _ ., _ 2.2
- = 2

m (3.6)
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From eqs. (3.5) and (3.6) an expression for de can be

obtained: -

LR S | - 2 - -1
g =g 1an ' {Tan6- 6 Sec GE‘ 1.1 (1 + K) :[}

Fo

For small ¢ and 6, eq. (3.5) reduces to 5 2 (1 -a)and

~combining this with eq. (3.6) gives eq. (3.1):-

N P
(1 + K)%

Schubauer et al only considered this limiting caée of small 6.
Reynolds (1969) took Schubauer et al's data and produced

semi-empirical fits for F6 on a slightly modified basis. He suggests:-

F6 2.2 K6 : o
25ine B8+ Ky for g > 0.5
and: -
F 0.9 K ‘
6 8 for B < 0.5 L

2 S1n_e 4 + K.6

He also correlates Fe/Sin 20 with K6 fdr 0<6 <45° in
terms of;6 and ¢ and finds sétisfactory agreement with Schubauer et al's
data. |

More recently, Gibbings.(1973) also produced an analytic

solution for the deflection coefficient, for “"small values of K": - 3
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He then correlates this with Dryden and Schubauer's (1949)
results over large ranges of K and p (0 <K<6and 0 <6< 45°) and
finds sat{sfactory agreement. ’ |

Simmons and Cowdrey (1949) also measured flow angles through
screens but their measurement-technique raises doubts ébout the
credibility of‘their results. For a given o, théy determined ¢ by
setting the exit duct at an angle which gave the most uniform velocity
profile. But the duct setting was not changed with flow speed since
the possibi]ity of variation of ¢ with flow speed was not appreciated.

A more genera] and recent review on flow through screens is

giVen by Laws and Livesey (1978).

- 3.1.3 Present Work

It is evident from the above review that although considerable
attention has been paid to flow through scréens over the yearé, there is
a définite>]ack of reliable data. Also, no emphasis has been laid on
the boundary layer flow which is, of course, very important, in diffuser
app]icationé at 1éast. In wind tunnel applications, it is ﬁmportant to
assess not only how the flow is perturbed by the.screen but also how.
quickly the flow recovers from the perturbation.

The object of this work was to study the flow, in particﬁ]ar
turbulent boundary layers, through gauze screens of different materials
and open-area ratios, with emphasis on both the mean and turbulent

quantities.
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3.2 Experimental Arrangements and Associated Techniques

3.2.1.  Wind Tunnels

Almost the who]é of the experimental.programme on screens
was conducted in the Department's 450 x 450 mm (18“ X 18") blcwer-
tunnel. This tunnel is driven by a centfifuga] blower with an aerofoil-
type impeller: it incorporates a wide-angle diffuser and a f111eted |
contraction with an area ratio of 7 : 1 (Fig. 3.2).- The tunnel has a

"maximum speed of abohf 25'm/s with a turbulence intensity 1evé1 of
‘about 0.28% at 18 m/s. R

The main working section-was mdunted.ﬁh‘casfors'for

mobi]ity. This made it easier to change the screen sample under .
v"1nvestigation.whichvwas "sandwiched" bétween two sections of the
WOrking section, és_shown in Fig. 3.2. Measurements were made through
lport;holes in the working section floor and through slots in the roof.
The boundary layer was tripped at the contraction exit (Fig. 3.2) by
an 18 SWG w%re, taped along the whole span of the floor and ceiling |
only. | | |

The inclined screen rig waS attached to thé downstream end

-

of the working section (Fig. 3.3). The arrangement conssted‘of a
hinged wooden frame of fixed height to which the screen was ta;ked.
The frame could be éet at different angles of inéideﬁce and wedges
made from % in thick plywood Were inﬁerted in the sides between the
frame and the end of the working section. A flexible false roof and
fairing with an overall length of about 1 m was inserted in the

| working section so as to enable the exit height to vary with the -angle

" of inclination of the frame. Disp]atement thickness effects due to

the false roof were found to be negligible, i.e. the tunnel flow
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'symmetry_was not significantly affecfed by the presence or qhange in
position of the feﬁse roof.

Some pre]fminary experiments were also conducted in a
]08.x 108 mm (44" x 43") blower tunnel, (Fig. 3.4). This tunnel has the
sate general layout as the 450 mm tunnel but with a 3 m‘long square ducﬁ.

Screen samples were tested in two positions, as shown in Fig. 3.4.

3.2.2 Screen Samples

The measured geometeic details of all the screens used in
this investigation are given in Table 5. The measured wire diameters
were rounded-off to the nearest standard wire gauge (SQG).' They Were
all formed of interwoven round threads forming square or rectangular
meshes. The four screens listed first were the ones most extensively
{nvestigated. A]i the screens, except the brass screen, were of
nominally uniform weave and free of wrinkles. The brass screen had a
noticeably non-uniform weave-and S]ight wrinkles and was deliberately
chosen to try and assess the effects of these imperfections. The
screens were cleaned regularly so that the open-area ratio and
refractive properties would not change during the investigation (see

Section 3.4.4).

r

3.2.3 Traverse Gears

The standard traverse gear available in the Department was
used for most of the measurements. This is a "slide rule" type of
traverse;with a 6 in stroke driven by a small electric motor. It is
also fitted with a linear potentiometer, the output voltage from which
is proportional to the traverse disp]acemeht and can be monitored on a

~digital voltmeter. The actual probe position, measured with a height
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| TABLE 5
: - DETAILS OF SCREEN SAMPLES

- d [ B
Screen (wire diameter) (mesh length) (open-area
(ins) (ins) ratio)
' | 11
Steel 0.0164 T T8 0.556
Brass 0.0108 i%- 0.614
Plastic '1.f T fgg
Coarse | 0.0114 2T 0.578
Plastic | 1 '
Fine . 0.0060 D 0.578
1 1

Steel (1) 0.0148 T ° 76 0.594

" Black ‘ 1

" Steel . | 0.0148 | 18 0.538
Coarse 1 ’
Copper 0.0108 75 0.549

. ' 11 |

Plastic 0.0116 3T * 19 0.589
Fine | 11 4
Copper 0.0092 7 0 19 . - 0.674
Fine ) 1 1
Steel 0.0076 30 0 3T 0.590
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gauge, was regular]y calibrated against the output voltage. A
resistance circui£ was used to determine the datum zero positipn, when
the probe just left the surface. The whole traverse gear is mounted on
a 3% in brass disc which fits into brass rings installed at selected
positions on the working éection centre-line. The disc used here also
had two static-pressﬂre holes. used when measuring velocity profiles..
This type of tfaverse geaf can be fitted with various pressure and
hot-wire probes.

/ A "two-dimensional" traverse consisting of two of these
fraverses was used for some of the spanwise skin friction measurements.

| For measurements very close torthe séfeén, é mahua] travérsé

~gear (0.001 in acéuracy) was used, mouhted'through slots in the working

section roof.

3.2.4 Pressure Measurement Instrumentation

(a) Pitot Tubes

.All the velocity profiles and most total pressure measurements
were made with plane-ended cfrcu]ar Pitot tubes of 1 mm outside diameter.
1 and 2 mm diameter Pitot tubes were also used as Preston tubes for
measuring the surface shear stress. For tbta]kpressure measurements
Jjust upstream of the.screen, a Ey]indrica] Pitot tube was .used. As far
as practically possible, this tube was des%gned éccording to fhe
suggestions of Livesey (1956). The correction factors used when |
analysing the data were also thqse suggested by Livesey. A 0.38 mm
hole was drilled in the side of a 1 mm tube at a distance of 2 mm from
phe rounded end. The response of this.tube compared very favourably
" with a conventional Pitot tube.
A11 the tubes were hade of hypodermic tubing which stepped

down from a 4 mm stem.
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(b) . Disc-Static Probe
| Statiéipressure profiles were measured with a disc-static
. pressure probe. The probe had.a 0.9 mm thick brass disc of 6.4 mm
diameter with a 0.38 mm bore hole through it. This type of probe is
insensitiVe to pitch and is believed to be nearly insensitive to yaw to
within = 3° (Bryer and Pankhurst, 1971). The probe Was calibrated
against a staiic pressure tapping, atzvarious speeds, to determine the

constant y in the expression:-

p—pD
Y = ) .
= pU*

where p is the true static pressure (from tapping), Pp is the disc
static pressure and %-pU2 is the dynamic head at the calibration point.
The effects of free-stream turbu]ence on the response of this probe

were found to be negligible.

(c) Yawmeter Probe

-+ A yawmeter probe was used to measure the inclination and
total pressure of the flow emerging from an inclined screen. The
probe comprised three 1 mm hypodermic tﬁbes soldered togetﬁér in one
plane. The middle tube was pTane-ended and the tube on é@ch side bevelled
at.apbroximate]y 45°. The probe was held in a rigid mounting which |
could be systematically rotated - the angle of rotation was read from
an}attacﬁed protractor to an accuracy of better than a quarter of ‘a
degree. This probe was not calibrated for yaw since the flow angles
were measured by the "null-reading" method as recommended by Bryer and

Pankhurst (1971).
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| (d) . Manometers
Tunnelireference pressures were normally monitored on Betz

manometers. . |

| For all other pressure measurements, Furness Controls Type
MDC multi-range capacitor micromanometers were used. The voltage output
from this type of manometer was monitored on a So]artron LM 1420.2 DVM,
These manometérs’were calibrated regularly against the Betz and the
calibrations were found.to be Tinear and constant to a very good degree
kof’accuracy. In order to minimize errors due to eye-averaging 6f the
DVM reading, passive low-pass RC filters with a time cpnstant of about

5 seconds were connected to the manometer outputs.

3.2.5 Data Logging System

The set-up is shown in Fig. 3.5 and was used to measure

§11 the velocity ﬁrofi]es. It consisted of a So]artfon Data Transfer
Unit (DTU)., a Teletype ASR 33 .Tel.epr'inter and Solartron LM 1420.2 |
DVMs, to monitor the inputs. The DTU can receive and scan up ﬁo five
steady signals Simu1taneous]y. Only four channels were used here with
inputs from the traverse gear, the pressure probe, the tunnel reference
pressure and a "coder box". 'The coder box is a potenfiometer which
provides ten discrete voltages used for data reduction purposes. The
teletype prints out the data and also punches it'on paper tape which
can then be read onto a computer disc using a photosensitive reader.

, A1l the logged data were analysed using a modified version
of the computer program, VELPROF (de Brederode, 1973). A brief
déscription of the program and details of the modifications are given

inAAppendix B.
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3-2~6, Hot-Wire Anemometry

"Home-ﬁade" DISA probes were used for all the hot-wire-
measurements. 5 um Wollaston wires were soft-soldered onto the probe
prongs and etched under nitric acid leaving a piatinum core, typically
1 mm 1ong._(2/d of about 200). For the longitudinal turbulence
intensities and mean ve]ocity-measurements, taken mainly for cross-check
purposes., a DISA U-probe type 55P01 was used. A1l the other turbulence
measurements were taken with a DISA miniature cross-wire probe type
55P51. The wires were cleaned regularly by immersing the probe in an
ultrasonic bath. A | |

DISA 55D01 constant temperature anémémefe;s'wéfe used tél
operate the hot-wires. Linearisers were not used since the turbulence
intensities were not very high and since triple and higher order
furbu]ent products were not required. |

o The hot-wires were calibrated regularly - at least before
and éfter each run. The procedures fdr the static velocify calibrations
and determination of the éffective wire ang]es_of avX—wire, together
with details of the corrections applied, are described in Appendix C.
Dynamic calibrations were not made since Chandrsuda's (1976) comparisons
showed negligible differences over the speed range of the present
experiments. '

) -

3.2.7 Analogue 1nstrumentation

~ A11 the turbulence measurements were made analogue-wise
in real time. Digital techniqueé were not used since higher order
turbulent products wefe not required. The experimental set-up is
shown in Fig. 3.6. s

For the u?, v? and uv measurements, the cross-wire signals
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from the anemometers were fed to a differentia]-amp]ifierrthrough an
AC coupled HP/LP f}ltering system consisting of a passive filter

| network box and two DIéA 55D25 auxiliary units. The low pass fi]ter
setting was 10 KHz to remove electronic noise from the equipment and
the high pass sétting was 5 Hz to remove working.section unsteadiness.
The mean square of the f1uétuating voltage was measured using a DISA 55D35 -

RMS meter on a So1artronADVM. Details of the processing of this data

~are given in Appendix D.

For the spectrﬁm measurements, X-wire signals from

selected profile points were recorded on an AMPEX FR 1300 Analogue Tape
Recorder and analysed later. A Sum and Differenéé.Unit'was used to
produce signals pfoportiona] to u and v. These signals were fed into

" a Briiel and Kjaer spectrometer (Type 2112) set on one-third octave
ff]ters‘and the oﬁtput from these integrated over a time constant of

}15 seconds set on an externally connected "Watesta" timer. Operational
-~ amplifiers, multipliers, integrators and the Sum and Difference Unit
form part of the Department's PHI module system and plug into a PHI

console with a common + 15 V power supply.

3.3 Results and Preliminary Discussion

3.3.1 Mean Velocities and Bulk Flow Parameters

Most of the work was done in the 450 x 450 mm tunnel at an
undisturbed free-stream velocity of about 18 m/s giving an Ree of 1690
at the first measuring station, situated at a distance of 140 mm from
the screen position. Measurements at.this station (without screen)
' HaVe been taken as the undfsturbed "upstream of screen" values throughout

the present analysis.
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Fig. 3.7 shows the velocity and semi-]ogarithmic profiles
for the undisturbed turbu]ent boundary layer at x = 140 mm. The

boundary layer has a‘monotpnic increasing velocity profile with a 699

of 14 mm and a well-defined log. region between y+ = —;I} = 50 and
= 5.0 giving:-

0.2 6995; The log. law with Coles' constants, K = 0.41, C

56209 y" + 5.0
T B

is also plotted on this and subsequent semi-log. plots. The wake
component (AU/uT) value of 1.7 compares well with Coles' (1962)
equilibrium value of 1.8 at this Ree. The profiTes ét X = 597 mm (the
last measuring station) are shéwn in Fig. 3.8. A small increase in
boundary.layer thickness, and consequently in free-stream velocity, is

the

apparent. A1l the velocity profiles are normalized by U . ¢ -

free-stream velocity at x = 140 mm (without screen).

(@) ~ The Steel Screen

- The profiles measured at four stations downStream of the
steel screen-are presented in Fig. 3.9. A reduction in the boundary
layer thickness is apparent although the edge of the boundéry layer is
not clearly defined. :Non-uniformities in the free stréam include
: Screeﬁ-produced longitudinal vortices but these have almost disappeared
by the last station. These longitudinal vortices are presumably formed .
by the random coalescing of jets emerging from the screen pores and
according to Bradshaw (1965) are more prominent for screens with
"B < 0.57. This screen has a B of 0.56f There are also signs of an

.overshoot in the velocity profile near the boundary layer outer edge.
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Note that the profile at x = 414 mm was measured on the working section
-ceiling. This was;to make sure that the effects noticed on the floor
were not due to any exfraneous effects and except for the slight phase
shift in the "rippling", this profile seems to represent the recovery
process well. The semi-log. profile at x = 140>hm exhibits a 10g. region
but with different constants to Coles' and with no significant wake

component. Again recovery'is almost complete by x = 597 mm.

(b) Thé Brass Screen

' The trends for the brass screen (Fig. 3.10) are very similar,
especially the semi-log. profiles. The vefocityihfdfi1éé, however, ‘
exhibit more non—ﬁniformity in the potential core and this is still

.: evident at the last station. Although B for this screen is higher (0.63),
fhe non-uniformity is not too surprising‘since this.screen had non-
Vuniform weave and slight wrinkles which would enhance the coalition
process of the emerging jets by affecting directional changes. However,

there are no significant signs of any overshoot.

(¢) The Plastic Coarse Screen

» The velocity profiles for the plastic coarse screén (Fig. 3.11a)
show significant changes although the semi-]dg. profiles (Fig. 3.11c) show
trends similar to tﬁose for the two metal screenﬁ. There is a distinct
6vershoot in the velocity profi1e which persists until x = 597 mm.

Although the definition of a boundary layer thickness now becomes very
subjective, the boundary layer behind this screen is considerably
thinner than those behind the metal screens and explains the larger

" reduction in free-streaﬁ velocity. Another new feature is the absence .

- of any large-scale, systematic fipp]ing in the potential flow. The few
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signs there are at x = 140 mm,_disapbear very quick]yvand the profile
at x = 597 mm, in\this region, is extremely uniform. This feéture is
demonstrated better in Fig. 3.11b which extends up to a larger

y-distance.

(d) The Plastic Fine Screen

The plastic fine screen velocity profiles (Fig. 3.12a) are
very similar to those fbr the p]astic cbarse screen except the overshoot
is larger and more distinct. The semi-]og. profile at x = 140 mm
(Fig. 3.12b) shows a very small log. region and no wake component at
all, but again, recovery from the perturbation.ig duife'rapid. |
Fig. 3.12c shows the profiles at x = 140 mm with the screen fotated
‘through 90° about its own axis. Similarity of the results proves that
fhe effects noted above are not unique'to a certain portion of the |

" screen.

- The main differences in the mean flow between the plastic
and méta]_screens afe with regard to the overshoot, which is discussed
more fully in Section 3.4.1, and the rippling in the core flow. Since
the open-area ratios of the plastic screens (0.57) prdvideq no clue,
an investigation of the weaving properties was launched. This revealed
that the plastic strands were necked at the nodal points so that they
were embedded within éach other (Fig. 3.13). This implied that the
fibres cqu]d not slide over each other, thus méintaining the originaf
uniform Qeave, whereas the metal screens are likely to suffer from this
kind of deformation. A]sb, this means that the overall thickness of
the p]asficrscreens is less than 2d, where d is the strand diameter,

. thus making the screen more nearly co-planar. It seems feasible that
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the chances of the flow remaining straight and parallel as it goes
through the pores Qou]d be better if the screen was more nearly

co-planar. The measured thickness values are given below in Table 6.

TABLE 6
SCREEN . OVERALL THICKNESS
Steel o 2.2 d
Brass v 2.0d
Plastic Coarse " 1.8d
P]astic.Fine _ 1.9d

The piastic coarse screen, which has thé smallest overall

thickness, also seems to produce the most uniform core flow.

: The supposed presence of strong longitudinal vortices is
also probabiy résponsib1e for variations in the skin friction coefficient,
Ce (= Tw/%qué). In order to investigate this aspect, the spanwise cf
distribution was measured downstream of the screens at three stations
with a Preston tube (Figs. 3.14 - 3.18). The Ce values were evaluated
using Patel's (1965) calibration. Note the small shift in x-wise
pdsition. The undiéturbed distributions show a characteristic peaky
Shape with a peak-to-peak variation of at least 20% about the mean.
- This §trong1y suggests the presence of some sort of secondary flows.
The distributions downstream of the screens show the expected increase
in Ce fdl]owed by a gradual recovery, but all except that for the steel

" screen still have rough]yAthe_same peaky shape. The steel screen

distribution at x =.105 mm may be -indicating the presence of longitudinal
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vortices - this screen does have the lowest B.

‘The Ce (z) distribution was then measured at the end of the
working section (x = 2.4 m) across the whole tunnel span. As shown in
Fig. 3.19, the flow is dominated by strong secondary flows and none of
the screens have affected it significantly. The.source and nature of
this secondary flow is discussed in more detail later in Section 5.1.3.
| These results, therefore, shggest that the 1ongitudjna1 vortices shed
by the screen will not persist in a boundary layer already dominated by
strong secondary flows.

‘ In order to assess Re effects the mean ve]oc1ty profiles
at the first stat1on were also measured at a reduced free- stream : '
velocity of about 10 m/s (Figs. 3.20 - 3.21). The most noticeable

~ feature is the absence or reduction of the overshoot, and the semi-log.
bfofj]es are correspondihg1y gffected. As far as the ripp]ing is
concerned, there seems to be no Re dependence except for the plastic
fine screen where the non-uniformities seem to have increased slightly.

'The distributions of the boundary layer thicknesses, skin
friction coefficient and shape parameter are plotted in Figs. 3.22 - 3.26.
The boundary layer thickness, & for these was defined as the point where'
the vé]ocity reached 0.9 times the undisturbed free-stream value

(i.e. U/U = 0.9) and the integral parameters were calculated upto

ref
this point. This was to avoid the effects of 1oéa1 non-uniformities
near the boundary layer edge. The integral parameters were calculated
using Simpson's Rule for unequal steps and the Ce values obtained from
the VELPROF fitting routine described in Appendix C.

The effects on these parameters of the metal screens are of

| the same order of magnitude and smaller than for the plastic screens.

The plastic fine screen produces the maximum perturbation on all the



79

pa}ameters. vThis is sﬁrprising because it doesinot seem to correlate
with B which is sé%]]est for the steel screen (0.56) and largest for
the brass screen (0.61). The rate of recovery {i.e..&% etc.] of each
parameter is similar for all the screens. Fig. 3.22 shows that the
boundary layer growth rate is much less than the typical value for a
_ "constant-property,boundary layer in a mild pressure gradient", about
g§-= 0.015 (Cebeci and Bradshaw, 1977). |

| The Ce distribution shows the expected increase downstream‘
of the screens and then a monotonic decreasing recovery, at different
rates for different screens.  Surprisingly, the shape factor (H)
distribution shows the same irend as cg. The increase in'éf is plausible
since the thinner boundary layer now has a large contribution from thg

viscous stress [u gg) Large values of H (2.3 ~ 3.5) indicate a laminar

ay)”’
bbundary layer. Theie are indications that the p]astic fine screen, at
" 1éast, may be re-laminarising the boundary layer (H = 3.6 at x = 140 mm).
In fact, the semi-log. profile at x = 140 mm (Fig. 3.15a)vfor this
screen is also analogous to that of a re-]aminariﬁed'boundary layer.
- Re-laminarisation normally takes place when boundary layers are
accelerated, like for egamplé through a contraction. In this particular
case, since the screen thins the boundary layer, the streamlines in
the boundary 1ayer must be expected to conVerge-towards the wall and so
to maintain a constant mass f]ow.(J Udy = ¢), a é]igﬁt acceleration is
experienced but this on its owﬁvcould probably not cause the observed
effects. The change in H between x = 140 mm and x = 597 mm is comparable

to that observed in the transition région:of a flat plate boundary

layer (see Fig. 16.5, Schlichting, 1968).
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3.3.2 Pressure Drop Coefficients

The pféssure drop coefficient of a screen, K is defined as
the ratio of the static pressure drop across it (Ap) to the dynamic

head of the approaéhing flow (% oU2). Hence:-

Ap

K= 1
7 oU?

Howeve}, in finite ducts, measuring Ap as a difference in
static pressures across the screen leads to errors.and this iﬁ what
most of the workers have been doing. 1

Applying Bernoulli's equation to the flow along a streamline
and denoting the upstream of screen values by subscript 1 and the
doWnstream ones by 2:-

P =P +2P
1 2

where AP is the total pressure drop across the screen. Then:-

1 2 . 1 2
p1+-?pU1-fp2+72-pU2+AP

Therefore: -

]
P = - + - p(U%? - U2
A, L p(Ul 2)
So by measuring p1 -_pz, one measures the actual pressure
drop across the screen minus the drop in dynamic pressure across the

‘screen due to boundary layer effects'in a finite tunnel. So for all
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measurements in finite ducts, the pressure drop mggg be measured as
a difference in to;al pressures.

In this inQestigation, the downstream total pressure was
measuired by a Pitot tube at x = 597 mm, where the screen-produced
non-uniformities were small. Even then the fina1 presSure‘reading was
averaged over a y-wise distance of about 50 mm in the potential core.

K is plotted against a modified Re (Ud/Bv) for the four
screens in Figs. 3.27 - 3.30. The theoretical formulag of Wieghardt
(1953), Collar (1939) and Annand (1953) are also plotted for comparison.
vFor the brass screen, Wieghardt's formula overestimates K by as much as
20% at the lower speads (U < 15 m/s). The agreement for the steel |
screen is better (& 10%). The accuracy of K-pred1ct1on by this formu]a
.'may well be expected to suffer with increasing B. Collar's equation,
even with C = 0 9, and Annand's formula both overestlmate K in the
high Re Timit. Since Wieghardt's empirical fit was based on data
syffering from errars of the type discussed above, one would expect
this formula to underestimate K, especially at the lower speede where
- displacement effects are larger. From the formulae available, the one
due to Wieghardt is still the most accurate, in predictfng the right
trend, over the whole velocity range considered here (0 < U < 20 m/s).
'However, a need to re-formulate this equation with more reliable data
is evident. | | - |

Surprisingly, all fhe forﬁu]ae seem to predict the plastic
screen K-values much more accurately. This is mainly because these.
plastic screens are exhibiting high-K properties for their open-area
= ratiol(0.§7) compared tq_the metal screens. At a given flow epeed,
'tHe]h]astic fine screeﬁ’prodﬁces the highest pressure drop. This

explains a 1ot of the results in Section 3.3.1. This high-K property
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must be at least partly attributable to the co-planarity of these
screens and formulae such as Wieghardt's (dependent only on B8 and Re)

. and based only on meta]-screén data should be applied with caution.

3.3.3  Turbulent Quantities

Extensive measurements of the Reynolds stress cbmponents
(;;; ;;>and uv) were made downstream of the four screens at three |
stations, x = 105, 257 and 562 mm. Note that these measuring stations
are not quite the same as those for the velocity profiles because of
the'difference in probe lengths. They are, howeVer, the same as those
for the spanwise Ce measurements. A1l the ﬁeynolag Stréss cbmponents'.
preéented here are'normalised by a local Ué for each station - the
- ve]ocity at y = 50 mm. N
w Figs..3.31 - 3.35 show the longitudinal hean sqﬁare
inteﬁsity (;;}U;) profiles. The undisturbed profile indicates a
root-mean square intensity 1eye1 in the potential core of about 0.28%.
The ;; in thé boundary layer is reduced drastically by all the screens,
- especially the plastic screens. The plastic fine screen has reduced
I;}Ué by about 93% at y = 3 mm. Recovery is almost complete by the
last station (x = 562'mm) especially with the metal screens, The rise
in the free-stream intensity level is almost entirely due to the screen
produced turbu]ence; This is seen to dissipate with fncreasing X. There.
are also signs of slight rippling in this region at x = 105 mm.

Figs. 3.36 - 3.40 show the lateral mean square intensity.
(;;}Ué) profiles. The undisturbed free-stream root-mean square intensity

level is about 0.4% - about 1.5 times the u? level. This just confirms

“the effect of the contraction which is to reduce u2/U; more than v2/U;

(see Section 5.1.1). The effects of the screens on v? are very similar



to those on u?, but the percentage réduction inhthe boundary layer is
less - 89% for thg‘p1astic fine screen at y = 3 mm. This just cbnfirms
that screens affect tﬁe Tongitudinal turbulence component more than the
1atéra1 one. Again, the increase in the free-stream level 1is evident.
There are very little signs of systematic rippling except perhaps for

the plastic fine screen at x = 105 mm. On ‘the whole, the vZ recovery
is noticeably faster than ;; and this indicates a tendency to isotropy.

The shear_sfress profiles (GVVUé) are presented in Figs.
3.41 - 3.45. The éf/Z values tabulated on the figures are those
measured by a Preston tube and the shear stress profi]es are expected
eventually fo asymptote towards this wall shear étfesé Va]ué{ The |
points near the surface, y =~ 3 mm are obviously affected a Tittle by
wall intérférence effects. The effects of the screens on uv are again
s%mi]ar to those on';; and ;;, only the reduction is greater.

Most of the total shear stress in the small region near the

wall is probably viscous shear'stress; the total shear stress, T is

defined as:-
T=yu %%-- p uv

The rippling in the potential core is more evident in these
brofiTes for all the screens, with the shear stress oftén changing sign.
It is evident from all these'Reynolds stress brofi]es that
the effect of the screen is almost to obliterate the turbulence in the
outer layer of the boundary layer and also to generate some turbulence
of its own even in the free stream. The action of the screen is to
reddce the scale of the oncoming turbuTence to a size which is correlated

with the screen mesh size which then dissipates more quickly. In a



84

boundary layer the 1argé eddies, which extend over most of the width of.
the outer 1ayer'aﬁz»which are responsible for producing most of the
shear stress, are affected by a screen in this way and this explains the
greater effect of a screen on uv. The results pfesented above confirm
this in principle since the greatest reduction of the turbulent
quantities (especially uv) is by the plastic fine screen (2 = 1/40 in).
The drastic reduction of the Reynolds stresses, in particular that of uv
in the outer layer, implieé that the velocity profile in this region is

: ou.,
almost "frozen" with very little turbulent production {- u.u. =~ - the

1] 9X.,
full transport equations and the 1nterpretations‘of the‘terms arg given
in Appendix E. | | | - - | -
If the local Re (Ud/Bv) of the screen wires is greater than
about 80 (true for most practical app]ications), the wiré wakes will be
turbulent and the screen will contribute turbulence to the flow. This
implies that the amount of turbulence contributed should be correlated

with the wire diameter and indeed in the above results, thé-steel screen

0.0164 in) contributed the most while the p1astic fine screen

(d
(d

0.0060 in) contributed the least. The reason why the turbulence
in the boundary layer, which is correlated with the screen mesh size,
has dissipated relatively fast compared to the screen produced turbulence

in the core flow, which is correlated with fhe wire diameter, is that

the dissipation term v u; (azui/axgil is much gréater in the boundary
layer.

- Another source of turbulence cqntribution is the non-
~ uniformities produced by the screen in the mean flow. The rippling
observed in the mean velocity profiles in the core flow implies a shear
(3u/ay) with changinébsﬁgn which means there is positive and negative-

“turbulent production. Negative production is by no means unique to this
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flow and implies a transfer of energy from the turbulence to the mean
flow - a compréssign of the vortex lines rather than stretching. This
" explains the rippling in the turbulent quantity profiles. TheVEV
profiles change sign and ripple more since the domipant production term
in the turbulent energy equafion for th%s case is - ﬁViggu

In order to assess the efficiency of the turbulence as a
supporter of shear stress, the correlation coefficient,

R, (= uv/vY u? ¥ v2) profiles are plotted in Figs. 3.46 - 3.50. The

w
profiles only extend up to the nominal boundary layer edge. The results
show that in the region of recovery from the effects of the perturbation
the efficiency of maintenance of shear streés is }édUCed, more so for'
the plastic screens than the metal ones. The reduction is not as marked
as the shear stress itself because the intensities are also reduced, but
the struétura1’chénges involved are obviously 1arge.' Again Ruv has
recovéred to the undisturbed value by x = 562 mm for all the screens.
Rgcovery is much quicker in the regions nearer the wall (but still in
the outer 1ayer) as indicated by the profile at x = 257 mm and indeed

" there is even an overshoot indicated for the steel and plastic fine
Screens. This suggests an increased activity in this region and
indicates the re-organisation of the large (shear-ﬁtress-prqducing)
eddies in the "new" turbulence. Although the actual values of Ruv in
the region beyond thé boundary layer are ratios of small measured
quantities, and hence not so abcurate>in detail, the trends shown up

are consistent and interesting. Fig. 3.51 shows this extended profile
for the steel screen and the approximately sinusoidal variation with
changing gign-is consistent with the positivé and negative production
in this region. |

In order to determine the effects of a screen on thé

-
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structure of the turbulence in wave number space, a spectral analysis

was carried out onvone screen (plastic coarse screen). Measurements

‘ were made at three y—pésitions (0.25, 0.50 and 0.75 601; 60 (= 6995)

is the undisturbed bouhdary layer thickness) and at two stations (x = 105
and 257 mm) on nominally the same streamlines in-y. A1l the spéctra]
densities have been normalised by Uﬁe% so that direct comparison is

more justifiable. The argé under the curve is thus'equal to the

intensity and not 1.0. So:-

s

¢ 2 (¢ w2

—~LL (k) dk = u and J;—ié-(k ) dk = Y

u2 1 1 U2 UZ ! 1 u2
ref ref ref ref

- The ¢11 results are presented in Figs. 3752 - 3.54 plotted
oﬁ lqgarithmic (loglo) scales. The - 5/3 law which comes from
KOTmogorov's universal equi]ibrium assumptions is also plotted in these
figures (with an arbitrary intercept) for the undisturbed.case, to.
verify the nbrma]ity of the measured spectra. The - 5/3 1aw is valid
"~ in the viscosity - independent inertial subrange which links up the
low-wave number, energy-containing range to the very high-wave number
viscous dissipation range. The spectral density in the energy-containing
range 1s’reduced by the screen in all three cases at X = 105 mm - this
indicates the reducfion of ;;.by redu;ing the scaie of the oncdming '
~ turbulence. At higher wave numbers the ¢11 spectra now falls-off more
slowly, indicating a contribution which would be the screen produced
turbulence. The "recovery" at x = 257 mm is only indicated at y = 0.25 60.
In the other two cases no significant change has occurred. This is

‘because the y = 0.5 60 streamline is now near the boundary layer edge

and the outermost one is well beyond the boundary layer; most of the
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immediate re-organisatfon takes place well within_the boundary layer,
as indiéated by tﬁé RUQ profiles. |

The ¢22 results presented in Figs. 3.55 - 3.57 show very
éimilar trends to ¢11 but to a lesser extent; screens affect the
longitudinal turbulence componenti more than the lateral one. There

is a curious dip in all the spectra at log. k1 = 1.8 which seems

inexplicable.
3.4 . Further Discussion and Results
3.4.1  Overshoot in Mean Velocity Profiles

In the results presented above, the most interesting single
phenomenon observed has been the overshoot in the velocity profi]e.near
the boundary layer edge; In effect, we get a velocity or total
hressure excess where there was a defect, i.e. in the boundary layer.

Other workers have also noticed this effect, mainly for

screens with K > 1. Owen and Zienkiewicz (1957) obtained a "bulge" in

- the velocity profile generated from a row of cylindrical rods. Corner

(1971) obtained a distinct overshoot downstream of a metal screen with

K=2.55. Lau and Baines (1968) did some experiments on flow through

screens and showed that the overshoot increased with increasing K for

K> 1. They gave an explanation for this effect by considering the

.energy balance with some rather il11-founded assumptions. Their main

assumption, was that the streamlines are not subjected to large

- deflections and so there is no changé‘in velocity on a streamline

before the screen. Clearly, this assumption is not justifiable since,

depending on.the K-VéTue of the screen, the boundary layer is thinned=—

~down and the streamlines must, therefore, converge towards the wall and
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experience an acceleration (to maintain a constant_méss flow).

It;iswﬁn fact this very effect that suggests an explanation
* for the whole phenomenbn. In a finite tunnel, the streamlines passing
. through the screen right against the-wall and on the tunnel centre-line |
must be expected fo be straight and parallel. So there is a region,
.most probably near the boundary layer edge, where the streamline
inclination haé a maximum. .Fig.'3.58 shows .a very simplified version
of this effect in a diffuser. As mentioned in Séct%on 3.1.2, K is
found to decrease with increasing flow inclination. This means that
the streamlines near the boundary ]ayér edge suffer an even sma]]ér
pressure drop which could result in the overshoot, - |

In order to verify that the point of minimum préssure drop
is at a finite distahce from the wall, the pressure drop along
individual streamiines was calculated from the velocity profiles

(Appendix F). Fig. 3.59 shows the plot of the “"pressure-loss deficit":-

3 o2

[= (b, - p,) - AP]

along a streamline against the streamfunction, y. The curves for all

the screens have a well-defined point of minimum pressure drop at a
finite distance froh the wall. For a_given‘screeh, this point.does

not in general match with the position of the overshoot. Now remembering
that:-

AP = K x %-pUZ x Cos™ 6

where m is an empirical factor, AP will be a minimum where U2 Cos™ 8
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' is a.minimum and this is not necessafi]y the point where the overshoct

appears. Note tha% the curves asymptote to:-

they wou]d asymptote to zero only in an infinite tunnel. Fig. 3.59 also
indicates that the plastic screens produce a bigger deficit in pressure
loss than the metal screens and the plastic fine gcreen even more so.
This is in general agreement with the extenf of the dvershoot in the
velocity profiles. This distinction between the plastic and metal
screens suggests once again that the properties of the screens
themselves may,bé responsible for these effects. |

| On measuring the x-wise deflection of the screens on the
tunnel centre-line, due to wind Toading, at various speeds (Fig. 3.60)
it was found that the plastic scfeens deflected more, i.e. stretched
more than the metal ones. Even ih the high-speed 1imit the plastic
screens are continuing to stretch, i.e. it is genuine e]asticity, not
jusf sag béing taken up. This may be because the Tlocal stress and
strain are much higher at the points where the necked plastic fibres
meet. Large screéﬁ deflections imply large screeh inc]ination.angles
near the wall, and this must be éxpected td affect the pressure drop
as well. |

This was verified by measuring the total-pressure profiles

downstream of the steel screen at x = 50 nm for two different

situations: -

(1) With the screen straight (in side-view);

(i) With the screen deliberately curved into a semi-



90

circular shape, as shown in Fig. 3.61.

The inclined part of the screen,(about'50°<to the floor) has
produced a distinct overshoot (about 20%) near the wall. The profiles

coilapse well for the region of zero inclination.

Now since the deflection, and hence the screen inclination,
is speed-dependent, (Fig. 3.62 shows the measured plastic fine screen
shape at two different ve]ocitiés), the extent of the overshoot must
also be speed-dependent and indeed a comparison of Figs. 3.12 and 3.21
has_a]ready.shown that the overshoot at Ug = 10 i/s iéztdnsiderab1y‘
less than at.higher speeds. j

Now thié iﬁp]ies that the overshoot for this screen was
more a résu]t of screen inclination than streamline ihc]inationvsince
we would expect the stream1ine:inc11nation to increase with decreasing
'f1ow speedl Screen def]ection'a1§ne cannot be responsible for the
overshoot since Owen and Zienkiewicz (1957) had a grid consisting of
a row of rods, which is not expected to deflect, and they still |
observed an overshoot in velocity profile. The reason why this effect
is observed mainly for screens with K > 1 is that as K‘getsularger,
the boundary layer is thinned down more and so the streamline inclination
is iﬁcreased. So as regards the overshoot, the important parameters
are thé pressure drop coefficient of the screen (which determines the
streamline inclination) and the flexibility of the screen (which
determinéé the screen inclination). Screen deflection (AL, say) must
be expécted to be dependent on the wire elasticity, wind loading (which
is correlated with B) and also the ratio of screen mesh length to

‘tunnel height (which determines the ﬁumber of affected, high-stress and
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strain, nodal points along a fibre). Hence:-

S AL E ]
=—=f s B>
" {KDUZ HJ

~ Now the screen inclination has a maximum near the wall, if
the final screen shabe under load is assumed to be a spherical cap,and
._so for fhe combined effect of streamline and screen- inclination to have
a maximum effect, another relevant parameter must be So/h, where So is
the undisturbed boundary layer thickness and h is the working section
height. In the above tests this ratio had a va]uequ about 0.03. It
was a pure coincidence that the high streamline inclination occurred at
a yjpbsition where the scréen inclination was also very high, but the
coincidence may be repeated in real small blower tunnels.
o Some preliminary investigations had been conducted in a
108 x 108 mm duct where So[h =~ 0.3. Figs. 3.63 - 3.65 show the velocity
and semi~log. profiles measured at four stations, upstream and downstream .
of thfee different screens. The detai]s of the measuring positions are
shown in Fig. 3.4 and details of the screens tested in Table 5. The
tests were performed at an undisturbed free-stream velocity, Uref of
about 20 m/s combared to 18 m/s in the 450 mm. tunnel and this was
reduced by about 10% through the screen due to disp]acemént.thickness

The

effects. A1l the velocity profiles are normalised by Uref‘

veiocity'profiles at x = 64 mm do not show any distinct overshoot,
even for the plastic screen. In fact, at about y = ]O mm there is a
dfstinct defect although the profile is still increasing monotonically.
 This defect 1§ 1ess_apparent with the coarse copper screen which has
the lowest B (0.549). Some local wiggles are apparent near the

boundary layer edge but the recovéfy for all the screens is almost
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vcomp1ete,by x = 521 mm. The semi—1dg. profiles, even at this sma11er.
x-distance, are af;o not as badly deformed as in the previous results
from the 450 x 450 mm'tunne1. A distinct log. region with Coles'
conétants is apparent at x-= 64 mm but still no wake component. Again
recovery is almost complete by x = 521 mm. This effect of Go/h is
shown up even better in Figs; 3.66 - 3.68 where the profi1es méasured
at the same stations as the ones above are compared with one measured
far upétream (x1 = 292 mm)rwherg 60/h = 0,05, Slight overshoots are
indicated at x1 = 292 mm for the black steel and steel screens but not
at x = 64 mm. The semi-log. profiles indicate that thg recovery at
x1 = 292 mm is almost complete but that at x = 216'mm’(é"sma?1er x-Wiée
distance) is-also very near completion, éspecia]]y that for the black
steel screen. The reéson for these differences between screens is that
the open-area ratio, B, of the black steel screen is much Tower (0.538)
?hén that of the Fine copper screen (0.674) with that of the steel
screen beihg 0.556, implying that'the streamline inclination for the
black steel screen'is the highest. A direct comparison with the 450 x
450.mm'resu1ts is also possible since_the same steel screen was tested
in both the rigs. The profile at x, = 292 m (Fig. 3.§5a) is very
similar, qualitatively to that at x = 292 mm in the 450 mm tunnel
(Fig. 3.9a); the Go/h ratios afe of the same order, OfOS and 0.03;
respective]y, On the other hand, a comparison of the profile at .
X = 521 mm (Fig. 3.66a) with that at x = 597 mm (Fig. 3.99) shows the
apparent difference in terms of the overshoot.

- So these results confirm that streamline inclination is
bésica]]y responsible for the overshoot in mean velocity profiles and
with flexible screens (e.g. plastic) this éffect is accentuated by the

screen inclination, at least for some values of & /h.
: 0
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3.4.2 Measurements Véry Close tb the Screen
SO'faf?we have concentrated on the recovery process of the
flow from the pefturbation produced by the screen. In order to assess
the'exact nature of the perturbation, wé need mgasurements.close to the
screen, upstream and downstream. Velocity profiles were measured,vin
the 450 mm tunnel, close to the steel and plastic fine screens and
detailed pressure measurements were made close to the plastic fine
screen.(withfn X =% 50.- 60'mm). A1l the measurements near the steel
screen were made at a free-stream.ve1ocity of about 18 m/s while all
the plastic fine screen measurements (except Where otherwise stated)
were made at a reduced velocity of about 13 m/s,‘méiniy'to reduce the-
- screen deflection and thus overshoot. o
_ Figs. 3.69 and 3.70 show the velocity profiles measured
ubstream of the steel and plastic fine screens, respectively with a
§iﬁgTe hot-wire. These profiles just indicate a reduction in the
}boundary 1$yer thickness as thé fiow approaches the screen implying'a
convergence of the streamlines towards the wall. The downstream
pfofi]és for the steel screen (Fig. 3.71) clearly show the wavy non-
unifbrmity broduced by the screen throughout the flowfield. The
peak-to-peak variation about the mean at x = 12 mm is aboutf?%. These
ripples tend to disappear more quickTy within the boundary layer |
because of the higher turbulent mixing. By x = 4] mm the boundary
layer has emerged and signs of the overshoot have appeared at about
y =11 mm. However, the profiles downstream of the plastic fine screen
(Fig. 3.7é) at Ue = 18 m/s show no such non-uniformities in the core
‘fTow a]though the overshoot is very evident., This confirms the
conclusions reached above about the p]&stié screens‘yie]ding more

o\ ., uniform flow in the potential core. However? the profiles at Ue = 13 m/s
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(Fig. 3.73) do show some non-uniformitiés, abouf 2.5% peak-to-peak
‘variation about tﬁé mean. This indicates again what the Fitot results
| suggested, that for this screen, the non-uniformities may be speed?
dependent. |

A1l the pressure profiles presented below were'measured
with respeét to a reference static pressure in the working section and
normalised by the tunne]_reference preSsure. The total pressure profiles
measured upstream of the plastic fine screen with a cylindrical Pitot
tube are presented in Fig. 3.74. Again‘this just indicates the expected
increase in total pressure at a given y; ;V < 0 as the flow apﬁroaches
the screen. The static'preséures were measured with fhé disc-static
tube described in Section 3.2.4. The static-pressure profiles (Fig. 3.75)
indicate almost zero transverse pressure gradient in the boundary layer
at x = -'43.0 mm. The static pressure drop in the boundary layer then
decreases towards the screen as the streamlines converge and the
ve]b;ity along them increases. The static pressure in the free stream
increases gradually, indicating a slight drop'iﬁ Qelocity due to
displacement thickness effects. The velocity profiles calculated from
these measurements are plotted in Fig. 3.76. They just show tﬂe
expected trend of the boundary layer thickness decreasing. _However, at
| X =‘f 3.0 mm there is a small overshoot at about y = 10 mm. This
vimpiies that there is an appreciab]e streamline fnc]ihation near the
boundary layer gdée but the inékease in the pressure drop due to this

increase in velocity is obviously outweighed by the effects of

-~ streamline and screen inclination.

The total pressure profiles downstream of this screen,
measured with a conventional Pitot tube, are presented on a highly

-expanded scale in Fig. 3.77. The overshoot seems to emerge very near
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the wall, and the non-uniformity in the core flow is well-defined and

bersistent. The siatic pressure profiles (Fig. 3.78) confirm the

' basic pr{nciples of a écreenﬁ it affects a higher pressure drop in

the higher velocity regioné. Unfortunately, the overshoot occurs too

near the wall for the effects fo be apparent in fhese results. The

effects of the screen on static pressure are best described in Fig. 3.79

where the distribution is plotted for three y-positjons. The evaluated

velocity profiles downstream of the screen are presented in Fig. 3.80.

The non-uniformity of about 2% at x = 16.5 mm is consistent with thé

3% non-uniformity noted in the hot-wire profile at x = 14 mm (Fig. 3.73).
"~ From the evaluated velocity profi]es iﬁe’stfeam]ine shapeé '

were calculated nuherica]]y. The streamlines are'p]otted‘in Fig. 3.81

"and show an increasing inclination as the streﬁﬁ?ﬁnction, Y increases,

W%th a maximum wei1 beyond the boundary layer. Since the overshoot

for fhe plastic fine screen emerges very near the wall, it is probably

more attributable to screen deflection than streamline inclination.

This agrees with the earlier observations that the overshoot decreases

- with decreasing flow speed leading to a smaller screen deflection.

3.4.3 Inclined Screen Results

It is evident from the results discussed above that
streamline and screén inc1ination play an importaﬁt role in determining
the form of the emerging f]owfield, It has long been known that the
pressure drop through a screen, and even the deflection coefficient,
are significaht]y affected by screen inc]inétion but, as shown in
Section 3.1.2, the exact forms of the corre]atidhs have not been
"sétisfactorily established. In the present investigation, the

variation with inclination of the pressure drop and deflection
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coefficient of four screens was investigated in the 450 mm tunnel.
The experimehta] gig and measuring techniques are described in Section
‘ 3.2.

The yawmeter probe was positioned sufficient1y far'downstream
of the screen at about 500 mm from the surface (still within the
potential core) to minimize the effects of the screen produced non-
uniformities. However, sihce all the measurements were’consistently
taken on the centre-line of the emerging flowfield, the effects of this
on the variation of the parameters with & would be negligible anyway.
Three of the screens used here are the same samples that were used in
the‘main analysis above. The steel screen.hadvtdhbé rep]acéd'by a

steel (1) screen with a higher 8 of 0.594.

(g) ‘Pressﬁre Drop Coefficient

The results for the variation of the pressuke drop
coefficient, Ky, with screen inclination, 68, are presented in Figs.
0 3.82 - 3.85; The values of Ke at o ; 0 agree to within 5% with the
" previously measured values (Section 3.3.2) which were averaged over a
part of the screen. The dashed curves in these'figures éhOW a Cos 6 |
relation forced to fit K (6 = 0) at the two speed limits. On the whole,
the Cos 6 agreement over the speed and B ranges investigated for both
types of screens is good to within about 7%. So‘these resu]ts‘imply'

a relation: -

Ky = K Cos™ o , - withm=1.0 o (3.7)

However, at Tow speeds, a distinct overshoot is indicated

" at about 6 = 100, especially for the plastic screens.
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For comparison some results of Simmons and Cowdrey (1945)
and Dryden and Scﬁhbauer (1949) are plotted fn Figs. 3.86 - 3.99.
Two pbints emerge from these results.  Firstly, the overshoot at Tlow
speeds is present in all the measurements at abdut 8 =_10° - 15°;
There seems to Be no obvious expianation for this effect. Secondly,
in the high Re 1imit, the Cos 6 relation seems to work better for the
higher B screens. For the screens with low 8 (v 0.3) a higher value of
m (about 1.4) gives a better fit. The implications of this seem
feasible since one wou]d expect a screen with low B (wires closer
together) to be affected more by 1nc1inatipn than one with a hfgher B
(wires further apart). | | | T -

Purely intuitive "normal component of velocity" arguments,
of course, suggest a Cos? & relation whi;h Schubauer et al (1950)
abparent]y found. However, a close look at their plofted results (the
| data was not tabulated) does indicate a shift in trend as B'increases
froh‘0.21 to 0.67. Also the rather ]afge scaling on the Ké/Cos 6 axis,
to accommodate all their data, makes it difficu]f.to see individual
detail and assess how well the data really collapsed.

For screens normally used in wind tunnels, B is of the order

of 0.6 and so a Cos 6 relation is}applicap]e.

(b) Deflection Coefficient

The deflection coefficient, a,, defined herein consistently

8
as ¢/6, is plotted for the four screens in Figs. 3.90 - 3.93. As

- expected, for a given o, oy asymptotes to é finite value in the high

Re Timit. Howeyer,‘there is also a strong dependence of ag on 8, with
the deflection.coeffféient decreasing with increasing 6. This

- dependence is again more distinct for the plastic screens.

e
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vFig. 3.94 shows a comparison of the present trends with
those of Dryden aﬁh Schubauer (1949) and Simmons and Cowdrej (1945) in
~ the limit of high Re. -As meﬁtioned before (Section 3.1.2), Simmons and
Cowdrey's results may contain érrors; It is, however, reasonable to
assume that the efrors are consistent and of aboﬁt the same order for
all the screens and, therefore, should not affect the qualitative
' trends'significantly. A11 the results due to Drydep and Schubauer
show a general trend that is opposite to the presént one - a, increases
with 6, although the variations are not monotonic. However, Simmons
and Cowdrey s results indicate a definite change in trend as B increases
~and for the B = 0.49 screen, dae/de has Just gone negat1ve. A c]oser .
look at Dryden and.Schubauer's data 1ndicated that at lower speeds
) (Un 5 m/s), their trend also changed between B = 0.34 and 0.69, as
shown in Fig. 3. 94 Also, from the present resuTts for the metal
screens at least, i;f 1s very much less negative for the stee]&screen
(B~ 0.58) than for the brass screen (B ~ 0.61). So once again, it is
apparent thdt screens with low B (less than 0.5, say, can behave very
 differently from those with B > 0.5. Reynolds (1969) also makes this
distinction with his formulations. His mathematical models generally
agree with Schubauer et al's (1950) data but were obtained by simply
considering the drag on the screen fibres. |

In trying to correlate the exper1menta1 Fe/e with K for’

the present results, it was rea11sed that there was a strong dependence
of this function on 8. Fe is the force coefficient parallel to the
plane of the gauze and is defined in eq. (3.5). Fe was evaluated using
eq. (3.5). In fact, Reynolds (1969) had also hinted this. Asimple
'cbfrelation of the type given by Dryden and Schubauer (1949):-
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Fo 2.2
_e— = 2 - ] é
(1 + Ke)~

for all 06 seems rather optimistic. In order to try and determine the
| functional re]ationsﬁip between aé, 6 and Ke, a more realistic
vprocedure was followed here. | |

For each screen, Fé/e was p]ottgd against 6 for three
values of Ky (0.5, 1.0 and 1.5). The finite values of Fo/8 as 6 > 0
were extrapolated graphically and these then plotted against Ke. This

gives the limiting case of small 6. A best fit to the data gave: -

_— |
- 2-o068- 262 o (3.8)
, (1+ Ke)z .

which has the same form as Dryden and Schubauer's formula.

Combining egs. (3.5) with (3.8), for small 6, we obtain:-

o= 0.66 + —0:31 | (3.9)
(1+ K)? |

instead of the generally accepted form given in eq. (3.1):-

o = 1.1
(1 + K)é

For a screen with K = 1, eq. (3.9) gives a = 0.88 whereas
eq. (3.1)"gives o = 0.77, a difference of about 10%. This implies that
the generally accepted form for o (eq. 3.1) may be consistently

underestimating s1ightly for the screens normally used in wind tunnels
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(8 > 0.57).
' To detérmine the dependence on 8, the quantity:-
F
-éi' 0.68 - ___jldi{_; =z F, say
(1 + Ke)

was then plotted against 6. The plot indicated a linear variation

vgiving:-.
F=1.0+1.58

So for large 9:-

9 -loes - —282 | 1.0+ 1.58) o - (3.10)

and combining this with eq. (3.5) gives for Qgt-

o =+ Tan") {Tano- & sec? o |0.68 - —2:02 | (1.50+ 1.0) (3.11)
9 © 2 3
. . (1 + Ke)

This semi-empirical prediction formula is compared with the
measured values of Qg in Figs. 3.90 - 3.93 for 0 = 10°, 400 - the
measured values of Ke were used. Considering the graphical techniques
used, the accuracy of the agreement (well within 10%) is very encouraging
and probably acceptable for most purposes. Obviously more reliable
dafé is needed for screens with g > O.S before the values of the

empirical constants can be finalised.
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3.4.4 Effects of Dirt Accumulation on Screen Performance

Since }]ow over 1solated cylinders has been studied and well
understood over the yéars, screens are often regarded for analysis |
purﬁoses, as consisting of‘rows of cy]indrica] rods and cylinder
theories are then applied to the flow through screens. Although this
is never a good approximation because of the strong interaction of flow
over individual wires, a purely geometrical effect that is always
ignored is the actual deformation of the cylindrical shape itgelf.

.No tunnel is abso]ufe]y free of dirt and this tends to
accumulate on the screen wires, thus creating an arbitrary cross-
sectional shape. Fig. (3.95) shows a screen sample before and after a
4000 Km (125-hrs. at 9 m/s) run. This sample was attached to a blower
tunnel exit and so the amount of dirt accumulated is underestimated
cbmpared»to that say, on the first screen in the sett]ihg chamber. |
" Quite clearly these dirt particles must affect not only the pressure
&rop but also the refractive)pkopérties of the screen. The first
effect is often noticeable in practice when the maximum speed of a
~tunnel is found to decrease due to increased loads. The second éffect
was conclusively demonstrated by measuring the spanwise Cs distribution
in a tunnel working section before and after cleaning fhe last screen
in the settling chamber (Fig. 3.96). Thé peak-to-peak variation about
the mean was reduced from abouf 162 to 6%. The variation is causgd'by
the presence of longitudinal vortices formed by coalescing jets from

the screen pores.

3.5 Concluding Remarks

Basic differences have been shown to exist between the

effects of plastic and metal screens. This is mainly due to the
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d1fferent weaving propert1es and elastic moduli of the f1bres

Overshoot in mean velocity is attributed to the effects of
streamline and screen inclination and is greater for plastic screens |
due to the latter effect. An important parameter in determining the
extenf of fhe combined éffect'is the ratio of boundafy layer thickness
to tunnel height. Beyond the boundary layer, méta] screens produced
more non-uniformities than the plastic ones and this fs correlated
with the uniformity of weave. Recovery of the mean flow is complete by
about x = 600 mm, although the overshoot with plastic screens is
persistent. This does not create a prob]em for sett11ng chamber
applications in boundary layer tunnels since the contract1on tends to
reduce non-uniformities and also very often re-laminarizes the boundary
1ayer which must then be systematically tripped.

The effect of all the screens on the turbu]ence structure
is 51m1]ar .the existing turbu]ence is almost completely obliterated
and a "new" boundary layer is formed, W1th 1ncreased act1v1ty in the
inner part of the outer 1ayer. A distinction is drawn between the
turbulence shed from the screen due to the reduction in scale of the
bre-existing,turbu]ence (correlated with the mesh size) and that due
to the turbulent wire wakes (correlated with the wire diameter). The
recovery of the turbulence structure is a1§0 complete by about x = 560 mm.

The correlation of 8 with K is different for plastic and
metal screens. Aithough Wieghardt's formula tends to overestimate for
the metal screens,and more so as B increases, it still gives a better
- estimate of K than the other avai]abfé“fonnu]ée over the velocity range
investigated here (0 < U < 20 m/s). Ironica]]y, these formulae which
are mainly based on data from metal screens, seem to work better for

‘plastic screens, but note that for plastic screens, K is not only a
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function of B and Re.” A need for more data and better formulations is
evident. o
| The overa]i distance, upstream and downstream of the
plastic f{ne screen within which the static pressure is affected is of
provide the lower limit on the spacing of mu1t1p]e screens if flow
distortjon is to be avoided. " o

, The most important results to emerge from this investigation
were those for K, and oy. There has been too much reliance on one or
two sets of data whoée accuracy is 'questionable. Analytic solutions
which use simplified arguments for what isla ratﬁéf'complexvf1dwfield
do not help in brfdging the gap. The results presented here clearly
: ﬁhow.that an important parameter in determining the trends is the
sbreen open-area fatio. For screens normally used fn wind tunnels,
B 6.6,and so the re1a£iohs derived herg are more applicable. More
~reliable data is essential because of the important implications of the

new formulation for the limiting value of a.
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CHAPTER 4

~- . _ CENTRIFUGAL BLOWERS

4.1 Characteristics of Centrifugal Blowers

Over the past decade, centrifugal fans with "aerofoilrtype"
impellers have emerged as the optimum choice for driving open-circuit
blower tunnels. Centrifugal blowers are suitable for high performance
tunnels aﬁd test rigs, especially when a large variation in power factor
is expected. |

The aerofo11 type blades are usua11y “backward -facing",

(Fig. 4.1) - if forward-facing, they are less eff1c1ent - and, in b]owers,
with single inlets, the rotor occupies only about half the width of the
vo]ute cas1ng (Fig. 4.2). The rotor is asymmetrically positioned so

| as to accommodate the entry bellmouth within the b]ower casing, thus
.reduc1ng the overall width. A bellmouth presents a fairly uniform flow
"~ to the blower inlet. The larger b1owefs tend to have doub]e~in1ets and
“the rotor in these is cenfral]y piaced, occupying nearly all the width
of the casing. For typical blower tunnel speeds and small working
section sizes, however, singTe-fn1et blowers are adequate. Besides the
rotor, another important component in a centrifuga]iblower,is the
splitter plate or “tongue", shown in Fig. 4.1. The main function of the
tongue is to sp]it the flow which emerges'from tﬁe blower from that
which rotates with the rotor.

The backward-facing, aerofoil-type impeller arrangement
has~certain advantages over the radial-vane type, which it effectively
replaced. Unlike the older type, the aerofoil type blower does not
depend on “centrifuéa]jforce" to produce the dynamic pressure rise.

It doés, however, depend on the increase in blade peripheral velocity
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from- the in]éf to the outlet, which exp]ains the rather curious
"backward" b1ade é}rangement. Fig. 4.3 shows the velocity triang]e
for this sort of b]ade'arrangement. The static pressure rise'fs mainly
obtained by expaﬁding the flow through the vo]uté casing. The radial- |
}vane type blower often produced noise and flow pU]sations which
rendered it unsuitable for high performance tunnels. The aerofoil-type
blower on the other hand is much quieter.

~ The ability of centrifugal blowers to fun with reasonable
steadineés and efficiency ovér a wide range of flow conditions can be
attributed to the operation of the whole blade span at fhe same 11ft
coefficient, whereas an axial fan can achieve this only at a single
advance ratio (U/wr ) - notation of Fig. 4.1.

Since the whole blade area is at the per1phery, the pressure
rise obtainab]e at a given peripheral speed and operating condition is
'also.greater in an aerofoil-type blower than in an axial-flow fan. In
fact, it is also greater than that usua]]y obtained from a radial-vane
‘b1ower, which is always less than-g—ggg—l— An axial-flow fan, with a
central boss diameter acceptable for wind tunnel use, stalls first at
the foots and produces negative thrust first at the tibs because the
effective blade incidence is greater at the roots. Conseqqent]y, the
flow uniformity at the outlet of an aerofoil-type blower does not alter
as much with advanée ratio as does that from an axial-flow fan, although,
as will be seen below, the‘uniformity of flow emerging from the blower
may not be desirable. Furtherhore, the swirl prodqced by an aerofoif-
type blower with a single inlet, (Fig. 4.4), is roughly independent of
the advance ratio because it results from the asymmetry of the rotor
' bosition rather than directly from the motion of the blades as in an

axial fan.
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A1l these faétbrs help to reduce'thé noise and pulsations
generated by an aé}ofoil-type blower to a level well below that of an
~axial-flow fan, partibu]ar]y aﬁ off-design conditions, although an
axié]-f]ow fan in a closed-circuit tunnel has a smaller annoyance value
because some of the noise is absorbed by the surrounding tunnel walls..
Most commercially avai]ab]e blowers are found to have favourab]e noise
characteristics. Bradshaw (1967) used a single inlet centrifugal
blower with a backward-facing, aerofoil-type impé]]er on a 15" x 10"
(0.38 m x 0.25 m) blower tunne]l Measurements of the frequency spectrum
of surface pressure fluctuations and u-component turbulence in the
working seétion,showed no appretiéb1e trace of the.bléaévpassage .
frequenty and the tunnel was found to have a ver& low noise level.
However, besides the impeller type, the tongue size and position can
also affect the noise characteristics of a blower (see Section 4.3).

The maximum attainable efficiency of an aerofoil-type blower
may be as'high as 80%, which is cbmpetitive with commercial axial-flow
fans.

All theée favourable characteristics seem to justify the.
choicé of aerofoi1-type éentrifuga] fans for driving blower tunnels,
especially since the ability of the blower tunnel to fun with the
~ working section exhausting directly to atmosphere means that it can be
fitted with a wide range of wbrking sections having a wide range of
power-factor contributions, leading to a wide range of blower operating
conditions.

; Although centrifugal blowers are known to produce a
satisfactory flow condition in the working section, very little is
known about the flow quality at their;outiets because they are primarily

~designed as suction devices for ventilating systems where the outlet
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flow is not important. It was felt that this was of major importance
in relation to wiéé-angle diffuser performance and thus an experimental
investigation, described in Section 4.2, was conducted. Section 4.3
confains a discussion of these results and some suggestions for the

choice or design of the optimum blower for a given tunnel configuration.

4.2 An Experimental Investigation of the Aerodynamic Properties
of Centrifugal Blowers '

4.2.1 Experimental Details

During this investigation, four centrifugal type. blowers -
. were tested. The dimensional details and test conditions for thése
. blowers are given in Fig. 4.2 and Table 7. Although all the blowers
had single inlets and backward-facing impellers, the iﬁpeller size and
shabe of each was different. The impeller sizes ranged from 15" (0.4 m)
on blower B to 27" (0.7 m) on blower C. Blowers B and C had
conventional aerofoil-type blading, which is perhaps the most efficient
and thus the most popular type of blading in centrifugal blo@ers. ‘
Blower D Had a simp]ified version of this, consisting of curved metal
plates whereas blower A had what appears to be a new concept of S-shaped
blades (Fig. 4.1). Two of the blowers (A and D) exhaustedfvertically
upwards and blower D was}also connected at the downstream end of an
open-éircuit tunnel and so the inlet flow may be expected to be non-
uniform. The tests éomprised flow visualizétion using wool tufts and
smoke, and total pressure scans with varying loading conditions. The
smoke was produced by a Taylor generator (Type 3020) by heating high
grade kerosene. The total pressures were‘measuféd with 2 mm diameter
pitot tubes connected to a "Combist" ﬁu1]-reading micromanometer (0.01 mm

accuracy). The volume flow rate was moni tored by measuring the dynamic



Details of Centrifugal Blowers Tested

"DIMENSIONS

CONDITIONS

- Blower Exit

B L o * E‘R. (mm) TEST Direction
: m Full - and
TYPE Zero Loading Load Specification
Volume Flow Operating C Diﬁt
_ albjcl|dle |flg|h|i]3 |Fan rpm Rate Point
"Keith Blackman " :
'TORNADO' ] 1.89 m3/sec Vertical Exit
20" Impeller 311{559{502 [400 {400 1622 {51 {191 |152 |51 810 (4,000 ft3/min) 60 0.8 m Parallel
'S' type metal ' Duct
sheet blades. .
Airscrew Fan — ;
Centa/Fugal . Horlgzzzal
15" Heba/B type 203|508] 356 |305 {305 406 |25 102 89|llh 690 - 0.87 m3/sec 10 0.3m Diff
Aerofoil (1,850 £t3/min) ‘ (éem~ igogser
- Blades : '
Airscrew-Weyroc
27" Heba/B \ : : Horizontal
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head at the blower inlet using fixed pitot and étatic tubeg connected
to a Combist. Deﬁénding on convenience, the blower RPM Was either

" measured by a tachomeier held against the blower shaft or by shining a
Stroboscope on the impeller. The photographs in this investigation
were takeén in the exit p]ahe’of the blower, opefated at a very low
RPM, while all the plotted total pressure measurements were taken in

the duct exit plane-at a typical operating speed.

4.2.2 Experimental Results

Flow visualization results revealed a vortex-type motion
emerging ffom all the blowers. Fig. 4.4 is a smoke phﬁfdgraph of the
vortex emerging from blower B while Fig. 4.5 shoﬁs the one emerging
from blower A, with the centre quite well-defined in this wool tuft
photograph. |

The réason for this vortex type f10w4is the asymmetric
positioning of the fan, (Fig. 4.2), causing the flow to deflect into
the "empty" regions in the volute. The total pressure distribution
at the duct outlet to blower A is shown in Fig. 4.6. The piotted
total pressures (Cp) have been non-dimensionalized with respect to Pat
and the blower inlet dynamic pressure. The flow is séen tq emerge from
near the sides of the duct, leaving a small region of reversed flow
towards the centre of the vorfex. In order to assess the flow quality
in the absence of a vortex, blower B was partitioned so that the fan
was now centrally placed in its half, as in double-entry blowers with
fu]]-wid%h rotors. With the vortex almost completely removed, the
total pressure distribution was found to be far from uniform (of a
parabolic nature). Thus it seems that the vortex might be dqing the

~exit flow uniformity more good than harm. The presence of this vortex
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might improve the uniformity of the blower exit‘flow, but what is
perhaps more 1mpoﬁ%ant to establish is the effect of this swirling flow
on the wide-angle diffuser performance. In order to determine these
effects, a wide-angle diffuser (A = 2.25, 26 = 15°) was attached to
blewer B.  This wide-angle diffuser had straight walls and é rectangular
cross-section, and expanded in two sections, in one plane at a time.
Total pressure scans were taken at the diffuser exit for three different
swirl-étrength configurations. For the first test, the swirling flow :
produced by the blower was fed %nto the diffuser. The swirl strengthv
was then reduced by inserting two screens in the diffuser: a plane
screen was installed at the entry to the first section of the diffuser
and a curved.screen at the entry to the second séction. The pressure
drop coefficient of the screens was about 1.5 and thus each screen
factored the swirl by, at most, about 0.7 (see Section 3.4.3). For
the next stage, a paper honeycomb (9.5 mm cell) was installed at the
B]ower outlet and this eliminated almost all signs of the vortex.
Figs. 4.7a and 4.7b show the total pressure traverses at the_diffuser
outlet along the centre-line in each plane. These results are discussed
in Section ‘4.3,

_As thg loading on blower A was increased by imposing a
static pressure drop through screens (comprising of mus]in:cloth and.
a slotted plate) at entry, the uniformity of the total pressure
distribution was found to improve. Fig; 4.8 shpws the total pressure
distribution at the duct exit for this blower at "full" load.
Compared;to the no-load case, (Fig. 4.6), the profile is much more
uniform, especially in the central areas. The flow uniformity was
found to improve even further when a s;reén (K~ 1.5) was installed

about a third of the way along the duct. On two other blowers tested
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for loading effec;§ (B and C), the flow uniformity seems to;get worse,
 or at least does ﬁbt improve noticeably, as the loading is increased
(Figs. 4.9a and 4.9b and 4.10a and 4.10b). fhe answer to the unique
behaviour of blower A could lie in fhe impeller type. While blowers
B and C have backward-facing, aerbfoi]-type impe]]ers; blower A has an
S-type backward curved impeller, (Fig. 4.1). A possible exp]anatioh
is that, when loaded, the S-type blades stall relatively early compared
to the aerofoil-type and, through increased mixing, the flow is
distributed more evenly at the expense of efficiency, since avhigher RPM
Qou1d be required for a given volume flow rate. Also a higher
tﬁrbu]ence level must be expected in the e*it f]éw.' :

It wa§ noticed.during this investigation that although

| basically the f]qw emerged'from near the b]oﬁer or duct side walls, it
Qas more prominent along two adjacent sides. In the case of blower D,'
this prominence switched over to the opposite two sides when the duct
was attached; but with blower A, no such switching was observed. Total
pressure measurements along two- opposite duct walls on blower A, in
the streamwise direction, (Fig. 4.11), seem to explain this phenomenon.
The pressures are seen to vary in anti-phase thus confirming that the
orientation of the exit flow is dependent on the duct length: the
flow pattern rotates with the vortex.

| These tests sﬁow the general and unidué aerodynamfc
properties of cehtrifuga] blowers with single inlets. The desirable
properties sought are those suited to a blower used at the upstream
end of an open-circuit wind tunnel.

4.3 Discussion of'B10wer Tests

Two of the four blowers tested (B and C), are normally
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attached to blower tunnels at the.ubstream end. These tunné]s.have
fairly uniform flgﬁ profiles (0.2% on total pressure) and low turbulence
intensity levels (< 0.1%) in the working section. The flow emerging
'froﬁ these blowers with load is, however, far from uniform (Figs. 4.9b
and 4.10b). Bradshaw (1967) confirmed that sufficient screening in. the
wide-angle diffuser and settling chamber eradicated the non-uniformity
of the flow emerging from the blower. It must be noted, however, that
_non-uniform flow from the b]ower, notab]y the presence of thick boundary
layers, may lead to separation and thence to higher losses and flow
unsteadiness in the wide-angle diffuser. These tests thus seem to
indicate that departures from a steady and dnifofm'oufiéf flow are
‘acceptable, although at an expense in tunnel power factor due to the
extra smoothiné devices needed. |

| Although tﬁe vértex-type flow is characteristic of all the
§ingle-in1et centfifuga] blowers tested, the strength of swirl generated
by each i§ probab]y dependent'on(the ratio of rotor to blower size.

Figs. 4.7a and 4.7b show how this swirling flow; if fed

direcf]y into a wide-angle diffuser, ensures an attached flow along the
walls but reversed flow in the central regions. With the swirl almost
completely e]imfnated by the’honeycomb; the profiles fesemh]e those of

a fully developed flow with complete separation on the wall adjacent to
~the tongue. With the strength of the vortex reduced by the two screens
in the wide-angle diffuser, the flow uniformity has somewhat improved
and the region of reversed flow in the centre is reduced. This is, in
fact, thé coﬁfiguration employed when this blower-diffuser combinatfon
is connected to form.partrofra blower tunnel. It is clear that a
swirling component in the flow aids wall flow attachment in the

_wide~-angle diffuser, and by installing screens the uniformity can be
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improved. It is probab]y better to have a small region of'reversed
flow in the centré of the core than one on the walls which can be more
susceptible to intermittency and unsteadiness. A swirling component in
the blower exit f]ow-may, therefore,vbe a property to be sought rather
than avoided. »

A similar vortex-type flow is un1ike1y to emerge from a
'double 1n1et blower, where the rotor is symmetrically placed, though it
could produce two small contra- rotat1ng vortices if the ratio of rotor =
width to casing width is small. Due to the absence of the strong vortex
~ motion, it has been found that the flow is un1form1y 1nc11ned and takes
a relatively longer distance to reattach downstream of the tongue ft
may, therefore, be beneficial to have a straight section (with a screen)
between the blower exit and the wide-angle diffuser entry. Also, one
5hou1d be more conservative in designing wide-angle diffusers for
double-inlet blowers. | |

Since blowers of many sizés are commercia11y:aVai1ab1e,
-very few tunnel designers'Wi11 wish to design their own. For a given
blower tunnel, once the maximum required fan-static pressure and volume
flow rate have been estimated, the makers' performance charts can be
consulted. Optimization between the efficiency, RPM and required
" power leads to thé blower choice. For the‘Benefit of designers who may
wish to design or.modify bTOWers for specific pufposes, some of the
critical components aré now discussed. |

It is essential to have a tonguébthat splits the flow
efficiently since any malfunction in this respect could seriously
affect the uniformity of flow in the vertical plane. It is apparent
from the test resu]tt‘that the flow near the wall adjacent to the

tongué is better on blower C than on any of the other blowers. One of
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the reasons for this is thét the ratio of tongue height to the casing
height is smallesg‘on blower C. A tongue that is too big or badly
. angled could be 1mprovéd upon by adding a cusped fairing downstream,
as shown dotted in Fig. 4.1. Besides the height and shape of the
tongue, the gap between it and the rotor is a]so‘critical. In the
noise produced by a blower, the blade passing frequency tone and its
harmonics are shown (Krishnappa, 1976) to be producea by the interaction
of the flow emerging from the impeller and the splitter (tongue). There
exists an optimum gap size for which these tones are reduced to a
minimum but for aerodynamic reasons, the gap needs to be as small as
possible. An optimization process is, thefefore;.néceésary; In axial
flow machines, thé gaps between blade rows play a similar part in
) determ1n1ng noise production and aerodynamic efficiency.

' A]though blade design may influence the flow uniformity at
the 510Wer outlet (as seen in Section 4.2), it is certainly less
-critical than that of axial-flow fans. If blower efficiency is not
too importaht, these blades could be-designed in the same way as corner
vanes, by choosing a 1eadiﬁg edge angle of 4 - 5 degrees and a zero |
trailing edge angle. The most éommon blade shape, as on blowers B and
C, is that of a cambered aerofoil, with finite thickness. The above
tests seem to indicate tﬁat S-shaped blades, although perhaps less
efficient, produce-exit profiles which are more uniform than those
produced by aerofoil-type blades.

The inlet bellmouth can be shaped into a quarter of an
ellipse, with its major semi-axis equal to the equivalent inlet
diameter and its minor semi-axis equal to three-eighths of the major

‘ éxis. It is always advisab]e_to attach a filter to the blower inlet

so that the screens and honeycomb are protected from foreign particles.
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This filter would a]so'help to reduce inlet disturbances. Two or more
grades of demembréhed polyurethane foam, bonded to a non-rusting
.internal reinforcement, would make a typical inlet filter. The pressure
losses through the filter can be reduced by constructing a "filter box"
around the inlet so that the air velocity at the filter panels is lower.
The blower and motor should, if possible, be attached to the
same framework. This makes it much easier to manoeuvré the smaller
tunnels, often necessary when more thah one b]ower tunnel is housed in
the same laboratory. With the larger blowers, it‘is advisable to bolt
the framework to the floor through anti-vibration mountings so és to
reduce resonant effécts-due to vibration. In fhis'regpéct; it is
he]pfd] to couple the blower to the tunnel with a flexible coupling.
Besides reducing vibration, this makes it easier to remove components
like screens for cleaning. | |
" The results and suggestions presented in this section have
beén génera]ized for most single-inlet centrifugal blowers with backward-
facing impe11ers and indicate that, for most purﬁoses, commercially

available blowers are adequate.



a. Radial- vane blower

b. Backward aerofoil blower = ¢.Backward S-type blower

Fig. 4.1 Different impeller-types used in 'centrifugal blowers.
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Fig. 4.2 Centrifugal blower dimensions (lettering refers to Table 7).
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. Exit- |
- Flow direction
—

Veffs

C2

Vr -Radial velocity
Ve -Circumferential
velocity

Veff-Effective velocity

Fig. 4.3 Velocity trianQ]es for an aerofoil-type rotor.
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Fig. 4.4 Smoke photograph of the flow emerging from blower B.
(The tongue is adjacent to the bottom wall and the
rotor is biased towards the right-hand side wall).
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Fig. 4.5 Wool-tuft photograph of the flow emerging from blower A. (The tongue is adjacent to the
left-hand side wall and the rotor is biased towards the top wall).
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Fig. 4.6 Toté] pressure distribution at duct exit : bl“ower A with “no-load".
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Fig. 4.8 Tota] pressure distribution at duct exit : blower A with "full load". Operating point = 460.
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NO-LOAD

M =

— Tongue

FULL- LOAD

Fig. 4.9 Total pressure distributions at duct exit : blower B showing
- effect of loading. Operating point = 10.



Fig. 4.10a Total pressure distribution at duct exit : blower C with “no-Toad".
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Fig. 4.10b Total pressure distribution at duct exit : blower C with‘ loading. Operating point = 5.5,
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CHAPTER 5

- DESIGN OF. THE OTHER BLOWER
TUNNEL COMPONENTS

5.1 o Contractions

5.1.1 General Considerations

" Practically all wind tunnels have a contracting nozzle

fitted upstream of the working section, for two main reasons:-

(1) A contraction increases the flow mean velocity and this
allows the honeycomb and screens to be placed in a Tow speed region,

thus reducing the pressure losses and the tunnel power factor.

(i1) Since the total pressure remains constant through the
confraétion, both mean and fluctuating velocity variations are
‘reduced to a smaller fraction of the average velotity at a given cross
section. The most important single parameter in'determining these
effects is ¢, the contraction ratio.

The factors of reduction of mean velocity variation and .
turbulence intensity derived theoretically for axisymmetric contractions,

with ¢ >> 1; by Batchelor (1953) are given below:-

1

() U-component mean,ve]ocity:.g
(i1) V or W-component mean velocity: vt
. : . .1
(ii1) u-component r.m.s. intensity: é%-{3(1n 4c® - 1)}2
1

2
(iv) v or w-component r.m.s. intensity: 3¢
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(The factor of re@uction of fractional velocity variation is given by
dividing the abové expressions by c).

It is seen that a contraction is less efffcient in suppressing
longitudinal turbulence than mean velocity variation. The reduction of
mean ve]dcity variation can be easily demonstrated by appiying Bernoulli's
equation to a non-uniform flow through the contraction (see Bradshaw, 1970,
p.58). The transverse fluctuations are enhanced, in absolute level, in
a contraction: this effect is best explained qualitatively by considering
the motion of the vortex elements which constitute the turbulence field.
It is sufficient to treat the vortex filaments aligned with and
perpendicular to the streamwise direction. The éfféc% 6flfhe Contrééfion
is to stretch the filament with its axis in the streamwise direction,
thus increasing v and w and compressing the fi]aﬁents perpendicular to
fhe streamwise direction, so decreasing u. The reduction of fractional
varjation of the Tateral component is much iess than that of the .
1ongitud1na1 component, so that it is often the desired reduction in
the former which decides the contraction ratio. fypica]]y /”55 is two
or three times'/ﬁi after a large contraction. '

The design of a contraction of given area ratio centres on
the production of a uniform and steady stream at its outlet and requires
the avoidance of flow separation in the coﬁfraction. Two of the more
desirable criterig are minimum exit boundary 1ayér thickness, and
minimum contraction length which also reduces the length and cost of
the tunnel. The danger of boundary layer separation results from the
presence, in any contraction of finfte*]ength, of regions of significant
adverse pressqre:gradient on the walls at each end. Near the wide end
the streamlines arehhetessari1y convex outward. By applying antorder—

- of-magnitude argument to the V-component Navier-Stokes equation, we
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obtain the “"centrifugal force" equation (Cébeci and Bradshaw, 1977,

p.41):- el

3p .y Vo pl?
oy v -el x VR

where R is the radius of curvature of the surface or strictly the
considered streamline.

So the static’pressure near the walls is greater than that
near the centre-line and, therefore, greater than the average pressure
over the cross-section. But the cross-~sectional-average pressure at.
the start of the contfaction is closely edua] to the pressure far
upstream since the cross-sectional area and average velocity are the
same. Thus the wall pressure increases from a point far upstream to a
point in the wide end, béfore decreasing as the effect just described
is overwhelmed by the effects of decreasing cross-sectional area. The |
convérse applies at the narrow end. Howevér, the boundary layer at the
contraction exit is less liable to separate, because of its reduced
thickness, unless it has relaminarized in which case care must be
taken. A laminar boundary']ayer, however, is often sought at the
contraction exit if the wbrking section floor boundary 1ayéf is to be
investigated; a trip can then bebused to ensure»well-documented
transition. |

It is always possible to avoid separation by increasing
the contraction length sufficiently, provided it has a reasonable wall
shape. Increasing the length, however; increases boundary layer growth
due to skin fricinn, not to mention the space/cost consideration. On
- the other hand, a contraction that is too short may suffer from boundary

layer separation leading to flow unsteadiness and non-uniformity,
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besides reducing the effective contraction ratio. It is worth noting
that when a contrg;tion is shortened, say by AL, the upstream and
downstream distances within which local velocity profile distortions
are still important on the parallel walls intreaée,vand the effective
saving ié less than AL. '

A design satisfying all criteria will be such that separation
is just avoided and the exit non-uniformity is equal to the maximum
to]erab]evleveT for a givén application (typically £ 3% velocity

variation outside the boundary layers).

5.1.2 Contraction Ratio

There are certéin advantages in using large contraction
ratios. The power-factor contribution.of the screens varies as ;%-and
yé]ocity variations are reduced with increasing c. In particulag, the
effects of small separations at the wide end may be obliterated in
contractions with large c. On the other hand, a contraction with a
~very large area ratio and a reasonable length wouid‘have large wall
angles and, consequently, large curvature.néar the ‘ends, which could
result in separation. Also problems due to blower noise could be
magnified when large contraction ratios are used because the contraction
acts 1ike a horn. Therefore, contraction ratios of between about 6 - 9
are normally used. If c = 6, a Screen with a préssure drop coefficient
of 1.5 produces a power factor contribution of 0.05, 5 or 10% of the
power factor of a typical blower tunnel. Thé upper limit on c is often
fixed by the maximum acceptable length of the contraction or the

maximum acceptable distance of the tunnel centre-line from the floor

of the room, 1.5 m approximately.
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5.1.3 Cross-Sectional Shape

Anothe; important contraction parameter is the crosé-'
sectional shape. In a contraction with an irregular po]ygbnal Ccross-
section, the flow near the walls tends to higrate across the corners
between adjacent walls. Even if such crossflows are avoided, as in a
"two-dimensional” contraction or one with a symmetrical cross-section,
the boundary layers near the corners will be more liable to separate.
The optimum cross-section in this respect is, therefore; circular.

Small contractions can be moulded from fibre-glass, but this 15 not

convenient for large units, and so to compremise between d1ff1cu1t1es

of construction and undesirabie boundary 1ayer effects in the corners,

contraction cross-sections in large tunnels are often octagona]. It

is often assumed for design purposes that both the potentfal flow and

the boyndary layers behave as in a contraction of circular cross-section.
’ In order to assess the importance of corner flow separation,

an experimental investigation was condﬁcted on some existing contractions

in the Aeronautics Deparuﬁent. Spanwise skin frictfon measurements were

made with a 2 mm pitot tube in the working sections of three tunnels

(an 18" x 18" blower tunne1, a 3' x 3' return-circuit and.a 43' x 4!

return-circuit tunnel). In each case, the boundary layer was tripped

at the contraction exit by an 18 SWG wire.' The results, presented in

Fig. 5.1, show thet the skin friction distributien in the 18 in tunnel

is highly non-uniform. The longitudinal pressdre gradient is sma]]land

virtually constant over the cross-section; the changes in skin friction

'ere far too large to ascribe to circﬁmferentia] changes in Reynolds

number based qn'boundary layer thickness, and it may, therefore, be

deduced that secondefy;f]ows are responsible. This contraction has

- fillets in the corners, specifically installed to avoid separation,
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which taper down to zero in the working section, (see Fig. 3.2).

Tapered fillets caﬁ act as (rather inefficient) vortex generators, and
the skin friction patterh is comparable with the arrangement of vortices
"sketched in F1g 5.1.

" On the other hand, the d1str1but1on in the 41' x 4’ tunne],
whiqh also has fillets in the contraction corners, shows no signs of any
such secondary flows, except very near the corners. The fillets in this

tunnel taper down to zero within the contraction.and so the boundary

layer growth and hence the strength of the vortices must be negligible
compared to the previous case. The fillets in this édntraction help to
. form a roughly octagonal cross-section and this,itdgefhér with the other
tunnel legs, ‘form a transition section to the circular cross-section
where the axial fan is.housed.

| The 3' x 3' tunnel contraction has a square cross-section,
without f1]1ets, and the skin fr1ct1on d1str1but1on for this tunnel
also 1nd1cates that no severe secondary flows ex1st, except very near
the corners. The reason for the better distribution in this tunnel,
away from.the corners, is probably the better quality of the last
screen rather than a better contraction design.

.So it seems that the corner flow separatidn in a contraction
may not be of primary importance to the quality of the working section
flow and that a square (or rectangular) cross—seétion, without fillets,
may be adequate. This is especially advantageous in blower tunnels
since all the other components are also almost always square or
rectangular.

| Two-dimensional contractions are not very common, although
théy present fewer constructional difficufties. If the inlet boundary

. layers are thick, the plane walls tend to develop strong secondary
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flows, in the form of two contra—rotéting vortices. This is mainly
due to the 1atera1vconvergence of the boundary layers (Bansod and
Bradshaw, ]972).: A]so, théy require about a 25% longer distance to
‘attain the same wall pressure coefficient and non-uniformity decay
rate as an axisymmetric one. Moreovér, for a contraction ofwgiven
area ratio and length, the adverse pressure gradients are greater in a
two-dimensional contraction and thus a bigger safety margin is
necessary. However, théy are sgmetimes preferred on tunnels used for

boundary layer studies, where the working section is wide but shallow.

5.1.4  Wall Shape (Side-View)

The contraction wall shape is another important pérameter

and several theoretical design methods have been developed.

(1) Potential Flow Calculation Methods

In the absence bf'separation, the flow in a contraction
may'bé adequately described by the Laplace equation. The solution of
this 1inear equation is relatively easy for simple geometries and many
~analytical solutions have been derived. The solutions for axisymmetric
contractions are based on a series solution of either~the Laplace
equation for the velocity potential (Thwaites, 1946), or the Stokes-
Beltrami equation for the stream function (Cohen'and.Ritchie,\1962),
for a given velocity distribution along the centreline. {(Note that
the Stokes-Beltrami equation is not quite of the same form as the
axisymmetric Laplace equation: see Batchelor (1967), p. 451). The
sblution produces an infihite set of stream-surfaces at different
distances from the axis, and the most'disﬁant one with tolerable

. pressure gradient (leading to the shortest qontraction) is chosen as
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the wall contour._‘ ‘

Two-dinensiona] cases are usually solved in the hodograph
(U, V) p]ane; In the hodogranh technique, one specifies the re]afion
between the wall velocity [EUz-FVZ)%] and the wél] angle [ian'] (U/V;[
as a curve in the hodograph (velocity) plane andvtnen transforms thig.to
the real plane. Jordinson's (1961) hodograph method, for large
contraction ratioé, deserves special mentien because he solves the flow
in each end of the contraction separately, assuming that, in the limit
of high contraction ratios, the Shape of the wide end becomes independent
of that of the narrow end (and vice versa) because the flow in between
is e1ose1y radial without significant 1ongitud§ne1 etneémTfne eurvaenre.
This fechnique has been found to work very well for ¢ > 10.

Attempts to derive axisymmetric contraction shapes from
tno—dimensional ones have had limited success. Since‘most contractions
have 1arge contraction ratios, any simple scaling of cross-sectional
area can lead to unacceptable wall shabes. An exception is the
~approximate method of Whitehead et al (1951) for calculating the flow
in an axisymmetric contraction, once the flow in the two-dimensional
contractionvwith the same wall éhape is known. Although it is assumed
that the streamlines are the same in both cases, the velocity along the
streamlines in the axisymmetric case is ma&e to satisfy the axisymmetric
continuity enuatipn. | .

With the onset ofvcemputers, numerical methods have now
taken precedence. Smith and Pierce (1959) gave a numerical method for
calculating the two-dimensional or akisymmetric flow within a given
boundary using a-distribution'of sources on the boundary. More recently,
Laine and Harjumdki (1975) computed the potential flow in axisymmetric

'_contractions by an accurate method in which the Stokeé—Be]trami equation
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is solved with a finite difference approach. Morel (1975) in his
numerical study, Q%arts with a given wall shape (formed 6f'two cubic
arcs) and solves for the velocities within it. He also plots design
" charts in which the parameters are the maximum wall pressure coefficients
at the inlet (as an indication of the danger of Separation at this end)
and at the exit (as an indication of the non-uniformity of exit velocity).
For any choices of these two parameters, (optimum values vary with Re),
| the charts yield the "shape parameter" and the nozzle length, for: this
particular family of shapes.

| There is no wholly satisfactory method of theoretiéal
contraction design. Most of the methods , except perhaps that of Morel
(1975), are only mathematical tools to be used for the analysis of the
flow and offer 1ittle concrete design information. The application of
all the methods described above require the establishment of some
criteria and then the applicatiqn of trial-and-error techniques, for
whiéh 1imited guidance is given. A]sd,'the methods necessarily simplify
the problem by assuming that the velocity profi]eAat inlet is perfectly
unifqrm, which is unlikely in practice even though non-uniformities bad
enough to affect contraction performance are probably unacceptable for

other reasons.

(i1) Design by Eye

Because of all the.drawbacks mentioned above and because it
is often just as easy to choose a boun&ary shape as it is to choose a
suitable criterion, designers have often Qsed’the rather unscientific
method of design by eye. If this method is employed, it should be noted
that the actu&] form of a contraction contour is not very important

- except near the inlet and outlet.
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Hussa1n and Ramjee (1976) conf1rmed this by Study1ng the
effects of ax1symmetr1c contraction wall shapes on 1ncompress1b1e
turbulent flow. They analysed four different contract10n contour
shapes -and found that variations within the nozzle, but outside the
boundary layers, of the mean velocity and the 1ongitedina1 and radial
components of turbulence intensity were independent of the contour
shape, at least as long as separation did not occur. The nozzle with
the cubic equation (R = a +ax+ azx2 + a3x?), and the smallest inlet
curvature, was regarded as the optimum wall shape. This nozzle gave
the smallest boundary layer thickness and the Towest boundary 1ayer
turbulence intensities fn the exit plane. - ' ‘

In general, the wall radii of curvature should be less at
the narrow end of_the contraction than at the wide end, but large enough
tb avoid separation. A too-gradual transition'to the parallel working
sect1on delays the development of a uniform velocity profile and this
increases the effective contraction 1ength unnecessar11y “Also, the
radii of curvature at the wide end should be 1arge enough to avoid
separation. Undue thickening or separation of the boundary layers
near the contraction entry causes, in addition reduction of the
contraetion ratio. The flow through the last screen tends to be '
distorted when the adverse pressure grad1ent present 1n the contract1on
entry extends up to it. This distortion is in the form of a non- un1form
pressure drop; the higher-pressure, low velocity regions near the walls
undergo a smaller pressure drop than the high speed, low pressure
regions. This results in a non-uniform total pressure distribution
which will persist indefinitely. The screen, by way of its refract1ve
properties, also transfers some of the adverse pressure gradient

© upstream, but this is not necessarily detrimental. Also, a screen



248

placed too near the cohtraction entry may affect the turbulence level
in the working seé%ion; particularly in small tunnels where the ratio
of screen wire diameter to contraction length is greater. However,
~ these undesirable effects can a1ways be avoided by installing the last
screen.sufficiently upstream of the contraction entry (see Section 5.2.3).
A slowly tapering "infinite-length" contraction can
conveniently be terminated at the last screen and the walls made
parallel Opstream of this, since any extra adverse gradient introduced
by the truncation will occur upstream of the screen: again the
undesirable effects of placing a screen too near the contractibn entry
must be considered. Idéa]]y; each end must’joﬁn'thé éakanel éectidﬁs
so smoothly that at least the first and second derivatives of the |
contour curve are zero (or very small) at the ends. Thus, design as
wé]1 as constructional care must be taken if a successful contraction

is to be produced.

5.1.5 Optimum Design Procedure

The design methods and analysis described above seem to
indicate that a contraction wall shape formed of two smoothly-joined
cubic arcs should give acceptable results for normal shapes of cross-
section. Theoretical design methods are shown to provide useful
guidelines (rather than infallible design technidues) for contraction
wall shape design. It seems that in most cases an "eye-design" or a
design based on one that is known to be good ﬁan serve as well as any
other technique, and with less desigﬁ effort.} Both in design and in
construction,_it‘must be remembered that smoothness in contour shape
is much more importaht‘than the exact dimensions. If the contraction

* to be designed is of large dimensions and if the design is thought to
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be critical, then it is advisable to test a model first.

If a ﬁgdel contracfion is tested, care must be taken in
‘ simulating the exact tfansition béhaviour of the full-size veféion.
It is often most convenient to use a "well-behaved" suck-down arrangement
(with a honeycomb and screens) for model testing; The model can then
be tested with a non-uniform or asymmetric inlet profile, by simply
obstructing part of the be11mouth. It is worth ensuring that any
small-scale non-uniformities in‘the full-scale tunné] can be accepted,

particularly since the flow out of a centrifugal blower is so non-uniform.

- 5.2 Settling Chambers

5.2.1 General Arrangement

In bpén-circuit blower tunnels, settling chambers are

'creafed réther than designed since the frames containing the honeycomb
and screens, clamped together, usually form the settling chamber. The
usua1 arranéement consists of a honeycomb (with about 25,000 cells)
fo]]owéd by screens, the number and K-value depending on the turbulence
level requirements in the working section. However, more than about
two or three screens (K n 1.5) are not normally required in a well-
designed blower tunnel with screens in the wide-angle diffuser. The
optimum choice for Qauze screens has already beeh discussed in Chapter

3. We now briefly discuss ‘the choice and effects of honeycombs.

5.2.2 Honeycombs
Screens are not very effective for removing swirl and
" Jateral mean velocity variations. It is preferable, for this purpose,

to employ honeycombs, as Tong as the flow yaw angles are not greater
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than about 10°. Largé yaw angles cause the honeycomb cell to "stall"
Which reduces‘theiﬁféffectiveness besides increasing the pressure loss.
In ofder to diminish the transverse and swirl components to én écceptab1e
level, and increase the directive effect of a honeycomb, the éél] length
must be at least 6 - 8 times its diameter. The cross-sectional shape of
honeycomb cells is usually hexagonal, but sometimes square or triangular,
the shape being chosen mainly for ease in construction (see below).

An incidental effect of honeycombs in wiﬁd tunnels is to
reduce the turbulence level in the flow. Essentially, the lateral
components of turbulence 1like those of mean velocity, are inhibited by
the honeycomb cells and almost complete annihilation ‘is achieved in a
length equivalent to about 5 - 10 cell diameters. Honeycombs themselves

shed small scale turbulence, the level of which is found to be higher
when the ¢e1i flow is laminar than when it is turbulent. This is attributed
to a Basic.instabi1ity of the laminar near wakes (Lumley and McMahon, 1967).

Lumley and McMaHon calculated performance charts for
honeycombs with fully developed cell flow and Red > 2000 which give the
- turbulence reduction factors, if the scale and intensity level of the
existing turbulence are known. They also took account of the turbulence
created by the honeycomb and concluded that a higher net redgction was
obtained when the cell flow was turbulent. However, their analysis and

“tests were origina]Ty intended for honeycombs in'high-Re water tunnels,
where at the relatively high dynamic pfessureS'gauze scfeens suffer
from problems of high loads and "singing" due to vortex shedding from
the wires. The minimum Ree for the existence of a turpuleht boundary
layer is 3?0 according to Preston (1958); this corresponds to an ReX of
_ about 3 x 105. So in a wind tunnel with a. typical settling chamber

velocity of 5 m/s, a honeycomb length of at least 0.9 m is required to
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: éttain avfu11y turbulent ce11.f16w. 'A1so, (cich]ar) pipe flow remains
laminar, even in tﬁé presence of large inlet disturbances, for Red <
2000. Thus, at 5 m/s éirspeed, ﬁurbu]ence will never occur, however
long the honeycomb, if the cell diameter.is Tess fhan about 6 mm.
" Loehrke and Nagib (1976) te;ted straw honeycombs made of
plastic drinking straws at an airflow velocity of 4.8 m/s, giving'a
Red of 1250. For the longest honeycomb (%/d ~ 56), the Rex was aboqt
8 x 10" and a fully deve10ped laminar flow was obtained. They found
that although the internal reduction of turbulence was a maximum for.
this honeycomb, the net reduction was greater for the shortest one
(&/d ~ 5.6); It turns out that the shear layer 1hs£abiiity'ih the ﬁeaf
wake is_sort of proportional to the shear layer thickness and so for
the longest honeycomb, the ratio of turbulence generated to that
suppressed is greater.
| Therefdre, in order- to obtain the maximum overall benefit
from a honeycomb, the optimum cé11'1ength to diameter ratio should be
about 6 - 8. The cross-sectional size and shape of the honeycomb cells
are,nbf critical and are often determined by availability. For the
suppression of turbulence, however, it is advisable to use small cell
sizes; in any case, the cell size should be smaller thén the smallest
lateral wavelength of the velocity variation. In most cases very
rough1y»150 cells per settling bhamber diameter (éay, a total of 25,000
cells) are adequate.
Impregnated paper honeycombs with cell "diameters" down to
about 5 mﬁ are usually adequate when small sizés, less than about 1 m x
1 m, are needed. Any form of deflection or distortion of a honeycomb
can change its aerodynamic properties considerab]y, and thus, for

larger sizes, metal honeycombs must be considered. Aluminium honeycombs
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made for aircraft sandwich construction have more precise dimensfons
than paper honeycnts and are to be préferred for high performance
“tunnels. Metal honeycombs can also be made by spot-welding corkugafed
Strips betweén flat strips, giviﬁg a roughly triangular shape.

With any choice of honeycomb, it is important to ensure

that the ceT]s are straight and uniform.

5.2.3 Optimum Layout of Componenté

As mentioned above, a flow with large yaw angles often
causes the honeycomb cells to stall thus reducing the effectiveness
_ and increasing the pressure loss. Therefore, if severe yaw or swirling -
flow 1is. expected from the wide-angle diffuser, it is advisable to
~install one screen upstream of the honeycomb, so that the swirl angles
are reduced. A screen with K = 1.5 reduces yaw or swirl angles by a
factor of about 0.7, for swirl angles of about 40° (see Sectiqn 3.4.3).
The honeycomb should be installed some way downstream of
thé diffuser exit anyway so that the flow static pressure and angles
‘have had a chance to become more uniform.
| As mentioned in Sgction 3.1.2, screens with small open-
~area ratios (less than about 0.57) tend to produce strong longitudinal
vortices formed by coalescing jets which persist through the.Tength of
“the contraction, possibly ama]gémating with the Taylor-Gdrtler vortices
produced in the longitudinal.concave cbr&ature. These persisting
vortices cause a spanwise variation in-=the working section skin friction
and hence in the boundary layer thickness as well. So if a purely two-
dimensional boundary layer is required in the working ﬁection, a screen

with a large open-area ratio (B > 0.57) should be placed in the most

downstream position. Another a]térnative is to place the honeycomb
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(with the larger g) downstream of the screens. Bradshaw (1972) did
this successfu]ly ;nd found that the corresponding rise in turbulence
level was quite acceptéble (1ess than 0.1% final level). |

In a multiple screen combination, an impdrtant parameter
is the spacing between successive screens. Theré are two important
properties to consider; the pressure drop and the turbulence reduction. -
For the ‘pressure drops thrbugh the screens té be comp]ete]y independent,
the spacing should be such that the.static_pressure has fully recovered
from the perturbation (i.e. g§-= 0). For full benefits from the
turbulence reduction poiﬁt of view, the minimum spécing should be of"
the order of the large energy containing eddies..'it haé been found
that a screen combﬁnation with a spacing equi?a]ent to about 0.2 settling
) chamber diameters performs successfully. The effectiveness of a
hbneycomb, as farias the reductioﬁ of turbulence 1svc§ncerned, can be
improved upon by insté]]iné the next screen fairly c10§evt0 it (Loerkhe
and Nagib, 1976). The optimum spacing is probably a function of the
uniformity 6f the mean flow and the scale and'isotropy of the oncoming
turbulence. }

The optimum distance between the last screen.and the
contraction entry has been found (Morel, 1975; Laine and Harjumdki, ]9?5)
to be about.0.2 cross-section diameters. If the distance is much
shorter, significanf distortion of the flow throﬁgh the last screen
may be expected; as discussed in Section 5.1.4. On the other hand, if
this distance, or for that matter the overall length of the settling
chamber, is too long, then unnecessary boundary layer growth occurs.

In small tunnels, screens are normally tacked onto wooden
' frémes so that when clamped tightly together, the high spots of the |

woven-wire screen sink into the frames, giving a firmer hold. More
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care must be taken when tacking-on plastic screens since these, being
more flexible than#the metal ones, tend to wrinkle along the lines of
tension. The honeycomb is usué]]y just push-fitted into a scfeen frame.
A useful arrangement, for the smaller tunnels, is to rest the wide-angle
ditfuser, screen frames and contraction on a table and é]amp them by
drawbolts, so that frames can be withdrawn easily (e.g. for c}eaning

and rep]ating screens). On iarger tunnels, it is advisable to equip
the settling chamber (ahd wide-angle diffuser) components with castors

for ease of removal.

5.3 IWOrking Sections

Working section design is totally depéndent on the
requirements of each individual experiment. Many blowers have detachabie
working sections without exit diffusers, a very flexible arrangement.

An exit diffﬁser, the design of which was briefly discussed in Section

' é.], must be fitted if the tunnel power factor is critical. The wide
variety of blower tunhe1 working sections range from'quasi—two-dimensiona]
ones (for boundary layer studies or smoke tests) to ones with special
features such as slotted walls and flexible roofs. In Fig. 1.3, some

of the many different working section configurations used on the small
blower tunnels at Imperial College are shown. |

For tunnels which are used for testing models mounted in
the working section, the working section size and shape are usually
dictated by the need to minimize tunnel interference for a predetermined
model size. The most popular cross-sectional shape for these working
sections is a rectangle of about /2 to 1 ratio, with corner fillets.

If models 1like those‘of aircraft are to be tested, then it is usual for

“the large (spanwise) dimension to be horizontal, for convenience in
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measuring forces. _

The flzw out of a contraction often takes a distance
equivalent to about 0.5 diameters before the non-uniformities are
reduced below an acceptable level. Also, if a tdrbu]ence grid is
installed, it may take up to 10 - 15 mesh lengths before a homogeneous.
flow is obtained. These requirements often fix the minimum length of
the working section. On the other hand, a very long working section
(more than about 3 equiValent diameters) results in excessive boundary
layer growth which could lead to separation in an exit diffuser.

The inevitable boundary layer growth in the working section
results in a static pressure drop in the axial d}réctibh; Any incfeéée
in cross-sectional area to compensate for this growth is usﬁa]ly |
accomplished by tapering the fillets or sometimes by tapering the walls
_themse]ves, a]fhough the latter makes the mounting of vertical traverse
gears and ba]anceé more difficult. It is sometimes convenient to
obstruct tﬁe outlet of the tunhe1'with a screen to produce an over-
pressure in the working section, so that boundary layer control by
suctidn, if necessary, is achieved by merely opening holes.

" Most blower tunnel working sections are made of plywood in
timber frames. Drumming of panels leads not only to Qtructpral fatigue,
but also to unsteadiness in the working section, and this must, therefore,
be kept to a minimum, preferably by keeping the bane] resonant
frequencies above the rotor blade frequency at maximum speed. It is
the def]ection and vibrational properties and not the ultimate strength
which deéide the material size. Almost all working sections have
removable side panels and it is §uggested here that these be mounted
on'pinned hinges. This makes “sing]e-handéd“ removal of these panels

_much easier, besides rendering them less susceptible to damage.
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A blower tunnel working section without an exit diffuser
gives almost as easy access to the model as does the open-jet arrangement

sometimes used on return-circuit wind tunnels.
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CHAPTER 6
S CONCLUSIONS

Since each chapter is nearly se]f-cbntained, detailed
conclusions are not repeated here.

However, since the whole object of this work was to imprdve
the design procedure for blower tunnels, the overall conclusions are
presented below in the form of design rules and suggestions derivéd

from or inferred by all the analyses described in the preceding‘chaptérs.

6.1 Wide-Angle Diffusers

6.1.1 Design Rules

(1) Keep to the left of the relevant curve and the separation

1imit line (dotted), in Fig. 2.2.

(1) Area ratio must be less than (1.14 Ksum‘+ 1), where Ksum

is the sum of the pressure-drop coefficients of all screens.

6.1.2  Further Suggestions.

(1) Use screens for boundary layer control if area ratio is

less than about 5 and diffuser angle less than about 500,
(i) It is safe to use a rectangular cross-section (with corners
filleted) unless pressuré recovery is important: if so,

use circular cross-section. .

(i) Use curved walls if 26 > 10 (A - 1) degrees.
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(iv) Use curved screens to prevent separation.
(v) "~ Avoid sharp corners at inlet and outlet - use fairings.
(vi) For screen Tocation set: Ml =~ 0.5

' M = 0.17 (Sharp Inlet)

2

|1

0.04 (Radiused Inlet)

(M1 and Mz are defined in eqs. 2.3 and 2.4 respectively).

6.2 Screens |
(1) For a given pressure drop, it is better to use multiple

screens with relatively low K:-

(a) Less than about 1.5 (B > 0.57) ﬁo minimize screen
produced non-uniformities,

(b) About 2.4 for maximum reduction of existing
1ongitudina1 mean velocity variation. An optimum

value is K = 2.0.

(i) Use plastic screens for uniform flow beyond. the boundary
layers. ‘
(iii) Use metal screens for acceptable uniformity throughout the

flowfield - provided the screens are unifdrm]y woven and

free of wrinkles.

(iv) ~ For estimation of K, we can use Wieghardt's formula for

metal screens BUT accuracy probably suffers with increasing B.
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(vii)
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(v)
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It is NOT entirely safe'to use any'of the existing formulae
for piastic screens because oflthe possible dependence on

parameters other than g8 and Re.

For estimation of Ke, a Cos 6 relation (eq. 3.7) works well

for screens normally used in wind tunnels (B~ 0.6).

For screens with B~ 0.6, o should be estimated using
eq. 3.9 (rather than eq. 3.1) and Gy (for large 6) can be

estimated satisfactorily using eq. 3.11.

It is essential to clean wind tunnel screens regularly.
Dirt accumulated on the last screen in the settling chamber
can result in lakge variations in the spanwise Ce distribution -

in the working section (see Fig. 3.96).

Honeycombs

- For most purposes, impfegnated paper honeycombs are adequate.

For high performance tunnels, or if high loads are expected,

use aluminium honeycombs.
Optimum length-to-diameter ratio of cells is about 6 - 8.
For suppressing turbulence, use small cell "diameters".

Make sure cells are straight ahd uniform.
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Blowers

Commefcia]]y available, single-iniet centrifuga]vb1owers are

| preferab]é for most blower tunnels.

The level of non-uniformity in the oﬁt]et flow of & typical
blower with a backward-facing, aerofoil-type impeller is

acceptable for most purposes.

Uniformity of the outlet flow is better with an S-type
backward-facing impeller - but with a lower efficiency,

which probably implies higher outlet ‘turbulence.

Vortex type f]ow is characteristic of all single-inlet
blowers - and, if reduced using screens, can be used to
advantage in the wide¥ang1e diffuser because total pressure

is higher near the walls.

_ It is advisable to connect'b1ower to tunnel with a flexible

coupling.

Contractions

Use contraction ratios between about 6 - 9.

Square or rectangular cross-sectional shapes (without

fillets) are adequate for most purposes - but for small

contractions, it is advisable to use axisymmetric shapes.

For wall shape, "eye-design" or an imitation of a successful
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design is adequate for most purposes. A waill shape

contour with a cubic equation also seems to work well.

_ Sétt]ing Chambers

Install the honeycomb ahead of the Screens unless swirl
angles greater than about 10° - if so, install one screen

upstream of the honeycomb.

Optimum spacing between successive screens is about 0.2

settling chamber "diameters".

Optimum distance between the last screen and contraction

entry is also about 0.2 duct diameters.

Working Sections

Use rectangular cross-section of about v2 to 1 ratio,

unless for special purposes.

Control the streamwise pressure-gradient by tapering

fillets or walls. .

Use an exit diffuser if tunnel power factor is more

important than f1exibi1ity of working section arrangement.
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APPENDIX A

- LARGE STRUCTURE IN TURBULENT
MIXING LAYERS

This appendix contains details of work on the effects of
free-stream turbulence on large structures fn turbulent mixing layers.
A copy of the paper published under joint authorship in the Journal of
Fluid Mechanics, Volume 85, p. 693 (1978) is included here. Thevpresent
author's main contribution was in conducting the two-stream mixing
layer experiments. A brief discussion of the work together with
additional details of the experimental set-up and some unpublished
results are presented below.

| The whole controversy aboﬁt large structures in mixing
layers was re-ignitéd when Brown and Roshko (1974) pﬁb]ished shadowgraphs
of theirvtwo-stream mixing layer which showed highly two-dimensional
vyortex fo]]ups persisting through the length of their rig. Because of
similarities in the spreading rate and self-preservation of the mean
flow with previous data on mixing 1ayers, they suggested that this was
é unique form of a fully turbu]eht mixing 1ayer; The presence and
importance of large structures in turbulent shear flows were generally
accepted already - indeed even in 1956, foWnsend? used the iarge eddies
as the basis of a general hypothesis about turbulence structure.

The qdestion here is very bésic, yet very important and
concerns the persistence of the two-dimensionality of thellarge
.structures. In the classical view of'turbulence, it is mainly in the

oV

large eddies that turbulent energy production |- usu; 5?1‘ takes place
. - : J

~* Townsend, A. A, (1956). The Structure of Turbulent Shear Flow,

Cambridge University Press.
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since with their 1§rger length scale, they are affected more by the |
mean shear. This energy is then passed up the wave number spectrum by
a three-dimensional vortex stretching process to the smallest eddies
where it is dissipated into heat. So in a fu]]y_turbulent mixing layer,
three-dimensiona]itymis a pre-requisite to the process of producing and
transfering the energy necessary to "drive" the turbulence. Some
earlier work on a single sfream mixing 1éyer in this Department
(Chandrsuda and Bradshaw, 1975) showed that the two-dimensional vortex
roll-up broke down into conventional turbulence through a process of
He]ical'pairing, evident]y because of the relatively high turbulence
~ level in the laboratory "still air" (Figs.vl, 2 énd‘S). Some |
correlation measuréments made in the same rig by Mr. D. H. Wood
confirmed these observations (Fig. 4).

In order to test this hypothesis further, the present
é&thor converted an.existihg 1.2 x 0.6 m suck-down smoke tunnel into a
two-stream mixing layer rig, (fig. A1). The splitter plates were made
of 3 mm thick plywood and the strips between the screens Were glued
together, through the screens, with "Araldite" to minimize leaks. A
square sectioned smoke injector (50 x 50 mm) was attached to the
underside of the entry splitter which spanned from the honeycomb to
the nearby wall (1040 mm). Kerosene-droplet smoke was supplied to the
. injector by a Taylor generator (Typé 3020). A]tﬁough the injected
smoke sheet spanned the whole width of the mixing layer, only a-thin
slice of the flow was illuminated for photographic purposes - about
30 mm wide on the tunnel centre-]iné. The velocity ratio of the mixing
1§yer was-é]tered by changing the thickness of aAporous baffle placed
'ovér one half of the ehtry honeycomb. So the turbulence level and

velocity ratio of the mixing layer were varied at the same time. The
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typical ve]ocify of the high-speed flow was about 1 m/s which gave an
Re6 of about 50. ‘ | ' |
B We were abfe to produce the "Brown and Roshko structure"
~when the Tow-speed stream ve]bcity was only a few per cent of the
mainstream flow but eventual breakdown of the twn-dimensional vortex
roll-up into large-scale eddies, containing small-scale (three-dimengional)
turbulence, waS very evident, (Fig. 5). _In this case, the free-stream
turbulence level in both streams was'1ow (about 0.2%) since the air
was delivered through the honeycomb and four screens (K~ 2, for each
écreen). Attempts to check tne effect of artificially increasing the
turbulence level in the faster stream were not ve?& Sucéessfnl. A
turbulence grid (37 mm mesh) made from 25 mm strips of 3 mm thick
plywood was attached to the last screen. However, the smoke tended to
diffuse into the iow pressure, recirculating regioné behind the bars,
thus producing a rather unclear picture, although the breakdown of the
orderliness in the mixing layer was evident (Fig. A2).

A significant change occurred when the secondary stream was
shut-off completely, producing effectively flow over a backward-facing
step. The transitional oscillations became three-dimensional almost
immediately and a1fhough large structures were observed, they were fully
three—dimensionau”(Fig. 6). In this case, the entrainment flow was
. supplied from the highly turbulent recircu]ating'region. A strong, -
long-lived vortex could sti1].be produced by artificially exciting the
mixing layer. Fig. A3 shows a strong structure breaking off from the
“main mixing layer when the rig was thumped and Fig. A4 shows a very
well-defined (two-dimensional) vortex formed by closing the inlet
'bnffle suddenly. The first effect is easily produced in practice on.

- an aircraft engine where this kind-of vortex induction, in the form of
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a vortex r1ng,_can affect its noise characteristics.

Our resu]ts thus indicate that the Brown and Roshko
structure will only appear if the free-stream turbulence in both
'streams is Tow and is hence fare in practice. If it does appear, then
it must eventually breakdown into conventional three-dimensionai
turbulence. Further discussion, to which the present author has

contributed, is given in the main paper.
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Fig. AZ Breakdown of the orderliness in the mixing layer by installing a turbulence grid in the faster
stream. (Note this photograph is inverted and so the faster stream is on the lower side).
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Fig. A3 Strong long-lived structure produced by artificial excitation - rig thumped.
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Fig. A4 A well-defined (two-dimensional) vortex formed by artificial excitation - inlet baffle closed suddenly.
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Effect of free-stream turbulence on large structure in
turbulent mixing layers

By C. CHANDRSUDA,T R. D. MEHTA,
A. D. WEIR} AND P. BRADSHAW

Department of Aeronauties, Imperial College, London
{Received 1 May 1976 and in revised form 7 November 1977}

Flow-visualization investigations and correlation measurements show that the
essentially two-dimensional structures which dominated the turbulent mixing layer
of Brown & Roshko (1974) are formed only if the free-stream turbulence is low. If
frec-stream disturbances are significant, as is likely in most practical cases, including
a mixing layer entraining ‘still air’ from the surroundings, three-dimensionality
develops at an early stage in transition. Other recent experiments strongly suggest
that the Brown-Roshko structure will not form if the initial mixing layer is turbulent
or subject to instability modes other than spanwise vortices. Therefore the Brown- -
Roshko structure will be rare in practice. The alternative large strncture in a mixing
layer, found by several workers, is intense, but fully three-dimensional and thus less
orderly than the Brown-Rosliko structure.

The balance of evidence suggests that if the Brown-Roshko structure does appear
it will eventually relax into the alternative fully three-dimensional form: the Kérmén
vortex street behind a bluff body provides a precedent for slow development of three-
dimensionality. However the Brown-Roshko structure, if formed, may well relax so
slowly as to be identifiable for the full length of a practical flow.

1. Introduction

‘The flow visualizations of a two-stream mixing layer produced by Brown & Roshko
in 1971 (see Brown & Roshko 1974) showed that the two-dimensional ‘vortex roll’
disturbances which are the eigenmodes of instability of a laminar mixing layer per-
sisted down the length of the test rig. Pairing of vortex rolls occurred at intervals, so
_ that the wavelength was on tlte average proportional to the shear-layer thickness.
- Some smaller-scale three-dimensional fluctuations were evident, but most of the
fluctuation energy appeared to reside in the two-dimensional structures. Since mean
velocity profiles were closely self-preserving and the spreading rate was normal,
Brown & Roshko suggested that this was the unique fully developed formof a turbulent
mixing layer. Below, we refer to this form as the Brown-Roshko structure. Winant &
Browand (1974), again using a two-stream mixing layer, showed that approximate
self-preservation could persist throngh many stages of vortex pairing at low Reynolds
numbers, without complete breakdown to the fully three-dimensional flow which is
characteristic of turbulence in other types of shear layer. Dimotakis & Brown (1976)

T Present address: Royal Thai Air Force Academy, Bangkok, Thailand.
1 Present address: University of the South Pacifie, Suva, Fiji.
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found some evidence for the Brown-Roshko type of stiucture in another two-
stream mixing layer at high Reynolds number. Oster, Wygnanski & Fiedler (1977) -
measured velocity correlations with spanwise separation in a two-stream mixing layer,
and found very large integral scales compatible with the presence of two-dimensional
disturbances, albeit only in the irrotational region outside the shear layer.

Previously, Crow & Champagne (1971) had demonstrated the variety and long
streamwise persistence of vortex-ring disturbances in cireular jets. Here, fairly rapid
changes with Reynolds number were observed and the disturbance wavelength was
strongly influenced by the jet diameter, so that the vortex-ring strueture was evidently
a mixture of columnar oscillations and shear-layer transition modes rather than a
" self-preserving mode like Brown & Roshko’s. Since jet columns are known to be
subject to various forms of instability, Crow & Champagne’s work was not universally
accepted as evidenee for anomalous behaviour of the turbulence itself.

The received view of mixing-layer transition and turbulence previous to the above-
mentioned work was that the mixing layer became unstable, at a very low value of the
Reynolds number based on local thickness, to two-dimensional (or axisymmetric)
disturbances; that these disturbances then grew, and paired once or more before
‘appreciable three-dimensionality appeared (Wille 1963); that, perhaps after a con-
siderable time (Bradshaw 1966), the flow reached a self-preserving, fully turbulent
state independent of the Reynolds number based on local thickness; and that the large
eddies in the fully turbulent mixing layer, although very strong compared with those
in a boundary layer, were fully three-dimensional, with correlation integral scales of the
same order of magnitude in all three directions. Bradshaw, Ferriss & Johnson (1964),
whose correlation measurements were confirmed by Weber (1974), described these
large eddies as ‘mixing jets’ in the sense used by Grant (1958). The question of three-
dimensionality is highly important, because three-dimensionality is a prerequisite for
‘the development of a vortex-stretching energy ‘ cascade’, and distinguishes turbulence
from various quasi-two-dimensional random flows such as large-scale motion in the
atmosphere.

In the present paper we seek to reconeile this received view of elassical, fully three-
dimensional turbulence with the more recent observations, and to show that the
two-dimensional Brown-Roshko structure is rare. Qur results show that the vortex-
pairing process is sensitive to small three-dimensional disturbances, sueh as free-
stream turbulence, in the early stages when the vortex-roll amplitude is itself small.
In Brown & Roshko’s experiments, but few others, these disturbances were so small
that the laminar instability modes remained two-dimensional and grew to a very large
intensity. However, the sensitivity to three- dimensional disturbances is unlikely to
disappear completely, and it seems probable that the associated small-scale turbulence
will eventually cause the two-dimensional Brown-Roshko structure to break up. If
this is so, there is only one truly self-preserving state,t which is fully three-dimensional
in accord with the classical view of turbulence. If not, there are two self-preserving

1 The ratio of the velocity of the low-speed stream, U, to that of the high-speed stream, U,
will affect the asymptotic turbulence structure guantitatively but not qualitatively. Even the
quantitative effect is likely to be small if the velocity difference U, — U, is used as a normalizing
seale; in particular, U, = 0 (the mixing layer in still air) is not a singular case, because the most
relevant parameter is the ratio of U, — U, to the average velocity 3(U, + U,), rather than U,/U;
itself. :
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states, of which the three-dimensional one is probably much the more eommon in
engineering praetice. Other recent investigations have revealed eases in whieh the
Brown-Roshko structure does not develop. Pui & Gartshore (1977), in measurements
in a mixing layer between two streams of nearly equal velocities, find that, if tran-
sition first occurs within the wake of the splitter plate rather than in a fully formed
mixirglayer, the Brown-Roshko structure does not appear and the spanwise coherenee
lengths (integral scales) are small. Yule (1977) finds that in a cireular jet in still aic
the ‘vortex-ring’ instability patterns develop eircumferential periodieity and break
down quite suddenly into fully three-dimensional turbulence. Finally, the balance of
evidence discussed below suggests that the Brown-Roshko strueture does not form at
all if the nozzle-exit boundary layer is fully turbulent. -

2. Measurements in a single-stream mixing layer

Figure 1 (plate 1) shows the side view, and figure 2 (plate 1) the plan view on a
reduced scale, of a mixing layer formed on the 75 ci side of a 75 % 12 em air stream
emerging into ‘still air’ in a room about 10x 7 x 5m, free of draughts from other
sources. The rig was a blower wind tunnel, without a diffuser or 'a working-seetion
roof, so that the floor and walls of the working seetion minimized bodily oscillations
(and three-dimensignality) of the mixing layer formed in the plane normally oceupied
by the roof. The walls extended well above the roof position and thus acted as end
plates. The Reynolds number of the exit boundary layer, based on momentum thick-
ness, wasabout 50, well below the Blasiusinstability value of about 200. The turbulence
level of the tunnel stream was less than 019, at 20m s, and while the level may
‘have been somewhat higher at the speed of about 0-5 m s~! used in the present tests it
was eertainly within the range typical of good laboratory test rigs. Kerosene-droplet
‘smoke’ was injected into the entrainment flow at the contraction exit. The streaks
in figure 2 were caused by spacers in the injector slot, and their persistence shows
that the smoke introdueed no signifieant turbulence. However the second of the span-.
wise vortex cores in figure 2 shows spanwise non-uniformity on a larger scale than the
loeal shear-layer thickness; this is also the explanation of the multiple streaks seen in
the side view (figure 1), the whole spanwise extent of the smoke being illuminated.
The third and fourth vortex cores in figure 2 are in the process of pairing, in a three-
dimensional (helical) fashion. The last eore, evidently the remains of a pair, is virtually
turbulent in the conventional sense, with a fully three-dimensional small-scale
structure. - . .

Further visual observations showed that vortex pairing in the presence of naturally
occurring three-dimensional disturbanees led to a double-helix pattern like that seen

in figure 3 (plate 2), and conventional turbulence soon ensued. Occasionally two-
dimensionality would persist through two or three stages of pairing but helieal pairing
and breakdown always oecurred eventually. These observations do not contradict the
linear theory of Jiminez (1975) that adjacent co-rotating vortices of small amplitude
are stable: transitional disturbances in a mixing layer can attain large amplitudes, the
maximum Reynolds shear stress attained being as much as 1-5 times that in the fully
turbulent flow (Bradshaw 1966). An incipient double-helix pattern can be seen in_
figure 2 of Rockwell (1977), which shows a low-Reynolds-number mixing layer of
finite span in a simulated fluidic device. A very clear sequence of movie frames by
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FIGURE 4. Spanwise correlations of longitudinal-component velocity fluctuations in mixing layer
in ‘still air’, 77 = —0-056. (a) x = 12-2 cm. Jet speed U,(ms-!) and Reynolds number U, z/v: O,
31, 2:6 x 10%; O3, 5-5, 46 x 10%; O, 88, 77 x 10%; +, 153, 1-3 x 105. (b) Fully turbulent region.
+,2=12-2em, U, = 153 ms~1, U, x/v=1-3 x 10%; V, Bradshaw et al. (circular jet, circumferential
traverso at y = —0-05, Uyz/v = 7 x 10%).

LamXKit (1977) shows strongly three-dimensional pairingin a confined two-dimensional
jet, effectively a mixing layer over a backward-facing step. Helical pairing of steady
co-rotating trailing vortices from a wing with flaps is often observed (e.g. Bilanin
et al. 1976). The rapid onset of three-dimensionality in our experiments was in marked
contrast to the persistence of two-dimensionality in Brown & Roshko’s work. This
phase of our work was reported briefly by Bradshaw (1975): a more detailed des-
“cription of work on the 75 x 12 em rig, and of previous work on mixing-layer transition,
is given by Chandrsuda & Bradshaw (1975), but their discussion is superseded by the
present one. .
To check the flow-visualization result that two-dimensionality rapidly disappeared,
measurements of R,,(0, 0,7), the correlation of the longitudinal components of velocity
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fluctuations with separation in the spanwise direction, were made over a range of
specds in the same mixing layer. The results are shown in figure 4(a). At small values
of U, a/v, i.e. in the transition region, large valuc of Ry, are found at large r, indicating
astrong tendency to two-dimensionality. At higher U, z/v the spanwisc scale decreases,
which is consistent with the conventional development of three-dimensionality in the
later stages of transition as shown in figure 3. At the highest spced, where transition
is complete at the traverse position, the lateral integral scale is very roughly 0-03z,
or 0-156,, where 8, isthe ‘inflexion thickness’ or ‘vorticity thickness’ AU /(90U /0y)nax
introduced by Bradshaw et al. (1964). The values of 2;(0, 0, 7) measured by the latter
" authors at 3 = 0-05, 2/d = 2 in a circular jet with U, z/v = 7x 10° are in agreement
with the present measurements at the highest speed (figure 4b): figurc 1 (¢) of Bradshaw
et al. shows that their flow was undoubtedly turbulent at this x/d. Jones, Planchon
& Hammersley (1973) and Wygnanski (private communication) find lateral integral
scales of order 0-03z within two-stream mixing layers, but 0-2-0-32 in the irrotational
flow on cither side (sce also Oster ef al.). The reason is not clear, but the strong two-
dimensional structure scen in Brown & Roshko’s photographs would surely have
produced large scales within the shear as well.

An incidental finding of our correlation measurements was that the ]ong tall in

- R,(0,0,7) at 4 ~ — 0-05 reappcarcd at large downstream distances, R, asymptoting
" to as much as 0-2. This was found to be due to the proximity of the mixing layer to the
floor of the test rig, the spanwisc influence presumably being propagated via the
irrotational fluctuations. When the working-section height was reduced, the long
tail reappeared at a value of 2 giving nearly the same ratio of shear-laycr thickness to
working-section height. The correlation curves for »/x < 0-05 agreed quite closely
with the data of figure 4 (b). The large effect of a nearby solid surface on a mixing layer
was pointed out by Castro & Bradshaw (1976); the present measurcments were made
“during a study of this effect by Mr D. H. Wood, which will be reported separately by
him. Clearly, the proximity of a solid surface can lead to unsound conclusions about
two-dimensionality of large structure, and may have been partly responsible for the
long tail in the above-mentioned correlations in the irrational flow.

The correlation measurements were not sensitive to the height of the tunnel side
walls nor to the insertion of a vertical plate above the exit so that the jet emecrged
from a ‘semi-infinite’ wall. This suggests that the present single-stream mixing layer
is a representative one and not subject, for instance, to unusually large external
disturbances. Rodi (1975) cites the data for a plane mixing layer of Castro & Bradshaw
(1976), obtained in the same rig at a speed of about 30 ms™1, as among the most
rcliable: their spreading rate agrees closely with thc measurements of Licpmann &

- Laufer (1947). ’

3. Measurements in a two-stream mixing layer
It seemed likely that the transitional disturbances in the two-strcam mixing layers
of Brown & Roshko and other workers kept their two-dimensionality, while ours did
not, because the turbulence in each stream of the two-strcam test rigs was much
_ Jower than that of the ‘still air’ in our single-stream rig (the latter turbulence level
being no higher than in other typical single-stream rigs and at least one order of
magnitude less than that of the mixing layer). This hypothesis was tested in another
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rig. A 1-2x0-6m suck-down smoke tunnel, which had no contraction but whose
intake was fitted with a honeycomb and four screens giving a turbulence level of
about 0-29%, was converted into a two-stream mixing-laycr rig. The streams were
separated by a 1-2m wide partition extending all the way from the room wall, which
was perpendicular to the tunnel axis, to the last screen, The velocity ratio was altered
by fitting layers of cloth, or a solid baffle, over one half of the honeycomb, at which
station a sheet of smoke was injected tangential to the partition and parallel to ihe
flow. The faster stream velocity was typically 1 ms—1, so that the Reynolds number
was of the same order as in our blower-tunnel tests.

Various combinations of velocity ratio and free-stream turbulence showed tha,t the
strength and persistence of the two-dimensional pattern increased as the velocity
ratio departed from unity and decreased as the turbulence intensity in the low-
velocity stream increased. The most spectacular change (figures 5 and 6, plate 3)
occurred when the velocity of the low-speed stream was reduced from a few per cent
of the mainstream velocity — just sufficient to supply the entrainment required by a

" mixing layer in still air — to zero. When the entrained air was delivered via the screens
and honeycomb the turbulence level was low, and the two-dimensional structure in
the shear layer was at least as strong as in Brown & Roshko’s pictures. When the
secondary stream was shut off, the flow became that over a backward-facing step, the
entrained air was deflected upstream from the reattachment line and was thus highly
turbulent, and the transitional oscillations became strongly three-dimensional almost
as soon as they appeared. Similar results werc obtained with a turbulence grid in the
secondary stream, but the photographs are not so clcar because smoke diffused into
the reversed flow behind the grid bars and filled most of the high-speed stream. Even
with the secondary stream shut off, the turbulence level in the entrained air is very
much less than in the mixing layer itself: the mechanism is the distortion of weak
oscillations in the transition region, not the disruption of fully developed turbulence

_ structure by free-stream turbulence of the same order.

Figures 5 and 6 are photographs of thin illuminated longitudinal sections of a smoke-
filled flow: this gives less clear results than the shadowgraph technique, which yields a
spanwise avcrage and thercfore accentuates tendencies to two-dimensionality. It
should be emphasized that even in the conditions of figure 6 the large-eddy structure
is still very strong, so that in longitudinal sections we observe a fairly regular large-
scale structure, having a spatial distribution which is not radically different from
the later stages of the Brown~Roshko flow. The difference in the smaller-scale structure
is easily seen in the figures, however, and of course results from the three-dimen-
sionality of the larger eddies, as evidenced by the correlation measurements in the
single-stream rig.

Even when two-dimensionality was normally absent, one strong and long-lived
travelling vortex roll could be induced by thumping the test rig or suddenly altering
the setting of the inlet baffle. Evidently the well-known sensitivity of frce-shear-layer
transition to mechanical or acoustic excitation implies a corresponding sensitivity of
the Brown-Roshko structure. This could provide an explanation of many forms of
resonance in jets.
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4. Discussion

The above results show that, in the presence of free-stream turbulence of an intensity
typical of many test rigs or engineering situations, the spanwise-vortex mode of
mixing-layer instability can break down, via helical pairing, into fully three-dimen-
sional turbulence with a spanwise integral scale of a fraction of the shear-layer thick-
ness. The contrast between our flow-visualization results and those of Brown &
Roshko and the contrast between our correlation measurements and those of Oster
ef al. leave little doubt that the Brown-Roshko structure did not persist in our exper-
- iments except for the case of the two-stream mixing layer with low turbulence in each
stream. The large eddies that appear in our mixing layersare clearly of the conventional
three-dimensional ‘mixing jet’ type, found in annular mixing layers by Bradshaw
et al. (1964) and also found in other common types of shear layer. Equally clearly,
Brown & Roshko’s resultsindicate a quasi-two-dimensional pattern persisting for the
. full length of their test rig, and the free-stream turbulence level in their rig was
undoubtedly lower than in the ‘still air’ surrounding our single-stream mixing layer.
Before discussing the persistence of the Brown & Roshko pattern once it has formed,
we review recent experiments which reveal more mechanisms for suppressing the -
Brown-Roshko pattern. We also attempt to distinguish the question of Brown-—
Roshko structure from questions about the effect of transition tripson the spreading
rate.

Brown & Roshko stated that placing wire transition trips just upstream of the
trailing edge of the splitter plate did not disrupt the large structure. However Hill,
Jenkins & Gilbert (1976) present schlieren flow-visualization photographs of a plane
jet, at rather low Reynolds number, which show a transitional/Brown-Roshko
structure when the exit boundary layer is laminar and small-scale (presumably
three-dimensional) structure when the exit boundary layer is turbulent. Both Brad-
shaw (1966) and Yule (1977) show that the turbulence intensity on, say, the line
% = 0 in a circular jet rises monotonically with x to its self-preserving value if the
exit boundary layer is turbulent but has a pronounced peak when the exit boundary
layer is laminar, which suggests that the structure in the initial region is markedly
different in the two cases. The trip used by Champagne, Pao & Wygnanski (1976) did
not produce a fully turbulent boundary layer at the nozzle exit. The function of a trip
wire is to cause separation, and thus produce an inflexionally unstable mizing-layer
velocity profile; unless the shear layer reattaches some distance upstream of the exit,
the transition process will be typical of a mixing layer rather than a boundary layer,i.e.
it will be qualitatively the same as if the trip wire were not there. Batt (1975) and
Oster et al. (1976) found that the spreading rate of a plane mixing layer could be in-
creased by putting a trip wire near the nozzle exit. The trip wire of Oster et al. was.-
1-6 mm in diameter and only 10 mm (six diameters) upstream of the exit, and the shear
layer can barely have reattached at all. Indeed the most plausible explanation for
the increased spreading rate is intermittent reattachment leading to flapping of the
mixing layer, perhaps involving a feedback mechanism. In this case the spreading
rate would eventually return to normal. Birch (1977a, b) presents data for a mixing
Jayer whose initial boundary layer was undoubtedly fully turbulent and, in agreement
" with Bradshaw (1966), finds closely the same asymptotic spreading rate as when the
exit boundary laycr is laminar although large differences occur in the initial region.
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The spreading rate measured by Brown & Roshko (without a trip wire) agreed well
with previous measurements at similar values of U,/U; and, when extrapolated to
U,/U; = 0, agreed equally well with the consensus valueof Liepmann & Laufer (1947),
Birch and others, dd,/dx ~ 0-16 in Brown & Roshko’s notation. The most likely
conclusions are :

‘i) that the Brown-~Roshko structure does not appear when the initial boundary
layeris fully turbulent (Hill ef al.);

(ii) that the asymptotic spreading rate is independent of the state of the initial
boundary layer (Birch) at least in the case U,/U; = 0;

(iii) that the spreading rate found in the presence of Brown-Roshko structure is
consistent with that mentioned in (ii); and, conscquently,

(iv) that the questions of an anomalous spreading rate and of the emstence of
Brown-Roshko structure are not directly.related.

Pui & Gartshore, in measurementsin a two-stream mixing layer with

065 < U,/U; < 0-83,

find that if the splitter-plate wake is strong enough for transition to occur via a vortex
street (with contra-rotating vortices) the Brown-Roshko structure of co- rotating
vortices does not appear. The flow-visualization results of Sabin (1963, figure 16)
seem to show the same effect. Pui & Gartshore also show that free-stream turbulence
increases the growth rate, but this is qualitatively expected and does not necessarily
provide evidence about the Brown-Roshko structure. Pui & Gartshore’s results
suggest, again, that the Brown-Roshko structure will not appcar if forestalled by
transition.-

Yule has recently studied the transition process in a circular jet (annular mixing
layer) in ‘still air’. As in the present experiment, the laminar flow instability pattern
‘(in this case annular vortices rather than two-dimensional ones) breaks down rapidly
into conventional turbulence: ring vortices are not observable in this turbulent
region, no harmonics or subharmonics are seen in the frequency spectra, and although
large eddies can be identified by flow visualization of the turbulent region they are
not circumferentially coherent and their movements are more disorganized than those
of the traditional vortex rings. However, three-dimensionality seems to appear in a
different way.from that found in our plane mixing layer: Yule’s flow-visualization
pictures, at Reynolds numbers based on jet diameter of order 10, show that a regular
spanwise (i.e. circumferential) periodicity appears at an early stage, and after it has
grown sufficiently a final pairing or entanglement of distorted vortices results in
turbulent flow. The circumferential periodicity in the transition region was observed
by Bradshaw et al. (1964; see the left-hand sides of figures 1, ¢), who attributed it to
the Lin—-Benney mechanism {Benney 1961). As pointed out by Yule, the vortex-ring
instability theory of Widnall & Sullivan (1973) is more relevant. The numerical results
of Widnall & Sullivan show that the number of circumferential wavelengths is about
1-5 times the ratio of ring radius to vortex-core radius (i.e. wavelength ~ 4 x core
radius). In figure 1 (b) of Bradshaw et al. (1964), with a flow speed of 12 m s~1, there are
about 18 wavelengths around the circumference while in figure 1(c), at 85ms-1,
there are about 50. This agrees quite well with the expectation that the thickness of
the laminarshear layer (which forms the core) will vary as Re~1: (§3)t = 2-66;59 = 2.78.
The observed radius of the rolled-up vortex sheet (the equlvaler_x‘q core) at the onset of
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Authors ‘ : Situation " Breakdown mechanism
Bradshaw (1966) : Circular jet, turbulent Existing turbulence
Hill et al. (1976) boundary layer : :
Yule (1977) _
Bradshaw ef al (1964) Circular jet, laminar Circumferential
Yule (1977) - boundary layer ~ periodicity
(Widnall-Sullivan)
Sabin (1963) Two-stream mixing layer | Wake (vortex street)
instability
Pui & Gartshore (1977) Two-stream mixing layer, Wake (vortex street)
, ‘ strong splitter-plate wake ~ instability
Present : One-stream and two-stream Helical pairing
mixing layer, high ‘free-
stream’ turbulence
Brown & Roshko (1974) Two-stream mixing layer,
Winant & Browand (1974) low free-stream turbulence

Oster et al. (1976)
o TaBLE 1

circumferential perjodicity at 12m s~ does seem to be roughly one-twelfth of the jet
radius as required for the 18-wavelength mode, but as the ‘core’ size grows rapidly
the quantitative application of Widnall & Sullivan’s mechanism to the annular mixing
layer is not straightforward. The application to a plane mixing layer is also dubious:
nominally the wavelength tends to a constant multiple of the core radius as the vortex-
ring radius tends to infinity, but the higher modes of inistability are very sclective and
it appears that the likelihood of excitation decreases as the mode number increases.
Brown & Roshko’s plan-view shadowgraph (their figure 8%) shows longitudinal
streaks which are probably due to the Lin-Benney mechanism of longitudinal-vorticity
generation: the relation of the latter to the Widnall-Sullivan mechanism is obscure
because Widnall & Sullivan do not consider the details of the viscous region at all,
but both mechanisms are aspects of self-induced distortion of vortex lines. In Brown
& Roshko's figure 8 (b) the breakdown of two-dimensionality is — at most — very slow
and not rapid as in Yule’s experiments, so strong cffects of spanwise periodicity are
apparently confined to the circular jet. At least in the experiments of Bradshaw et al.
and of Yule, ‘free-stream’ turbulence has no significant effect. Probably it would act
in the same way as in a plane mixing layer if not forestalled by Widnall-Sullivan
instability, but it is possible that vortex rings are more resistant to distortion than
straight vortex lines.

The experiments discussed above and summarized in table 1 strongly suggest that
the Brown-Roshko structure appears only when not forestalled by three-dimension-
ality in the transition region or by pre-cxisting turbulence. It remains to discuss the
circumstances in which the Brown-Roshko structure will appear, and to speculate
on its persistence. '

It seems that the main case in which Brown-Roshko structure (nearly two-dimen-
sional, nearly self-preserving spanwise vortices in the presence of small-scale three-
dimensional turbulence) can appear and persist is the planc mixing layer with a low
turbulence level in the fluid on either side. Unless special precautions arc taken this
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implies a two-stream niixing layer fed from a high-quality contraction, Thisis a rather
rare type of flow, and seems not to have been the subject of detailed turbulence

. measurements and flow visualization prior to Brown & Roshko’s work. Another group
of possible cases arc flows with a feedback mechanism or artificial excitation, such as
a bluff-body vortex street or the Crow-Champagne oscillations in a circular jet:
however this kind of orderly structure is Iikely to vary too much from case to case to
be usefully compared with Brown & Roshko’s mixing layer.

At present it is not certain whether or not the Brown-Roshko structure will persist
indefinitely, once formed. The instability mechanism in a laminar mixing layer is
effectively inviscid at practical Reynolds numbers, the critical Reynolds number
based on shear-layer thickness being much less than 100. Therefore if no secondary
instabilities oceur, the primary instability modc can continue to increase in amplitude
in the presence of small-scale turbulence (very crudely speaking, it will grow if the
Reynolds number based on the eddy viscosity v, is higher than the critical Reynolds
number mentioned above, which is the case even in a fully turbulent mixing layer
where AUS,, /vy = pAU? [7,,, ~ 100).

The amplitudc will presumably self-limit at some fraction of AU, the energy input
going into an increasc in spatial scale (shear-layer growth). Thus cnergy considerations
alonereveal norcason why the Brown-Roshko pattern should not continuc indefinitely,
and it cannot be dismissed as a laminar-flow instability mode which automatically
decays in turbulent flow. Conversely, the lack of influence of viscosity on the original
instability implies that the presence of the Brown-Roshko structure at high Reynolds -
numbers does not prove that it is rcal turbulence rather than a rclic of transition.
Taylor-Géortler (longitudinal) vortices in a curved or rotating flow provide a precedent
for an instability pattern common to laminar and turbulent flow., However the
instantaneous vortcx pattern in curved or rotating turbulent flows is usually quite
unsteady, with random spanwise migration (Johnston, Halleen & Lezius 1972), and
a given streamwise vortex cannot be rcliably identified for a long axial (strcamwise)
distance. If the spanwise vortices of the Brown-Roshko pattern start to losc axial

_ (spanwise) coherence it secms inevitable that the pairing process will enhance the
three-dimensionality, causing eventual breakdown to fully three-dimensional tur-
bulencc. The vortex strect behind a two-dimensional bluff body is an example of a
structure that can maintain two-dimensionality for a long distance downstream but
eventually subsides into conventional turbulence. Our view of Brown & Roshko’s
shadowgraph pictures is that they do show increasing disorganization and three-
dimensionality as the downstream distance increases, to a greater extent than can
be explained by the presence of small-scale three-dimensional turbulence cascaded
from an cssentially two-dimensional large structure. However, the question of in-
definite persistence is almost an academic onc because, as has been well pointed out
by Dimotakis & Brown (1976), the total length of a typical flow is only a few large-
eddy lifc ‘times’: thus the Brown-Roshko structure, if formed, may very well persist
to thc end of +he flow. The present experiments were not, of course, designed to
achicve an asymptotic state.

The above discussion does not constitute a denial of the importance of large eddies
(or ‘large structure’) in turbulent flow. Indeed it is becausc of their importance that
we must be as clear as possible about the degree of orderliness of the large eddies, in
particular their spanwise extent (ratio of spanwise integral scale to shear-layer width)
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and streamwise periodicity (sharpness of peak in longitudinal wavenumber spectrum),
The results of the present paper imply that inferences, drawn by other authors from
Brown & Roshko’s results, about the orderliness (and therefore the tractability) of

“turbulence may be much too optimistic.

5. Conclusion

The present experiments in plane mixing layers, and the foregoing review of other
recent work, suggest that the two-dimensional vortex-roll disturbances found by
Brown & Roshko (1974) arise in the transition region, and will appear only in plane
mixing layers with laminar boundary layers at the nozzle exit and low turbulence in
the external flow. It appears that the turbulence level in the ‘still air’ on one side of a
plane single-stream mixing layer (which is in fact fluid recirculated from the mixing
layer itself) is high enough toinduce three-dimensionality at an early stage in transi-
tion, followed by helical vortex pairing. In a circular jet three-dimensionality appears
via & vortex-ring instability (Yule 1977). The Brown-Roshko structure also fails to
appear if transition occurs in the wake of the splitter plate of a two-stream mixing
Jayer rather than in the mixing layer itself (Pui & Gartshore 1977); this and other
evidence suggests that the Brown-Roshko structure will not appear if the exit
boundary layer is turbulent.

- We conclude that the Brown-Roshko structure is rare in practice, the normal form
of large structure in a mixing layer being fully three-dimensional. When the Brown-
Roshko structure does appear it may still be identifiable at the downstream end of a
typical flow, simply because most flow-rig lengths are not many times a large-eddy
life ‘time’ (Dimotakis & Brown 1976). However the sensitivity of the transitional
instability mode to three-dimensionality suggests that the Brown-Roshko structure
will slowly succumb to three-dimensionality generated by its associated small-scale
turbulence: if this is so, which we are strongly inclined to believe, there is only one
asymptotic state of a plane mixing layer and its large structure, though strong and
undoubtedly of great importance in determining flow development, is fully three-
dimensional and less orderly than the Brown-Roshko structure.

- We are grateful to Professor I. S. Gartshore, Professor A. Roshko and Dr A. J. Yule

for helpful correspondence, to Mr D. H: Wood for obtaining the results shown in
figure 4, and to Mr Wood and a referee for comments on the manuscript. C.C. wishes
to acknowledge the support of the Royal Thai Air Force. The work was partly sup-
ported by the Science Research Council under Grant B/SR/8978.
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Journal of Flwid M echanics, Vol. 85, puart 4 Plate 1

Fieure 1. Side view of vortex-roll growth and breakdown in mixing layer in *stilt air’. Higlh-
veloeity stream is on upper side. Reynolds number based on length of photograph approximatoly
10 000.

Frcure 2. Plan view of vortex-roll growth and breakdown in mising layer inc stll aie’, viewed
from still-air side. Reynolds number based on length of photogeapl approximately 40000,

CHANDRSUDA ET Ar. {(Fucing p. 104}
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Journal of Fluid Mechanics, Vol. 85, part 4 Plate 2

Ficurk 3. Plan view of double-helix vortex pairing. Conditions as in figure 2,

CHANDRSUDA ET al.
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Journal of Fluid Mechanics, Vol. 85, part 4 Plale 3

IFicuere 3. Side view of persistent. two-dimensional structure in two-stream mixing layer. Stremn
speed ratio abaut 30 : 1. Revoolds nuinber based on leagth of photograple approximately 60 000,
Huminated longitadinnl section of smokoe-filled flow.

Fravre 6. Conventional turbulence in two-stream mixing layer. Conditions ax in figure 5 exeept:
that Tow-speed streaan has been stopped completely miwd enteainment. flow is provided by highly
turbulent recirenlating air. Again only a longitiddinal sectiont is illumimited.

CHANDRSUDA ET AL.
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* APPENDIX B
. VELPROF PROGRAM

The VELPROF program is a boundary layer data analysis program.
It accepts total (and if neceséary, static) pressure readings on paper
tape and external data such as fluid properties, apparatus calibrationv
“curves, station parameters, etc., and outputs‘velocity, static pressure
and log. profi1es, integral parameters and other information.

For the present analysis, the paper tape input consisted of
the probe position, dynamic pressure, tunnel reference pressuré and a
discrete voltage used td disfinguish points in the Boﬁndary'layer fﬁoﬁ
those in the free-stream. The dynamic pressure readings were factored
by the change in tunnel reference pressure so that the evaluated profile
was that at a constant tunnel dynamic head. The progﬁam applied
MacMillan's (1956) shear correction to the profile.

o The routines to work out the integral parameters in the
program were defeated by the abnormalities in the'measuréd boundary
layer profiles and were thus ignored.

' The LOGLAW option in the program works out the best
semi-logarithmic fit to the experimental points in the Tog.{]aw range,
ca1cu1a£es the skin friction coefficient from the Clauser chart and
computes the Pearson's correlation coefficieht as a siatistical measure
of the accuracy of the fitting.

A best fit line is worked out in the Clauser chart
- co-ordiﬁates In (Uey/v), U/Ue for a speciffed pair of points {E%{ = 50
and y = 0.26}. ForAthis analysis, the pair of points were supplied
externally, frﬁm préfiminary plots.

Now writing the log. law as:-
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where K (the Karman constant) = 0.41, A = 2.05 (Co]es' values). Substituting
u, = Ue ch/Z, we get:-

v 1 /| VY [/
U—-K/—;[“‘T/T”‘

Y = A"+ BX
' _ U ae g ///E; | - _ 1 ¢ _ Uey
where Y '.U;‘ A =B [1n - + A}, B =%/ o X = 1n-73a

" The parameters A” and B” are worked out by the least squares
method. The value of Ce yielding the best fit to Coles' Taw is then

computed by an iterative process.
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APPENDIX C

HOT WIRE CALIBRATIONS AND CORRECTIONS

1. CAL IBRATIONS

(a) Velocity Calibration

The important relation required when operating a hot wire
at constant temperature is that of the Nusselt number with Reynolds

number. A universally accepted relation is that due to King:-

Nu = A + BRe"
where:—'
He/2 ud
f W
Nu = - and Re = —
_ nkf(Tw Te) Vv

- Although King gave:a'va1ue of 0.5 for thé semi-empirical
index, n, recent work has shown that a value of 0.45 gives a better
correlation for flow speeds of less than 50 m/s; consequently;

n ='0.45 was used throughout the present analysis.
Since the heat transfer rate from the wire is proportional
to the power'input; the above relation can be reduced.to one which is

more directly usable:-
E2 = A+ BU"
Fig. C1 shows a typical velocity calibration.

(b) Yaw Calibration

For a wire inclined to the mean flow at an angle y, to a
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first approximation the heat transfer from the wire is independent of
the axial componenf of velocity. This approximation is known as the
4 "cosine Taw" and gives for the effective cooling velocity for calibration

in the free-stream (V = 0):-

Uerr

= U Cos ¢

Other expressions have been proposed for the cooling
velocity, with empirita] constants which depend on the length to diameter
ratio of the wire, but for "“infinitely long" wires and for 0 < y < 60°, |
the cosine law is adequate. Also, it is quite difficult to measure
the geometric wirenangles accurately, a necessity fdr the other
correlations.

The best solution, as described by Bradshaw (1971), is to
‘assume the cosine law and work out an "effective angle" of the wire
which is the ratio of the,?—component sensitivity to thé u-component
sensitivity. | |

Considering just one wire, when the probe is yawed through

~an angle §, we obtain:-
2 ‘ NE
Ei = A1 + Bl[y Cos (11;l + sil
Assuming § is ipdependent of the small changes in wire

calibration that may occur during the yaw calibration, we obtain for

6§ = 0:-

: —n
E? =A’+BEJC05¢‘[
182D 1 1L |

and hence:-
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Cos (w;‘f 8) Ei - A n

= 1
Cos wl _ Efv - A;
' =0 =

and rearranging this:-

rm
'
=
=1

Cos § - |[—2—~——— = Tan v Sin §

So having obtained A from_fhe velocity calibration, the
left-hand side of the above equation is plotted against,Sin,§, for-
various §, and the slope of the resulting sfraight curve gives Tan wl.
The samevproéedure is followed for the second wire., A typical yaw
calibration is shown in Fig. C2. A1l the linear fits were calculated

by the least squares method.

2. CALIBRATION DRIFT CORRECTIONS

(a) . Temperature Corrections
| "Changes in fluid temperature affect both mean and f]uctuafing

data. The mean calibration data was corrected using Bearman's (1971)

correction: -
AE _ o A0
T OZR-T)

where R is the overheat ratio, o is the temperature resistivity of the
wire, A9 is the temperature change in the fluid and AE is the “error"
voltage. |

Various expressions exist for temperature corrections to
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fluctuating quantities in terms of changes in the velocity calibration
constants. The précedure followed here, for the profiles, was to

" recalculate the velocify calibration ponstants for each profi]é point
temperature, using the above correction. By doing this both mean and

fluctuating quantities are corrected for changes‘in fluid temperature.

(b) - Spurious Drift Corrections

Apart from fluid temperature, hot wire éa1ibrations are
also affected by physical changes in the wire‘itself. This coﬁld be
in the form of dirt accumulating on the wire and is important particularly
during long runs, as in this case. A]though chanééS'in‘the calibration’
constants due to this were small, (Fig. C1), account for it was made
.’by assuming a linear variation of the calibration constants through the
pfofiTe. A typicé] change in calibration constant dhe to this, per

profile point,}was less than 1%.
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Fig. C1 A typical X-wire velocity calibration.
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Fig! C2 A typical X-wire yaw calibration
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 APPENDIX D
. TURBULENCE DATA ANALYSIS

(a) Mean Quantities

A X-wire with effective wire angles wl and wz'has the

response: -

E2=A +B (UCosy +V Siny )" . (01)
1 1 1 1 1 ‘ '

2 - _ . R N n B . .

E2 A2 + BZ(U Cos wz V Sin wz) _ L ~(DZ)

Rearranging these:-

U Cos wl + V Sin ¢1 = [EE? - Al)/B;ln = C1, say . (D3)
. o 1

. - i .= 2 . n =
] Cosw2 V Sin wz [EEZ Az)/B;] C2, say | (D4)
In matrix form:-

Cosp  Siny | (U C1 o

1 . 1 y = N ] (05)

_Cos wz - Sin wg_ C% A

Therefore: -
Cl1  Sinvy Cos ¢ Sin ¢ = ’

U= ! 1 1 (D6)

€2 - Sin y Cos ¢ ~- Sin ¥
2 2 : ' 2
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Cos ¢  Sin
i 1

V = . (D7)
Cos wz‘- Sin wz v
(b) Fluctuating Quantities
Now, since E1 = f(U, V), on differentiating:-
: aE1 aE1 . -
| dE1 = TﬂT'dU + =7 v (D8)
or:-
oF : :
e = Tﬁ% (u f v Tan.wl) v | - E (D9)
fof sma11_f1uctuatiqns and assuming the Cosine law.
Differentiating eq. (D1) with respect to U gives:-
oE '

‘2E1 s = N BI U Cos wl | (D10)
Therefore: -

aEl n ) : o

T--:?-E—ITJ- (E1 -Al) . . (D]])

- - aE .
Subst1tu§1ng for 7ﬂf in eq. (D9):-
. n(E%2 - A) |
e =-——ﬁ§?Trl—-(u + v Tan wl) | . A (D12)

1

or:-
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(D13) |

= +
e kl(u alv) |
where: -
n(Ef - Al)
k1 = -——ﬁij——- and a = Tan wl
Similarly:-
e =k (u-oav) - (D14)
2 2 2

Taking the mean squares of eqs. (D13) and (D14):-

[}
[ 34
i

K2 uz + (ko )? v2 + 2k%a UV
1 1 1 . 11

P g e P g

k2 u2 + (k a )? v? - 2k?a_ uv
2 2 2 22

o
(X}
n

- 2,_.b '_>22 2 y2 4
(e1 ez) (k.1 kz) u® + (ko + kzaz) v

11

+ 2(kl - kz) (k1ai + kzaz) uv

Expressing fhe coefficients oflthe RHS as elements in a matrix A and

those of the LHS as matrix B:-

AT A1z 13| | | = B1
p21 A22 A23| | vz | |B2

A31 'A32 A33| LUl g3

b —t . b L
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Therefore: -

u? = |B1 Al12 AIl3
B2 A22 A23 | A]

B3 A32 A33

vZ = {A11 B1 AIl3 »
A21 B2 A23 |A]
A31 B3 A33

and: -

uv = |A11 Al2 BI
A21 A22 B2 |A]

A31 A32 B3

A11 the calibration constants togethef with the mean and
fluctuating voltages and the profile and calibration temperatures were

- fed into a computer program which reduced and plotted the results.
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APPENDIX E
" TRANSPORT EQUATIONS

The exact transport equation for any turbulent stress in

tensor notation is:-

ot (W) = - | W 3;3-+ U3 o Production Term
5 apTu;  IpTuy Diefusion T
- 5?3'(”1”j”k) "3 5%, + 3%, Turbulent Diffusion Term
aui auk
.+ p” TN Pressure-Rate of Strain Term
k. i :
+ v u; + U, ' Viscous Term
axzj J axZ} }

By putting k = i, we obtain the turbulent kinetic energy

transport équation:-

] P —
D5u? - oU. = oU.
/20 R vy RN I 12 1
CTOE T T Uy e ey (PTUG Rz ugu) + v uy —
B B o%;

Advection Production Diffusion Dissipation
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* APPENDIX F

* EVALUATION OF THE PRESSURE DROP
ALONG A STREAMLINE

¥
SCREEN
L e
[ )

Along a streamline:-

P1 = P2 + AP, where AP is the total pressure drop across the screen (F1)

' Therefore:-

c 12 - 1 ouzenp ‘ ‘
P, +‘?-pU1 P, t 7 pU2+-AP - | (F2)
therefore: -
- : 2 _12)- ' :
e {Uz Ul] - o (F3)
LU A U W ' - |

Ndw in the free stream, by definition:-

AP = %—pUéK # P -, in a fipite tunnel | .(F4)

However, once the static pressure has equalized, downstream

of the screen, pz'is constant acrdss the boundary layer and the first



308 .

term on the}rightipand side of eq. (F3) is a cohétant fdr a given
screen, - |
Froﬁ the meaéured velocity profiles at x = 140 mm,
ip(b= IUdy) was calculated using Simpson's rule and plotted against
(U/Ue)2_‘ Values Of (Uz/Ue)2 and (Ul/Ue)Zzw?rEZthen determined graphically

for given values of y. Fig. 3.%59 shows 24— (pressure loss deficit)

U?.
plotted against . ¢





