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Preface

Human efforts to conquer flight, land on the moon, go beyond the earth and discover new
universes would have been difficult without the development of wind tunnels. The early
18th and 19th century aerodynamists used whirling arm to study various shapes which suf‐
fered from a major fault that the body under investigation was forced to fly in its own un‐
disturbed wake. This has lead to the development of wind tunnels to overcome the problem.

Wind tunnels are essentially test facilities that create undisturbed flow in which test models
can be placed and controlled tests conducted to ascertain the subsequent changes on the test
models. With rapid developments in electronics and computer technologies, computational
fluid dynamics has become an important and cheap tool in the investigation of complex flu‐
id flow fields. It was often opined purely from cost considerations of manufacture, opera‐
tion, maintenance that wind tunnels would soon become extinct and be replaced by the
emerging numerical computations and simulations. However, as time has progressed, re‐
searchers are beginning to realise that to conduct meaningful numerical simulations, there is
an even greater need to validate their research that requires accurate and high quality data
and hence the need for wind tunnel experiments. The wind tunnels are, therefore, upgraded
with modern instruments and data acquisition, analysis systems and their overall operations
are computerised. These developments have also opened up new possibilities and ushered
in novel applications of the wind tunnels for non-aeronautical applications. It is against this
backdrop that work on this book was undertaken.

The book is a compilation of works from world experts on subsonic and supersonic wind
tunnel designs, applicable to a diverse range of disciplines. The book is organised in two
sections of five chapters each. The first section, Section A, comprises of three chapters on
various aspects of low speed wind tunnel designs, followed by one chapter on supersonic
wind tunnel and the final chapter discusses a method to address unsteadiness effects of fan
blade rotation. The second section, Section B, contains five chapters regarding wind tunnel
applications across a multitude of engineering fields including civil, mechanical, chemical
and environmental engineering.

The first chapter is written by experts collaborating from two academic institutes, namely
Polytechnic University of Madrid and Beijing Institute of Technology. The authors give an
excellent introduction to the significance of wind tunnels for both aeronautical and non-aer‐
onautical applications. The authors tackle the main issue facing wind tunnel design and con‐
struction of today head on; that is the cost of manufacture and operation without
compromising on quality. They describe a method for quick design of low speed and low
cost wind tunnels in great details for aeronautical and/or civil applications.



The second chapter further reinforces the design aspects of a closed circuit low speed wind
tunnel that is used both for teaching and research activities. The wind tunnel is located at
the aerodynamics research laboratory of the University of New South Wales. A major fea‐
ture of this wind tunnel is the availability of the provision of interchangeable cross sections.
This second chapter along with the first chapter have been presented with sufficient details
and references and would, therefore, be expected to act as valuable guide to future wind
tunnel design constructions.

The third chapter, Chapter 3, considers the design of ‘portable’ wind tunnels as opposed to
stationary wind tunnels that were the themes of the previous two chapters. The author of
this chapter describes the design of wind tunnel aptly as the ‘combination of art, science,
and common sense, the last being the most essential’. It is written with great authority by an
expert who has designed such wind tunnels for studies to understand the controlling proc‐
esses of aeolian particle movement, assessing the erodibility of natural surfaces subjected to
different disturbances, estimating dust emission rates for natural surfaces, investigating the
partitioning of chemical and microbiological components of the soil on entrained sediment,
and estimating the threshold wind velocity necessary to initiate aeolian particle movement.
When properly designed, calibrated, constructed, and operated, this form of wind tunnel
can provide very useful information in a relatively short period of time.

The fourth chapter is a slight departure from the subsonic wind tunnel design theme and
describes the design features of a supersonic wind tunnel currently in operation at the aer‐
odynamics laboratory of the University of New South Wales. The construction and opera‐
tion of supersonic wind tunnel is quite expensive and complex, and requires a shock free
test section. In order to operate supersonic wind tunnel, it is imperative that appropriate gas
dynamic facility capable of producing the desired compressed air be available. Materials in
this chapter have, therefore, been presented in two parts; the first part describes the design
and development of a gas dynamics facility while the second part deals with the superson‐
ic wind tunnel.

The fifth and the final chapter of this section of the book does not deal with the design of the
wind tunnel directly, but details a method that addresses the unsteadiness effects emanating
from fan blade rotation using what is called the ‘Richardson's Annular Effect’. This is an
important consideration, since most subsonic wind tunnels are designed with the assump‐
tion that the flow would be steady during operation.

The non-aeronautical applications of wind tunnels form the theme of the second Section of
this book.

The first chapter of second Section, called Chapter 6 continues with a further example of ap‐
plication of wind tunnel in civil engineering and building industry. This chapter is written
collaboratively by experts who include a practicing structural engineer and several academ‐
ics. In this Chapter, the authors describe wind tunnel tests conducted on a complicated horn-
shaped membrane roof. In general, there are two types of wind-tunnel test on the membrane
roof, namely a test using a rigid model and a test using an elastic model. The test of the rigid
model is used to measure the wind pressure around the building. On the other hand, the test
of the elastic model can measure the deflection of the membrane surface directly and grasp the
behavior of the membrane. This chapter describes how wind tunnel test is used to clarify the
various flow features associated with the rigid model for the horn-shaped membrane roof
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structure and quantify the wind-force coefficient and fluctuating wind pressure coefficient
around membrane under turbulent boundary layer flow condition.

In today’s world, noise is an important issue of paramount importance. In Chapter 7 a meas‐
urement technique of the fluid-dynamic noise of an internal flow is presented. A suction
type low noise wind tunnel was used to obtain measurement of the fluid-dynamic noise
made from a circular cylinder placed in the air flow. The study was carried out through bur‐
ial setting of a microphone to the test section equipped with a fibered glass. The results ob‐
tained by this measurement technique were compared with the measurement results
obtained from a blow type wind tunnel that showed clearly that usefulness of the technique
and one that could be very useful in high to fluid-dynamic noise measurement of the inter‐
nal flow.

Application of wind tunnel in chemical engineering forms the basis of Chapter 8. Drying of
solids provides a technical challenge due to the presence of complex interactions between
the simultaneous processes of heat and mass transfer, both on the surface and within the
structure of the materials being dried. Internal moisture flow can occur by a complex mecha‐
nism depending on the structure of the solid body, moisture content, temperature and pres‐
sure in capillaries and pores. External conditions such as temperature, humidity, pressure,
the flow velocity of the drying medium and the area of exposed surface also have a great
effect on the mechanisms of drying. The most important variables in any drying process
such as air flow, temperature and humidity are usually easy to be controlled inside a wind
tunnel. Through a mathematical approach and an experimental work using a wind tunnel,
the materials the author brilliantly highlights the role of the boundary layer on the interface
behaviour and the drying mechanisms for various materials of a flat plate surface and a sin‐
gle droplet shape. This chapter is another excellent example of versatility of effective wind
tunnel application in non-aeronautical field.

The final chapter, Chapter 9, shows how wind tunnel data can be used in wind engineering
that require the use of different types of statistical analysis associated to the phenomenology
of boundary layer flows. Reduced Scale Models (RSM) obtained in laboratory, for example,
attempt to reproduce real atmosphere phenomena like wind loads on buildings and bridges
and the transportation of gases and airborne particulates by the mean flow and turbulent
mixing. Therefore, the quality of the RSM depends on the proper selection of statistical pa‐
rameters and in the similarity between the laboratory generated flow and the atmospheric
flow. Analysis of the fully developed turbulence measurements from the laboratory and the
atmospheric boundary layer encompassing a wide range of Reynolds number are presented
in this chapter. First, a typical spectral evaluation of a boundary layer simulation is present‐
ed. The authors find that this type of analysis is suitable to verify boundary layer flows at
low speed used for dispersion modeling and that time scales for fluctuating process model‐
ing could also be improved by applying this analysis method.

This book is intended to be a valuable addition to students, engineers, scientists, industrial‐
ists, consultants and others by providing greater insights into wind tunnel designs and their
enormous research potential not only in aeronautical fields, but also in other non-aeronauti‐
cal disciplines.

It is worth emphasising that all chapters have been prepared by professionals who are ex‐
perts in their respective research fields and the contents reflect the views of the author(s)
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concerned. All chapters included in this book have been subjected to peer-review and are
culmination of the interactions of the editor, publisher and authors.

The editor would like to take this opportunity and thank all the authors for their expert con‐
tributions and the publisher for their patience and hard work in producing this book and
thereby drawing a successful conclusion of a project of high practical significance.

N. A. Ahmed
Head, Aerospace Engineering,

School of Mechanical Engineering,
University of New South Wales,

Sydney, Australia

PrefaceX



concerned. All chapters included in this book have been subjected to peer-review and are
culmination of the interactions of the editor, publisher and authors.

The editor would like to take this opportunity and thank all the authors for their expert con‐
tributions and the publisher for their patience and hard work in producing this book and
thereby drawing a successful conclusion of a project of high practical significance.

N. A. Ahmed
Head, Aerospace Engineering,

School of Mechanical Engineering,
University of New South Wales,

Sydney, Australia

PrefaceX

Section 1

Wind Tunnel Design





Chapter 1

Design Methodology for a
Quick and Low-Cost Wind Tunnel

Miguel A. González Hernández,
Ana I. Moreno López, Artur A. Jarzabek,
José M. Perales Perales, Yuliang Wu and
Sun Xiaoxiao

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54169

1. Introduction

Wind tunnels are devices that enable researchers to study the flow over objects of interest, the
forces acting on them and their interaction with the flow, which is nowadays playing an
increasingly important role due to noise pollution. Since the very first day, wind tunnels have
been used to verify aerodynamic theories and facilitate the design of aircrafts and, for a very
long time, this has remained their main application. Nowadays, the aerodynamic research has
expanded into other fields such as automotive industry, architecture, environment, education,
etc., making low speed wind tunnel tests more important. Although the usefulness of CFD
methods has improved over time, thousands of hours of wind tunnel tests (WTT) are still
essential for the development of a new aircraft, wind turbine or any other design that involves
complex interactions with the flow. Consequently, due to the growing interest of other
branches of industry and science in low speed aerodynamics, and due to the persistent
incapability of achieving accurate solutions with numerical codes, low speed wind tunnels
(LSWT) are essential and irreplaceable during research and design.

A crucial characteristic of wind tunnels is the flow quality inside the test chamber and the
overall performances. Three main criteria that are commonly used to define them are:
maximum achievable speed, flow uniformity and turbulence level. Therefore, the design aim
of a wind tunnel, in general, is to get a controlled flow in the test chamber, achieving the
necessary flow performance and quality parameters.

© 2013 Hernández et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Hernández et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



In case of the aeronautical LSWTs, the requirements of those parameters are extremely strict,
often substantially increasing the cost of facilities. But low turbulence and high uniformity in
the flow are only necessary when, for example, laminar boundary layers have to be investi‐
gated. Another example of their use is aircraft engines combustion testing; this in turns requires
a costly system that would purify the air in the tunnel to maintain the same air quality. Another
increasingly important part of aircraft design is their noise footprint and usually the only way
to test this phenomenon is in a wind tunnel.

In the automotive applications, it is obvious that the aerodynamic drag of the car is of
paramount importance. Nevertheless, with the currently high level of control of this parameter
and also due to imposed speed limitations, most of the efforts are directed to reduce the
aerodynamic noise. The ground effect simulation is also very important, resulting in very
sophisticated facilities to allow testing of both the ground effect simulation and noise produc‐
tion in the test section.

In architecture, due to the fact that buildings are placed on the ground and are usually of
relatively low height, they are well within the atmospheric boundary layer. Therefore, the
simulation of the equivalent boundary layer, in terms of average speed and turbulence level,
becomes a challenging problem.

The design of the wind tunnels depends mainly on their final purpose. Apart from vertical
wind tunnels and others used for specific tests (e.g. pressurised or cryogenic wind tunnels),
most of the LSWTs can be categorised into two basic groups: open and closed circuit. They can
be further divided into open and closed test section type.

For most applications, mainly for medium and large size wind tunnels, the typical configura‐
tion is the closed circuit and closed test chamber. Although, due to the conservation of kinetic
energy of the airflow, these wind tunnels achieve the highest economic operation efficiency,
they prove more difficult to design resulting from their general complexity. Hence, we will
pay more attention to them in this chapter.

Apart from some early built wind tunnels for educational purposes at the UPM, since 1995 a
number of LSWTs have been designed following the methodology which will be presented
here. It focuses on the reduction of construction and operation costs, for a given performance
and quality requirements.

The design procedure was first used for a theoretical design of a LSWT for the Spanish Consejo
Superior de Deportes, which was to have a test section of 3,0 x 2,5 x 10,0 m3 with a maximum
operating speed of 40 m/s. Based on this design, a 1:8 scale model was built at UPM. This scaled
wind tunnel has been used for research and educational purposes.

The second time it  was during the design of a LSWT for the Instituto Tecnológico y de
Energías Renovables de Tenerife (ITER). That wind tunnel is in use since February 2001,
operating in two configurations: medium flow quality at maximum operating speed of 57
m/s,  and high flow quality  at  maximum operating speed of  48  m/s.  For  more informa‐
tion visit www.iter.es.
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Another example of this design procedure is a LSWT for the Universidad Tecnológica de Perú,
which is now routinely used for teaching purposes. This wind tunnel is now in operation for
about one and a half year.

At the moment the same procedure is being utilised to design a LSWT for the Beijing Institute
of Technology (BIT). This wind tunnel will be used for educational and research purposes. It
will have a high quality flow, up to 50 m/s, in a test section of 1,4 x 1,0 x 2,0 m3. It will be used
for typical aerodynamic tests and airfoil cascade tests (utilising the first corner of the wind
tunnel circuit).

The design method to be presented in this chapter is based upon classical internal ducts design
and analysis method, e.g. Memento des pertes de charge: Coefficients de pertes de charge singulières
et de pertes de charge par frottement, I.E. Idel’cik [Eyrolles, 1986]. It also includes design assisting
software such as a macro-aided Excel spreadsheet with all the complete formulation and
dimensioning schemes for automatic recalculation. At the moment the best example of use of
the method is the BIT-LSWT, mentioned above, as it has been defined using the latest and most
reliable generation of wind tunnel design methodology.

2. Main design criteria

The general layout of the proposed wind tunnel is shown in Figure 1. The airflow circulates
in the direction indicated in the test chamber (counter clockwise in the figure). Upstream of
the test chamber we find the other two main components of the wind tunnel: the contraction
zone and the settling chamber. The other crucial component is of course the power plant. The
remainder of the components just serve the purpose of closing the circuit while minimising
the pressure loss. Nevertheless, diffuser 1 and corner 1 also have an important influence on
the flow quality and they are responsible for more than 50% of the total pressure loss.

The design criteria are strongly linked with the specifications and requirements and those must
be in accordance with the wind tunnel applications. The building and operation costs of a wind
tunnel are highly related to the specifications and these are just a consequence of the expected
applications.

In the case of the so called Industrial Aerodynamics or educational applications, the require‐
ments related to flow quality may be relaxed, but for research and aeronautical applications
the flow quality becomes very important, resulting in more expensive construction and higher
operational costs.

The main specifications for a wind tunnel are the dimensions of the test section and the desired
maximum operating speed. Together with this the flow quality, in terms of turbulence level
and flow uniformity, must be specified in accordance with the applications. At this point it
should also be defined whether all the components of the wind tunnel are going to be placed
on the floor in a horizontal arrangement or in a vertical one, with only half of the circuit on the
floor and the other half on top of it.

Design Methodology for a Quick and Low-Cost Wind Tunnel
http://dx.doi.org/10.5772/54169
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Flow quality, which is one of the main characteristics, is a result of the whole final design, and
can only be verified during calibration tests. However, according to previous empirical
knowledge, some rules can be followed to select adequate values of the variables that affect
the associated quality parameters. The recommended values will be discussed in the sections
corresponding to the Contraction, Settling Chamber, Diffusor 1 and Corner 1, which are the
wind tunnel parts that have the greatest impact on the flow quality.

Once these specifications are given, it is very important to obtain on one side the overall wind
tunnel dimensions to check their compatibility with the available room, and on the other side
a preliminary estimation of the overall cost. The cost is mainly associated to the external shape
of the wind tunnel and the power plant requirements.

For the benefit of new wind tunnel designers, a tool has been devised and implemented in an
Excel spreadsheet (visit web page http://www.aero.upm.es/LSLCWT). Using this tool the
designer will immediately get information about each part of the wind tunnel, the overall
dimensions, the global and individual pressure loss coefficients, and the required power. This
will be done according to the recommended input parameters and specification based on the
intended use of the wind tunnel.

3. Wind tunnel components definition

In the following sections the design of each part will be thoroughly discussed and analysed in
detail to get the best design addressing the general and particular requirements. Before dealing
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case of the contraction zone, its design is crucial for achieving the required flow quality in the
test section. In this sense, its contraction ratio, length and contour definition determine the
level of uniformity in the velocity profile, as well as the necessary turbulence attenuation. It is
crucial to avoid flow separation close to the walls of the contraction zone. At the stage of design,
the most adequate method to verify that design meets those criteria is computational fluid
dynamics (CFD).

Other important parts of the wind tunnel design worth mentioning here are the corners which
incorporate turning vanes. Their aim is to reduce pressure loss and, in the case of the corner
1, possibly improve flow quality in the test section. The parameters to be considered in their
design are the spacing between vanes (whether the space ought to be constant or not) and the
possibility of expanding the flow (increasing the cross-section).

To complete the design process, the measurement equipment needs to be defined together
with the complimentary calibration tests. Special attention needs to be devoted to the specifi‐
cation and selection of the balance for forces measurement, a device that is used to measure
aerodynamic forces and moments on the model subjected to airflow in the test section. Since
the drag force on test subjects can be very small and significant noise may be coming from the
vibration of the tunnel components, such as the model stand, the true drag value may become
obscured. The choice of an appropriate force balance is therefore crucial in obtaining reliable
and accurate measurements.

The selection depends mainly on the nature of the tests. Wind tunnel balances can be catego‐
rized into internal and external ones. The former offers mobility since it is usually only
temporarily mounted to the test section and may be used in different test sections. However,
the latter has more potential in terms of data accuracy and reliability since it is tailored to a
specific wind tunnel and its test section. Due to this reason, external force balances should be
studied in greater depth.

3.1. Test chamber

The test chamber size must be defined according to the wind tunnel main specifications, which
also include the operating speed and desired flow quality. Test chamber size and operating
speed determine the maximum size of the models and the maximum achievable Reynolds
number.

The  cross-section  shape  depends  on  the  applications.  In  the  case  of  civil  or  industrial
applications, in most of the cases, a square cross-section is recommended. In this case, the
test  specimens  are  usually  bluff  bodies  and their  equivalent  frontal  area  should  not  be
higher  than 10% of  the  test  chamber  cross-sectional  area  in  order  to  avoid the  need of
making  non-linear  blockage  corrections.  Accurate  methods  for  blockage  corrections  are
presented in Maskell (1963).

Nevertheless, a rectangular shape is also recommended for aeronautical applications. In the
case of three-dimensional tests, a typical width to height ratio is 4:3; however, for two-
dimensional tests a 2:5 ratio is advised in order for the boundary layer thickness in the test
section to be much smaller than the model span.
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Taking into account that it is sometimes necessary to place additional equipment, e.g. meas‐
uring instruments, supports, etc., inside the test chamber, it is convenient to maintain the
operation pressure inside it equal to the local environment pressure. To fulfil this condition,
it is recommended to have a small opening, approximately 1,0% of the total length of the test
chamber, at the entrance of the diffuser 1.

From the point of view of the pressure loss calculation, the test chamber will be considered as
a constant section duct with standard finishing surfaces. Nevertheless, in some cases, the test
chamber may have slightly divergent walls, in order to compensate for the boundary layer
growth. This modification may avoid the need for tail flotation correction for aircraft model
tests, although it would be strictly valid only for the design Reynolds number.

Figure 2. Layout of a constant section wind tunnel test chamber.

Figure 2 shows a design of a typical constant section test chamber. With the typical dimensions
and velocities inside a wind tunnel, the flow in the test section, including the boundary layer,
will be turbulent, because it is continuous along the whole wind tunnel. According to Idel´Cik
(1969), the pressure loss coefficient, related to the dynamic pressure in the test section, which
is considered as the reference dynamic pressure for all the calculations, is given by the
expression:

ζ =λ · L / DH ,
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where L is the length of the test chamber, DH the hydraulic diameter and λ a coefficient given
by the expression:

λ =1 / (1,8 · log Re - 1,64)2,

where Re is the Reynolds number based on the hydraulic diameter.

3.2. Contraction

The contraction or “nozzle” is the most critical part in the design of a wind tunnel; it has the
highest impact on the test chamber flow quality. Its aim is to accelerate the flow from the
settling chamber to the test chamber, further reducing flow turbulence and non-uniformities
in the test chamber. The flow acceleration and non-uniformity attenuations mainly depend on
the so-called contraction ratio, N, between the entrance and exit section areas. Figure 3 shows
a typical wind tunnel contraction.

Figure 3. General layout of a three-dimensional wind tunnel contraction.

Although, due to the flow quality improvement, the contraction ratio, N, should be as large
as  possible,  this  parameter  strongly  influences  the  overall  wind  tunnel  dimensions.
Therefore, depending on the expected applications, a compromise for this parameter should
be reached.
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Quoting P. Bradshaw and R. Metha (1979), “The effect of a contraction on unsteady velocity
variations and turbulence is more complicated: the reduction of x-component (axial) fluctua‐
tions is greater than that of transverse fluctuations. A simple analysis due to Prandtl predicts
that the ratio of root-mean-square (rms) axial velocity fluctuation to mean velocity will be
reduced by a factor 1/N2, as for mean-velocity variations, while the ratio of lateral rms
fluctuations to mean velocity is reduced only by a factor of N: that is, the lateral fluctuations
(in m/s, say) increase through the contraction, because of the stretching and spin-up of
elementary longitudinal vortex lines. Batchelor, The Theory of Homogeneous Turbulence,
Cambridge (1953), gives a more refined analysis, but Prandtl's results are good enough for
tunnel design. The implication is that tunnel free-stream turbulence is far from isotropic. The
axial-component fluctuation is easiest to measure, e.g. with a hot-wire anemometer, and is the
"free-stream turbulence" value usually quoted. However, it is smaller than the others, even if
it does contain a contribution from low-frequency unsteadiness of the tunnel flow as well as
true turbulence.”

In the case of wind tunnels for civil or industrial applications, a contractions ratio between 4,0
and 6,0 may be sufficient. With a good design of the shape, the flow turbulence and non-
uniformities levels can reach the order of 2,0%, which is acceptable for many applications.
Nevertheless, with one screen placed in the settling chamber those levels can be reduced up
to 0,5%, which is a very reasonable value even for some aeronautical purposes.

For more demanding aeronautical, when the flow quality must be better than 0,1% in non-
uniformities of the average speed and longitudinal turbulence level, and better than 0,3% in
vertical and lateral turbulence level, a contraction ratio between 8,0 and 9,0 is more desirable.
This ratio also allows installing 2 or 3 screens in the settling chamber to ensure the target flow
quality without high pressure losses through them.

The shape of the contraction is the second characteristic to be defined. Taking into account that
the contraction is rather smooth, one may think that a one-dimensional approach to the flow
analysis would be adequate to determine the pressure gradient along it. Although this is right
for the average values, the pressure distribution on the contraction walls has some regions
with adverse pressure gradient, which may produce local boundary layer separation. When
it happens, the turbulence level increases drastically, resulting in poor flow quality in the test
chamber.

According to P. Bradshaw and R. Metha (1979), “The old-style contraction shape with a small
radius of curvature at the wide end and a large radius at the narrow end to provide a gentle
entry to the test section is not the optimum. There is a danger of boundary-layer separation at
the wide end, or perturbation of the flow through the last screen. Good practice is to make the
ratio of the radius of curvature to the flow width about the same at each end. However, a too
large radius of curvature at the upstream end leads to slow acceleration and therefore increased
rate of growth of boundary-layer thickness, so the boundary layer - if laminar as it should be
in a small tunnel - may suffer from Taylor-Goertler "centrifugal'' instability when the radius
of curvature decreases”.

Wind Tunnel Designs and Their Diverse Engineering Applications10
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According to our experience, when both of the contraction semi-angles, α/2 and β/2 (see Figure
3), take the values in the order of 12º, the contraction has a reasonable length and a good fluid
dynamic behaviour. With regard to the contour shape, following the recommendations of P.
Bradshaw and R. Metha (1979), two segments of third degree polynomial curves are recom‐
mended.

Figure 4. Fitting polynomials for contraction shape.

As indicated in Figure 4, the conditions required to define the polynomial starting at the wide
end are: the coordinates (xW,yW), the horizontal tangential condition in that point, the point
where the contour line crosses the connection strait line, usually in the 50% of such line, and
the tangency with the line coming from the narrow end. For the line starting at the narrow end
the initial point is (xN,yN), with the same horizontal tangential condition in this point, and the
connection to the wide end line. Consequently, the polynomials are:

y =aW + bW · x + cW · x 2 + dW · x 3,

y =aN + bN · x + cN · x 2 + dN · x 3.

Imposing the condition that the connection point is in the 50%, the coordinates of that point
are [xM,yM]=[(xW+xN)/2,(yW+yN)/2)]. Introducing the conditions in both polynomial equations,
the two families of coefficients can be found.

According to Idel´Cik (1969), the pressure loss coefficient related to the dynamic pressure in
the narrow section, is given by the expression:

ζ={ λ

16 · sin( α
2

) }(1 - 1
N2 ) + { λ

16 · sin( β
2

) }(1 - 1
N2 ),

where λ is defined as:

λ=  1 / (1,8 log Re - 1,64)2.

The Reynolds number is based on the hydraulic diameter of the narrow section.
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3.3. Settling chamber

Once the flow exits the fourth corner (see Figure 1), the uniformization process starts in the
settling chamber. In the case of low-quality flow requirements, it is a simple constant section
duct, which connects the exit of the corner 4 with the entrance of the contraction.

Nevertheless, when a high quality flow is required, some devices can be installed to increase
the flow uniformity and to reduce the turbulence level at the entrance of the contraction (see
Figure 5). The most commonly used devices are screens and honeycombs. Both devices achieve
this goal by producing a relatively high total pressure loss; however, keeping in mind that the
local dynamic pressure equals to 1/N2 of the reference dynamic pressure, such pressure loss
will only be a small part of the overall one, assuming that N is large enough.

Figure 5. General layout of a settling chamber with a honeycomb layer.

Honeycomb is very efficient at reducing the lateral turbulence, as the flow pass through long
and narrow pipes. Nevertheless, it introduces axial turbulence of the size equal to its diameter,
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which restrains the thickness of the honeycomb. The length must be at least 6 times bigger than
the diameter. The pressure loss coefficient, with respect to the local dynamic pressure, is about
0,50 for a 3 mm diameter and 30 mm length honeycomb at typical settling chamber velocities
and corresponding Reynolds numbers.

Although screens do not significantly influence the lateral turbulence, they are very efficient
at reducing the longitudinal turbulence. In this case, the problem is that in the contraction
chamber the lateral turbulence is less attenuated than the longitudinal one. As mentioned
above, one screen can reduce very drastically the longitudinal turbulence level; however, using
a series of 2 or 3 screens can attenuate turbulence level in two directions up to the value of
0,15%. The pressure loss coefficient, with respect to the local dynamic pressure, of an 80%-
porous screen made of 0,5 mm diameter wires is about 0,40.

If a better flow quality is desired, a combination of honeycomb and screens is the most
recommended solution. This configuration requires the honeycomb to be located upstream of
1 or 2 screens. In this case, the pressure loss coefficient, with respect to the local dynamic
pressure, is going to be about 1,5. If the contraction ratio is 9, the impact on the total pressure
loss coefficient would be about 0,02, which may represents a 10% of the total pressure loss
coefficient. This implies a reduction of 5% in the maximum operating speed, for a given
installed power.

The values of the pressure loss coefficients given in this section are only approximated and
serve as a guideline for quick design decisions. More careful calculations are recommended
for the final performance analysis following Idel´Cik’s (1969) methods.

3.4. Diffusers

The main function of diffusers is to recover static pressure in order to increase the wind tunnel
efficiency and, of course, to close the circuit. For that reason, and some other discussed later,
it is important to maintain the flow attachment for pressure recovery efficiency. Figure 6 shows
the layout of a rectangular section diffuser.

Diffuser 1 pays an important role in the test chamber flow quality. In case of flow detachment,
the pressure pulsation is transmitted upstream into the test chamber, resulting in pressure and
velocity non-uniformities. In addition, diffuser 1 acts as a buffer in the transmission of the
pressure disturbances generated in the corner 1.

It has been proved that in order to avoid flow detachment, the maximum semi-opening angle
in the diffuser has to be smaller than 3,5°. On the other hand, it is important to reduce as much
as possible the dynamic pressure at the entrance of the corner 1, in order to minimise the
possible pressure loss. Consequently, it is strongly recommended not to exceed the semi-
opening angle limit and to design the diffuser to be as long as possible.

Diffuser 2 is a transitional duct, where the dynamic pressure is still rather large. Subsequently,
the design criterion imposing a maximum value of the semi-opening angle must also be
applied. The length of this diffuser cannot be chosen freely, because later it becomes restrained
by the geometry of corners 3 and 4 and diffuser 5.
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Diffuser 3 guides the flow to the power plant which is strongly affected by flow separation. In
order to avoid it, the criterion imposing a maximum value of the semi-opening angle is
maintained here as well. The cross-sectional shape may change along this diffuser because it
must connect the exit of corner 2, whose shape usually resembles that of the test chamber, with
the entrance of the power plant, whose shape will be discussed later.

The same can be said about diffuser 4 because pressure oscillations travel upstream and
therefore may affect the power plant. Analogically to the previous case, it provides a connec‐
tion between the exit of the power plant section and the corner 3, which has a cross-section
shape resembling the one of the test chamber.

Diffuser 5 connects the corners 3 and 4. It is going to be very short, due to a low value of the
dynamic pressure, which will allow reducing the overall wind tunnel size. This will happen
mainly when the contraction ratio is high and the diffusion angle may be higher than 3,5°. It
can also be used to start the adaptation between the cross-section shapes of the tests section
and the power plant.

An accurate calculation of the pressure loss coefficient can be done with Idel´Cik´s (1969)
method. A simplified procedure, derived from the method mentioned above, is presented here
to facilitate a quick estimation of such coefficient.

Hent

Went

Length
Wexit

Hexit

Flow directiona/2
b/2

Figure 6. Rectangular section diffuser.

Wind Tunnel Designs and Their Diverse Engineering Applications14



Diffuser 3 guides the flow to the power plant which is strongly affected by flow separation. In
order to avoid it, the criterion imposing a maximum value of the semi-opening angle is
maintained here as well. The cross-sectional shape may change along this diffuser because it
must connect the exit of corner 2, whose shape usually resembles that of the test chamber, with
the entrance of the power plant, whose shape will be discussed later.

The same can be said about diffuser 4 because pressure oscillations travel upstream and
therefore may affect the power plant. Analogically to the previous case, it provides a connec‐
tion between the exit of the power plant section and the corner 3, which has a cross-section
shape resembling the one of the test chamber.

Diffuser 5 connects the corners 3 and 4. It is going to be very short, due to a low value of the
dynamic pressure, which will allow reducing the overall wind tunnel size. This will happen
mainly when the contraction ratio is high and the diffusion angle may be higher than 3,5°. It
can also be used to start the adaptation between the cross-section shapes of the tests section
and the power plant.

An accurate calculation of the pressure loss coefficient can be done with Idel´Cik´s (1969)
method. A simplified procedure, derived from the method mentioned above, is presented here
to facilitate a quick estimation of such coefficient.

Hent

Went

Length
Wexit

Hexit

Flow directiona/2
b/2

Figure 6. Rectangular section diffuser.

Wind Tunnel Designs and Their Diverse Engineering Applications14

The pressure loss coefficient, with respect to the dynamic pressure in the narrow side of the
diffuser, is given by:

ζ =4,0 · tan α / 2 · tan α
2

4 · (1 -
F0

F1 )2 
+ ζ f . 

α being the average opening angle, F0 the area of the narrow section, F1 the area of the wide
section and where ζ f  is defined as:

ζ f = 0,02
8 · sin α / 2 1 - ( F0

F1
)2

. 

3.5. Corners

Closed circuit wind tunnels require having four corners, which are responsible for more than
50% of the total pressure loss. The most critical contribution comes from the corner 1 because
it introduces about 34% of the total pressure loss. To reduce the pressure loss and to improve
the flow quality at the exit, corner vanes must be added. Figure 7 shows a typical wind tunnel
corner, including the geometrical parameters and the positioning of corner vanes.

The width and the height at the entrance, Went and Hent respectively, are given by the previous
diffuser dimensions. The height at the exit, Hexit, should be the same as at the entrance, but the
width at the exit, Wexit, can be increased, giving the corner an expansion ratio, Wexit/Went. This
parameter can have positive effects on the pressure loss coefficient of values up to approxi‐
mately 1,1. However, it must be designed considering specific geometrical considerations,
which will be discussed, in greater details in the general arrangement.

The corner radius is another design parameter and it is normally proportional to the width at
the corner entrance. The radius will be identical for the corner vanes. Although increasing the
corner radius reduces the pressure loss due to the pressure distribution on corner vanes, it
increases both the losses due to friction and the overall wind tunnel dimensions. According to
previous experience, it is recommended to use 0,25 Went as the value of the radius for corners
1 and 2, and 0,20 Went for the other two corners.

The corner vanes spacing is another important design parameter. When the number of vanes
increases, the loss due to pressure decreases, but the friction increases. Equal spacing is easier
to define and sufficient for all corners apart from corner 1. In this case, in order to minimise
pressure loss, the spacing should be gradually increased from the inner vanes to the outer ones.

The vanes can be defined as simple curved plates, but they can also be designed as cascade
airfoils, which would lead to further pressure loss reduction. In the case of low speed wind
tunnels the curved plates give reasonably good results. However, corner 1 may require to
further stabilise the flow and reduce the pressure loss. Flap extensions with a length equal to
the vane chord, as shown in Figure 7, is a strongly recommended solution to this problem.

Other parameters, such as the arc length of the vanes or their orientation, are beyond the scope
of this chapter. For more thorough approach the reader should refer to Idel´Cik (1969), Chapter
6. As mentioned above, the pressure loss reduction in the corners is very important. Therefore,
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an optimum design of these elements, at least in the case of corner 1 and 2, has a significant
impact on the wind tunnel performance.

In order to allow a preliminary estimation of the pressure loss in the corners we will follow
the method presented in Diagram 6.33 from Idel´Cik (1969) mentioned above. In this approach,
we take an average number of vanes, n= 1,4*S/t1, S being the diagonal dimension of the corner,
where t1 is the chord of the vane. The pressure loss coefficient is given by the expression:

ζ =ζM + 0,02 + 0,031* r
W ent

. 

ζM depends on r/Went, and its values are 0,20 and 0,17 for r/Went equal to 0,20 and 0,25, respective‐
ly. As a result, the corresponding values of ζ are 0,226 and 0,198 respectively, always with respect
to the dynamic pressure at the entrance. This proves the validity of the recommendations given
before with regard to the value of the curvature radius and the length of diffusor 1.

3.6. Power plant

The main aim of the power plant is to maintain the flow running inside the wind tunnel at a
constant speed, compensating for all the losses and dissipation. The parameters that specify it

Hent

Went

Wexit

Hexit

Corner radius

Corner vanes

Flow direction

Vanes flap

Figure 7. Scheme of a wind tunnel corner, including vanes, flaps and nomenclature.
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are the pressure increment, Δp, the volumetric flow, Q, and the power, P. Once the test chamber
cross-section surface, STC, and the desired operating speed, V, are fixed, and the total pressure
loss coefficient, ζ, has been calculated, all those parameters can be calculated using:

Δp = 1
2 ρ · V 2 · ζ

Q =V · STC

P =Δp · Q
η ,

where ρ is the operating air density and η the fan efficiency, accounting for both aerodynamic
and electric motor efficiencies.

In order to reduce the cost of this part by roughly one order of magnitude, we propose to use
a multi-ventilator matrix, as presented in Figure 8, instead of a more standard single ventilator
power plant configuration. The arrangement of this matrix will be discussed later.

Wide
Length

Height

Figure 8. Layout of a multi-fan power plant.

According to our experience, for a closed circuit wind tunnel eventually including settling
chamber screens or/and a honeycomb, the total pressure loss coefficient is in the range of 0,16
to 0,24. Consequently, in the case of 1,0 m2 test section area and 80 m/s maximum operating
speed, assuming an average value of ζ to be in the range mentioned above, and for a typical
value of η equal to 0,65, the data specifying the power plant are:

Δp= 785 Pa, Q= 80 m3/s, P= 100 kW.

In this case we could use a 2,0m diameter fan specially designed for this purpose or 4 com‐
mercial fans of 1,0 m diameter, producing the same pressure increment, but with a volumetric

Design Methodology for a Quick and Low-Cost Wind Tunnel
http://dx.doi.org/10.5772/54169

17



flow of 20 m3/s each. The latter option would reduce the total cost because the fans are a
standard product.

4. General design procedure

The parameters that need to be defined in order to start the overall design are:

• Test chamber dimensions: width, WTC, height, HTC, and length, LTC. These parameters allow
to compute the cross-sectional area, STC= WTC HTC, and the hydraulic diameter, DTC=2 WTC

HTC/(WTC+ HTC).

• Contraction ratio, N≈5 for low quality flow, and N≈9 for high quality flow (considering the
drawbacks of choosing a higher contraction ratio, explained before).

• Maximum operating speed, VTC.

According to the impact on the wind tunnel dimensions and flow quality, Table 1 shows a
classification of the design variables divided into two categories: main and secondary design
parameters.

Main design parameters Secondary design parameters

Maximum operating speed, VTC Contraction semi angle, αC/2

Test chamber width, WTC Settling chamber non-dimensional length, lSC

Test chamber height, HTC Diffuser semi angle, αD/2

Test chamber length, LTC Diffuser 1 non-dimensional length, lD1

Contraction ratio, N Corner 1 expansion ratio, eC1

Corner 1 non-dimensional radius, rC1

Corner 4 non-dimensional radius, rC4

Diffuser 5 non-dimensional length, lD5

Corner 3 non-dimensional radius, rC3

Dimension of the fan matrix, nW, nH

Unitary fan diameter, DF

Power plant non dimensional length, lPP

Corner 2 expansion ratio, eC2

Table 1. Main and secondary wind tunnel design parameters

Now, following the guidelines given above, such as the convergence angle and the contour
line shape of the contraction zone, the test and contraction chamber can be fully defined. In
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the case when both opening angles, α and β, are the same, the contraction length, LC, is given
by the expression:

L C =
( N - 1) · W TC

2 · tan (αC / 2) .

Continuing in the upstream direction, the next part to be designed is the settling chamber. The
only variable to be fixed is the length, because the section is identical to the wide section of the
contraction. In the case when high quality flow is required, the minimum recommended non-
dimensional length based on the hydraulic diameter, lSC, is 0,60. This results from the necessity
to provide extra space for the honeycomb and screens. In all other cases, the non-dimensional
length may be 0,50. Therefore, the length of the settling, LSC, chamber is given by:

L SC = N · WTC · lSC . 

To obtain all the data for the geometric definition of the corner 4 satisfying all the recommen‐
dations given above we only need to fix the non-dimensional radius, rC4. Its length, which is
the same as its width, is:

L C4 =WC4 = N · WTC · (1 + rC4).

Going downstream of the test chamber, we arrive at the diffuser 1. Assuming that both semi-
opening angles are 3,5°, its non-dimensional length, lD1, is the only design parameter. Although
it has a direct effect on the wind tunnel overall length, we must be aware that this diffuser
together with corner 1 are responsible for more than 50% of the total pressure losses. According
to the experience, lD1>3 and lD1>4 is recommended for low and high contraction ratio wind
tunnels respectively. The length of the diffuser 1, LD1, and the width in the wide end, WWD1, is
defined by:

L D1 =WTC · lD1

WWD1 = 1 + 2 · lD1 · tan (αD1 / 2) · WTC .

With regard to the corner 1, once its section at the entrance is fixed (it is constrained by the exit
of diffuser 1), we must define the non-dimensional radius, rC1, and the expansion ratio, eC1. As
a result, the width at the exit, WEC1, the overall length, LC1, and width, WC1, can be calculated
using:

W EC1 =WWD1 · eC1

L C1 =WWD1 · (eC1 + rC1)

WC1 =WWD1 · (1 + rC1).

Therefore, we can already formulate the overall wind tunnel length, LWT, as a function of the
test chamber dimensions, the contraction ratio, and other secondary design parameters:

L WT = L TC + WTC ·
( N - 1)

2 · tan (αC / 2) + N · lSC + N · (1 + rC4) + lD1 + 1 + 2 · lD1 · tan (αD1 / 2) · (eC1 + rC1) .
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This quick calculation allows the designer to check whether the available length is sufficient
to fit the wind tunnel.

Taking into account all the recommended values for the secondary design parameters, a guess
value for the wind tunnel overall length, with a contraction ratio N=9 (high quality flow), is
given by the formula:

L WT = L TC + 16 · WTC .

In the case when N=5 (low quality flow), the formula becomes:

L WT = L TC + 11,5 · WTC .

The designer must be aware that any modification introduced to the secondary design
parameters modifies only slightly the factor that multiplies WTC in the formulas above.
Consequently, if the available space is insufficient, the only solution would be to modify the
test chamber dimensions and/or the contraction ratio.

As we have already defined the wind tunnel length using the criterion of adequate flow quality,
we can now devote our attention to designing the rest of the circuit, the so-called return circuit.
The goal is not to increase its length, intending also to minimize the overall width and keeping
the pressure loss as low as possible.

Keeping this in mind, the next step in the design is to make a first guess about the power plant
dimensions. Following our design recommendations, a typical value for the total pressure loss
coefficient of a low contraction ratio wind tunnel, excluding screens and honeycombs in the
settling chamber, is 0,20, with respect to the dynamic pressure in the test chamber. This value
is approximately 0,16 for a large contraction ratio wind tunnels. If screens and honeycombs
were necessary, those figures could increase by about 20%.

As the power plant is placed more or less in the middle of the return duct, the area of the section
will be similar to the mid-section of the contraction. Therefore, taking into account the
volumetric flow, the total pressure loss, and the available fans, the decision about the type of
fan and the number of them can be taken. Using this approach, the power plant would be
defined, at least in the preliminary stage.

We will return now to the example we started before for the power plant section. To improve
the understanding of the subject, we are going to present a case study. If the test chamber
section was square and N=5, the mid-section of the contraction would be 1,67 x 1,67 m2. This
would allow us to place 4 standard fans of 0,800 m diameter each. The maximum reduction in
the width size would be obtained by suppressing the diffuser 5, obtaining the wind tunnel
platform shown in Figure 9. We have not defined the diffusion semi-angle in diffuser 3, but
we checked afterwards that it was smaller than 3,5°. Figure 9 is just a wire scheme of the wind
tunnel, made with an Excel spreadsheet, and for this reason the corners have not been rounded
and are represented just as boxes.

In the case of a 4:3 ratio rectangular test chamber cross-section, the mid-section of the contrac‐
tion would be 1,869x1,401 m2 and for this reason we could suggest the use of 6 standard fans
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of 0,630 m diameter, organized in a 3x2 matrix, occupying a section of 1,890x1,260 m2. Figure
10 shows the wire scheme of this new design. We can check that the diffuser 3 semi-angle is
below 3,5° as well.

 

Figure 9. Non-dimensional scheme of a wind tunnel with square section test chamber and low contraction ratio, N≈5. 

It is clear that the new design is slightly longer and wider, but it is because of the influence of the test chamber´s width, as shown 
above. 

Notice that in both cases corner 3 has the same shape as corner 4. Similarly, the entrance section of diffuser 4 is the same as of the 
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Figure 10.Non-dimensional scheme of a wind tunnel with rectangular section test chamber and low contraction ratio, N≈5. 
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It is clear that the new design is slightly longer and wider, but it is because of the influence of
the test chamber´s width, as shown above.

Notice that in both cases corner 3 has the same shape as corner 4. Similarly, the entrance section
of diffuser 4 is the same as of the power plant section, and using a diffuser semi-angle of 3,5°,
this item is also well defined.

At this stage we have completely defined the wind tunnel centre line, so that we can calculate
the length, LCL, and width, WCL, using:

L CL =(L C1 - W EC1 / 2) + L D1 + L TC + L C + L ST + (L C4 - W ED5 / 2)

WCL =(WC4 - W EC4 / 2) + L D5 + (WC3 - W ED4 / 2).

The distance between the exit of the corner 1 and the centre of the corner 2, DC1_CC2, can be
calculated through the expression (see Figure 11):
DC1_CC2 =WCL - W ED1(rC1 + 1

2 ).
On the other hand:

DC1_CC2 = L D2 + (WC2 - W EC2 / 2)

W EC2 =W ED2 · eC2

WC2 =W ED2 · (rC2 + eC2)
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W ED2 =W EC1 + 2 · L D2 · tan (αD2 / 2).

Manipulating and combining those equations, we obtain:

L D2 =
DC 1_CC 2 - W EC 1 · (rC 2 + eC 2 / 2)

1 + 2 · (rC 2 + eC 2 / 2) · tan (αD2 / 2) .

With this value, by substituting it into the previous expressions, we have all the parameters to
design diffusers 2 and 3, and corner 2. Finally, it is necessary to check that the opening angles
of diffuser 3 are below the limit. In case when the vertical opening angle, α, exceeds the limit,
the best option is to increase the diffuser 1 length, if this is possible, because it improves flow
quality and reduces pressure loss. If the wind tunnel length is in the limit, another option is to
add the diffuser 5 to the original scheme. However, it will increase the overall width. When
the limit of the horizontal opening angle, β, is exceeded, then the best option is to adjust the
values of the expansion ratio in corners 1 and 2, because it will not change the overall dimen‐
sions.

The following case study is a wind tunnel with high contraction ratio, N≈9, and square section
test chamber. In this case, the approximate area of the power plant section will be 2,000 x 2,000
m2. In this case we have two compatible options to select the power plant. We can just select
a matrix of 4 fans, 1,000 m diameter each. However, if the operating speed is rather high, in
order to be able achieve the required pressure increment and the mass flow, we may need to
use 1,250 m diameter fans. Figure 12 shows both options. Note that the overall planform is
only slightly modified and the only difference is the position where the power plant is placed.

The design of the diffusers 2 and 3, and the corner 2 will be done following the same method
as for the previous cases.
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Figure 12.Non-dimensional scheme of a wind tunnel with square section test chamber and high contraction ratio, N≈9. Two different standard 
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One of the most important points mentioned in this chapter refers to the wind tunnel cost, intending to offer low cost design 
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The second and most important point is the wind tunnel’s construction. The most common wind tunnels, including those with 
square or rectangular test sections, have rounded return circuits, like in the case of the NLR-LSWT. However, the return circuit of 
DNW wind tunnel is constructed with octagonal sections. Although the second solution is cheaper, in both cases different parts of 
the circuit needed to be built in factories far away from the wind tunnel location, resulting in very complicated transportation 
operation. 
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5. Wind tunnel construction

One of the most important points mentioned in this chapter refers to the wind tunnel cost,
intending to offer low cost design solutions. Up to now we have mentioned such modifications
to the power plant, proposing a multi-fan solution instead of the traditional special purpose
single fan.

The second and most important point is the wind tunnel’s construction. The most common
wind tunnels, including those with square or rectangular test sections, have rounded return
circuits, like in the case of the NLR-LSWT. However, the return circuit of DNW wind tunnel
is constructed with octagonal sections. Although the second solution is cheaper, in both cases
different parts of the circuit needed to be built in factories far away from the wind tunnel
location, resulting in very complicated transportation operation.
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done there as well. Despite the fact that these tunnels are open circuit, the construction
solutions can be also applied to closed circuit ones.

Figure 14. Research and education purpose wind tunnels built with wood panel and standard metallic profiles, with
multi-fan power plant.

According to our experience, the manpower cost to build a wind tunnel like those defined in
figures 9 to 13 could be 3 man-months for the design and 16 man-months for the construction.
With these data, the cost of the complete circuit, excluding power plant, would be about
70.000,00 €. In our opinion, the cost figure is very good, considering the fact that the complete
building time possibly may not exceed even 9 months.

We have more reliable data with regard to the ITER wind tunnel, built in 2000-01. The whole cost
of the wind tunnel, including power plant, work shop and control room, was 150.000,00 €.

This wind tunnel was almost completely built with concrete. Figure 15 shows different stages
of the construction, starting from laying the foundations to the almost final view. The small
photos show the contraction, with the template used for wall finishing, and the power plant.

6. Conclusions

A method for quick design of low speed and low cost wind tunnels, either for aeronautical
and/or civil applications, has been presented.

The possibility of deciding between both applications means that the method allows achieving
flow quality level as good as desired.

The method also allows to the designer to get a quick and rough estimation of the overall wind
tunnel size, once the main design parameters are given.

The guidelines to choose the secondary design parameters are given as well.

To address the low cost of design and construction, the use of a multi fan power plant and
rectangular duct sections is proposed as well.

Design Methodology for a Quick and Low-Cost Wind Tunnel
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Nomenclature

ai, bi, ci, di Family of polynomial coefficients of the contraction contour shape

CFD Computational Fluid Dynamics

DC1_CC2 Distance between the exit of the corner 1 and the centre of the corner 2 m

DF Unitary fan diameter m

DH Studied duct section hydraulic diameter m

ei Corner ‘i’ expansion ratio

F0 Area of the diffuser’s narrow section m2

F1 Area of the diffuser’s wide section m2

Hent Section height of the duct´s entrance m

Figure 15. Photographic sequence of the construction of the ITER Low Speed Wind Tunnel. The top left picture shows
the foundations, the top right the contraction, the bottom left the power plant and the bottom right a view from the
outside almost at the end of the construction.
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Hexit Section height of the duct´s exit m

L Studied duct length m

Li Duct ‘i’ length m

li Duct ‘i’ non-dimensional length

LSWT Low Speed Wind Tunnel

LWT Overall wind tunnel length m

N Contraction ratio

n Average number of corner vanes

nW, nH Dimensions of the fan matrix

P Power of the power plant W

Q Volumetric flow m3/s

r Corner radius m

Re Reynolds number based on the hydraulic diameter

ri Corner ‘i’ non-dimensional radius

S Diagonal dimension of the corner m

t1 Chord of the corner vane m

V Operating speed at the test chamber m/s

VTC Maximum operating speed at the test chamber m/s

WCL, LCL Wind tunnel centre line width and length m

Went Section width of the duct´s entrance m

Wexit Section width of the duct´s exit m

Wij, Hij Duct j width and height of the i section (wide-end, W; narrow-end, N; constant, ) m

WTT Wind Tunnel Tests

(xN,yN) Narrow-end coordinates of the contraction contour shape

(xW,yW) Wide-end coordinates of the contraction contour shape

αi /2 Vertical contraction/opening semi-angle of the duct ‘i’ deg

βi /2 Horizontal contraction/opening semi-angle of the duct ‘i’ deg

Δp Pressure increment at the power plant section Pa

ζ Total pressure loss coefficient

ζ f Friction pressure loss coefficient

ζM Singular pressure loss coefficient of a corner

η Fan efficiency

λ Friction coefficient per non-dimensional length of the studied duct

ρ Operating air density kg/m3

Design Methodology for a Quick and Low-Cost Wind Tunnel
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Chapter 2

Design Features of a Low Turbulence
Return Circuit Subsonic Wind Tunnel
Having Interchangeable Test Sections

N. A. Ahmed

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52989

1. Introduction

Wind Tunnels have played and are continuing to play a significant role in providing controlled
test facilities in the aerodynamic research and development [1-43, 122-178].The present chapter
describes in detail, the design features of a subsonic return circuit wind tunnel that is currently
in operation at the Aerodynamics Laboratory of the University of New South Wales. It can be
considered to be a general purpose low speed tunnel with a sufficiently large contraction ratio.
It has a number of removable turbulence reduction screens to achieve low turbulence level. It
also has the provision of removable principal test section and three alternative test section
arrangements located at various parts of the wind tunnel circuit. The wind tunnel can provide
a wind speed in the range of 0-170 ft/sec at the lowest turbulence level. The top speed can be
200 ft/sec, if a higher turbulence level and spatial non-uniformities produced by omission of
the screens can be tolerated.

Floor space limitations of approximately of 65 ft x 12 ft have meant that the tunnel be vertical
in the vertical plane. From such consideration and ease of wind tunnel experiments, the test
section was placed at the laboratory floor level and the return circuit above the test section.
The upper structure of the laboratory roof was too flimsy and inaccessible for satisfactory
location of the fan and drive in that area so that the fan and the drive had to be at the floor
level. The fan is, therefore, placed downstream of the test section and first diffuser and
upstream of the first cascade corner. This unconventional arrangement is not, however,
without precedent; similar layout has been used in the N.B.S. 4.5 ft low turbulence wind tunnel
and Wichita University 10 ft x 7 ft wind tunnels [44-46].
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2. General considerations

The configuration chosen presents several design advantages as well as disadvantages. These
are detailed below:

Advantages:

1. Because the fan is located in a comparatively high speed portion of the tunnel, a favourable
flow coefficient for a given tip speed may be more easily obtained, leading to high rotor
efficiency

2. Except in the case of high lift or very bluff models, good inlet flow conditions to fan are
obtained. This situation does not always occur in tunnels with the conventional fan
location immediately after the second cascade corner. Maldistribution of flow may exist
due to faulty turning vane performance or the need to pass the fan rotor drive shaft
through the second cascade turning vanes. This, in turn, leads to reduced rotor perform‐
ance and increased noise levels.

3. Flow disturbances created by the fan and its tail fairing in the conventional arrangement
may adversely affect the performance of the main return circuit diffuser and hence the
wind tunnel. The closed circuit type of diffuser is very sensitive to malfunctions in this
diffuser [44,46-48]

4. The long flow return path between the fan and test section aids in achieving a low open
tunnel turbulence level. This permits a reduction in the number of screens for certain types
of test.

Figure 1. Side View of the Subsonic Wind Tunnel of the University of New South Wales

Wind Tunnel Designs and Their Diverse Engineering Applications30



2. General considerations

The configuration chosen presents several design advantages as well as disadvantages. These
are detailed below:

Advantages:

1. Because the fan is located in a comparatively high speed portion of the tunnel, a favourable
flow coefficient for a given tip speed may be more easily obtained, leading to high rotor
efficiency

2. Except in the case of high lift or very bluff models, good inlet flow conditions to fan are
obtained. This situation does not always occur in tunnels with the conventional fan
location immediately after the second cascade corner. Maldistribution of flow may exist
due to faulty turning vane performance or the need to pass the fan rotor drive shaft
through the second cascade turning vanes. This, in turn, leads to reduced rotor perform‐
ance and increased noise levels.

3. Flow disturbances created by the fan and its tail fairing in the conventional arrangement
may adversely affect the performance of the main return circuit diffuser and hence the
wind tunnel. The closed circuit type of diffuser is very sensitive to malfunctions in this
diffuser [44,46-48]

4. The long flow return path between the fan and test section aids in achieving a low open
tunnel turbulence level. This permits a reduction in the number of screens for certain types
of test.

Figure 1. Side View of the Subsonic Wind Tunnel of the University of New South Wales

Wind Tunnel Designs and Their Diverse Engineering Applications30

Disadvantages:

1. Since the fan is located in line of sight of the test section, care must be taken in the fan
design to keep the noise level at the lowest possible value. Sound waves cause air motions
which produce an effect similar to that of turbulence and this may place a lower limit on
the tunnel turbulence level [44, 45, 49-51] In a tunnel with conventional fan location, the
higher noise frequencies are partly attenuated by the two sets of turning vanes separating
the fan and test section. Sound power transmitted to the test section from the fan may,
however, be reduced by the tunnel breather slot or the use of ducts with acoustic absorbent
inserts [49].

2. Since, for reasons of safety, the fan must be observed in the design of the screen to prevent
its causing a high energy loss.

3. Care must be exercised in the design of the fan prerotator blades (if fitted) to render them
comparatively insensitive to flow changes caused by the presence of high lifting or bluff
models in the test section. The contraction ratio was approximately 7:1, similar to one
employed in the N.B.S. 4.5 ft tunnel.

Considerable difficulties had to be overcome in the erection of the tunnel components, none
the least of which were the strengthening of the comparatively light floor and roof structures
of the laboratory so as to absorb lifting and installation stresses. In its present configuration,
the tunnel has an overall length of 67.5 ft, an overall height of 27.5 ft and an overall length of
11.5 ft, excluding interchangeable test sections. Various components of the wind tunnel were
built over a period, and the overall work from the start of design to manufacture of various
components to final installation took about five years to complete.

3. Design of various components of wind tunnel

The detailed design of the tunnel components is described in the following sections of this
report.

3.1. Test section design

The principal test section of 50 inch x 36 inch cross section has the normal value of its width
to height, i.e., √2:1 [44]. Wall corrections are readily available for this configuration. The test
section length of 9.75 ft is within the recommended range for general purpose work of 2.5 to
3 times the equivalent diameter (3.94 ft). Test section fillets, having a side of 5 inches are
installed to prevent poor corner flow and accommodate the test section fluorescent lighting.

The test sections are tapered a total of 7/16 inch at the downstream and so as to compensate
for the negative static pressure gradient associated with boundary layer thickness increase
along the flow. This correction, which was found to be unattainable by tapering the test section
fillets, as is sometimes recommended, is calculated to be approximately correct at a test section
speed of 160 to 180 m/s. A filtered breather slot is located downstream of the test section.

Design Features of a Low Turbulence Return Circuit Subsonic Wind Tunnel Having Interchangeable Test Sections
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When the original layout was developed, provisions were made to provide arrangements for
removable test sections in various parts of the tunnel circuit. Four such test sections have been
provided for. The possible configuration for each of the four is described below:

1. A principal test section having dimensions of cross section of 50 inch x 36 inch and 9.75 ft
long and a speed range of 20 to 200 ft/sec.

2. A large test section can be inserted between the screen box/settling chamber assembly and
the contraction, the latter being rolled back on a rail system after removal of the principal
test section. This large test section is an octagon having maximum dimensions of 10 ft x
10 ft x 9.75 ft and a speed range of from 2 to 30 ft/sec. This test section is useful for a range
of industrial aerodynamics tests.

3. An open jet test section, in conjunction with an appropriate removable collector, to be
used if required, by removal of the principal test section.

4. A vertical test section which may be interposed in the tunnel circuit in place of the fourth
diffuser. This test section permits testing in a vertical airstream and is of octagonal section
having maximum dimensions of 5.1 ft x 5.1.ft and a speed range of from 10 to 100 ft/sec.

Of the above four, the first two have been constructed. The test sections were constructed of
waterproof quality plywood of either ¾ inch or 1 inch thick, supported on angle from frames.
Large viewing windows are provided from ½ inch and ¾ inch thick Perspex set in aluminium
frames. The principal test section is provided with doors which open up one complete side
over a length of 5 ft and extend two-thirds of the way across the top of the test section to
improve accessibility. The tunnel floor is provided with a 3 ft diameter incidence change
turntable mounted on a wire bearing race and controlled by a worm and piston drive. The
principal test section is removed by means of an overhead travelling trolley and rail system.
The large test section is traversed into position by means of a transverse floor rail system which
aligns the walls and then by a set of translation tables which move the test section axially
forward approximately 4 inches to close the pressure seal. Tapered dowel pins are used to
secure accurate alignment of internal airline surfaces and over centre clamps are used to secure
the vertical sections together.

3.2. Screen settling chamber design

Wind tunnel screens are required to perform at least two functions, that is, to reduce the:

1. test section turbulence level, and

2. airstream spatial non-uniformities before entrance into the contraction and test section

3.2.1. Turbulence reduction

It has been shown experimentally by Schubauer et al [52] that no turbulence is shed by a screen
if the Reynolds number based on the wire material is less than 30 to 60, the exact value
depending upon the mesh size and wire diameter. Thus to obtain a low test section turbulence
level, the turbulence reduction screens must be placed in a low speed region well upstream of
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the test section and contraction must consist of wires of the smallest diameter that are consistent
with the strength required.

Batchelor [53] reports from experimental work that ‘u’ and ‘v’ turbulence components are
reduced by factors of 0.36 and 0.54 respectively for wire screens having a resistance co-efficient
of 2.0. According to additional experimental work by Dryden and Schubauer [B6), the mean
turbulence intensity is reduced by the factor of 0.58 for k=2.0 screen and they propose the
following relationship based on experiment but confirmed by appropriate theory:

U’1/U’3= (1+k)-0.5

U’1 and U’3 are the mean turbulence intensities before and after the screens respectively. The
relationship between the screen open area ratio or porosity and resistance co-efficient is best
found from the data of Annand [54].

The analysis of Batchelor and Drydoen and Schubaureer reveal that it is best to employ a
number of screens in series and that of Batchelor indicates that it is the reduction of ‘v’
component which is most difficult. Relation of the ‘v’ component to the required level will
automatically ensure that the ‘u’ component is reduced to a correspondingly low value.

3.2.2. Flow non-uniformity reduction

The screens are also required to reduce the flow spatial non-uniformities before the airstream
enters the contraction.

A theoretical analysis by Batchelor [55] and an earlier analysis by collar [56] have shown that
for steady non-uniform flow, the U component non-uniformities are reduced in the ratio:

(2− K ) /  (2 + k)

This expression implies that if k=2, the non-uniformities are completely removed. The analysis
by Batchelor [53] indicates that the reduction factor can be more accurately expressed as:

(1−α + α K ) /  (1 + α + K )

where α is the screen deflection coefficient defined as the ratio of (air exit angle)/(air entry
angle)

Taking the approximate value of α [56], the reduction factor for k=2 and α =0.64 is seen to be
0.1. Batchelor gives the theoretical reduction for V or transverse velocity non-uniformity
component as α or 0.64 for a screen of resistance coefficient 2.0.

3.2.3. Limitations on screen arrangement

Batchelor analysis indicates that the ‘v’ component of turbulence is reduced by increasing k to
a value of 4. However, screens having a resistance coefficient greater than 2 are not normally
used, particularly for the final screen, for the following reasons:
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1. Non-uniformity of weave of high resistance coefficient commercial screen materials
produce flow disturbances which can have an adverse effect on test section flow distri‐
bution and turbulence level

2. Works by Bradshaw [57], Patel [58] and De Bray [59] have revealed that the final screen
open-area ratios of less than 60% are likely to cause the development of flow instabilities
of the type described by Morgan [60]. These instabilities produce small angular deviations
in the flow downstream of the screens. De Bray suggests that a system of helical vortices
originates at the screens and persists through the contraction and interacts with the test
section boundary layers. The ultimate effect is to cause lateral variations in thickness and
skin friction distribution in the test section boundary layers. Patel also reports that a
similar effect is apparent if the screens are allowed to accumulate a build up of dust.
Although a single screen resistance coefficient of 2.0 implies screen porosities of about
50%, it is necessary to use, at least for the final screen, a resistance coefficient of approxi‐
mately 1.4 at 30 ft/sec in order to achieve a porosity of 57%. This is equivalent to a 20 mesh
by 30 or 31 gauge wire screen.

There is also evidence to suggest that test section boundary layer disturbance of the type
previously mentioned may be avoided by the use of a precision honeycomb located down‐
stream of the last screen [B1,B9,B17]. However, such a device must have very small cell sizes,
be of precision, and hence costly, construction and must be located in a very long settling length
upstream of the contraction so as to reduce test section turbulence to a value equivalent to that
obtained by the use of screen alone.

If screens are used, the attainment of a low turbulence level requires that use of several
turbulence reduction screens each with a resistance co-efficient of less than 2. Following
suggestion by Perry [B10], it appears reasonable to optimise the screen configuration by the
selection of individual screen resistance coefficients which give the maximum reduction in
turbulence intensity and spatial non-uniformity with the minimum overall loss. However, in
this tunnel, four screens of equal porosity give almost the optimum performance

3.2.4. Screen spacing and settling length

Because of space limitations, it is not usual in wind tunnel design to allow the full length
between the turbulence reduction screens required for complete decay of the turbulence
introduced by the screen wires. Dryden and Abbott [45] suggest that the turbulence is of the
order of the wire diameter wire at a distance of about 200 wire diameters downstream of a
screen. A survey of various designs [51] indicates that inter-screen settling lengths to wire
diameter ratios of as little as 250 are used. Dryden and Schubauer [62] found that no measurable
effect on the test section turbulence level of the N.B.S. 4 ½ ft tunnel was observed when the
inter-screen spacing was varied from 2 to 28 inches. Bradshaw and Pankhurst [44] suggest a
distance of 500 wire diameters.

The parallel length after the last screen should, however, be as long as possible, consistent with
the space available. Most designs for low turbulence wind tunnels appear to have minimum
values of about 2000 to 3000 wire diameters [51]. Work of Manton and Luxton [63] shows that
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the final period of turbulent decay is reached after a distance of approximately 700 wire
spacings.

The University of New South Wales 4 ft x 3 ft wind tunnel has a provision for four removable
turbulence reduction screens which have an inter-screen settling length of 400 wire diameters
and a final settling length of 2000 wire diameters based on the use of 30 gauge wire gauge. A
larger final settling length could not be achieved due to inadequate allowance for the screens
and turning vanes in the original aerodynamic layout. However, a removable screen facility
permits a considerable variety in screen settling length arrangements. The final screen was 20
mesh by 30 or 31 gauge wire and the remaining screens were the same to reduce turbulence
and spatial non-uniformities with minimum overall pressure loss.

Because of the long return path between the fan and test section and the closeness of the vane
spacing in the fourth cascade, the empty tunnel turbulence level was of the order of 0.2 to 0.3
%, falling to 0.08 to 0.1% with four screens fitted. The similar N.B.S. tunnel had had a turbulence
level of 0.26% without screens, decreasing to 0.04% with six screens fitted.

The screen box of the University of New South Wales tunnel is manufactured from ¾ inch
waterproof quality plywood reinforced by steel angle iron frames. The wire screens are
clamped by bolting between removable pairs of 3 inch x 2 inch Oregon frames which are a neat
sliding fit between pairs of similar fixed frames. The movable frames are supported on
overhead tracks by sets of small ball-bearing wheels. Ample space has been provided around
the edges of the screen box to install spring loaded screen tensioners, or individual frame air
seals. The removable frames are provided with adjustable transverse stops and quick acting
clamps so as to ensure their accurate and rigid alignment. The screen box door is sealed by a
refrigeration type hollow rubber seal and is locked in position by means of eight swing over
bolts and large hand wheels. Extensions of the screen sliding tracks are provided outside the
screen box to enable the screens to be removed easily.

4. Contraction design

A large contraction ratio is desirable for many reasons, some of which are:

1. A low air speed is obtained in the settling chamber thus permitting the installation of
several low loss turbulence reduction screens without excessive power absorption

2. Because of the resulting low air speed in the settling chamber, turbulence generated in the
last screen is lower for a given wire diameter

3. For a well designed contraction, the ratio of turbulence intensity to the mean speed will
decrease as the mean speed increases at the test section entrance

4. A large contraction ratio, in conjunction with several damping screens, renders the tunnel
test section characteristics least susceptible to disturbance in the tunnel circuit, such as
those caused by high lift or bluff models [44].
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In general, modern wind tunnels are designed for very low turbulence levels require contrac‐
tion ratios of 12 to 16, in conjunction with up to six turbulence reduction screens. However,
quite low turbulence levels may be obtained in wind tunnels with a contraction ratio of the
order of 7:1, with four to six screens, and in conjunction with closely spaced vanes in the corner
upstream of the settling chamber, as for example, in the N.B.S. 4 ½ ft tunnel [45].

The contraction ratio selected for the University of New South Wales tunnel produces
reduction in the percentage longitudinal velocity non-uniformities by a factor of 1/n2 or 0.022
[B19] and of the mean RMS turbulence intensity by a factor of the order of [45] :

U’/UT= (2n/3+1/3n2)0.5 /n= 0.31

Taylor’s alternative analysis suggests 0.4 to 0.8 [53]

There is as yet, no established exact design method for octagonal section wind tunnel contrac‐
tions. Nevertheless, a design criterion common to all contraction is the avoidance of high wall
curvature and large wall slope leading to possible adverse pressure gradients of strength
sufficient to cause flow separation in either the contraction or test section.

This problem is particularly critical at the contraction entrance [43 and 46] and modern wind
tunnels no longer use very small radius of curvature at the inlet end as was favoured before
1940 [44, 64 and 65]. It has been shown theoretically [66] that in order to obtain a uniform
velocity distribution at exit, the velocity increase along the contraction must be monotonic but
this condition is incompatible with the need for a finite contraction length. Most methods of
design generally fall into of the five following categories:

1. Specification of an arbitrary contraction shape based on experience and/or the demands
of the constructional material

2. A contraction shape given by the flow of a uniform stream about an arrangement of
sources, sinks or vortex rings.

3. Specification of velocity distribution along the contraction axis leading to a derived
contraction shape

4. Conformal transformation techniques

5. Specification of the contraction boundary velocity distribution in the hodograph plane
and transformation to the x, r plane so as to derive the contraction shape in axisymmetric
or two-dimensional flow.

Details of these methods can be found in References 64 to 84. The method employed for the
University of New South Wales tunnel was to sketch in the shape, keeping in mind the
demands of the constructional material techniques selected and the requirements for satisfac‐
tory performance [44, 46, 48, 64, 66, 69 and 85]. The contraction length was first estimated from
the fact that, for contraction ratios of the order of 6 to 10:1, the ratio [51], the length to major
inlet dimension, lies within 0.8 to 1.2.

The inlet and exit radii of curvatures are approximately 8 and 11 ft respectively for the
University of New South Wales tunnel. The resultant contraction shape is very similar to that
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derived from an approximate theoretical solution by Cohen and Ritchie [64]. The contraction
shape was approximately checked by the application of finite differences applied to the
solution of the Laplace equation in radial symmetry [83]. A model was built and satisfactorily
tested to confirm further the assumed design shape.

The contraction of the tunnel was manufactured from ¼ in marine ply, mitred and reinforced
at the junction of the octagonal sides and built within accurately shaped frames of 3 inch x 2
inch Oregon. The Oregon frames were mounted at 1 ½ ft centres upon a base consisting of
three longitudinal bearers of 6 inch x 4 inch Oregon. Flanged wheels and a rail system are
mounted under the contraction to enable it to be moved axially along the tunnel centreline
between the settling chamber and first diffuser.

5. Diffuser design

As mentioned in section 1, space limitation prevented the fitting of a controlled rapid expan‐
sion and the achievement of the optimum contraction ratio of 12 to 16:1. When it is possible to
fit such an arrangement, a variety of flow stabilization methods of varying suitability are
available for wide angle diffusers [86-94].

Considerable data is also available for the conventional diffuser design [98-104 ]. Unfortu‐
nately, however, little of this information has direct application to the design of three-
dimensional octagonal section wind tunnel diffusers of any practical compact design must
entail a certain amount of guess work or knowledge of previous experience in the selection of
appropriate diffuser angles. For example, attempts to use the data of Ref D6 would indicate
that for the large return diffuser of area ratio of 2.85:1, two-dimensional diffuser angles of up
to 120 might be employed. However, experience with the square cross-section three-dimen‐
sional main return diffuser of the R.A.E. No. 2, 11 ½ ft x 8 ½ ft, wind tunnel1 indicated that
equivalent cone angles of about 50 are satisfactory for this application. Shorter diffusers may
employ somewhat larger angles and advantage has been taken of the fact in the design of the
University of New South Wales tunnel where the equivalent cone angles used vary from 5.20

in the longest diffuser to a maximum of approximately 6 ¼0 in the shortest diffusers.

The first diffuser downstream of the test section is a particularly difficult design problem as
the flow maldistribution caused by high lift and bluff models must be taken into account.
Moreover, work by Willis [105] indicates that unsteady flow in the diffuser is responsible for
a rise in a measured wall pressure spectra at low frequencies. The University of New South
Wales tunnel has an essentially two-dimensional first diffuser with an included angle of 7 ¼ 0
and area ratio of 1.4:1 (equivalent cone angle of 3.40). Reference D6 indicates that a diffuser
angle of up to 170 might be employed without separation for this diffuser.

Diffuser performance is also related to the inlet boundary layer thickness and free stream
turbulence level [98, 99, 101-104). This makes the estimation of tunnel diffuser losses difficult.
In the estimation shown in Table 1, the five diffusers contribute 37% of the tunnel loss, the first
diffuser alone being about 14% of the tunnel loss. The design of the diffusion zone over the
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fan tail-fairing is a special problem and has been conveniently summarised by Russel and
Wallis [106].

Diffuser numbers 4 and 5 of the University of New South Wales were built from ¾ inch thick
exterior waterproof quality plywood with angle iron and 5 inch x 1 inch timber supporting
frames. All sections are octagonal in shape as this permitted short length transitions to be made
between the main components of the return circuit and circular fan ducting. The mitred sides
of the octagons are constructed of 1/ inch ply mounted on 3 in x 2 in Oregon frames inside the
main diffuser shell.

Diffuser No.1, the fan ducting and associated transitions are constructed from 16 gauge mild
steel sheet which is reinforced with angle iron frames and rectangular bar steel frames and
stringers.

Heavy Perspex windows and fluorescent lighting are fitted to enable easy visualisation of flow
performance of the tunnel components. Each leg of the tunnel circuit between the turning vane
cascades is provided with one or more quick opening doors for easy access. The doors are
sealed with circular, foam rubber cord, formed into shape of an ‘O’ ring.

6. Turning vane design

It is well known that for abrupt rectangular corners, large aspect ratios and larges ratios of
turning radius to inlet width are required to reduce the corner loss [107]. This has led to the
post-second world war concept of closely spaced turning vanes to provide low loss, compact,
wind tunnel corners.

In the past, it has been common to use thick profile aerofoil turning vanes because these can
be designed to give air turning passages of approximately constant area, thus avoiding any
expansion and possible flow separation around the passage between adjacent turning vanes.
Such turning vanes are efficient in operation, but very difficult and expensive to construct.
Winter [108] has shown that these thick vanes may be replaced by thin sheet metal turning
vanes with little or no increase e in pressure loss at the corner. According to Winter[108], at a
Reynolds number of 1.9 x 106 and for the same spacing to chord ratio (s/c) of 0.25, the thin sheet
metal vanes reduced the vane loss to about 50% of that thick profiled turning vanes.

There is very little reliable information in the literature relating to turning vane losses for
typical wind tunnel applications. The most extensive information is that reported by Salter
[109] who obtained experimental data for both aerofoil profile and sheet metal circular arc
turning vanes in the Reynolds number range of 6 x 104 to 1.9 x 1.9 x 105. It must be noted that
the data presented by Salter does not employ the conventional cascade definition of spacing
to chord (s/c) ratio in which the vane spacing is measured normal to the line joining the vane
trailing edges. Salter defines a gap to chord ratio based on the distance or gap between the
vane trailing edges measured normal to the parallel trailing edge tangents. It would appear
that this data has been either misinterpreted or not adequately clarified in most of the subse‐
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quent literature [44]. Salter’s data has been recalculated according to the conventional cascade
definition of s/c ratio

The thin circular arc vanes tested by Salter appear to have a minimum loss co-efficient at an s/
c ratio of between 0.3 and 0.4. The difference in the magnitude of the loss co-efficient for the
Salter type 2 and 3 vanes could be due to the slightly different camber angles, but it is most
likely due to the threefold increase in Reynolds number for the type 3 vanes. The series of tests
by Ahmed revealed a considerable variation in loss coefficient with Reynolds number up to a
value of about 4 x 105 after which the loss coefficient remained essentially constant. The curves
designated Salter 2 and 3 are mean loss coefficients for a cascade corner including losses due
to boundary layer and secondary flow effects. Salter also measured the loss coefficient for the
potential flow region alone. The greater relative difference can be attributed to the fact that the
lesser number of vanes and lower aspect ratio of the type 3 vanes contributes to a larger
secondary flow loss. Salter concludes that for 900, thin circular arc turning vanes, having 10%
straight tangent extensions on the leading and trailing edges, the mean loss coefficient should
not exceed 0.1 for Reynolds numbers in excess of 2 x 105. Salter recommends that, to ensure
flow stability, the gap chord ratio should be about 0.2 with a vane aspect ratio greater than 3.
This gap chord ratio of 0.2 corresponds to an s/c ratio of 0.28 by the conventional cascade
definition. Also evident from Salter’s results is that the optimum s/c ratio for thick aerofoil
profile vanes is in the region of 0.5 to 0.6.

The types of thin sheet metal vanes tested by Silberman[110] have a minimum loss coefficient
at an s/c ratio of 0.5 to 0.7 depending upon the vane shape. The curves shown represent the
loss coefficients in the potential flow region only. Silberman’s results for thick vanes indicate
a minima at an s/c value of 0.5.

Since s/c is not the only parameter determining the turning vane design for wind tunnels, a
choice must be made of either vane spacing ‘s’ or chord ‘c’. This apparent variation possible
in this choice is exemplified by the values for the fourth cascade corners of two successful wind
tunnels of roughly comparable size and performance, i.e., the R.A.E. 4 ft x 3 ft and N.B.S. 4 ½
ft tunnels. For the R.A.E. tunnel, an s/c ratio of 0.26 was selected using thick profiled turning
vanes of 30 inch chord. For the N.B.S. tunnel, the s/c ratio was 0.52 with a chord of 2 7/8 inches,
employing thin sheet metal vanes. These two designs represent opposite limits of cascade
performance. The R.A.E. vanes appear to have been designed for low loss, whereas those of
the N.B.S tunnel were designed for low turbulence. The large chord of the R.A.E. vanes implies
high Reynolds numbers and lower loss coefficients. In the N.B.S. tunnel1, the smaller blade
spacings selected (approximately 1 ½ inches) resulted in a lower turbulence level measured at
the screen location. The ‘u’ turbulence component of the N.B.S. tunnel1 referred to the settling
chamber velocity and, measured in the settling chamber downstream of the fourth cascade,
was about 2.3% and about 60% greater than the ‘v’ or ‘w’ components. This is a favourable
design situation as it is the ‘v’ and ‘w’ components which are least reduced by passage through
the screens and contraction. In the R.A.E. tunnel, the turbulence level in the comparable
location was about 5 % and roughly equal for all three components.

It, therefore, appears that wind tunnel turning vanes can be constructed from thin sheet metal
circular arcs, having an s/c ratio in the region of 0.28 to 0.35 and a passage aspect ratio of 6 or
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more. It appears that vanes for more than 900 corners should have a camber angle of 860 to
870 and that they should be set initially at a positive angle of about 30 to 40 with trailing edge
angle of zero relative to the tunnel centreline at exit. The selection of the value of blade spacing
depends upon the application envisioned. Low turbulence tunnels require that small blade
spacing be used, for example, a spacing dimension of 2 inch or 3 inch would be unreasonable.
Tunnels not requiring a low ‘open tunnel’ turbulence level might employ spacing dimensions
of 12 to 24 inches. Additional compromises to be effected are those of cost and structural
integrity. Small vane spacings imply a large number of thin vanes of small chord with a
resulting high cost and the possibility of vibration occurring due to relatively low vane natural
frequency. Tunnels designed for low corner losses might be designed with a relatively large
vane spacing and chord in order to ensure Reynolds numbers in excess of about 4 x 105. Salter
suggests that a minimum of 20 turning vanes should be used in low loss corners.

The university of New South Wales tunnel employs s/c ratios of 0.25 and 0.27 for the first and
the second cascade corners increasing to 0.31 for the third and fourth corners. Blade spacings
vary from 2 to 5 inches and the number of turning vanes from 41 to 33 for the first and fourth
cascade corners respectively. The maximum and minimum vane Reynolds numbers at design
speed are approximately 5 x 105 and 2.4 x 105 for the first and fourth corners respectively.
Turning vane t/c ratios vary between 0.7 to 1.5%.

Because the University of New South Wales wind tunnel cross section is octagonal at all
cascade corners and the vane chord is an appreciable dimension, special care had to be taken
in the design of the junction between the turning vanes and the octagonal fillet so as to prevent
the airstream expanding and subsequently contracting in its passage around the junction zone.
The problem was solved by the manufacture of special concave and convex cross sections
which were fitted in the cascade corner fillets. The shape of these special corner sections was
generated so as to provide a straight line intersection normal to the vane span at the junction
of each turning vane and the corresponding corner fillet.

All turning vanes were produced from 10 gauge (1/8 inch) mild steel plate by brake pressing.
The turning vanes are set in mild steel plate supporting frames which are reinforced with
angle iron.

7. Fan and drive system design

The fan must, by reason of its location downstream of the test section, pose certain design
problems as outlined before. These relate to noise level and sensitivity to flow maldistribution
caused by high lift or bluff models in the test section.

In general, the design methods of Wallis have been employed [111-113], together with
additional experimental data [114-115]. A design utilising 100% pre-rotation has been devel‐
oped in conjunction with N.P.L. type flow straighteners so as to ensure good efficiency over a
wide range of flows together with reduced possibility of stall of the cascade corner vanes
immediately downstream of the fan nacelle fairing.
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The location of the fan in a relatively high speed portion of the tunnel is associated with a mean
rotor blade flow co-efficient of 0.56, which approaches the optimum range of flow coefficients
for high fan rotor efficiency with the amount of pre-rotation employed. However, there are
conflicting fan duty requirements due to the need for relatively high pressure rise and low fan
noise level.

As may be calculated from the estimated tunnel pressure loss characteristic, the fan duty required
is 3.8 in w.g. pressure rise at a flow of 1f 122,000 CFM. The tunnel coefficient utilisation is:

(test section energy)/ (Σ circuit losses) = 1.6 to 2.3

depending on the number of screens used.

These requirements have led to the selection of an 8-bladed fan rotor of 5 ft diameter, limited
to a maximum tip speed of 315 ft/sec. The rotor blade chords vary from 9.9 inches at the root
to 6.4 inches at the tip.

The noise spectrum from an axial flow fan can be described as consisting of two components:
‘broad band’ noise and ‘discrete frequency’ noise.

Broad band noise is attributed to two basic mechanisms: vortex shedding from blade boundary
layers and interactions between the blading and random turbulence in the intake flow. The
theoretical analysis of Refs 116 and 117 show that, for rotor blades operating at their design
point, the vortex shedding component of broad band noise is proportional to blade relative
velocity to the power 5.6 and that the intake turbulence interaction component is proportional
to relative velocity to the power of 4. Reduction in broad band noise can thus be realized mainly
by keeping flow velocities adjacent to solid boundaries and, specifically, blade tip velocities,
to minimum values consistent with satisfactory aerodynamic performance.

Discrete frequency noise is caused by periodic aerodynamic interaction between fixed and
moving blade rows. Like broad band noise, discrete frequency noise has two basic mecha‐
nisms. These are the force fluctuations on individual blades which arise from variations in
mean velocity of the incoming flow. The data in Refs 116-118 indicate that interaction noise is
strongly dependent upon pre-rotator-rotor axial spacing and the shape and size of the
individual pre-rotator vanes. The axial spacing affects mainly the potential pressure field
interaction mechanism and the vane shape, the mean velocity variation mechanism. As an
example, the discussion to Ref 118 indicates that the pressure variation due to the wake
persistence is still about 10% of the maximum theoretically possible at a distance equal to one
stator chord downstream, for typical accelerating cascades. Experimental data seems to
indicate that, consistent with satisfactory aerodynamics, interaction noise is considerably
reduced by using separations between stator an rotor of three-quarters to one vane chord in
conjunction with small vane areas and slender profiles.

Blade sections chosen for the pre-rotators and rotor are C4 compressor sections on circular arc
camber lines [112,114-115 and 119]. These sections give high isolated aerofoil lift coefficients
at angles of incidence of 30 to 40 and have a high stalling incidence. The straightener design is
based on the use of the symmetrical NACA 0012 section which starts to stall at about ± 140 in
the isolated aerofoil condition. Pre-rotator blades of cambered plates were considered [117]
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because of their comparatively low cost but were abandoned in view of their relatively poor
performance under off-design conditions when compared with C4 sections.

Another parameter requiring careful selection was the choice of boss ratio as this affects the
overall efficiency of the fan and tail fairing diffuser assembly. Due to the proximity of the first
cascade corner, this ratio was fixed at a value of 0.4 which is less than optimum for the rotor
alone.

The fan rotor blades have been stressed for centrifugal loading, torsional loads and loads due
to non-coincident profile centroids and estimates have been made of the blade natural
frequencies [120-121]. The fan rotor was dynamically balanced to an effective centre of gravity
displacement of 3 to 5 microns.

The fan design requires a power output of 90 HP at 1200 RPM and a variety of fan drive schemes
were considered. Thus a 90 HP compound wound DC motor and ancillaries that included
switchgear and speed variation equipment were purchased. The Ward Leonard type speed
control system proposed presented considerable difficulty in providing tunnel automatic
dynamic head control. In addition, aerodynamic problems were encountered in designing the
drive arrangement. A conventional shaft drive through the first cascade was at first envisaged
but abandoned when it was realised that the required fairing through the cascade turning
vanes caused severe blockage of a component which was already heavily loaded aerodynam‐
ically. A direct mechanical drive through a right angle bevel gearbox was next considered.
However, a large fairing was needed for the drive shaft and problems were encountered in a
gearbox design due to high power transmission requirements in a confined space. Alternative
drive systems such as eddy-current variable speed couplings and Thyristor controlled DC
drives were also investigated. All these units were costly and suffered from the same basic
disadvantage that the prime movers, being large, had to be located outside the tunnel and
required some sort of drive shaft arrangement through the tunnel structure to the fan rotor.

Thus the feasibility of using a hydraulic drive system was studied. This system comprises an
axial piston hydraulic pump driving similar motor unit and is of the same order of cost as the
other systems. The system has many advantages, the main ones being:

1. The drive motor is only 10 inches in diameter and 20 inches long for maximum power
output of 125 HP at 1200 RPM. It fits radially inside the fan nacelle fairing where the local
diameter is 23 to 24 inches. This eliminates aerodynamic problems associated with a drive
shaft through the tunnel structure.

2. Automatic tunnel dynamic head control can be obtained with conventional pneumatic
control equipment to a repeatability of ± 0.4 %.

3. The motor speed is fully variable from 0 to 14oo RPM by means of a diaphragm actuator
and conventional pressure regulator.

4. The hydraulic pump can be driven by a standard 415 volt, 3-phase induction motor, for
which installed electrical capacity was available.

The system finally selected consists of a 150 HP induction motor of 92% efficiency, driving a
‘Lucas’ PM 3000 series, seven axial piston hydraulic pump fitted with servo-control of the
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swashplate angle. The servo is operated by a standard 3-15 psi diaphragm actuator. The pump
provides high pressure oil at approximately 2300 psi which is supplied to, and returned from
the motor by 1 ½ inch outside diameter high pressure tubes through the fan straightener and
supporting vanes. Oil flow is approximately 3500 GHP and the overall efficiency of the
combined pump and rotor unit is of the order of 82 to 85 %, over the complete speed range.
The system also includes ancillary equipment such as a 70 gallon oil reservoir, an oil cooler,
boost pump and oil filtration equipment. The main disadvantage of the arrangement is high
noise level from the rotor. Provision was, therefore, included in the design for reducing noise
transmission of both hydraulic pump and motor.

The fan and drive system and first cascade corner are mechanically isolated from the rest of
the tunnel structure, and the laboratory floor, so as to prevent the possibility of any vibrations
being transmitted to the test section or instrumentation.

The fan rotor is mounted on an overhung bearing assembly supported off the front of the
straightener vane assembly. The straightener vanes are manufactured from ¼ inch mild steel
plate with radial and longitudinal plate stiffeners which both provide torsional rigidity and
define the aerodynamic profile of the straighteners. The front and the rear of the straightener
vanes are attached to heavy steel diaphragm plates at the hub. The front diaphragm plate
supports a rigid bearing assembly which carries the overhung fan rotor. The rear diaphragm
plate carries another diaphragm plate to which is bolted the hydraulic motor. A flexible
coupling connects the very short fan rotor drive shaft and the motor output shaft between the
front and rear diaphragm plates. Provision is made in the rotor bearing design to absorb the
400 lb rotor thrust loading. The five straightener vanes have bolted-on cast aluminium nose
and tail pieces with the sides sheathed in 16 gauge aluminium sheet.

The fan rotor is of built up construction with blades being held in split root fixings which are
in turn clamped between mild steel shroud plates. The rotor blades are high quality aluminium
alloy castings with large cylindrical root attachments which enable the blades to be adjusted
to any angle by releasing the rotor shroud plate clamping bolts.

The pre-rotator vanes are aluminium alloy castings and are clamped between the shroud plates
at the roots to form a rigid prerotator drum assembly. The nacelle nose and tail fairings are
spun from 16 gauge aluminium alloy sheet. The nose fairing is bolted on to the front of the
pre-rotator drum and the tail fairing to the rear diaphragm plate carrying the hydraulic motor.

Estimations have been made of the tunnel air temperature rise due to power dissipation around
the circuit. It was found that without any form of tunnel air exchange or heat exchanger, the
air temperature rose by as much as 10 to 150 C above ambient after a period of operation of
about 10 minutes at a speed of 150 ft/s in the principal test section. This may be doubled for
long periods of operation at 200 ft/sec.

The tunnel control system is reasonably straight forward. Instrumentation comprises an
optical tachometer, electric drive motor anemometer and pressure gauges for hydraulic
system. Electrical interlocks are provided against loss of hydraulic boost pressure and
inadvertent starting of the hydraulic system with the hydraulic motor set at the maximum
speed condition. Possible fan blade failures are provided for by a fan vibration cut-out switch.
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8. Safety net design

For safe operation, a wind tunnel fan must have a suitable safety net located immediately
upstream of it to prevent models, or tools, passing through the fan blades. The location of the
fan in the University of new South Wales tunnel requires that the safety net be located in the
relatively high speed portion of the tunnel circuit. This in turn, requires that considerable care
is exercised in the aerodynamic design of the safety net.

It is not unusual to find the safety net located before the first cascade corner even in tunnels
with conventional fan layout. It is also known that such safety nets can result in considerable
tunnel power expenditure. It was found during experiments on the pressure losses in the ARL
9 ft x 7 ft tunnel that the safety screen which was located before the first corner, contributed
28 % to the total losses. This was the largest of any component. However, the safety net used
in this case was relatively coarse, interlocked and ‘cylcone’ wire mesh.

The University of New South Wales tunnel safety screen is conical in shape and inclined at
450 to the free stream direction in order to reduce the velocity component normal to the screen.
This configuration also ensures that any object stopped by the screen will be forced to the
outside against the tunnel walls. The screen is constructed specially from fine gauge stainless
steel wire so as to ensure a low pressure loss. One end of the screen is rigidly held whilst the
other end is supported on an energy absorbing spring support.

9. Conclusion

A general purpose return circuit low speed wind tunnel has been designed for the Aerody‐
namics Laboratory of the University of New South Wales. A contraction ratio of 7:1 and four
turbulence reduction screens are used. Low turbulence level is achieved with the assistance of
some innovative design features. The fan is located upstream of the first corner. Corner cascade
and screen configurations have received special attention.

Other unusual aspects of the design are three sizes of interchangeable test sections in the speed
ranges of 0-25 ft/sec, 0-100 ft/sec and 0 -200 ft /sec.

The fan is driven by a hydraulic motor which considerably simplifies power transmission and
control problems in this application.
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Chapter 3

Portable Wind Tunnels for
Field Testing of Soils and Natural Surfaces

R. Scott Van Pelt and Ted M. Zobeck

Additional information is available at the end of the chapter
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1. Introduction

Wind erosion of soils refers to the detachment, transport, and subsequent deposition of sedi‐
ment or surface soils by wind. This process is sometimes termed aeolian movement and is
responsible for the formation and migration of dunes, soil degradation in agricultural areas,
and formation of deep loess deposits in areas downwind from major sediment sources.
From cross-bedding in ancient sandstones, it has been determined that aeolian movement of
soils and sediments has been occurring for eons and is a natural geomorphic process. Wind
erosion affects over 500 million ha of land worldwide and is responsible for emitting be‐
tween 500 and 5000 Tg of fugitive dust into the atmosphere annually [1]. These fugitive dust
emissions contain a disproportional amount of soil organic carbon and plant nutrients and
the winnowing and loss of these materials degrades the soil [2, 3].

Much of what we know about aeolian processes comes from wind tunnel-based investiga‐
tions. The seminal work of Ralph Bagnold was largely conducted in a stationary suction-
type wind tunnel 9 m in length [4]. Wind tunnels allow control over the wind and surface
factors controlling aeolian movement and thus much more definitive investigations can be
conducted in a shorter period of time than in the natural environment where these factors
are highly variable in time and space. Other early aeolian researchers used wind tunnels to
assess the erodibility of soil surfaces without plant residues based on the texture of the soil
and relative abundance of aggregates too large to be entrained by the wind [5]. Large sta‐
tionary wind tunnels have allowed sufficiently detailed understanding of the physical proc‐
esses of aeolian movement that predictive models such as the Wind Erosion Equation [6]
and the Wind Erosion Prediction System [7, 8] have been developed.

Stationary wind tunnels continue to be used for aeolian research at scales from single grain
movement [9] through soil surface scale [10] to landscape scale [11]. The ability to control
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the humidity of the atmosphere has enabled scientists to study such sensitive processes as
the electrostatic interactions between particles and electrical fields generated during aeolian
activities [12]. Stationary wind tunnels have also been used to study abrasion effects of
wind-driven sands on building materials [13], crop plants [14], bare crusted soil surfaces
[15], and soil surfaces with microphytic crusts [16] as well as to compare and calibrate in‐
strumentation for aeolian filed studies [17, 18].

Fugitive dust is perhaps the most visible product of aeolian activity and stationary wind
tunnels have been used to study fugitive dust emissions from eroding soils. From wind tun‐
nel testing of crusted soils and aggregates, it has been determined that sandblasting of these
otherwise non-erodible features is responsible for much of the dust generated during aeoli‐
an events [19, 20]. Soluble salts such as CaCO3 effects on dust emissions have also been in‐
vestigated in stationary wind tunnels [21] as have complex and vegetated surfaces [22] and
specific soils from Death Valley, a major dust source area in North America [23]. Although
stationary wind tunnels have great utility, they are limited to testing disturbed soil surfaces
that have been removed from their natural setting. The development of field portable wind
tunnels has greatly expanded our ability to investigate aeolian processes in the field under
controlled conditions.

2. Portable wind tunnels

Over the last six decades, portable wind tunnels have been developed and used on natural
soil surfaces to measure the effects of soil surface characteristics and protective cover on soil
erodibility and dust emissions [24]. In their simplest form, portable field wind tunnels must
have at least three components: 1.) a self contained or at least portable power source such as
an internal combustion engine, 2.) a fan or blower to induce air movement and create an ar‐
tificial wind, and 3.) a working section that trains the wind from the blower over a finite
area of soil surface. Portable wind tunnels in which the fan or blower pushes air through the
working section are called pusher-type tunnels and if the fan or blower pulls the air through
the working section they are called suction-type wind tunnels. Other components may in‐
clude transition sections between the blower and the working section including a flow con‐
ditioning section and instrumentation to measure the wind speed in the working section
and/or to capture sediment at the mouth of the working section. A typical portable field
wind tunnel is presented in Figure 1.

The use of portable field wind tunnels has been traced back as far as the early 1940s, but the
designers and builders did not publish retrievable documentation of their efforts. Austin
Zingg, a mechanical engineer with the US Department of Agriculture, was the first to docu‐
ment the design and construction of a portable wind tunnel [25]. This wind tunnel was used
to test the erodibility of crop field surfaces [26] and to assess the effects of roughness and
drag based on pressure differentials across the soil surface tested [27]. Other early research‐
ers built a portable wind tunnel to test the susceptibility of field-grown crops to abrasion
from saltating particles [28]. A small suction-type tunnel was successfully used to test the

Wind Tunnel Designs and Their Diverse Engineering Applications60



the humidity of the atmosphere has enabled scientists to study such sensitive processes as
the electrostatic interactions between particles and electrical fields generated during aeolian
activities [12]. Stationary wind tunnels have also been used to study abrasion effects of
wind-driven sands on building materials [13], crop plants [14], bare crusted soil surfaces
[15], and soil surfaces with microphytic crusts [16] as well as to compare and calibrate in‐
strumentation for aeolian filed studies [17, 18].

Fugitive dust is perhaps the most visible product of aeolian activity and stationary wind
tunnels have been used to study fugitive dust emissions from eroding soils. From wind tun‐
nel testing of crusted soils and aggregates, it has been determined that sandblasting of these
otherwise non-erodible features is responsible for much of the dust generated during aeoli‐
an events [19, 20]. Soluble salts such as CaCO3 effects on dust emissions have also been in‐
vestigated in stationary wind tunnels [21] as have complex and vegetated surfaces [22] and
specific soils from Death Valley, a major dust source area in North America [23]. Although
stationary wind tunnels have great utility, they are limited to testing disturbed soil surfaces
that have been removed from their natural setting. The development of field portable wind
tunnels has greatly expanded our ability to investigate aeolian processes in the field under
controlled conditions.

2. Portable wind tunnels

Over the last six decades, portable wind tunnels have been developed and used on natural
soil surfaces to measure the effects of soil surface characteristics and protective cover on soil
erodibility and dust emissions [24]. In their simplest form, portable field wind tunnels must
have at least three components: 1.) a self contained or at least portable power source such as
an internal combustion engine, 2.) a fan or blower to induce air movement and create an ar‐
tificial wind, and 3.) a working section that trains the wind from the blower over a finite
area of soil surface. Portable wind tunnels in which the fan or blower pushes air through the
working section are called pusher-type tunnels and if the fan or blower pulls the air through
the working section they are called suction-type wind tunnels. Other components may in‐
clude transition sections between the blower and the working section including a flow con‐
ditioning section and instrumentation to measure the wind speed in the working section
and/or to capture sediment at the mouth of the working section. A typical portable field
wind tunnel is presented in Figure 1.

The use of portable field wind tunnels has been traced back as far as the early 1940s, but the
designers and builders did not publish retrievable documentation of their efforts. Austin
Zingg, a mechanical engineer with the US Department of Agriculture, was the first to docu‐
ment the design and construction of a portable wind tunnel [25]. This wind tunnel was used
to test the erodibility of crop field surfaces [26] and to assess the effects of roughness and
drag based on pressure differentials across the soil surface tested [27]. Other early research‐
ers built a portable wind tunnel to test the susceptibility of field-grown crops to abrasion
from saltating particles [28]. A small suction-type tunnel was successfully used to test the

Wind Tunnel Designs and Their Diverse Engineering Applications60

threshold wind velocity necessary for particle movement on natural surfaces compared with
disturbed surfaces and sieved soil [29]. Another very small suction-type portable wind tun‐
nel has been used in Australia to determine the relative dust emission rates for a range of
iron ores and road surfaces [30].

Figure 1. A Typical portable field wind tunnel showing component parts and sampling devices

Australians have also built a truck-mounted portable wind tunnel, tested rectangular and
triangular working sections, and determined that the rectangular cross section was superior
to the triangular one [31]. These same researchers noted the importance of wind flow condi‐
tioning upstream of the working section. Their wind tunnel has been used to assess the
erodibility of bare cultivated and uncultivated soil [32], the effects of disturbance on the
erodibility of cryptogamic crusts [33], and the sandblast injury and subsequent growth of
narrow-leaf lupine [34].

In  North  America,  a  pusher-type  wind  tunnel  was  built  to  test  the  effects  of  oriented
and  random  surface  roughness  elements  on  soil  erodibility  [35,  36].  This  wind  tunnel
needed a small tractor and a secondary transmission for its power source and was trans‐
ported  using  a  large  truck  and  16  m  long  trailer.  Another  large  portable  wind  tunnel
built  in  North America  was a  suction-type wind tunnel  that  had a  12  m long working
section. This wind tunnel was used to determine the erodibilities of natural crusted sur‐
faces  in  North  America  and Africa  [37-40].  A pusher-type wind tunnel  with  the  power
source  and  blower  mounted  on  a  truck  bed  and  the  working  section  lifted  from  the
truck bed and lowered into place on the soil surface by hydraulic arms has been success‐
fully employed to assess dust emissions from loess soils with and without surface cover
in the Pacific Northwest of North America [24, 41-44] (Figure 2).
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Figure 2. A large wind tunnel working section being lowered into place by a hydraulic arm.

Although large portable wind tunnels requiring mechanical devices to install may be pow‐
erful and allow testing of relatively large surface areas, the logistics of transporting them
and finding a suitable footprint of level ground to test limit their utility. Examples of medi‐
um-size tunnels that may be installed by human power include a German tunnel that was
field calibrated [45], a portable boundary layer wind tunnel with a working section formed
of three 2 m long elements that fits on a 5 m trailer [46], and another German design that
incorporates a rainfall simulator to induce wind-driven rain splash [47]. A summary of port‐
able field wind tunnels, the dimensions of their working sections, maximum wind velocities
developed, and reported boundary layer depths is presented in Table 1.
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Publication Tunnel Design Width

(m)

Height

(m)

Length

(m)

Umax

(m s-1)

Bdy. Lyr.

(m)

Zing [25] Pusher 0.91 0.91 9.12 17 0.23

Armbrust and Box [28] Pusher 0.91 1.22 7.32 18 ----

Gillette [29] Suction 0.15 0.15 3.01 7 ----

Fryrear [34, 35] Pusher 0.60 0.90 7.00 20 0.15

Nickling and Gillies [37] Suction 1.00 0.75 11.90 15 >0.2

Raupach and Leys [31] Pusher 1.20 0.90 4.20 14 0.40

Pietersma et al. [24] Pusher 1.00 1.20 5.60 "/>20 >1.0

Leys et al. [30] Suction 0.05 0.10 1.00 19 ----

Maurer et al. [45] Suction 0.60 0.70 9.40 15 ----

Van Pelt et al. [46] Pusher 0.50 1.00 6.00 19 0.50

Fister and Ries [47] Pusher 0.70 0.70 3.00 8 0.2

Table 1. Summary of previous and present portable wind tunnel designs, dimensions, maximum wind speed reported,
and boundary layer thickness.

3. Wind tunnel design

In an engineering paper on wind tunnel design [48], the author stated that “the design of
blower-driven air tunnel…is a combination of art, science, and common sense, the last being
the most essential. It is difficult and unwise to predict firm rules for tunnel design.” In addi‐
tion to the power source, fan or blower, flow conditioning section, and working section,
flow tripping fences and spires are often used to deepen the boundary layer thickness [49,
50], abrader feeders and regulators are used to initiate a saltation cloud, and sediment sam‐
plers to quantify the rate of erosion and dust emissions are often included in the design. In‐
strumentation such as anemometers of many designs and particle impact sensors are often
used to monitor wind tunnel performance and to set operating parameters. In almost all cas‐
es, portable field wind tunnel designs are somewhat unique and highly influenced by their
intended use.

3.1. Practical design criteria

When Zingg published the design and operation of his first portable field wind tunnel [25],
he offered seven practical criteria to consider. These practical criteria are listed below;

1. The wind tunnel must be capable of producing an air stream free of general rotation
and of known and steady characteristics.

2. It must provide easy and positive control of a range of wind velocities and forces com‐
mon to the natural wind.
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3. It must be durable.

4. It must be safe to use.

5. It should have sufficient size to afford free movement and representative sampling of
eroding materials over field surfaces.

6. It must have ready portability.

7. It should be light in weight and amenable to quick and positive assemblage and dis‐
mantling.

Another criterion that he used but did not list was the use of commercially available equip‐
ment when available.

3.2. Aerodynamic design criteria

Mike Raupach and John Leys [31] suggested six aerodynamic criteria that should be consid‐
ered in addition to the seven practical criteria proposed by Zingg. These aerodynamic crite‐
ria are listed below:

1. The flow must reproduce the logarithmic wind speed profile in the natural atmosphere,
thus ensuring realistic aerodynamic forces on saltating grains.

2. The surface shear stress must scale correctly with the wind speed above the surface so
that realistic aerodynamic forces act on grains of all sizes at the surface.

3. The vertical turbulence intensity and scale in the region close to the ground must be re‐
alistic, ensuring that vertical turbulent dispersion of suspended grains is properly mod‐
eled.

4. The flow must be spatially uniform to avoid local scouring by anomalous regions of
high surface stress.

5. Gusts should be simulated in the tunnel due to the fact that higher shear stress is re‐
quired to initiate erosion than to sustain it.

6. A portable wind tunnel simulation of erosion should allow for the introduction of sal‐
tating grains at the beginning of the working section if more than the very upwind area
of an eroding field is to be simulated.

They noted that  criteria  1  to 4  are satisfied if  the air  flow near the ground surface is  a
well  developed equilibrium boundary  layer  sufficiently  deep to  contain  particle  motion
in the inner region where the mean wind speed profile is logarithmic and uniform over
the  eroding  area.  The  logarithmic  wind  speed  profile  for  neutral  atmospheric  stability
has been described by:

( ) ( ) * /  /z oU u k ln z z= (1)
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where U
z
 is the wind speed at height z above the surface, u* is the friction velocity, z

o
 is the

aerodynamic roughness length of the underlying surface, and k is the von Karman constant,
usually assigned a value of approximately 0.4.

Criterion 5 requires turbulence with length scales greater than possible within the practical
dimensions of portable wind tunnels and cannot be naturally generated by shear forces
within either the working sections or flow conditioning sections of a portable wind tunnel.
They tried to simulate gustiness using mechanical interruption of air flow in the flow condi‐
tioning section of their tunnel but discovered that the turning vane they employed for this
purpose reduced the mean wind speed without increasing the vertical turbulence.

3.3. Simulating saltation

Although criterion 6 is not truly aerodynamic, it is very necessary in order to simulate well
developed steady state saltation of sand grains over an eroding surface. However, it also
raises more questions as to the design and operation of the portable wind tunnel such as
how much material to introduce, what the size distribution should be, and how to distribute
it realistically in the flow before it strikes the ground surface tested in the working section.
An orifice controlled gravity fed saltation initiator that drops the sand abrader into inclined
tubes for acceleration before striking a sandpaper surface and bouncing into the flow stream
is shown in Figure 3.

Figure 3. A complex flow conditioning section showing the abrader hopper and inclined tubes used to initiate salta‐
tion into the flow stream.

Saltation has been shown to reach a maximum at about 7 m length in wind tunnels [51] and
decreases at longer distances, reaching equilibrium at between 10 and 15 m into the working
section [45]. Longer working sections have limited utility however due to their lower trans‐
portability [47] and require a substantially longer uniform level surface on which to be set
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[52]. Working section lengths of portable field wind tunnels have varied from 3 m [19, 47] to
almost 12 m [38, 39]. Recently, a small circular device named the Portable In-Situ Wind Ero‐
sion Research Laboratory (PI-SWERL) [52] has been used to develop shear stress over a sur‐
face and entrain particles using radially induced rather than linearly induced shear stress.

3.4. Power sources

Power sources have ranged from external sources such as the power take-off shaft of a trac‐
tor as input to a transmission that output to drive chains [35, 36], to self-contained direct
drive internal combustion engines [24, 25, 28, 31, 38-40], self contained internal combustion
engines driving hydraulic pumps to provide for a hydraulic drive motor at the blower [46],
and electric motors supplied by portable generators [45, 47]. All these power sources are
field tested and reliable. The wind speed may be adjusted by varying the engine or motor
speed or by changing the pitch of the fan or blower blades.

3.5. Fans and blowers

The fans and blowers employed for wind tunnels are of two primary types. Axial fans (Fig‐
ure 4a) are composed of fixed or adjustable pitched blades arranged radially around the axis
of rotation, which is often aligned with the axis of flow through the wind tunnel. Although
axial fans are highly efficient at inducing flow, the flow tends to spiral and this problem
must be addressed [53] if the flow conditions of Zingg’s first criterion are to be met. Centri‐
fugal blowers (Figure 4b) have fixed pitch blades or impellers that are arranged parallel to
the axis of rotation at the circumference of a blower cage. The axis rotation is commonly nor‐
mal to the axis of air flow down the wind tunnel. Centrifugal blowers tend to be more flexi‐
ble with respect to design, are more stable and efficient over a variety of flows, and produce
less spiraling in the flow than axial fans [53].

Some portable  field wind tunnels  are  too compact  for  adequate  flow conditioning.  This
shortcoming is very problematic as flow considerations are the most important factor in
the successful operation of the wind tunnel [31]. Wind tunnels may not reach true trans‐
port  capacity  or  overshoot  true  transport  capacity  if  flow  conditioning  upwind  of  the
working section is inadequate [54] and wind tunnel height may limit the amount of up‐
ward mixing  during  strong  turbulent  diffusion  [23].  The  height  of  the  working  section
affects the depth of the boundary layer that may be achieved. Upper limits of the Froude
number  F  have  been  proposed  for  wind  tunnel  design  of  from 10  [55]  to  20  [24].  The
Froude number is defined by:

2 /F U gH= (2)

Where U is the wind tunnel design wind speed, g is the acceleration due to gravity, and H is
the wind tunnel height. A well developed boundary layer at least 50 cm thick is recom‐
mended to ensure initiation of vertical particle uplift [45]. For this reason, mini-tunnels and
micro-tunnels may be too small to allow results that can be scaled up to field scales [56].
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Figure 4. An axial fan (a) and a centrifugal blower (b) typical of those used in construction of portable field wind tunnels.

3.6. Flow conditioning

Flow conditioning sections of various designs have been used to straighten the flow and
remove  or  reduce  the  scale  of  eddies  in  the  flow,  to  initiate  a  logarithmic  wind speed
profile  and turbulence,  and to initiate  saltating abrader material  into the air  flow down
the wind tunnels. A typical honeycomb flow straightener with 10 mm screen layers used
to create an even logarithmic wind speed profile is presented in Figure 5.  If  the flow is
properly conditioned and the height of the wind tunnel is not limiting the depth of the
boundary layer may be estimated from the wind speed profile in the wind tunnel work‐
ing  section  [46].  Investigators  have  stated  that  although  boundary  layer  thickness  is  a
poorly defined concept, it may be estimated as the height at which the wind speed pro‐
file attains 99 percent of its  maximum value [57].  Finally,  the proper regulation of care‐
fully  chosen  abrader  material  allows  for  saltation  clouds  representing  different  rates  of
erosion and surface abrasion although rates  consistent  with those noted in the field for
natural  sand  movement  [58]  are  commonly  used.  Portable  field  wind  tunnel  may  be
used to estimate the threshold wind velocity necessary to initiate particle movement us‐
ing impact  sensors  [18]  or  optically  based sensors  [59].  The technique of  using the per‐
centage  of  seconds  in  which  moving  particles  are  noted  [60]  is  easily  employed  in  a
portable wind tunnel if the wind speed can be slowly and evenly increased.
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Figure 5. A flow conditioner showing the large cell honeycomb used to break the scale of eddies and straighten flow and
also the 10 mm screen layers used to even the flow and create a logarithmic wind speed profile in the wind tunnel.

4. Conclusions

Over the last 6 decades, portable field wind tunnels have been successfully used on several
continents to study the controlling processes of aeolian particle movement, assess the erodi‐
bility of natural surfaces subjected to different disturbances, estimate dust emission rates for
natural surfaces, investigate the partitioning of chemical and microbiological components of
the soil on entrained sediment, and to estimate the threshold wind velocity necessary to ini‐
tiate aeolian particle movement. Although not a perfect replacement for wind in the natural
environment due to the absence of turbulent gusts, the forces created by the wind are re‐
peatable and the accuracy of the tunnel is solely dependent on the accuracy of the devices
measuring critical operating parameters such as wind velocity and sediment loading. When
properly designed, calibrated, constructed, and operated, very useful information can be ob‐
tained in a relatively short period of time with these tools.
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Nomenclature of symbols and their units

U– Wind velocity (m s-1)

z– Height above the surface (m)

zo– Roughness length (m)

u* - Friction velocity (m s-1)

k– von Karman constant (~0.4)

F– Froude number (dimensionless)

g–Acceleration due to gravity (m s-2)

H– Wind tunnel height (m)
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Chapter 4

Design and Development of a Gas Dynamics Facility
and a Supersonic Wind Tunnel

N. A. Ahmed

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52988

1. Introduction

The design of a Supersonic Wind Tunnel is complex, expensive and time consuming. One of
the pre-requisites of such a facility is the availability of compressed air necessary to generate
the required speed.

Figure 1. A Schematic of the arrangement of the Gas Dynamics Facility
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In this Chapter, the design and construction of the basic gas dynamics facility (Fig. 1) is de‐
scribed first in Part I followed by that of a blow down type supersonic wind tunnel (Fig. 2)
in Part II. The two facilities are currently in operation at the School of Mechanical and Man‐
ufacturing Engineering of the University of New South Wale.

Figure 2. A side view of the 5 ½ inch x 4 inch Supersonic Wind Tunnel

1.2. The design and construction of a Gas Dynamics facility

The Gas Dynamics facility consists of a large capacity compressed air plant that involved the
installation in the Aerodynamics Laboratory of the University of New South Wales of a
compressed air plant on the floor and the construction of an overhead structure of four iden‐
tical 200 cubic feet capacity storage pressure vessels.

The design was initiated by setting a requirement of continuous mass flow rate of about 1
lb/sec. For continuous operation, the system pressure was set to about 100 psig. The gas dy‐
namics facility was also required to provide air supply to a 3.5 inch x 4 inch supersonic wind
tunnel, capable of operation of up to Mach 3.5.

A brief description of the gas dynamic facility is given next.

1.2.1. Compressed air plant

Compressors

From a consideration of vibration and intake resonance of the machines and also to provide
significantly larger outputs per unit cost, it was decided to use rotary compressors. Two Hol‐
man RO600S screw type compressors, each rated at 600 cubic feet per minute of free air each
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and capable of operation separately to provide a mass flow of 0.75 lb/sec or in parallel for an
output of 1.5 lb/sec were acquired. Each compressor maximum pressure ratings is 100 psig for
continuous operation and 115 psig for intermittent operation such as that required for use
with supersonic wind tunnels. Each unit is driven by a 150 HP 1440 RPM induction motor
controlled by an auto-transformer started capable of up to 15 starts per hour. Each compres‐
sor unit was installed on ‘Vulcascot’ anti-vibration matting and was isolated from the dis‐
charge pipe work by means of a flexible pipe work connector. As an additional precaution, the
first length of outlet pipe work to the after coolers was supported on anti-vibration matting.
The result is that with both compressor operating, virtually no vibration is transmitted to the
Laboratory building. A schematic of the compressed air plant is shown in Fig 1.

Control of the compressor output pressure is by either an automatic stop-start system or a con‐
stant speed uploading system operating between pre-set pressure limits. In operation, the con‐
stant speed uploading mode has been most frequently used but the original pneumatic system
supplied with the compressors for this purpose proved to be unreliable. Subsequently, this
was replaced with an electrical system utilising an electric control pressure gauges. This sys‐
tem has proved to be very satisfactory in operation and enables repeatable and readily varied
settings of cut-in and cut-out pressure to be obtained with differentials as small as 2 psi.

The compressors are cooled by oil injection and lubricated by the same oil pressurised from
a small pump. The cooling/lubricating oil is stored in a 40 gallon tank and cooled by an oil/
water heat exchanger. The air, after compression, passes through a multi-stage reverse flow
oil separator with absorbent filters so as to remove most of the oil present. Claimed oil con‐
sumption is one gallon per compressor per 400 hours of operation. Fig. 3 shows the Com‐
pressor of the gas dynamics facility.

Figure 3. The Compressor of the Gas Dynamics Facility
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1.2.2. Filtration system

After compression, air from each compressor is passed through individual shell and tube af‐
ter coolers, centrifugal action water separators, pre-filters and oil-mist filters. The pre-filters
consist of a centrifugal action separator combined with a 70 micron porosity, sintered
bronze filter element. The oil mist filters are a proprietary design of Daltech Engineering In‐
corporated, USA, and consist of a stainless wire wool pre-filter and a chemical absorption
type main element. These filter units are claimed to have a 99.4% filtration efficiency for all
oil particulates down to 0.5 microns. Both pre-filters and oil-mist filters operate with a ‘col‐
our change’ principle in that, as the element becomes saturated with oil, its colour changes
from light pink to bright red. All filters, after coolers and water separators are fitted with
automatic water drains.

1.2.3. Air drier

The air drier (Fig. 4) is a proprietary designed manufactured in Australia by B.C. Johnson
Ltd. It is designed for inlet air conditions of 1.5 ib/sec at a pressure of 115 psig, a maximum
temperature of 105 0 F and an ambient relative humidity at compressor inlet of 100%. The
dryer is required to provide an outlet humidity equivalent to -50 0 F at atmospheric pressure
after a two hour drying cycle.

Figure 4. Air Drier System
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The air dryer is of the single tower at a larger stage. Regeneration is accomplished by air
pre-heated in an 80 kW electrical heater and forced through the dryer stack in a counter-
flow direction by a centrifugal blower. The desiccant employed is 800 lb of activated alumi‐
na in a 2 ft diameter by 4.5 ft high bed, preceded by 80lb of buffer desiccant whose purpose
is to prevent damage to the main desiccant by liquid carry over from filtration equipment.
The dryer is fitted with a water coil for cooling the desiccant bed after regeneration and a
felt pad and fibreglass after-filter is installed to prevent any carryover of desiccant dust into
the storage vessels.

In operation, dew points of as low as -80 0 F have been obtained after regeneration. With one
compressor in operation, drying times of up to six hours have been achieved, although a
higher final dew points than -50 0 F regeneration time is about four hours for heating and
four hours for cooling.

1.2.4. Air storage vessels

Four storage vessels (Fig.5 ), each 5 ft diameter by 11 ft 6 ins overall length and designed for
a working pressure of 130 psig have been installed with a total storage capacity o f800 cubic
feet as mentioned earlier were placed in an overhead structural steel support in the Aerody‐
namics laboratory near which a supersonic wind tunnel was built.

Figure 5. Air Storage Vessels

1.2.5. Air conditions 105 0 F at atmospheric pressure

Air conditions in the storage vessels are a volume of 800 cubic feet at ambient temperature
and dried to a dew point the equivalent of at least -50 0 F at atmospheric pressure. For inter‐
mittent operation, maximum pressure is 125 psia. Maximum intermittent mass flow rates
are in the region of 10 to 20 lb/sec to limit the system pressure loss to approximately 5 psi.
Maximum continuous mass flow is 1.5 lb/sec with a pressure not exceeding 110 psia.

Design and Development of a Gas Dynamics Facility and a Supersonic Wind Tunnel
http://dx.doi.org/10.5772/52988

79



Because the pressure available for supersonic tunnel injection is comparatively low, care
was taken in the design and piping and filtration equipment to reduce pressure losses. The
overall pressure drop between compressor outlet and storage vessels has been kept between
3 and 5 psi depending upon filter condition.

1.2.6. Air distribution manifolds

The supply pipe work inter-connecting the five pressure vessels is of 6 inch inside pipe di‐
ameter pipe. There is a 6 inch branch to the supersonic tunnel. Gas dynamics rigs in the Aer‐
odynamics Laboratory are supplied from two 4 inch pipe manifolds, one wall mounted and
the other suspended from the ceiling. A four inch line, reducing to 3 inch, supply air to the
Hydraulics Laboratory.

Maximum intermittent flow rates are about 10 lb/sec through the 6 inch branch supplying
the supersonic tunnel and 4 lb/sec through the 4 inch manifolds. At these flow rates, the
pressure drop between reservoirs and manifold outlets does not exceed about 3 psi. The hy‐
draulics Laboratory supply system permits an intermittent flow rate of about 5 psi.

A 2 inch dump line is provided, together with a control valve and attenuating duct silencer to
empty the storage vessel contents or to permit an adjustable air bled for stabilization purposes.

2. The design and construction of a blow down type supersonic wind
tunnel

2.1. Design of supersonic tunnel components

Some of the details of the design of the various tunnel components are described in the follow‐
ing sections. The aerodynamic configuration finally selected for the tunnel is shown in Fig. 6.

Figure 6. A Schematic of the 5 ½ inch x 4 inch Supersonic Wind Tunnel
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2.1.1. Intake piping and control valves

The following requirements received attention:

• Reduction of pressure loss

• The need to supply a uniform airflow free of pulsation to the stagnation chamber

In addition to the selection of a 6 inch diameter for the tunnel intake pipe work, as men‐
tioned in section 1.6, extra measures to reduce pressure losses and ensure flow uniformity
were fitting of splitter vanes to all piping bends and tees in the final run to the tunnel. The
design data of Ito (ref 29) was for this purpose.

Three valves were fitted for the flow control (Fig. 6). The first, a 6 inch gate valve, serves
merely as the tunnel isolation valve and a backup shut-off valve. The second valve, down‐
stream of the gate valve, is the stagnation pressure control valve. This is followed by the
quick opening valve which is located at the inlet to the tunnel stagnation chamber.

The stagnation pressure control valve is a 6 inch double seat Fisher Governor Company
valve with pneumatic cylinder actuation. The valve is of the ‘Vee-pup’ type which has equal
percentage flow characteristics. This characteristic restricts the rate of valve spindle move‐
ment which would otherwise be necessary when the pressure drop across the valve decreas‐
es towards the end of a tunnel run. Control of the valve opening is by means of a standard 3
to 15 psi regulator located at the tunnel control panel. This regulator, acting on the posi‐
tioned, supplies air at up to 100 psi to the piston of the cylinder actuator. The 6 inch valve
size was selected to limit the wide open pressure drop to less than 3 psi. Preliminary design
estimates indicated that the pressure drop in a 4 inch diameter control valve would have
been in the region of 15 to 20 psi. The double seat valve configuration ensures reasonable
symmetry in the airstream approaching the stagnation chamber and assists in reducing
pressure pulsations.

The quick-opening valve is a 6 inch diameter Fisher continental rubber seat butterfly valve
with pneumatic cylinder actuation and a stroking time of less than one second. It is the last
component in the 6 inch line before the stagnation chamber. The position gives the most rap‐
id possible tunnel start using standard valves. Pressure loss is about 0.1 psi. An important
advantage in operation of the tunnel is gained by locating the quick-opening valve down‐
stream of the stagnation pressure control valve as the latter can then be correctly pre-set to
the required starting pressure. The valve disc position when wide open ensures flow sym‐
metry to the stagnation chamber. The quick opening valve is actuated by a solenoid operat‐
ed air valves which are, in their turn, controlled by a push button solenoid circuit on the
control panel. An electrical interlock is provided so that the tunnel cannot be started until
the test section access facility has been securely closed. Tunnel operation may be stopped
either at the control panel or from a wandering lead and control box operated by the tunnel
engineer.

Maximum Mach number in the intake pipework, excluding ‘jetting’ from the stagnation con‐
trol valve, is of the order of 0.1. The maximum calculated pressure loss from the pressure
vessels to the stagnation chamber inlet is approximately 5 psi.
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The Stagnation pressure control system was deliberately chosen to be manual in orer to sim‐
plify control although a hybrid system could be incorporated at a later stage if desired. This
system would consist of manual start and initial stabilisation with switch over to automatic
operation once the stagnation pressure has stabilised. Some of the problems of supersonic
tunnel automatic stagnation pressure control have been discussed by Pugh and Ward [1]
and Conolan [2].

2.1.2. Stagnation chamber

The stagnation chamber has an inside diameter of 13.5 inches and is connected to the 6 inch
inlet pipe work by a 300 conical rapid expansion. Flow stabilisation and smoothing devices
consist of a conical perforated plate and flow smoothing and turbulence reduction screens
(Fig. 6). A parallel settling length is provided downstream of the screens and is fitted with
stagnation temperature and pressure tappings.

The mean velocity at the screens is approximately 20 ft/sec for Mach 3 operation. The cham‐
ber is also sized to permit operation down to Mach 1.5 using the same test section area when
the velocity at the screens could increase to about 70 ft/sec. This remains within the range of
10 to 80 ft/sec as recommended by Pope [3].

The perforated cone has an apex angle of 900 and is manufactured from a ¼ inch plate with
3/8 inch diameter holes on 9/6 inch centres. The perforations have an open area ratio of 40%.
The mean Mach number through the perforations under the worst conditions, which occur
at the lowest test section Mach number, is less than 0.1. The cone is welded into the wide
angle expansion. In operation, it appears to have eliminated any pressure fluctuations gen‐
erated by the stagnation pressure control valve as well as assisted in ‘filling’ the wide angle
diffuser.

The four stainless steel flow smoothing screens are of 24 mesh by 34 gauge wire and have an
open area ratio of 49.5%. The screens are fixed in individual aluminium retaining ring
frames. These frames are clamped together by long bolts passing through large frames at‐
tached to the rapid expansion and settling length sections of the stagnation chamber. The
individual frames are spigoted together to ensure internal surface alignment and are sealed
by O rings at each joint.

The parallel settling length downstream of the screen is 1500 screen wire diameters long, or
a length of approximately 18 inches.

A two dimensional contraction and section change transition region is provided at the down‐
stream end of the settling chamber. This region has a rectangular outlet area of 12 inch x 4 inch
and a circular 13.25 inch diameter inlet section. The area contraction ratio is 2.9:1. A further
two-dimensional contraction, of ratio 10:1, is built into the nozzle blocks to contract the air‐
stream to a sonic throat 1.185 inch high by 4 inches wide. The method of contraction design
presented by Gibbings [4] is recommended. This method is also applicable to contractions in
which there is an appreciable axial trigger between the plan and elevation profiles.
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In operation, the stagnation chamber provides a steady pressure with accuracy of control of
1% or better. Estimated pressure loss for the stagnation chamber flow smoothing devices
was 2 psi approximately, making a total estimated loss between pressure vessels and stagna‐
tion pressure measurement station of nearly 7 psi. In operation, this pressure loss varies be‐
tween 7 -10 psi.

2.1.3. Nozzle box and test section

The nozzle box is of conventional construction and is manufactured from steel plate with
internal surfaces ground after welding and stress relieving. Heavy stiffening ribs prevent
deformation under pressure forces, particularly in the throat region. Dowels are fitted to en‐
sure accurate and repeatable alignment of adjacent parts. Circumferential ‘O’ ring seals are
provided at each end of the nozzle box. One side wall opens downwards on hinges to facili‐
tate nozzle block changes. The complete assembly of nozzle box and settling length section
of the stagnation chamber can be moved on rollers to permit easy screen removal. The roll‐
ers are brought into operation by four jack screws. An axial movement of 3 inches in the
downstream direction is possible.

There are circular Schlieren window positions in the nozzle box walls, one pair at the throat
and one pair at the test section. The windows have a clear diameter of 7.5 inches and thick‐
ness of 1 inch and are held in a sub-frame which is fixed to the tunnel by a clamping ring.
This arrangement permits easy removal and rotation of each window. Rotation of the win‐
dow assembly permits selection of the optimum orientation for optical characteristics of the
glass fitted. This allows the use of cheap and comparatively low grade plate glass. The glass
is sealed to the sub-frame with Dow Corning Silastic 732 RTV silicon rubber compound. A
special jig has been developed for window assembly which ensures that the glass is com‐
pletely ‘floating’ in Silastic and is also flush to within 0.001 inches with the frame edges. A
set of high quality glass windows obtained from Optical Works, UK are also available for
specially sensitive Schlieren applications.

The supersonic nozzle blocks are manufactured from extruded AA28S aluminium alloy. The
contours were generated by a programmed ‘Hydroptic jig borer and were finally hand fin‐
ished to remove machining marks. Each block is fitted with a continuous, circular cross sec‐
tion rubber seal which runs as close to the contoured surface as is possible using straight
line approximations. The nozzle blocks are held in the nozzle box with the bolts passing
through the top and bottom walls of the box into barrel nuts inside each block. Location is
by integral machined pads on the basis of each block. It is now realised that the provision of
separate ground pads on the base of each nozzle block configuration would have permitted
the fitting of permanent shims clamped between pad and block, thereby simplifying the fit‐
ting and accurate setting up of each nozzle block configuration within the nozzle box.

The nozzle block co-ordinates are those derived by McCabe [5] for operation at Mach 3 in a
nominal 5.5 inch x 5.5 inch test section. The design method used by McCabe divides the noz‐
zle inviscid core flow into five main regions, as follows:

• A subsonic contraction

Design and Development of a Gas Dynamics Facility and a Supersonic Wind Tunnel
http://dx.doi.org/10.5772/52988

83



• The high subsonic, low supersonic throat region

• An initial expansion region wherein the contour slope increases to its maximum value

• The straightening or ‘Busemann Region’

• The parallel flow or test section region

McCabe also divides each of the 3rd and 4th regions into further regions so as to take advant‐
age of more precise computational methods and eliminate discontinuities in nozzle curva‐
ture. The nozzle contour boundary layer corrections are based on the data of Sibulkin [6] for
the throat region, with corrections on the contoured and flat side walls obtained from the
data of Rogers and Davis [6]. Because the nozzle contours so derived did not have zero
slope at the test section location, a cubic curve was fitted to permit smooth transition to the
parallel block region downstream of the test rhombus. The boundary conditions were con‐
tinuity of ordinate, slope and second derivative at the upstream and zero slope at the down‐
stream end. Before feeding to the jig borer, the complete set of nozzle block co-ordinates was
smoothed by computer using a 6th order polynomial. Data on nozzle profile design may be
obtained from Refs 8-15.

2.1.4. Diffusers and model support system

Downstream of the nozzle box are a string chamber, supersonic diffuser, first stage subsonic
diffuser, parallel make up duct and a set of cascade turning vanes. The complete assembly
downstream of the nozzle box to the corner cascade is mounted on a flanged wheel and rail
system and may be moved 18 inches in the downstream direction away from the test sec‐
tion. This allows easy access for model changes. The face of the sting chamber is aligned
with, and closed against, the nozzle box pressure seal by four dowel pins and tapered lock‐
ing wedges. Four cam clamps are used to close the pressure seal between the cascade corner
and the vertical second stage subsonic diffuser.

The sting chamber can be removed entirely, if required. It is fitted with a pair of circular
openings of the same diameter as those in the nozzle box side walls and, can, therefore, ac‐
cept the interchangeable Schlieren windows or metal window blanks. A side mounted sting
may be fitted to either of the side window blanks. A vertical, full span, wedge nose strut is
also in use as a model sting support.

The optimum design of a supersonic diffuser for a small wind tunnel presents a difficult
problem as it must operate over a wide range of inlet flow conditions and Reynolds num‐
bers. Moreover, at Mach numbers in excess of 2, optimum starting and running diffuser geo‐
metries diverge significantly. It is assumed in the following discussion that the supersonic
diffuser is followed by a subsonic diffuser of small divergence angle.

In general, the airstream entering the diffuser is highly turbulent because it contains the wake
flow from the test section model and its support system. Moreover, diffuser performance is in‐
fluenced by boundary layer effects which are a function of tunnel Reynolds number.

Supersonic diffusers for small wind tunnels may be one, or a combination of the following
types:
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• Fixed contraction with constant area second throat

• Variable contraction with variable area second throat

• Constant area duct

• Oblique shock diffuser with centre body

The diffuser throat must be sized must be to ‘swallow’ a normal shock when starting at the
design Mach number in a second throat type of diffuser. Faro [11] obtained the theoretical
minimum starting contraction ration required, together with experimental points from sev‐
eral sources. For Mach numbers in excess of 2, the experimental values are lower than the
theoretical values. It is suspected that this is due the starting shock passing through the sec‐
ond throat before the design Mach number has been reached. The experimental data of Lu‐
kasiewicz [16] indicates that at the area ratio of A2/A1 =0.7, which is required for stating at
Mach 3, the starting pressure ratio requirement of a fixed geometry second throat diffuser,
might be 0 to 30% less than that required by an optimum length constant area diffuser. If a
variable geometry second throat diffuser is used, significant reductions in optimum running
contraction ratio may be obtained particularly at Mach numbers in excess of 2.

Variable geometry diffusers, set at optimum running contraction ratios after starting, enable
reductions in running pressure ratio of up to about 45% when compared with optimum
length constant area ducts [17]. This reduction is achieved, however, at a considerable in‐
crease in complexity of construction and operation when compared with the simple constant
area diffuser.

The advantages of the fixed and variable area second throat diffusers over the constant area
diffuser are less certain when allowance is made for the presence of the model and its sup‐
port system within the test section. Faro [11] states that in nearly all cases the presence of a
model reduces supersonic diffuser efficiency. This is confirmed by De Leo and Huerta [17]
who found that a 5% blockage model increased starting and running pressure ratios by ap‐
proximately 7 and 13 % respectively for optimum empty tunnel diffuser geometry and
Mach numbers of 2.5 and 3.4. However, experiments have also shown that the presence of a
model tends to reduce tunnel instability through stabilisation of the diffuser shock system.
This appears to be due to interaction between the wall reflections of the model bow wave
and the diffuser shock system. In summary, therefore, it seems that the second throat diffus‐
er types do not offer significant advantages over the constant area duct for small supersonic
tunnels. This conclusion does not apply to very large intermittent type tunnels, however, as
then a reduction in running pressure ratio could lead to significant increases in tunnel run
time for a given pressure storage capacity or reduction in capital cost of the storage system
for a given run time.

The supersonic diffuser of the University of New South Wales is a constant area duct system
although the sting strut, when used probably acts as a centre body with oblique shock diffu‐
sion. Although such a constant diffuser is a dissipative system, it does have the considerable
advantage of being stable over a wide range of inlet flow conditions and of being simple to
construct and maintain.
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The only design decision required for a constant area supersonic diffuser is the optimum
length of duct. In such a diffuser the normal shock appears as a shock system which is
strongly affected by the state of the boundary layer. Experimental dat quoted by Lukasiewcz
[16] confirms that for best efficiency the shock compression process should be completed in
the constant area duct and not in the divergent subsonic diffuser downstream of the super‐
sonic diffuser. Faro [11] illustrates the gain in isentropic efficiency with increasing length to
height ratio for a constant area duct at Mach 2. The significant reduction in operating pres‐
sure ratio with increasing length of parallel duct may be seen in curves plotted for length to
height ratios of 0, 2 and 7. Further design data for constant area diffusers is demonstrated by
Faro [11]. Two points are noted in connection with his work:

• The Mach number Mav is the average Mach number at the supersonic diffuser inlet and
would be less than the test section Mach number because of the presence of the model
and its support system and boundary layer growth between test section and diffuser.

• The effect of the free stream Reynolds number is not accounted for. Some indication of the
reduction in the length of the shock compression system at high Reynolds numbers may
be obtained from [16]. This data is applicable to a Mach number of approximately 2.

Faro [26] indicates that a single wedge such as the leading edge of a sting support strut may
be used to provide an oblique shock system which will improve diffuser efficiency over the
simple normal shock case. The benefits for this type of device are limited, however, is that
high efficiency can only be obtained with a large number of oblique shocks which in turn
implies design for a specific Mach number and thus a narrow range of off-design conditions.
The simple strut type oblique shock generator gives moderate efficiency gains over a wider
range of Mach numbers.

To summarise, little data for the design of constant area supersonic diffusers or for the effect
of a model and strut system on diffuser efficiency can be found. The available information
suggests that:

• The shock system compression process should be completed within the parallel diffuser
duct for best efficiency

• The optimum length of parallel duct required to complete the compression process is a
strong function of Mach number and Reynolds number. This length is probably within
the 5 to 12 diffuser heights of Mach numbers of 1.5 to 3.5 and Reynolds numbers of 2 x 105

to 6 x 106. Design data for supersonic diffusers may be obtained from Refs 16-22].

The supersonic diffuser of the University of New South Wales tunnel is a parallel wall rec‐
tangular duct fabricated from 4 inch x 1 inch extruded aluminium bar top and bottom walls
and 0.5 inch aluminium plate side walls. The top and bottom walls may be easily replaced
with a set of contoured blocks so as to provide a fixed area second throat, if so desired. The
parallel diffuser length is 8.4 diffuser heights from the rear of the model support strut and
11.4 heights from the end of the supersonic nozzle with model support system removed. A
removable parallel subsonic make-up duct permits the fitting of an additional 4.3 diffuser
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heights. The window blanks alongside the model support strut also allow for experiments
involving ‘de-blocking’ of the area around the strut.

The design of the subsonic diffuser was straightforward. The data of Lukasiewicz [16] indi‐
cates that, in the Mach number range 0.4 to 0.9, total pressure recovery is virtually constant
at about 0.88 for open ducts without models and that the diffuser divergence angle should
be less than 70. Data on subsonic diffuser design is available from Refs 14 and 16.

There are two stages of subsonic diffusion separated by the corner cascade (Fig. 6). The first
stage of subsonic diffusion is separated by the corner cascade (Fig. 6). The first stage has an
area ratio of 5.6 and divergence angle of 60. Maximum Mach number at the subsonic diffus‐
er exit is approximately 0.13. The diffuser is constructed from 3/16 inch steel plate reinforced
at 6 inch x 3 inch centres with 1 x 0.25 inch flat bars on edge.

The second stage subsonic diffuser has a 60 divergence angle and 3:1 area ratio. Maximum
Mach number at exist to this diffuser is approximately 0.04. The diffuser is manufactured
from plywood and incorporates part of the tunnel silencing system. The corner cascade uti‐
lises sheet metal circular arc turning vanes.

2.1.5. Silencer

Preliminary investigations on an existing M3.5, 4 inch diameter conical nozzle indicated that
the noise level for an unsilenced tunnel would be unacceptably high at about 120 db in the
frequency band of 100 to 2000 Hz. Accordingly, a silencer was designed for the supersonic
tunnel to the following requirements:

• Noise reduction to about 80 dB in the 100 to 2000 Hz band

• Low pressure loss

• Ease of construction and low cost

After investigation, an attenuating duct design was chosen as best fulfilling these require‐
ments. This type of silencer requires an absorbent material as dense as possible with a thick‐
ness of 2 inch to 12 inches to absorb the low frequency noise below 500 Hz. Attenuation at
the lower frequencies is increased considerably by the use of a perforated duct facing mate‐
rial having about 3 to 10% open area perforations. Low frequency attenuation is further as‐
sisted by providing airspace behind the absorbent material and increasing the amount of
absorbent around the duct periphery. When compared with splitter type duct attenuators,
low frequency attenuation can be improved by arranging a given amount of attenuation ma‐
terial such that it forms thick layers. This latter arrangement gives a lower peak but better
average attenuation over the 100 to 1000 Hz frequency band. Design information can be
found in the literature [23-29].

The silencer for the University of New South Wales tunnel is constructed in two sections:
the first of which is built around the second stage subsonic diffuser. The first section com‐
prises 6 to 12 inch thickness of polythene wrapped rockwool batts and loose rockwool fill
around around all four sides of the diffuser. The rockwool density varies from 4 to 6 lb/cubic
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feet for the loose fill. The duct interline is surfaced with 3/16 inch thick perforated plywood
and the outside of the silencer is sealed with 1 inch thick, exterior quality waterproof ply‐
wood. Both internal and external surfacing materials are heavily glued, screwed and nailed
to substantial connecting framing. The second section of the silencer, which is 16 ft long is a
rectangular duct lined on two sides with 6 inch thickness of rockwool batts backed by a 3
inch airspace. The remaining two sides of this duct are 1 inch thick exterior plywood. Other
constructional details are similar to those of the first section silencer. The second diffuser
section is run in the laboratory ceiling space and is supported from the roof structure on ‘Si‐
lentbloc’ vibration isolators.

Initial tests on completion of the tunnel indicated a large direct sound transmission through
the walls of the first stage subsonic diffuser. This was found to be caused by high frequency
resonance of the 3/16 inch thick flat steel plate walls. The vibration was almost completely
eliminated and the noise level reduced by decreasing the spacing of the existing 1 inch x 0.25
inch stiffening bars from approximately 12 inch x 6 inch to 6 inch x 3 inch centres as descri‐
bed in section 4.4.

In the final form, the silencer has reduced the noise level in the vicinity of the tunnel to
about 75 to 90 dB, for the 100 to 2000 Hz band, depending to some extent upon the operating
stagnation pressure. It is estimated that the duct silencer provides an attenuation of about 2
to 3 dB per foot of length in the frequency range 100 to 1000 Hz.

2.1.6. Instrumentation

The tunnel stop-start system has been briefly described in section 2.1.4.

Tunnel  stagnation  pressure  is  read  on  0.15% accuracy,  temperature  compensated,  abso‐
lute pressure ‘Heise’ test gauge and recorded by a pressure transducer having 0.1% com‐
bined  non-linearity  and  hysteresis.  The  transducer  output  can  be  displayed  directly  in
psia on an 11 inch ‘Honewell’ strip chart recorder. The control panel is provided with an
electrically actuated pneumatic calibration circuit which connects the stagnation pressure
transducer and test gauge in a closed system. This circuit has an electrical override if the
tunnel is started.

Stagnation temperature instrumentation consists of an exposed-junction ‘BLH’ micro-minia‐
ture thermocouple connected to an 11 inch strip chart recorder and reading directly in 0F.
Bothe stagnation temperature and pressure recorders contain electrically operated chart
speed-up facilities which automatically increase the chart speed by a factor of 60:1 when the
tunnel run is started. A typical speed change is from 10 inches per hour to 10 inches per mi‐
nute. Both chart recorders are provided with event markers which are connected into the
tunnel timing circuit. The circuit operates an electrically actuated second timer which is con‐
trolled from a timer switch in the remote control box on a wandering lead. The box also con‐
tains the tunnel stop switch and a pressure clamp switch. The event markers are
automatically actuated at the start and stop of a timing run. The wandering lead control box
enables one man to control the run and monitor Schlieren and instrument read out.
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Data acquisition is by conventional multi-manometers, pressure gauges or a range of flush
diaphragm transducers. For calibration, the data transducers can be connected into a closed
system with a ’heise’ stagnation pressure gauge. This only requires operation of a control
panel push-button. Read out equipment for the transducers are EAI and Solartron multi-
channel data loggers and a 6 channel pen recorder.

Tunnel air flow calibration equipment has been designed and built in accordance with the
data published by Anderson [16]. Air humidity is measured with a Casella-Alnor dew point
meter which can measure dew points to -800F with an accuracy of 30F.

A two-mirror, parallel path, 96 inch focal length, 7.5 inch aperture Schlieren system is cur‐
rently in use with the tunnel and associated gas dynamics rigs. A second 60 inch focal length
system is being assembled. Both systems are portable, freely adjustable and provided with
heavy bases. Photographic facilities include a 5 inch x 4 inch plate camera specially adapted
for daylight use with the Schlieren system along with a high speed drum camera and a cine
camera oprating at framing speeds up to 20,000 frames per second.

2.2. Operational problems

The gas dynamics and supersonic tunnel facilities have proved to be simple to operate, relia‐
ble and comparatively trouble-free. However, there have been two operational problems
which may of interest, and they are described below.

• Oil mist carry over: A slight oil deposition occurs on the tunnel test section windows after
several runs indicating that the oil filtration is not completely effective. It is likely that this
results from the fact that the oil mist filters have their highest removal efficiency for aero‐
sol having particulate sizes down to 0.5 micron. It is possible that a very fine oil aerosol is
passing through the filters with particulates in the size range 0.1 to 0.001 micron. A solu‐
tion to the problem would be the use of a hydrocarbon selective absorbent which has a
high removal efficiency in the size range where Brownonian motion predominates. For
this reason, a set of activated carbon filters was manufactured and installed.

• Water Condensation in Pipelines: Operation of the gas dynamics facility without the air
dryer is currently necessary for certain types of tests. As a result, liquid water condenses
in the pipelines and pressure vessels and ultimately results in small rust flakes periodical‐
ly discharging into a stagnation chamber. The solution to this problem appears to be use
only dry air for all operations. The existing single dryer tower does not have sufficient
drying capacity for some rig work where run durations of up to eight hours are required.
Consequently, installation of the second dryer tower appears to be necessary, although
much of this type of running can be done at higher outlet dew points than the supersonic
tunnel operation, thus permitting longer run times before regeneration. It also appears
desirable to introduce some form of direct reading humidity meter which could also be
used to operate a warning system. As an interim measure to combat water collecting in
the pipelines and fittings, all low points of the system have been provided with water
drain valves.
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3. Conclusion

A compressed air plant, providing 1.5 lb/sec of dry air at 100 to 115 psig and having a stor‐
age capacity of 1000 cubic feet, has been engineered and built. The system has been operat‐
ing satisfactorily apart from an oil mist problem for which corrective measures are being
investigated.

A supersonic blowdown wind tunnel, using air from the compressed air plant and exhaust‐
ing to atmosphere, has also been built to simple, conventional design principles. Nozzle
blocks for Mach 3 and parallel duct supersonic diffuser has been installed. Although stagna‐
tion pressure control is manual, the tunnel is designed for operation by only one man. Run
time varies from 20 to 60 seconds and test section Reynolds numbers of about 106 per inch
may be obtained.

These facilities along with subsonic wind tunnel facilities form the basis of aerodynamic, re‐
search and development works at the University of New South Wales [31-89]
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Chapter 5

A Method of Evaluating the Presence of
Fan-Blade-Rotation Induced Unsteadiness in
Wind Tunnel Experiments

Josué Njock Libii

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54144

1. Introduction

1.1. Flows driven by a constant pressure gradient through a pipe of circular cross section

When the flow of a Newtonian fluid in a pipe of circular cross section is driven solely by a
constant pressure gradient, the resulting velocity distribution is a quadratic function of the
radial distance from the axis of the pipe. The velocity profile of such a flow has, therefore, a
parabolic distribution in which the maximum velocity occurs on the axis of the pipe. A
graphical representation of this type of velocity is shown in Figure 1.

Figure 1. The parabolic velocity profile for flow driven by a constant pressure gradient in a circular pipe

1.2. Flows driven by a sinusoidal pressure gradient through a pipe of circular cross section

Things become more complicated if the pressure gradient varies with time. When, for exam‐
ple, the pressure gradient fluctuates with time in such a way that that gradient can be ex‐
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pressed as a simple sinusoidal function, the velocity profile remains parabolic only at very
low frequencies of fluctuation. At very high frequencies, the location of the maximum veloc‐
ity moves away from the axis of the pipe and towards the wall. The higher the frequency of
oscillations of the pressure gradient, the farther away the point of maximum velocity moves
from the axis of the pipe. Sample plots of velocity profiles that were generated at high fre‐
quencies of fluctuations are shown in the literature by Uchida (1956). Here, Figure 2 is one
such example, where five snapshots of velocity profiles at different times are displayed,
from left to right, within one complete cycle: at the beginning, one-quarter, half-way, three-
quarters of the way, and at the very end of the cycle. The values of the parameters that were
used to generate these plots are summarized below:

- 1
ρK

∂ p
∂ x = cos(nt);   k = n

v R =5;c =  K k 2

8n =3.125 K
n

Where n is the circular frequency, p the pressure,   ρ  the mass density of the fluid, t the time, x
the axial coordinate, R the inside radius of the pipe, u the axial speed of the fluid, v the coeffi‐
cient of kinematic viscosity, k a dimensionless ratio used by Schlichting to denote the magni‐
tude of the frequency of oscillation, and K is a constant that indicates the size of the pressure
gradient.

Figure 2. Sample velocity profiles for flow driven by a sinusoidal pressure gradient in a circular pipe [Uchida]

1.3. The mean velocity squared and Richardson’s annular effect

The higher the frequency of oscillations of the pressure gradient, the farther away the point
of maximum velocity moves from the axis of the pipe. The phenomenon in which the point
of maximum velocity moves away from the axis of the pipe and shifts towards its wall is
known as Richardson’s annular effect. It was demonstrated experimentally by Richardson
(1929), proved analytically by Sexl (1930), and demonstrated to hold for any pressure gradi‐
ent that is periodic with time by Uchida (1956).

When the sinusoidal pressure gradient that drives the flow in a circular pipe has fast oscilla‐
tions, the mean velocity squared computed with respect to time is found to be

Wind Tunnel Designs and Their Diverse Engineering Applications98



pressed as a simple sinusoidal function, the velocity profile remains parabolic only at very
low frequencies of fluctuation. At very high frequencies, the location of the maximum veloc‐
ity moves away from the axis of the pipe and towards the wall. The higher the frequency of
oscillations of the pressure gradient, the farther away the point of maximum velocity moves
from the axis of the pipe. Sample plots of velocity profiles that were generated at high fre‐
quencies of fluctuations are shown in the literature by Uchida (1956). Here, Figure 2 is one
such example, where five snapshots of velocity profiles at different times are displayed,
from left to right, within one complete cycle: at the beginning, one-quarter, half-way, three-
quarters of the way, and at the very end of the cycle. The values of the parameters that were
used to generate these plots are summarized below:

- 1
ρK

∂ p
∂ x = cos(nt);   k = n

v R =5;c =  K k 2

8n =3.125 K
n

Where n is the circular frequency, p the pressure,   ρ  the mass density of the fluid, t the time, x
the axial coordinate, R the inside radius of the pipe, u the axial speed of the fluid, v the coeffi‐
cient of kinematic viscosity, k a dimensionless ratio used by Schlichting to denote the magni‐
tude of the frequency of oscillation, and K is a constant that indicates the size of the pressure
gradient.

Figure 2. Sample velocity profiles for flow driven by a sinusoidal pressure gradient in a circular pipe [Uchida]

1.3. The mean velocity squared and Richardson’s annular effect

The higher the frequency of oscillations of the pressure gradient, the farther away the point
of maximum velocity moves from the axis of the pipe. The phenomenon in which the point
of maximum velocity moves away from the axis of the pipe and shifts towards its wall is
known as Richardson’s annular effect. It was demonstrated experimentally by Richardson
(1929), proved analytically by Sexl (1930), and demonstrated to hold for any pressure gradi‐
ent that is periodic with time by Uchida (1956).

When the sinusoidal pressure gradient that drives the flow in a circular pipe has fast oscilla‐
tions, the mean velocity squared computed with respect to time is found to be
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u 2(r )̄ = K 2

2n 2
{1−2 R

r exp − n
2v (R − r) cos n

2v (R − r) + R
r exp −2 n

2v (R − r) } (1)

Where r is the radial distance from the axis of the pipe; and letting y =(R - r) be a new varia‐
ble that represents the distance from the wall of that pipe, a dimensionless distance from

that wall can be defined as η = y n
2v  . Using this distance, one can nondimensionalize the

mean velocity squared as shown below :

u 2(r )̄

( K 2

2n 2 ) = {1−2 R
r exp − n

2v (R − r) cos n
2v (R − r) + R

r exp −2 n
2v (R − r) } (2)

When one is very close to the wall of the pipe, r and R are very close in magnitude and
R
r ≈1 . This causes the expression in Eq. (2) to become

u 2(y )̄

( K 2

2n 2 ) =1−2exp(−η)cosη + exp(−2η). (3)

When the variation of the expression of the mean velocity squared in Eq. (3) is plotted
against the dimensionless distance η, as shown in Figure 3, one can see that the location of
the maximum velocity is not on the axis of the pipe as is the case in steady flow and at very
low oscillations of the pressure gradient. Instead, it occurs near the wall of the pipe at a di‐

mensionless distance η =  y n
2v  = 2.28. This value has been shown to agree with experimen‐

tal data collected by Richardson (1929).

Figure 3. Variation of the mean with respect to time of the velocity squared for periodic pipe flows that are very fast

In this Figure 3, y is the distance from the wall of the pipe and u∞
2 = K 2

2n 2  represents   the mean

with respect to time of the velocity squared at a large distance from the wall.

A Method of Evaluating the Presence of Fan-Blade-Rotation Induced Unsteadiness in Wind Tunnel Experiments
http://dx.doi.org/10.5772/54144

99



2. Richardson’s annular effect in a wind tunnel

Unsteady pulsating flows occur in many situations that have a practical engineering im‐
portance. These include high- speed pulsating flows in reciprocating piston-driven flows,
rotor  blade  aerodynamics  and  turbomachinery.  They  also  arise  in  wind-tunnel  flows.
When  the  velocity  distribution  is  measured  across  the  test  section  of  a  subsonic  wind
tunnel  that  is  driven by a  high speed fan,  it  has  been observed experimentally  that,  in
addition to the effect of the boundary layer that is expected near the wall,  Richardson’s
annular effect can be demonstrated as well.  Indeed, published experimental results from
our laboratory have demonstrated that  Richardson’s  annular  effect  can occur in a  wind
tunnel (Njock Libii, 2011).

The purpose of the remainder of this chapter is to summarize the theoretical basis of the Ri‐
chardson’s annular effect in pipes of circular sections and in rectangular tubes, illustrate its
results graphically, and relate them to what happens in a wind tunnel.

First  Stokes’  second problem is reviewed briefly.  The theory of pulsating flows in pipes
and ducts is  summarized. The anatomy of the shift  in the location of the maximum ve‐
locity  from the  center  to  points  near  the  wall  is  presented  using  series  approximations
and graphical illustrations.

3. Stokes’ second problem

Fundamental studies of fully-developed and periodic pipe and duct flows with pressure
gradients that vary sinusoidally have been done (Sexl, 1930). From such studies, we know
that, when an incompressible and viscous fluid is forced to move under a pulsating pressure
difference in a pipe or a duct, some characteristic features are always observed. Some of
these features are similar to those that are observed to occur in the boundary layer adjacent
to a body that is performing reciprocating harmonic oscillations. These features are related
to the results of a classic problem solved by Stokes, known as Stokes’ second problem,
which gives details of the behavior of the boundary layer in a viscous fluid of kinematic vis‐
cosity,  v , that is bounded by an infinite plane surface that moves back and forth in its own
plane with a simple harmonic oscillation that has a circular frequency,  ω .

Stokes solution shows that, for this type of flow, 1) transverse waves propagate away from
the oscillating surface and into the viscous fluid; 2) the direction of the velocity of these
waves is perpendicular to the direction of propagation; 3) the oscillating fluid layer so gen‐
erated has a phase lag, φ , with respect to the motion of the wall; and 4) that phase lag,

which varies with y, the distance from the wall, is given by, φ =  y
δ   ,  where δ represents a

length scale introduced by Stokes; that length, called the depth of penetration of the wave

into the fluid, is given by δ =( 2v
ω )1/2 . The thickness of the boundary layer is proportional to

the penetration depth,  δ . The value of the constant of proportionality varies with the point
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that one designates to be the edge of the boundary layer. Thus, For example, if one defines
the edge of the boundary layer to be the point in the flow where the speed inside the boun‐
dary layer become equal to 99% of the speed of flow outside the boundary layer, the con‐
stant of proportionality is 4.6. Then, the thickness of the boundary layer at that point is equal
to 4.6 δ.

4. Pulsating flow through pipes

4.1. Basic equations

The flow of a viscous fluid in a straight pipe of circular cross-section due to a periodic pres‐
sure gradient was examined experimentally and theoretically by Richardson and Tyler
(1929) and theoretically by Sexl (1930). If the pipe is sufficiently long, variations of flow pa‐
rameters along its axis may be neglected and the only component of flow is that along the
axis of the pipe. The Navier-Stokes equations become

∂ u
∂ t = -  1

ρ
∂ p
∂ x +  ν( ∂2 u

∂ r2 + 1
r

∂ u
∂ r ) (4)

u(r =a,  t)=0 ;and  u( r =0, t)= finite

- 1
ρ

∂ p
∂ x =a function of time (5)

Where u = u(r, t) is the component of velocity in the axial direction x, ∂ p
∂ x  is the pressure gra‐

dient in the axial direction, t is the time, v is the kinematic viscosity of the fluid, r is the radi‐
al distance measured from the axis of the pipe, and a is the inside radius of the pipe. For a
given pressure gradient, one seeks solutions that are finite at r = 0 and satisfy the no-slip
condition u = 0 on the wall of the pipe at all times. We present two cases: First, the case of a
sinusoidal pressure gradient that was first solved by Sexl (1930) and then that of a general
periodic pressure gradient that was first solved by Uchida (1956).

4.2. Case of a sinusoidal pressure gradient: Sexl’s method (1930)

If the pressure gradient is sinusoidal and given the form

∂ p
∂ x =ρCcos(ωt),  (6)

then, the solution is given by the real part of
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u(r , t)=  - i C
ω {1 -

J o 
((-ix)

1
2 r

a
)

J o 
((-ix)

1
2 ) }e iωt (7)

Where Jo is the Bessel function of the first kind and of zero order (Watson,1944) and, here, x
is defined as shown below:

x = ωa 2

v . (8)

For small values of the parameter x, the real part of the velocity u can be written as

u(r , t)=  C
4v (a 2 - r 2) cos(ωt) (9)

and for large values of the parameter x and of ( r
a )2 , the velocity can be represented by

u(r , t)=  C
ω {sin(ωt) - ( a

r )1/2exp(-α) sin ωt - α }; (10)

where

α =( x
2 )1/2(1 - r

a ). (11)

Furthermore, the mean velocity squared computed with respect to time is found to be

u 2(r )̄ = C 2

2ω 2
{1−2( a

r ) 1
2 exp(−α)cos(α) + ( a

r )exp(−2α)}. (12)

These well-known results indicate that the representation of the velocity changes radically
as one varies the parameter x from very small to very large values. For example, the maxi‐
mum velocity reaches its maximum amplitude on the axis of the pipe when x is very small.
However, when the frequency of fluctuations becomes large, the location of the maximum
velocity shifts away from the axis of the pipe and moves closer and closer to the wall of the
pipe as the parameter increases, Fig. 4. Indeed, in the latter case, the expression for the loca‐
tion of maximum velocity is given by

r =a(1 - 3.22x -1/2).  (13)
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4.3. Case of a general periodic pressure gradient: Uchida’s general theory

The case of a general periodic pressure gradient was solved by Uchida (1956), whose solu‐
tion is summarized below.

Consider a general periodic function that can be expressed using a Fourier series as follows:

- 1
ρ

∂ p
∂ x =   ϰ0 + ∑

n=1

∞
 ϰcn cosnt+ ∑

n=1

∞
 ϰsn sinnt , (14)

Where n is the frequency of oscillation and  ϰcn  and  ϰsn  are Fourier coefficients.

In complex form, the solution to Eq. (4) is given by

u =
 ϰ0 

4v (a 2 - r 2) -  ∑
n=1

∞  iϰn 

n 1 -
J o 

(kr i
3
2 )

J o 
(kai

3
2 ) e int (15)

Where

k = n
v

(16)

The total mean velocity U is defined as U =  G
πa 2  , where G, the total mean mass flow, is given by

G = 1
2π ∫

0

2π
dt ∫

0

a
2πurdr =  

πa 4ϰ0 

8v  . (17)

When this expression has been rearranged in order to introduce the mean pressure gradient,
one gets

G = 1
2π ∫

0

2π

dt∫
0

a

2πurdr =
πa 4ϰ0

8μ (− ∂ p
∂ x )̄, (18)

Where (− ∂ p
∂ x )̄ =ρϰ0,  is the mean pressure gradient taken over time. Therefore,

U = a 2

8μ (− ∂ p
∂ x )̄. (19)

If one uses U as a velocity scale, the nondimensional expression of the velocity is given by
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u
U =  

us

U + u '

U (20)

with

us

U =2(1 - r 2

a 2 ) (21)

And

u '

U =∑
n=1

∞
 ϰcn  

 ϰ0 
{ 8B

(ka)2 cosnt + 8(1 − A)
(ka)2 sinnt} +  ∑

n=1

∞
 ϰsn  

 ϰ0 
{ 8B

(ka)2 sinnt − 8(1 − A)
(ka)2 cosnt}  ,  

where

A=  ber (ka)ber (kr ) + bei(ka)  bei(kr )
ber 2(ka) + bei 2(kr ) ,  B =  bei(ka)ber (kr ) − ber (ka)  bei(kr )

ber 2(ka) + bei 2(kr )  (a)

And

Jo 
(kri

3
2 ) =ber(kr) + ibei(kr) (b)

In which ber and bei are Kelvin functions defined using infinite series as shown below:

ber(z)=  ∑
k=0

∞
( − 1)k ( z

2
)4k

((2k ) !)2 (c)

and

bei(z)=  ∑
k=0

∞
( − 1)k ( z

2
)4k +2

((2k + 1) !)2  .   (d)

(22)

4.4. Asymptotic expressions of the velocity distribution

Two extreme cases were considered by Uchida: the case of very slow pulsations and that of

very fast pulsations, depending on the magnitude of the dimensionless parameter ka = n
v a

Consider very slow pulsations of the pressure gradients. If = n
v a ≪1 , pulsations of the

pressure gradients are very slow. Then, under these conditions and from the behavior of
Kelvin functions, it is reasonable to expect that

berka →1  and beika →0.

Then, the velocity takes the form

u
U =2(1 - r 2

a 2 ) 1
ϰ0 

- 1
ρ
∂ p
∂ x = 1

4μ (a 2 - r 2) - 1
ρ
∂ p
∂ x . (23)

In this case, the velocity distribution is a quadratic function of the radial distance from the
axis of the pipe ; and the corresponding velocity profile is parabolic. This result is similar to
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u
U =2(1 - r 2

a 2 ) 1
ϰ0 

- 1
ρ
∂ p
∂ x = 1

4μ (a 2 - r 2) - 1
ρ
∂ p
∂ x . (23)

In this case, the velocity distribution is a quadratic function of the radial distance from the
axis of the pipe ; and the corresponding velocity profile is parabolic. This result is similar to
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what is obtained in steady flow. However, the magnitude of the velocity is a periodic func‐
tion of time and is always in phase with the driving pressure gradient.

Consider very fast pulsations of the pressure gradients. If ka = n
v a →∞,  pulsations of the

pressure gradients are very fast. Then, Uchida used asymptotic expansions of ber(ka) and
bei(ka). In this extreme, the expression for the velocity near the center of the pipe is different
from that near the wall of the pipe. So, they are discussed separately.

Near the center of the pipe, ka →∞  and kr →0 , one gets

u
U =

 ϰ0 

4v (a2 - r2) + ∑
n=1

∞  ϰcn 

n cos(nt - π
2 ) +  ∑

n=1

∞  ϰsn 

n sin(nt - π
2 ). (24)

Comparing this to Eq. (14), one sees that when the pulsations are very rapid, fluid near the
axis of the pipe moves with a phase lag of 90o relative the driving pressure gradient and its
amplitude decreases as the frequency of pulsation increases.

Near the wall of the pipe, kr →ka →∞ , and one uses asymptotic expansions of Bessel func‐
tions to get

u
U =2(1− r2

a2 ) + ∑
n=1

∞
 ϰcn

 ϰ0 

8
(ka)2 {sin(nt)− a

r exp(− k(a − r)

2
) sin nt− k(a − r)

2
}

+ ∑
n=1

∞
 ϰsn

 ϰ0 

8
(ka)2 {−cos(nt) + a

r exp(− k(a − r)

2
) cos nt− k(a − r)

2
} .

(25)

4.5. Case of a general periodic pressure gradient: Graphical illustrations of Uchida’s
results

Uchida presented graphical illustrations of these results for four different values of the pa‐
rameter ka: 1, 3, 5, and 10.

At each value of the parameter ka and using the angle, nt, as the variable, he plotted twelve
different snapshots of the velocity profiles of the unsteady component of velocity for the fol‐
lowing angles:

nt =00,  300,  600,  900, 1200,  1500,  1800,  2100, 2400,  2700,  3000, 3300.

His plots showed that, as the value of ka was increased, the location of maximum velocities
shifted progressively away from the axis of the pipe and moved towards the wall. At ka = 1,
all maximums of velocity distributions occurred on the axis of the pipe. At ka = 3, two maxi‐
mums of velocity distributions had shifted away from the axis and moved toward the wall
of the pipe. These occurred at nt = 0o and nt = 180o. At ka = 5, half the maximums of velocity
distributions had shifted away from the axis and moved toward the wall of the pipe. These
occurred at nt = 0o, 30 o, 60 o, 180 o, 210 o and 240 o. At ka = 10, all of the maximums of velocity
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distributions had shifted away from the axis and occurred by the wall of the pipe. These re‐
sults are summarized in Table 1 and Uchida’s (1956) plots are reproduced in enlarged for‐
mats in Figures 5(a), 5(b), 6(a), and 6(b), as shown below.

Then, the velocity takes the form  

�
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Figure 4. As the frequency of pressure pulsations increases, the point of maximum velocity shifts progressively away
from the axis of the pipe and moves towards its wall (plots of Eq. (2), for increasing values of n).

ka Total maximums Maximums on the axis of the pipe Maximums away from the axis of the pipe

1 12 12 0

3 12 10 2

5 12 6 6

10 12 0 12

Table 1. Data extracted from Uchida’s papers ( his Figures 1, 2, 3, and 4 are shown below).

5. Pulsating flow through rectangular ducts

5.1. Summary of the results of analysis

Yakhot, Arad, and Ben-dor conducted numerical studies of pulsating flows in very long rec‐
tangular ducts, where a and h were the horizontal and the vertical dimensions, respectively,

of the cross-section of the duct, Fig. 7. Letting α =( ω2v )1/2 , they performed calculations for
low and high frequency regimes ( 1≤  αh ≤20 ) in rectangular ducts using two different as‐
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distributions had shifted away from the axis and occurred by the wall of the pipe. These re‐
sults are summarized in Table 1 and Uchida’s (1956) plots are reproduced in enlarged for‐
mats in Figures 5(a), 5(b), 6(a), and 6(b), as shown below.

Then, the velocity takes the form  
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���.�(23) 

In this case, the velocity distribution is a quadratic function of the radial distance from the axis of the pipe ; and the corresponding 
velocity profile is parabolic. This result is similar to what is obtained in steady flow.  However, the magnitude of the velocity is a 
periodic function of time and is always in phase with the driving pressure gradient. 

Consider very fast pulsations of the pressure gradients.   If �� � ��
� �� � �, pulsations of the pressure gradients are very fast. Then, 

Uchida used asymptotic expansions of ber(ka) and bei(ka).  In this extreme, the expression for the velocity near the center of the 
pipe is different from that near the wall of the pipe. So, they are discussed separately. 

Near the center of the pipe, ��� � ���������� � 0, one gets 
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Comparing this to Eq. (14), one sees that when the pulsations are very rapid, fluid near the axis of the pipe moves with a phase lag 
of 90o relative the driving pressure gradient and its amplitude decreases as the frequency of pulsation increases. 

Near the wall of the pipe, ��� � ��� � �, and one uses asymptotic expansions of Bessel functions to get 
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4.5 Case of a general periodic pressure gradient: graphical illustrations of Uchida’s results 

Uchida presented graphical illustrations of these results for four different values of the parameter ka: 1, 3, 5, and 10.  

At each value of the parameter ka and using the angle, nt, as the variable, he plotted twelve different snapshots of the velocity 
profiles of the unsteady component of velocity for the following angles: 

INLINE FORMULA         �� � 0�, 30�, 60�, 90�, 120�, 150�, 180�, 210�, 240�, 270�, 300�, 330�. 

His plots showed that, as the value of ka was increased, the location of maximum velocities shifted progressively away from the 
axis of the pipe and moved towards the wall.  At ka = 1, all maximums of velocity distributions occurred on the axis of the pipe. At 
ka = 3, two maximums of velocity distributions had shifted away from the axis and moved toward the wall of the pipe.  These 
occurred at nt = 0o and nt = 180o. At ka = 5, half the maximums of velocity distributions had shifted away from the axis and moved 
toward the wall of the pipe. These occurred at nt = 0o, 30 o, 60 o, 180 o, 210 o and 240 o.  At ka = 10, all of the maximums of velocity 
distributions had shifted away from the axis and occurred by the wall of the pipe. These results are summarized in Table 1 and 
Uchida’s (1956) plots are reproduced in enlarged formats in Figures 5(a), 5(b), 6(a), and 6(b), as shown in the appendix. 
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Figure 4. As the frequency of pressure pulsations increases, the point of maximum velocity shifts progressively away
from the axis of the pipe and moves towards its wall (plots of Eq. (2), for increasing values of n).

ka Total maximums Maximums on the axis of the pipe Maximums away from the axis of the pipe

1 12 12 0

3 12 10 2

5 12 6 6

10 12 0 12

Table 1. Data extracted from Uchida’s papers ( his Figures 1, 2, 3, and 4 are shown below).

5. Pulsating flow through rectangular ducts

5.1. Summary of the results of analysis

Yakhot, Arad, and Ben-dor conducted numerical studies of pulsating flows in very long rec‐
tangular ducts, where a and h were the horizontal and the vertical dimensions, respectively,

of the cross-section of the duct, Fig. 7. Letting α =( ω2v )1/2 , they performed calculations for
low and high frequency regimes ( 1≤  αh ≤20 ) in rectangular ducts using two different as‐
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pect ratios (a/h =1 and a/h = 10). They presented results for low frequencies ( αh =1 ) and

moderate frequencies ( αh =8 ). They indicated that results for frequencies higher, αh ≥10,

were very similar to those for moderate frequencies. The other conclusions that they came

up with are summarized below.
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Figure 5. (a). Where maximums of velocity distributions occur when the parameter ka = 1. The angle nt is the parame‐
ter; in these plots, nt = 00,  300,  600,  900, 1200,  1500,  1800,  2100, 2400,  2700,  3000, 3300. (b). Where maximums
of velocity distributions occur when the parameter ka = 3. The angle nt is the parameter;
in these plots,   nt = 00,  300,  600,  900, 1200,  1500,  1800,  2100, 2400,  2700,  3000, 3300.
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Figure 6. (a) Where maximums of velocity distributions occur when the parameter ka = 5. The angle nt is the parame‐
ter; intheseplots, nt = 00,  300,  600,  900, 1200,  1500,  1800,  2100, 2400,  2700,  3000, 3300. (b). Where maximums of
velocity distributions occur when the parameter ka = 10. The angle nt is the parameter;
in these plots, nt = 00,  300,  600,  900, 1200,  1500,  1800,  2100, 2400,  2700,  3000, 3300.
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Figure 7. Sketch of the rectangular duct used by Yakhot, Arad and Ben-dor (1999) in their numerical studies.

For low pulsating frequencies, h =1 , flow in a duct of square cross-sectional area, the ve‐
locity  distribution  is  in  phase,  that  is  in  lock  step,  with  the  driving  pressure  gradient.
This was true at low and at high aspect ratios. This result is the same as what happens
in the case of flow between parallel plates. When one compares the amplitudes of the in‐
duced  velocity,  one  finds  that  the  amplitude  of  flow between  flat  plates  is  larger  than
that in a square duct. This is due to the fact that, in a duct the fluid experiences friction
of four sides, whereas in the case of flow between parallel plates, it experiences flow on‐
ly from two sides. When the aspect ratio is increased to a/h = 10, the velocity in the duct
differs only with the velocity between parallel  plates near the side walls.  This is  clearly
due to the effects of viscosity.

For moderately pulsating frequencies, αh =8 , the velocity distribution of the flow in a duct
of square cross- sectional area differs considerably from that obtained at low frequencies.
The shapes of the velocity profiles are different; results indicate that, at certain instants of
time during a complete cycle, the profiles reach maximum values near the wall of the pipe
rather than on its axis of symmetry. This is Richardson’s “annular effect”. The induced ve‐
locity is no longer in phase, that is in lock step, with the driving pressure gradient. Rather,
the velocity is shifted with respect to the driving pressure and the magnitude of the shift de‐
pends on how far away points in the flow space are from the wall. Near the wall, the in‐
duced velocity on the axis of the duct lags behind that in the regions that are near the walls
of the duct. On the axis, the phase shift is 90o. This was true at low and at high aspect ratios.
This result is the same as what happens in the case of flow between parallel plates. When
one compares the amplitudes of the induced velocity, one finds that the amplitude of flow
between flat plates is larger than that in a square duct. This is due to the fact that, in a duct
the fluid experiences friction of four sides, whereas in the case of flow between parallel
plates, it experiences flow only from two sides. When the aspect ratio is increased to a/h =
10, the velocity in the duct differs only with the velocity between parallel plates near the
side walls. This is clearly due to the effects of viscosity.
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the velocity is shifted with respect to the driving pressure and the magnitude of the shift de‐
pends on how far away points in the flow space are from the wall. Near the wall, the in‐
duced velocity on the axis of the duct lags behind that in the regions that are near the walls
of the duct. On the axis, the phase shift is 90o. This was true at low and at high aspect ratios.
This result is the same as what happens in the case of flow between parallel plates. When
one compares the amplitudes of the induced velocity, one finds that the amplitude of flow
between flat plates is larger than that in a square duct. This is due to the fact that, in a duct
the fluid experiences friction of four sides, whereas in the case of flow between parallel
plates, it experiences flow only from two sides. When the aspect ratio is increased to a/h =
10, the velocity in the duct differs only with the velocity between parallel plates near the
side walls. This is clearly due to the effects of viscosity.
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5.2. Graphical illustration of the results of analysis by Yakhot, Arad and Ben-dor (1999)

The velocity profiles in pulsating flow at selected instants within one complete period are
shown below. Flow in a duct is compared to flow between parallel plates for different aspect
ratios and frequencies.

Figure 8. Velocity profiles in pulsating flow at different instants of one period. (a) Pressure gradient variation with
time. (b) Duct flow, a/h =1,  α h =1: solid line, x/a = 0.5; dashed, x/a = 0.25; dot-dashed, x/a = 0.1. (c) Flow between
two parallel plates.
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Figure 9. Velocity profiles in pulsating flow at different instants of one period. (a) Pressure gradient variation with
time. (b) Duct flow, a/h =10,  α h=1: solid line, x/a = 0.5; dot, x/a = 0.1; dashed, x/a = 0.025; dot-dashed, x/a = 0.01. (c)
Flow between two parallel plates.

Figure 10. Velocity profiles in pulsating flow at different instants of one period. (a) Pressure gradient variation with
time. (b) Duct flow, a/h =1,  α h=8: solid line, x/a = 0.5; dashed, x/a = 0.25; dot-dashed, x/a = 0.1. (c) Flow between two
parallel plates.
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time. (b) Duct flow, a/h =1,  α h=8: solid line, x/a = 0.5; dashed, x/a = 0.25; dot-dashed, x/a = 0.1. (c) Flow between two
parallel plates.
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Figure 11. Velocity profiles in pulsating flow at different instants of one period. (a) Pressure gradient variation with
time. (b) Duct flow, a/h =10,  α h=8: solid line, x/a = 0.5; dashed, x/a = 0.025; dot-dashed, x/a = 0.01. (c) Flow between
two parallel plates.

6. Anatomy of the shift using expansions of general results into power
series

6.1. Series expansions of Kelvin functions

The unsteady part of the solution, which is given by u '

U  , Eq. (22), can be written to show the
pressure gradient explicitly as shown below.

u '

U = ∑
n=1

∞
W (r , a, k ){  ϰ cn 

 ϰ0 
cos(nt - φ) +

 ϰ sn 

 ϰ0 
sin(nt - φ)} (26)

Where

W (r , a, k)= 8B
(ka)2 B 2 + (1 - A)2 1/2 (27)

And tan(φ(r , a, k ))=  1 - A
B

After a considerable amount of algebra using series expansions for the ber and bei functions,
it can be shown that
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W (r , a, k)=2(1 - r 2

a 2 )D(r , a, k ) (28)

Where D(r, a, k) is a dimensionless factor that is defined as shown below

D(r , a, k)= { ∑
n'=0

∞
Fm(x , y)

(ber 2ka + bei 2ka)
}1/2

(29)

Where m = 4n’, with n’ = 0,1,2,3,…, x =ka ,   y = r
a  , and Fm(x, y) denotes a family of polyno‐

mials a sample of which is shown below

F0 =1 (30)

F4 = 4
(4 !)2 ( x

2 )4(1 + 10y 2 + y 4)

F8 = 22
(6 !)2 ( x

2 )8(1 - 14
11 y 2 + 186

11 y4 - 14
11 y 6 + y 8)

F12 = 68
(8 !)2 ( x

2 )12(1 + 66
17 y 2 - 277

17 y4 + 948
17 y 6 - 277

17 y8 + 66
17 y 10+ y12)

F16 = 254
(10 !)2 ( x

2 )16(1 + 154
127 y 2 + 2206

127 y4 - 10142
127 y 6 + 21610

127 y8 - 10142
127 y 10+ 2206

127 y12 + 154
127 y14 + y 16)

F20 = 922
(12 !)2 ( x

2 )20(1 + 1066
461 y 2 - 2685

461 y4 + 41964
461 y 6 - 158412

461 y8 + 268476
461 y 10- 158412

461 y12 + 41964
461 y14 - 2685

461 y 16 + 1066
461 y 18 + y 20)

F24 =
3434
(14!)2 ( x

2 )24(1 +
3238
1717 y 2 +

13040
1717 y 4 −

109654
1717 y 6 +

769653
1717 y 8 −

2359044
1717 y 10 +

3530268
1717 y 12 −

−
2359044

1717 y 14 +
769653

1717 y 16 −
109654

1717 y 18 +
13040
1717 y 20 +

3238
1717 y 22 + y 24

)
F28 = 12868

(16 !)2 ( x
2 )28(1 + 25992

12868 y 2 + 24716
12868 y 4 + 337040

12868 y 6 − 2663036
12868 y 8 + 13416312

12868 y 10 − 34632404
12868 y 12 + 48192480

12868 y 14 −

− 34632404
12868 y 16 + 13416312

12868 y 18 − 2663036
12868 y 20 + 337040

12868 y 22 + 24716
12868 y 24 + 25992

12868 y 26 + y 28
)

Note, from the definition of w(r, a, k), Eq. (28), that each of these polynomials will be multi‐
plied by the steady velocity. Clearly, this shows that all components that are added to the
velocity due to unsteadiness are essentially various forms of the same steady velocity after it
has been modified by the introduction of time variations. The series of equations shown be‐
low demonstrates this observation:

u
U =  

us

U + u '

U , (31)

us

U =2(1 - r 2

a 2 ), (32)
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u
U =  2(1 - r 2

a 2 ) + ∑
n=1

∞
W (r , a, k ){  ϰ cn 

 ϰ0 
cos(nt - φ) +

 ϰ sn 

 ϰ0 
sin(nt - φ)}, (33)

Using the expression for W (r , a, k) that is shown in Eq. (28), one gets

u
U =  2(1 - r 2

a 2 ) + 2(1 - r 2

a 2 )∑
n=1

∞
D(r , a, k ){  ϰ cn 

 ϰ0 
cos(nt - φ) +

 ϰ sn 

 ϰ0 
sin(nt - φ)}, (34)

After a minor rearrangement of terms, Eq. (34) becomes

u
U =  2(1 - r 2

a 2 ) + 2(1 - r 2

a 2 )∑
n=1

∞ D(r , a, k )
 ϰ0 

{ ϰcn cos(nt - φ) +  ϰsn sin(nt - φ)}. (35)

Since D(r, a, k), in Eq. (35), consists of the functions Fm(x, y),  one concludes that the family
of polynomials Fm(x, y) that is shown in Eq.(30) is what is primarily responsible for the
change in the shape of the velocity profile as the frequency of oscillation increases. There‐
fore, it is those polynomials that cause the location of the maximum velocity to move away
from the axis of the pipe, and hence, bear the essence of the physical interaction between
viscous forces and pressure forces during pulsating motions. This conclusion will be illus‐
trated graphically below.

6.2. Graphical illustrations of the shape of the Fm(x, y) polynomials

Variation in the shapes of the functions Fm(x, y) is illustrated graphically below. It will be

remembered that, in what follows, x =ka = n
v a   ,   y = r

a  , the dimensionless radial distance
from the axis of the pipe; and that

m = 4n’, with n’ = 1, 2, 3, 4, 5, … In Figures 12 and 13, twelve functions Fm(x, y) are plotted
against the radial distance y for various values of the dimensionless parameter x.
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Since D(r, a, k), in Eq. (35), consists of the functions ����, ��,  one concludes that the family of 
polynomials����, ��  that is shown in Eq.(30) is what is primarily responsible for the change in the shape of the 
velocity profile as the frequency of oscillation increases. Therefore, it is those polynomials that cause the location of 
the maximum velocity to move away from the axis of the pipe, and hence, bear the essence of the physical 
interaction between viscous forces and pressure forces during pulsating motions. This conclusion will be illustrated 
graphically below. 

6.2 Graphical illustrations of the shape of the ����, ��  polynomials 

Variation in the shapes of the functions  ����, �� is illustrated graphically below. It will be remembered that, in 

what follows, � � �� � ��
� �			,	 y = �� , the dimensionless radial distance from the axis of the pipe; and that  

m = 4n’, with n’ = 1, 2, 3, 4, 5, … In Figures 12 and 13, twelve functions  ����, �� are plotted against the radial 
distance y for various values of the dimensionless parameter x. 

                     a)  x = 0.01                                                                         b) x = 0.1 

Figure 12. Each coordinate frame shows plots of three functions����, �� vs y: ����, ��, �����, ��, and �����, ��; x is 
used as the parameter. Note that larger values of x indicate higher rates of pulsations by the pressure gradient. 
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Figure 12. Each coordinate frame shows plots of three functions Fm(x, y) vs y: F4(x, y), F12(x, y),  and F28(x, y); x is
used as the parameter. Note that larger values of x indicate higher rates of pulsations by the pressure gradient.
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                        a)  x = 1                                                                             b)  x= 5 

Fig. 13. Each coordinate frame shows plots of three functions����, �� vs. y: ����, ��, �����, ��, and �����, ��; x is 
the parameter.  Note that larger values of x indicate higher rates of pulsations by the pressure gradient. 

7.  Compiled summary of results from several investigators and conclusions 

While conducting experiment on sound waves in resonators, Richardson (1928) measured velocities across an 
orifice of circular cross-section and found that the maximum velocity could occur away from the axis of symmetry 
and toward the wall.  Sexl (1930) proved analytically that what Richardson observed could happen. Richardson and 
Tyler (1929-1930) confirmed these findings with more experiments with a pure periodic flow generated by the 
reciprocating motion of a piston. Uchida (1956) studied the case of periodic motions that were superposed upon a 
steady Poiseuille flow. An exact solution for the pulsating laminar flow that is superposed on the steady motion in a 
circular pipe was presented by Uchida (1956) under the assumption that that flow was parallel to the axis of the pipe. 

The total mean mass of flow in pulsating motion was found to be identical to that given by Hagen-Poiseuille’s law 
when the steady pressure gradient used in the Hagen-Poiseuille’s law was equal to the mean pressure gradient to 
which the pulsating flow was subjected. 

The phase lag of the velocity variation from that of the pressure gradient increases from zero in the steady flow to 
90o in the pulsation of infinite frequency. 

Integration of the work needed for changing the kinetic energy of fluid over a complete cycle yields zero, however, a 
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Figure 13. Each coordinate frame shows plots of three functions Fm(x, y) vs. y: F4(x, y), F12(x, y),  and F28(x, y); x is
the parameter. Note that larger values of x indicate higher rates of pulsations by the pressure gradient.

7. Compiled summary of results from several investigators and
conclusions

While conducting experiment on sound waves in resonators, Richardson (1928) measured
velocities across an orifice of circular cross-section and found that the maximum velocity
could occur away from the axis of symmetry and toward the wall. Sexl (1930) proved analyt‐
ically that what Richardson observed could happen. Richardson and Tyler (1929-1930) con‐
firmed these findings with more experiments with a pure periodic flow generated by the
reciprocating motion of a piston. Uchida (1956) studied the case of periodic motions that
were superposed upon a steady Poiseuille flow. An exact solution for the pulsating laminar
flow that is superposed on the steady motion in a circular pipe was presented by Uchida
(1956) under the assumption that that flow was parallel to the axis of the pipe.

The total mean mass of flow in pulsating motion was found to be identical to that given by
Hagen-Poiseuille’s law when the steady pressure gradient used in the Hagen-Poiseuille’s
law was equal to the mean pressure gradient to which the pulsating flow was subjected.

The phase lag of the velocity variation from that of the pressure gradient increases from zero
in the steady flow to 90o in the pulsation of infinite frequency.

Integration of the work needed for changing the kinetic energy of fluid over a complete cy‐
cle yields zero, however, a similar integration of the dissipation of energy by internal fric‐
tion remains finite and an excess amount caused by the components of periodic motion is
added to what is generated by the steady flow alone.

It follows that a given rate of mass flow can be attained in pulsating motion by giving the
same amount of average gradient of pressure as in steady flow. However, in order to main‐
tain this motion in pulsating flow, extra work is necessary over and above what is required
when the flow is steady.
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Recently, Camacho, Martinez, and Rendon (2012) showed that the location of the character‐
istic overshoot of the Richardson's annular effect changes with the kinematic Reynolds num‐
ber in the range of frequencies within the laminar regime. They identified the existence of
transverse damped waves that are similar to those observed in Stokes’ second problem.

All these results were obtained in flows through pipes of circular cross-sections and rectan‐
gular ducts. It is reasonable to expect that they would hold in the flow of air in a wind tun‐
nel. Experimental results indicate that the Richardson’s annular effect does occur in the test
section of a subsonic wind tunnel. That behavior first appears unusual and, indeed, odd.
However, as shown in this chapter, there is considerable experimental and analytical evi‐
dence in the literature that indicates that this behavior is due to high-frequency pulsations of
the pressure gradient. Accordingly, in the case of a subsonic wind tunnel, it is probably due
to the fast rate of rotation of fan blades. Indeed, in our wind tunnel, results from analysis
and those from experiments differed only by about 5.7%.

Nomenclature of the symbols (with units)

α :  a dimensionless ratio that combines the rate of pressure pulsations and the distance from
the wall of the pipe;

η :  a dimensionless distance from the wall of the pipe;

ρ :  the mass density of the fluid ( kg/m3);

μ :  the coefficient of absolute viscosity (N.s/ m2);

v :  the coefficient of kinematic viscosity (m2/s);

ω : denotes the circular frequency of pressure oscillations;

 ϰcn  and  ϰsn  : Fourier coefficients of the pressure gradient;  ϰo  is the steady part of the
pressure gradient (m/s2);

a: the inside radius of a pipe through which an oscillating flow is moving;

c : the magnitude of a reference speed

G: the total mean value of the mass flow, U the total mean value of the velocity

i : the pure imaginary number; it is defined by i2 = -1

Jo :  Bessel function of the first kind and of zero order

k: a dimensionless ratio used by Schlichting to denote the magnitude of the frequency of os‐
cillation

K: a symbol used by Schlichting to indicate the magnitude of the pressure gradient

n: denotes the circular frequency of pressure oscillations (rad/s)
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P: the pressure that drives the flow (N/m2)

∂ p
∂ x  : the pressure gradient in the axial direction of an infinitely long pipe

r: the radial distance measured from the axis of the pipe (m)

R: the inside radius of a pipe of circular cross section (m)

t: time elapsed (s)

u: the axial velocity of the flow (m/s)

us: the steady part of the velocity u (m/s)

u ' : the unsteady part of the velocity u (m/s

U :  the mean speed (m/s) of the velocity u (m/s)

x: a dimensionless ratio that measures the rate of pulsations of the pressure gradient

y: a dimensional distance from the wall of the pipe (m)
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Chapter 6

Wind Tunnel Tests on Horn-Shaped Membrane Roof
Under the Turbulent Boundary Layer

Yuki Nagai, Akira Okada, Naoya Miyasato,
Masao Saitoh and Ryota Matsumoto

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54180

1. Introduction

In this paper, the authors describe about a wind tunnel test for a membrane roof on a civil
engineering. Especially, the authors focused on the horn-shaped membrane roof (shown in
fig.1). Wind loading is the most dominant load for light-weight structures such as membrane
roofs. A wind-force coefficient of typical building type such as box-type is defined in the
guideline and the cord, but a wind-force coefficient of complicated shapes such as the horn-
shaped membrane roof has not been sufficiently reported yet.

In general, there are two types of wind-tunnel test on the membrane roof, namely a test using
a rigid model and a test using an elastic model. The test of the rigid model is used to measure
the wind pressure around the building. On the other hand, the test of the elastic model can
measure the deflection of the membrane surface directly and grasp the behavior of the
membrane. This paper describes about the test using the rigid model for the horn-shaped
membrane roof structure to measure a wind-force coefficient and fluctuating wind pressure
coefficient around membrane under the turbulent boundary layer flow.

1.1. Past research about the wind tunnel on the horn-shaped membrane structures

Wind pressure coefficients of typical building type such as box-type are defined in guidelines
and standards in each country, but wind pressure coefficients of complicated shapes such as
the horn-shaped membrane roof have not been sufficiently reported yet.

The basic studies, which were about the theory and the analysis method, on the horn-shaped
membrane roof were reported by F. Otto, M. Saitoh et al and also were shown the wind-
pressure coefficients of the horn-shaped membrane roof under regulated conditions in several
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reports and books (Otto, 1969; Saitoh & Kuroki, 1989; Nerdinger, 2005). In the recent years,
studies on the numerical simulation against the horn-shaped membrane roof were reported
by J. Ma, C. Wang et al (Ma et al., 2007; Wang et al., 2007). Furthermore, dissertation by U.
Kaiser indicated wind effects on weak pre-stressed membrane structure which is 30m horn
shaped membrane by aero-elastic models (Kaiser, 2004).

In this way, there are many other references on this field. However, the basic date for the wind-
force coefficient of the horn-shaped membrane roof has not been sufficiently reported yet.
Based on this background, the authors have carried on the wind tunnel test, and report these
results.

1.2. The composition of this paper

In this chapter, the authors describe about a composition of this paper and explain three types
of wind tunnel test (see fig. 2).

Chapter 2 shows a form of the horn-shaped membrane roof and example of a basic technique
to form finding method of the membrane structure before the wind tunnel tests. Chapter 3
shows definitions of symbols and calculation formulas on this paper. Chapter 4 shows outline
of wind tunnel device and method of measuring. Chapter 5 shows a flow condition of the test
which is the turbulent boundary layer flow, and test conditions. Chapter 6 and 7 show the
wind tunnel tests and the results; the test of stand-alone type model in chapter 6 and the test
of multi-bay models on chapter 7. These tests indicate mean wind pressures coefficient,
fluctuating wind pressure coefficient and peak wind pressure coefficient around the horn-
shaped membrane structures under the turbulent boundary layer flow.

Kashiwa no Mori (2008) 

Stand-alone Model Multi-bay Model 

Rest Dome (1989) 

Tsukuba Expo., Japan (1985) Hyper Dome E (1990) 
  

Figure 1. Horn-shaped membrane roof
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Stand-alone model --------Parameter; rise-span ratio, wind direction -------- Chapter 6 

Turbulent boundary layer flow---------------------Conditions---------------------- Chapter 5 

Multi-bay model (3x3unit) ------------Parameter; wind direction -------------- Chapter 7 

Figure 2. The composition of this paper

2. Form of the horn-shaped membrane roof

The horn-shaped membrane roofs have several kind of planar shape, namely a circle, a square
and a hexagon. This paper describes about the square based horn-shaped membrane roof. In
general, the membrane structure needs to find appropriate forms to resist external force.
‘European Design Guide for Tensile Surface’ by TensiNet presents some methods of form-
finding for the membrane structures (Forster & Mollaert, 2004). This paper used nonlinear finite
element method to find the appropriate form on the square based horn-shaped membrane.

In this paper, the membrane material was defined as low stiffness material (see figure 3). On
the other hand, a strut was defined as high stiffness material. A strut was transferred point B
from point A in order to get the appropriate form using FEM analysis. A rise-span ratio h/L
was defined as the ratio of a span L to a height of the horn-shaped roof H, and an appropriate
form of h/L=0.2 was obtained by finite element method with geometrical nonlinear in this
paper. Additionally, the top of strut was L/10 and there wasn’t a hole on the middle of the
horn-shaped roof. The final shape get three-dimensional curved surface.

3. Definitions of symbols and calculation formula on this paper

The wind pressure coefficient was calculated based on The Building Standard Law of Japan (The
building Center of Japan, 2004), Recommendations for Load on Buildings 2004 (Architectural
Institute of Japan, 2004) and ASCE Manuals (Cermak & Isyumov, 1998). Definitions of the
symbols in this paper are shown in figure 4. As for the signs of wind pressure coefficient, the
positive (+) means positive pressure against the roof and the negative (-) means negative
pressure against the roof.
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Figure 4. The definitions of symbols in this paper

The wind pressure coefficient is obtained from follows;

pj poj pijC C C= - (1)

,ij oj
pij poj

z z

P Ps P PsC C
q q
- -

= = (2)

21
2

z zq vr= (3)

Figure 3. Form finding method on the horn-shaped membrane structure
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in which C pj is the wind pressure coefficient at measurement pressure tap j, C poj is the external
wind pressure coefficient at measurement tap j, C pij is the internal wind pressure coefficient
at measurement tap j, P ij is the internal pressure at measurement tap j, Po is the external
pressure at measurement tap j, P s is the static, or the barometric, pressure at a reference
location, q̄ z is the mean value of dynamic pressure at the reference location z, ρ is the density
of the air, and v̄ z is the mean value of wind velocity at the reference location z. In this paper,
the reference location z with the uniform flow means the position of the pitot tube. On the
other hand, the reference location z with the turbulent boundary layer flow was obtained from
the following equations;

2
Hz h= + (4)

in which h is the eave height of the roof, and H is the rise of the horn-shaped roof.

Particularly, the mean value of wind pressure coefficient C p_mean and the peak value of wind
pressure coefficient C p_peak are expressed respectively as follows;

_ _ _p mean po mean pi meanC C C= - (5)

_ , max _ , max _ , min

_ , min _ , min _ , max

p peak po peak pi peak

p peak po peak pi peak

C C C
C C C
ì = -ï
í = -ïî

(6)

in which C po_mean and C pi_mean are the mean value of external and internal wind pressure
coefficient, C po_peak and C pi_peak are the tip value of external and internal wind pressure coefficient.

Additionally, C pi_mean, C po_mean, C po_peak and C pi_peak are given by the following equations;

_ _
_ _,i mean mean

pi peak po peak
z z

P PoC C
q q

= = (7)

_ _
_ _,i mean o mean

pi mean po mean
z z

P PC C
q q

= = (8)

in which P i_mean and P o_mean are the mean value of internal and external wind pressure on the
pressure measurement tap respectively, and P i_peak and P o_peak are the tip value of internal and
external wind pressure on the tap. In case of the enclosed type which is constructed with side
walls, P i is neglected on these calculations.
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4. Outline of wind tunnel configuration

These tests were aimed at measuring local wind pressure on the horn-shaped membrane roof
using the Eiffel type wind tunnel as shown in table 1 and figure 5. The turbulent boundary
layer flow was made by the roughness blocks, the spires and the trips (show in figure 6). The
P j -P s, which P j is the pressure at the measurement pressure tap j and P s is the static pressure
at the pitot tube, was measured directly by the laboratory pressure transducer as a differential
pressure and represents the wind pressure acting at the particular pressure tap location j within
the computer as sown in figure 7.

Wind tunnel

Wind tunnel facility Eiffel type wind tunnel

Length of wind tunnel 31000mm

Section size 2200×1800×17300mm (width×height×length)

Contraction ratio 1 : 3

Velocity range 0.0~25.0

Blower

Form GFPR’s axial fan

Wing shape φ=2500mm

Volume About 100

Table 1. Outline of wind tunnel configuration

Figure 5. Sketch of Eiffel wind tunnel used
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Figure 6. Cross-section diagram of wind tunnel facilities

Figure 7. The wind pressure acting at the particular pressure tap location j

5. Outline of the turbulent boundary layer flow

In this chapter, the outline of the turbulent boundary layer flow is described. Table 2 shows
conditions and parameters on the tests. It was assumed that a model scale was 1: 100 and that
a velocity scale was 7/27 at the full scale wind speed 34m/s. In this case, time scale was 11/125,
and additional flow conditions indicate in figure 9. Airflow conditions which were the average
wind speed profile, the turbulence intensity, the power spectral density of fluctuating wind
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speed and the scale of turbulence for this test, are shown in figure 9. The velocity gradient α
was 0.2 and the turbulent intensity around the roof was about 0.3. This wind was simulated
natural wind in the urban area, namely “terrain 3” in the Building Standard Low of Japan.

Figure 8. Photos of wind tunnel test

Flow

Boundary Turbulent Layer Flow

(Urban Area;

Terrain 3 in The Building Standard Law of Japan)

Wind velocity About 7 m/s at z=35mm (around the test model)

Velocity gradient α α=0.2

Velocity turblence intensity Ir 0.3 at z=35mm (around the test model)

Table 2. Airflow Condition on the wind tunnel

Model Type Stand-alone model, Multi-bay Model

Sampling speed 500Hz

Sampling time 30sec

Rise-span ratio h/L 0.1, 0.2, 0.3

Model scale 100mm x100mm ( model : full =1:100)

Wall Open type / Enclosed type

Wind direction 0-degree, 15-degree, 30-degree, 45-degree

Number of test on each model Five times

Table 3. Model Condition
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Fig. 9, Wind flow conditions in the wind test 

6. The wind tunnel test on the stand-alone model under the turbulent 
boundary layer flow 

This chapter focuses on the stand-alone model of horn-shaped membrane roof and indicates 
wind pressure and fluctuating pressure around models under the boundary turbulent layer 
flow which was shown in the preceding section. 

6.1 Outline of tests 

The 100mm x 100mm square based model was used in this test. Major parameters were 
three types of rise-span ratio (h/L), namely h/L=0.1, 0.2 and 0.3, and the presence of walls. 
Six types of model were prepared for this wind tunnel test. The outline of models and 
measurement taps show in figure 10 and figure 11. 
These models were made from acrylic plastic. As for the open type model, the roof depth 
was about 5mm in order to measure both sides of the roof at the same time (show in figure 
12). Additionally, wind directions were only four types which were 0-deg., 15-deg., 30-deg. 
and 45-deg., because of symmetry form of roof. 

(a) Vertical Average Wind Speed 
Profile; Velocity gradient  
α=0.2 and wind velocity was  
about 7m/s at z=35mm 

(b) Vertical Turbulence Intensity Ir 

Profile; Ir=0.3 at z=35mm 

(c) Power Spectral Density of 
Fluctuating Wind Speed at  
z=30mm 

(d) Scale of Turbulence Lx 

Figure 9. Wind flow conditions in the wind tunnel test

6. The wind tunnel test on the stand-alone model under the turbulent
boundary layer flow

This chapter focuses on the stand-alone model of horn-shaped membrane roof and indicates
wind pressure and fluctuating pressure around models under the boundary turbulent layer
flow which was shown in the preceding section.

6.1. Outline of tests

The 100mm x 100mm square based model was used in this test. Major parameters were three
types of rise-span ratio (h/L), namely h/L=0.1, 0.2 and 0.3, and the presence of walls. Six types
of model were prepared for this wind tunnel test. The outline of models and measurement
taps show in figure 10 and figure 11.

These models were made from acrylic plastic. As for the open type model, the roof depth was
about 5mm in order to measure both sides of the roof at the same time (show in figure 12).
Additionally, wind directions were only four types which were 0-deg., 15-deg., 30-deg. and
45-deg., because of symmetry form of roof.
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Figure 10. Experimental models and measuring points on the stand-alone models; two types model was prepared,
namely “Open type” and “Enclosed type”

 

  

 

Enclosed type Open type 

h/L=0.3 
h/L=0.2 

h/L=0.1 

Figure 11. The photo of models; three types of h/L models which was made from acrylic plastic. The depth of open
type’s roof is about 5mm thick.

Figure 12. Details of the experimental model

6.2. Results of mean wind pressure coefficient on the stand-alone model

Distributions of mean wind pressure coefficient on each model are indicated in figure 13 and
14. The distribution of wind pressure coefficient changed the value depending on the presence
of the wall. Similarly, the wind pressure coefficient distributions depended on the wind
direction.
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Distributions of mean wind pressure coefficient on each model are indicated in figure 13 and
14. The distribution of wind pressure coefficient changed the value depending on the presence
of the wall. Similarly, the wind pressure coefficient distributions depended on the wind
direction.
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In the open type, the negative pressure concentrated at the windward side on the model. On
the other hand, the negative pressure observed at the top of the roof on the enclosed model.
Moreover, the negative pressure around the top of roof was increase with increasing of a rise-
span ratio.

Figure 13. Mean wind pressure coefficient which was obtained from wind tunnel tests on enclosed type of the stand-
alone mode

Figure 14. Mean wind pressure coefficient which was obtained from wind tunnel tests on open type of the stand-
alone mode
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6.3. Results of fluctuating wind pressure coefficient on the stand-alone model

This section shows the distributions of fluctuating wind pressure coefficient on each model
(show in figure 15 and 16). The fluctuating wind pressure coefficient Cf’ was obtained from
the following equations;

' p
f

z

C
q

s
= (9)

in which σp is fluctuating wind pressure at pressure tap p on the model and q̄ z is the mean value
of dynamic velocity pressure at the reference location. The maximum value of the fluctuating
wind pressure is “1.0” and the minimum value of the fluctuating wind pressure is “0”.

The test result showed that the Cf’ of the enclosed types were different distribution from the open
types. Furthermore the Cf’ of the enclosed type was larger than that of the open type. Especial‐
ly, the model type h/L=0.2 of the enclosed model showed 0.75 around the center of the roof. These
results may cause some effects on the response of membrane, since the membrane structure is
generally sensitive structure for the external force such as wind load with turbulence.

Figure 15. Fluctuating wind pressure coefficient which was obtained from wind tunnel tests on enclosed type of the
stand-alone mode

6.4. Results of peak wind pressure coefficient on the stand-alone model

Distributions of the peak wind pressure coefficient on each model are indicated in figure 17
and 18. Generally, the peak wind pressures around corner of roof distinct from distributions
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of the internal area. However, this test showed that peak wind pressure coefficients around
the middle of roof (i.e. the top of roof) were the maximum negative value. In addition, the peak
wind pressure coefficient of the enclosed model was larger than that of the open type. For
example, focusing on the enclosed model, the model of h/L=0.2 and 0.3 show more than -4.0.
Furthermore, the distribution varied according to the parameter of wind direction and rise-
span ratio.

Figure 17. Peak wind pressure coefficient which was obtained from wind tunnel tests on enclosed type of the stand-
alone mode

Figure 16. Fluctuating wind pressure coefficient which was obtained from wind tunnel tests on open type of the
stand-alone mode
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Figure 18. Peak wind pressure coefficient which was obtained from wind tunnel tests on open type of the stand-
alone mode

7. The wind tunnel test on the multi-bay model under the turbulent
boundary layer flow

In most cases, the horn shaped membrane structure is used as the multi-bay type. The number
of horn unit depends on the scale of the building and the building uses. Therefore, this chapter
focuses on the multi-bay model of 3×3. This test was carried out to clarify about the basic
characteristics of the wind pressure coefficient of the multi-bay horn-shaped membrane roof.

7.1. Outline of tests

This test used the same facilities and the same turbulent flow as the stand-alone model shown
in chapter 5. A model scale of a horn unit was 30cm x 30cm and the number of unit was 3 wide,
3 bays, and the models ware made from acrylic (see figure 19 and 20). This experimental model
was only one type of rise-span ratio, namely h/L=0.2.
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Figure 19. Experimental models and measuring points on the multi-bay models

Figure 20. The photo of models on the multi-bay model; one type of h/L model which was made from acrylic plastic.

7.2. Results of mean wind pressure coefficient on the multi-bay model

Distributions of mean wind pressure coefficient on each model are shown in figure 21 and
22. The distributions were changed by wind direction as same as stand-alone models. Forcus‐
ing on the enclosed model, the positive pressure were shown around the valley of the roof. On
the other hand, in the open type, windward side show positive pressure.

These results of open type were obtained approximately the same results with the stand-
alone model of open type. On the other hand, as for the enclosed type, results were different
from the stand-alone model. Specifically, focusing on the rise-span ratio 0.2, the value of the
wind pressure coefficient around the middle of model was smaller than the stand alone
models.
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Figure 21. Mean wind pressure coefficient which were obtained from wind tunnel tests on enclosed type of the multi-
bay mode

Figure 22. Mean wind pressure coefficient which were obtained from wind tunnel tests on open type of the multi-bay
mode

7.3. Results of fluctuating wind pressure coefficient on the multi-bay model

Distributions of fluctuating wind pressure coefficient on each model are indicated in figure
23 and 24. The fluctuating wind pressure coefficients indicated on multi-bay model almost the
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Figure 21. Mean wind pressure coefficient which were obtained from wind tunnel tests on enclosed type of the multi-
bay mode

Figure 22. Mean wind pressure coefficient which were obtained from wind tunnel tests on open type of the multi-bay
mode

7.3. Results of fluctuating wind pressure coefficient on the multi-bay model

Distributions of fluctuating wind pressure coefficient on each model are indicated in figure
23 and 24. The fluctuating wind pressure coefficients indicated on multi-bay model almost the
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same as that on stand-alone model. The enclosed model showed value of 0.6 or more over the
whole area of the roof. But the open type showed comparatively large value of approximately
0.8 on the only windward side.

Figure 23. Fluctuating wind pressure coefficient which were obtained from wind tunnel tests on enclosed type of the
multi-bay mode

Figure 24. Fluctuating wind pressure coefficient which were obtained from wind tunnel tests on open type of the
multi-bay mode
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7.4. Results of peak wind pressure coefficient on the multi-bay model

The maximum peak wind pressure coefficients are shown in figure 25, and the minimum peak
wind pressure coefficients are shown in figure 26. These distributions were changed by wind
direction. Furthermore, these wind pressure coefficients around the top of roof indicated the
maximum negative value. And these results were smaller than the stand-alone models.

(a)Enclosed Type (b)Open Type 

Figure 25. Maximum peak wind pressure coefficient which were obtained from wind tunnel tests on the multi-bay
model

(a)Enclosed Type (b)Open Type 

Figure 26. Minimum peak wind pressure coefficient which were obtained from wind tunnel tests on the multi-bay
model

8. Conclusions

In this paper, the characteristics of the wind pressure coefficients on the horn-shaped mem‐
brane roof were presented using wind tunnel tests with the turbulent boundary layer flow.
Particularly, the followings are clarified that;

Wind Tunnel Designs and Their Diverse Engineering Applications142



7.4. Results of peak wind pressure coefficient on the multi-bay model

The maximum peak wind pressure coefficients are shown in figure 25, and the minimum peak
wind pressure coefficients are shown in figure 26. These distributions were changed by wind
direction. Furthermore, these wind pressure coefficients around the top of roof indicated the
maximum negative value. And these results were smaller than the stand-alone models.

(a)Enclosed Type (b)Open Type 

Figure 25. Maximum peak wind pressure coefficient which were obtained from wind tunnel tests on the multi-bay
model

(a)Enclosed Type (b)Open Type 

Figure 26. Minimum peak wind pressure coefficient which were obtained from wind tunnel tests on the multi-bay
model

8. Conclusions

In this paper, the characteristics of the wind pressure coefficients on the horn-shaped mem‐
brane roof were presented using wind tunnel tests with the turbulent boundary layer flow.
Particularly, the followings are clarified that;

Wind Tunnel Designs and Their Diverse Engineering Applications142

• The wind pressure coefficient varied according to the presence of the wall and the wind
direction.

• The negative pressure around the top of roof become larger with the increase of the rise-
span ratio.

• The fluctuating wind pressure coefficient and the peak wind pressure coefficient on the
enclosed type was larger than these of the open type.

• As for the mean wind pressure coefficient of the enclosed types, the multi-bay types were
different from the stand-alone models. These results are forecast to cause unstable phe‐
nomenon of the membrane.

Furthermore, the representative distributions of the wind pressure coefficient were shown on
each parameter.
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Chapter 7

Experimental Study of Internal Flow Noise
Measurement by Use of a Suction Type Low Noise
Wind Tunnel

Yoshifumi Yokoi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53828

1. Introduction

The measurement experiment of the fluid-dynamic noise made from the object placed into
the air flow is performed using a low noise wind tunnel, a silent airflow wind tunnel, etc. In
the low noise wind tunnel, the measures against silence are taken so that the noise generated
with a fan or a compressor may not propagate as much as possible to a wind tunnel test sec‐
tion by an air current. As for the surroundings of the test section of a low noise wind tunnel,
acoustic free space is provided. Generally a wind tunnel is classified by the form of the
channel of a wind tunnel (blow type, suction type and circulating type), the form of the
measurement section (open, half-open and sealed), and the existence of circulation of flow.
And the practical wind tunnels are classified into 13 kinds (Mochizuki & Maruta, 1996). Fig‐
ure 1 illustrates the circulation environment for the airflow between the blower and the
measurement section, the types of duct in the wind tunnel (blow, suction and circulating)
and the types of measurement section (open, half-open and sealed). The merit of each type
of the wind tunnel and the weak point are summarized as follows. In the merit of the blow
type, the composition is simple and small the installation space. In the liberating measure‐
ment section of jet-type, the usage of use becomes various. The week point is to need big
power because the pressure loss is large. Flowing quantity will come to receive the fluctua‐
tion easily in turbulence. The measurement section is that the temperature raises more than
the temperatures of air in the surrounding. The merit of the suction-type should be able to
be composed the rectification part short, and more compactly than the blow-type. The tem‐
perature of the measurement section is the same as the temperature of the space in the sur‐
rounding. The weak point is to receive the influence of the fluctuation of the outer air flow
large. The measurement section must become negative pressure from the atmospheric pres‐
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sure. An enough space for the rectification is needed on the suction side. The merit of the
circulating blow-type is not to receive turbulence. The experiment on all-round is possible in
the open-type measurement section. The weak point is to take time until stabilizing and it be
easy to rise in the temperature. Merits of the circulating suction-type are that turbulence is
not received and the rectification part is short. The weak point is to take time until stabiliz‐
ing. A very wide space is necessary forward of the suction mouth. Merits of the circulating
type to unnecessary big power and not to receive turbulence. The stability of the flow is also
early. Especially, efficiency is very good and the pressure loss is a little in the sealed-type
measurement section. The weak point is to need noting in the rise's of the air flow tempera‐
ture becoming remarkable. The object flow must be limited. A wide installation space is
needed. In addition, there are a peculiar merit and a weak point respectively by the meas‐
urement section shape, and they are summarized as follows. The merit of the open-type
measurement section is that the limitation concerning the size and the shape of the test piece
is a little. The weak point is to receive turbulence by the suck of air. Merits of the half-open
type measurement section are permitted the test piece diversity and are hard of turbulence
to receive. The weak point is that the measurement room becomes negative pressure easily.
The merit of the sealed-type measurement section is to become the most efficient wind tun‐
nel, and to hardly receive turbulence. The weak point is to receive the limitation to the size
and the shape of the test piece. Among these, it is required that the wind tunnel aiming at
measurement of a fluid-dynamic noise secures the acoustic free space of silence and a test
section. Moreover, it is also required that the spatial relationship of a test model and a mi‐
crophone can be set up freely. Therefore, many blow-type wind tunnels with the measure‐
ment room and half-open type test section by which sound insulation processing was
carried out with the sound-absorbing material are used. On the other hand, use of a micro‐
phone is difficult in an air flow, and the measurement technique of a fluid-dynamic noise
has not been established. Therefore, the wind tunnel with a sealed type test section can
scarcely be seen. Accordingly, measurement of the fluid-dynamic noise of internal flows,
such as a flow inside a gas turbine or a jet engine, and a pipeline, a flow of the around of the
support in a duct, is not in the state which can be performed immediately. As for the present
condition, there are also few examples of verification of measurement of the fluid-dynamic
noise of an internal flow. So, it is very important to establish the measurement technique of
the fluid-dynamic noise of an internal flow in engineering. In measurement of the fluid-dy‐
namic noise using a low noise wind tunnel, when an open-type test section is used, it is re‐
ported that there is a case where it becomes impossible for a back ground noise not to be
amplified by the large turbulence produced with the edge of the jet stream from a nozzle, or
for generating of the sound which is not a measuring object to be observed by interference
of a jet and a model sample, or to maintain the two dimensional characteristic of a flow etc.
Moreover, when a sealed type test section is used, on the usual surface of a wall, sound re‐
flects, and exact measurement cannot be performed, but if the material which can bear wind
pressure that sound tends to penetrate the surface of a wall is used, it is reported that the
sealed type test section will probably be better (Fujita, 1994, 1996).

The purpose of this study is examination of the measurement technique of the fluid-dynam‐
ic noise of an internal flow. In this study, it proposes carrying out burial setting of the micro‐
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phone to the test section equipped with a fibered glass. The suction type low noise wind
tunnel with such a test section for verification was created, and measurement of the fluid-
dynamic noise made from the circular cylinder placed into the air flow was tried. Compari‐
son examination of the measurement result obtained by this measurement technique was
carried out with the measurement result obtained in the blow type wind tunnel. As a result,
it was shown that the same characteristic is obtained about the change in a sound pressure
level or peak frequency. Moreover, since the target acoustic frequency was caught clearly, it
was shown that it is convenient for examination of an acoustic effect. This measurement
technique showed clearly that usefulness is high to fluid-dynamic noise measurement of the
internal flow.
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2. Experimental apparatus and method

This chapter describes the used equipment, a tool, and the procedure of an experiment.

2.1. Outline of the experimental apparatus

The experimental apparatus consists of a low noise wind tunnel and measuring equipment.
Figure 2 shows the schematic diagram of a low noise wind tunnel. The low noise wind tun‐
nel is constituted from the bell mouse, the test section, the silence duct, and the fan by the
inhaled type wind tunnel with a sealed type test section. In order to reduce fan generating
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noise, the inside of a silence duct is divided into four in the shape of a cell, the sound-ab‐
sorbing material (fibered glass) is stuck on all the surface of a wall, and the fan is installed in
the fan room by which interior was carried out with the sound-absorbing material with a
silence exhaust port with which three splitter walls were set. Regulation of airflow velocity
which passes a test section is performed by carrying out inverter control of the number of
rotations of the fan by remote control. A measuring device is divided roughly into fluid-dy‐
namic noise measurement equipment and the air flow velocity measurement equipment.
Fluid-dynamic noise measurement equipment consists of directive capacitor microphone
(RION, UC-30, hereafter it is called microphone for convenient), precision noise level meter
(RION, NA-40), and FFT analyzers (Ono Sokki, CF-5220). The air flow velocity measurement
equipment consists of a hot-wire anemometer (DISA, TYPE55) and a digital pressure gauge
(Cosmo Instruments, DM-3100B). As for measurement of the turbulence intensity to the
flow velocity distribution and a main flow, the hot-wire anemometer was used. The pres‐
sure difference between the surface of a wall (static pressure) of a test section and atmos‐
pheric pressure was measured with the digital pressure gauge.

Figure 2. The schematic diagram of the wind tunnel

2.2. Measurement section and test cylinders

Figure 3 shows the schematic diagram of a measurement section (test section). The measure‐
ment section is a rectangular cross-section, 376mm (y direction) in height and 160mm (z di‐
rection) in width, with both side walls made of a transparent acrylic resin 700mm (x
direction) in length, and a board thickness of 10mm. The turntable installation hole with a
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diameter of 100mm was installed from the edge of the measurement section upstream side
to the position at 350mm in the centerline. Upper and lower walls act as the sound absorb‐
ing walls (fibered glass walls), with 50mm-thick fibered glass placed on a 15mm-thick trans‐
parent acrylic board. Half free space is made in acoustics by installing this sound absorbing
wall. The microphone and the hot-wire probe are set up from the edge of the measurement
part upstream side to the position at 400mm in the centerline. The surface of microphone
and the surface of fibered glass are set at the same level. The hot-wire probe can be moved
in a vertical direction in the measurement section (y direction) using the traverse device. The
test circular cylinder can be set within a range of 5mm-45mm up from the center of the turn‐
table. Here, the center-to-center spacing of the microphone and the circular cylinder make
adjustments within a range of 5mm-95mm possible. The test circular cylinder is made from
brass, span length is 160mm and the surface is finished smoothly. The test circular cylinder
is with seven kind, and each diameter is 6mm, 10mm, 15mm, 20mm, 25mm, 30mm, and
40mm.

Figure 3. The schematic diagram of the test section (measurement section)

2.3. Experimental method and procedure

In advance of measurement of the fluid-dynamic noise, the flow velocity distribution in the
test section is measured by a hot-wire anemometer, and the state of flow is understood. The
relationship between the air flow velocity which passes the test section and the static pres‐
sure on the surface of wall is previously authorized using a Pitot tube and a digital pressure
gauge. Proofreading of a microphone and a precision noise level meter is performed using
the piston phone (RION, NC-72, 250Hz, 114dB). The measurement procedure for the sound
of flow is as follows. The test air flow velocity is set by operating the rotational speed con‐
troller of the blower. The fluid-dynamic noise is measured by the microphone, and the over‐
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all noise level and frequency analyses are done using the precision sound level meter and
the fast Fourier transform analyzer. The flow velocity distribution in the measurement sec‐
tion and the measurement of the disturbance intensity relative to the main flow is as follows.
The I type probe of the hot-wire anemometer is inserted detaching the microphone, it traver‐
ses in a vertical direction (y direction) at 5mm intervals (the interval of traverse is 2.5mm
near the wall), and the air flow velocity is measured at the microphone installation position.
The frequency of the oscillating flow due to Karman vortex shedding from the circular cylin‐
der is measured as follows. The I type probe of the hot-wire anemometer is fixed in a posi‐
tion such that a clear shape of the waves can be obtained, and the output signal and
frequency are using the fast Fourier transform analyzer. Here, averaging is performed ten
times in the frequency analysis.

3. Experimental result and discussion

This chapter describes the result of having investigated about the basic characteristic of a
producing wind tunnel, and the result of having performed sound verification.

3.1. The fluid-dynamic characteristic and the acoustic characteristic of a producing wind
tunnel

In order to understand the performance of a producing wind tunnel, investigation of the
minimum flow velocity and the maximum flow velocity was performed using the Pitot tube.
The minimum flow velocity in the test section was 2.5m/s, when the number of rotations of a
fan was 100min-1, and the maximum flow velocity in the test section was 35m/s when the
number of rotations of a fan was 1300min-1.

In a low noise wind tunnel, it becomes important especially to suppress propagation of the op‐
eration noise of the fan. Since this wind tunnel is a suction type wind tunnel, it is necessary to
make it not accept fan generating noise in a test section. Accordingly, it is important not to leak
the operation sound of the fan outside a fan room. So, the noise characteristic of the around of a
wind tunnel was investigated. In order to understand the quietness of the wind tunnel, the
sound pressure level around the test wind tunnel when it is driven or stopped was measured.
Generally, the noise when the wind tunnel is operated is divided into air flow noise, and the op‐
erating noise of the blower. It is especially important in the fluid-dynamic noise measurement
to suppress the propagation of the operating noise of the blower. The wind tunnel should not
accept the blower generation noise in the measurement section. It is important that the operat‐
ing sound of the blower does not leak outside the fan room. It is necessary, therefore, to under‐
stand the noise characteristics around the wind tunnel. The microphone positions for the noise
measurement around the wind tunnel are shown in Fig. 4. Microphones are set up outside the
fan room at a height of 1m off the ground, at measurement points (A-K). At measurement
points (L1, L2) in the blower room, microphones are set up at a height of 1m, and placed a
700mm away from the electric motor and the blower outlet. Figure 5 shows the noise measure‐
ments at each measurement point when the circular cylinder is not set up in the measurement
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section and when the wind tunnel is in operation. The noise levels around the wind tunnel, al‐
most the same, but differ inside and outside of the fan room, and when flow velocity increases,
the difference increased. The noise levels inside and outside the fan room were 26dB and 32dB,
respectively, when the wind tunnel was not operating. The level of sound intensity is defined
by L=10log10I/I0 (dB) (I0 is an intensity of the sound of the standard: 10-12 W/m2). Here, when the
level of intensity of a sound inside the fan room is defined as LIN, and the level of intensity of a
sound outside the fan room is defined as LOUT, the ratio of the level of sound-intensity LIN/LOUT is
given by LIN/LOUT=10(LIN-LOUT)/10. The air flow velocity range is 5-35m/s, so the ratio of the level of
sound-intensity LIN/LOUT becomes 155 -6760. Therefore, it is clear that the noise in the blower
room is intercepted.

Fig. 4. Sound measurement points around a wind tunnel pressure level 
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3.2 Flow characteristics in the measurement section 
 

Flow characteristics in the measurement section where the sound absorbing wall (fibered 
glass wall) had been used were investigated. The hot-wire probe was inserted in the 
microphone's installation position; it traversed in a vertical direction (y direction), and the 
velocity and disturbance intensity were measured. Figure 6 shows the velocity distribution 
and the disturbance intensity when the air flow velocity is U=28m/s. The velocity 
distribution (�  symbol) for an acrylic wall is plotted for comparison. Here, the abscissa is a 
measurement position. The center of width in the vertical direction of the measurement 
section is assumed to be zero points; the upper side is assumed to be + mark, and the lower 
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3.2. Flow characteristics in the measurement section

Flow characteristics in the measurement section where the sound absorbing wall (fibered
glass wall) had been used were investigated. The hot-wire probe was inserted in the micro‐
phone's installation position; it traversed in a vertical direction (y direction), and the velocity
and disturbance intensity were measured. Figure 6 shows the velocity distribution and the
disturbance intensity when the air flow velocity is U=28m/s. The velocity distribution (△
symbol) for an acrylic wall is plotted for comparison. Here, the abscissa is a measurement
position. The center of width in the vertical direction of the measurement section is assumed
to be zero points; the upper side is assumed to be + mark, and the lower side is assumed to
be - mark. The measurement position is made dimensionless by width B=376mm in the ver‐
tical direction of the measurement section. The ordinate shows the velocity distribution and
the disturbance intensity, respectively. The symmetry of a flow was good to the center and
turbulence intensity was less than 0.5% in the range which is maintaining the equality of a
flow. The disturbance intensity to keep the uniformity of the flow was within 0.5%. Here, if
uniform flow velocity U=28m/s and the measurement point x=400mm are calculated by
Prantl's exact solution (δ=0.22(ν/Ux) 0.167x), the thickness of the boundary layer is 9.6mm. The
thickness of the boundary layer as in Fig. 6 is 10mm for the acrylic wall, and this agrees with
the value from Prantl's expression. However, the thickness of the boundary layer above the
sound absorbing wall was about 28mm, and was about three times that in Prantl's expres‐
sion because the sound-absorbing wall was made of fibered glass with a rough surface. It
was clarified that the wall was necessary to obtain a wide measurement section and thus im‐
prove the uniformity of the flow.
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Fig. 6. Flow velocity distribution and turbulence intensity in the test (measurement) section 
at a main flow velocity of U=28m/s 
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3.3 The relation between sound source and measurement position 
 

It is known that the fluid-dynamic noise made from the circular cylinder placed into the air 
flow is a dipole sound. Since there is single directivity also in a microphone, it is important 
to understand the influence on the measurement result by the spatial relationship of a sound 
source and its microphone. Figure 7 shows the measurement result of the sound pressure 
level when varying the distance x between centers of a circular cylinder and a microphone 
in the range from 5mm to 95mm. Here, the airflow velocity in a test section was U=28m/s 
and the diameter of circular cylinder was 20mm. It is understood that the measured sound 
pressure level is almost the same. So, in measurement of acoustic frequency, distance 
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that the pressure fluctuation of a short-distance field is included in the sound pressure 
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Figure 6. Flow velocity distribution and turbulence intensity in the test (measurement) section at a main flow velocity
of U=28m/s

3.3. The relation between sound source and measurement position

It is known that the fluid-dynamic noise made from the circular cylinder placed into the air
flow is a dipole sound. Since there is single directivity also in a microphone, it is important
to understand the influence on the measurement result by the spatial relationship of a sound
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3.2. Flow characteristics in the measurement section

Flow characteristics in the measurement section where the sound absorbing wall (fibered
glass wall) had been used were investigated. The hot-wire probe was inserted in the micro‐
phone's installation position; it traversed in a vertical direction (y direction), and the velocity
and disturbance intensity were measured. Figure 6 shows the velocity distribution and the
disturbance intensity when the air flow velocity is U=28m/s. The velocity distribution (△
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thickness of the boundary layer as in Fig. 6 is 10mm for the acrylic wall, and this agrees with
the value from Prantl's expression. However, the thickness of the boundary layer above the
sound absorbing wall was about 28mm, and was about three times that in Prantl's expres‐
sion because the sound-absorbing wall was made of fibered glass with a rough surface. It
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to understand the influence on the measurement result by the spatial relationship of a sound 
source and its microphone. Figure 7 shows the measurement result of the sound pressure 
level when varying the distance x between centers of a circular cylinder and a microphone 
in the range from 5mm to 95mm. Here, the airflow velocity in a test section was U=28m/s 
and the diameter of circular cylinder was 20mm. It is understood that the measured sound 
pressure level is almost the same. So, in measurement of acoustic frequency, distance 
between centers of circular cylinder and microphone was set to 50mm. Here, it is expected 
that the pressure fluctuation of a short-distance field is included in the sound pressure 
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Figure 6. Flow velocity distribution and turbulence intensity in the test (measurement) section at a main flow velocity
of U=28m/s

3.3. The relation between sound source and measurement position

It is known that the fluid-dynamic noise made from the circular cylinder placed into the air
flow is a dipole sound. Since there is single directivity also in a microphone, it is important
to understand the influence on the measurement result by the spatial relationship of a sound
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source and its microphone. Figure 7 shows the measurement result of the sound pressure
level when varying the distance x between centers of a circular cylinder and a microphone
in the range from 5mm to 95mm. Here, the airflow velocity in a test section was U=28m/s
and the diameter of circular cylinder was 20mm. It is understood that the measured sound
pressure level is almost the same. So, in measurement of acoustic frequency, distance be‐
tween centers of circular cylinder and microphone was set to 50mm. Here, it is expected that
the pressure fluctuation of a short-distance field is included in the sound pressure which
will have been measured if the measurement position of sound is generally near from a
sound source (circular cylinder). In this study, the distance between the circular cylinder
and the microphone was narrower compared with the device arrangement for an ordinary
sound measurement. Because the noise measurement of the flow in the fluid machine such
as the gas turbines and jet engines is assumed, and the measurement of the fluid-dynamic
sound caused by the flow around the object such as the supports and umbones installed in
the pipeline and the duct is assumed, it becomes such arrangement. Therefore, the influence
of the near field appears to be strong, making a quantitative evaluation of the sound pres‐
sure level more difficult. Resolving this is a clear challenge for future studies. The relation‐
ship between the position rc by which the pressure fluctuation of a short-distance field can
be disregarded now, and the minimum frequency f is given in 20log(2πfrc/a) >=10 dB (a is
acoustic velocity) (Iida, 1996). Distance rc between the circular cylinder and the microphone
becomes 188mm-211mm because the range of center-to-center spacing x between the circu‐
lar cylinder and the microphone in this experiment is 5mm-95mm. The obtained lower criti‐
cal frequency f becomes 910Hz-812Hz. When the center-to-center spacing is assumed to be
50mm, distance rc between two points becomes 194.5mm. The lower critical frequency f at
that time is 880Hz.
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¶ 
3.4 Measurement result and verification of Acoustic frequency 
 

The back ground noise with acoustic half-free space of a test section was measured by 
making airflow velocity in a test section into U=28m/s. The circular cylinder of various 
diameters was installed in the test section, and frequency of a fluid-dynamic noise (acoustic 
frequency) was measured. Figure 8 shows the results of the acoustic frequency analysis with 
back ground noise (B.G.N.) in the measurement section and with a circular cylinder 20mm 
in diameter. The abscissa is frequency f, and the ordinate is the sound pressure level SPL in 
the figure. When the circular cylinder is set up in the measurement part, a peak at one big 
sound pressure level is obtained. At this time, the Strouhal number S (= f d /U) calculated 
from the frequency f (=275Hz) and air flow velocity U (=28m/s) is S=0.2. It is considered 
that the microphone measures the acoustic frequency from the fluid oscillation based on 
Karman vortex shedding. The frequency of the oscillating flow behind the circular cylinder 
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3.4. Measurement result and verification of Acoustic frequency

The back ground noise with acoustic half-free space of a test section was measured by mak‐
ing airflow velocity in a test section into U=28m/s. The circular cylinder of various diameters
was installed in the test section, and frequency of a fluid-dynamic noise (acoustic frequency)
was measured. Figure 8 shows the results of the acoustic frequency analysis with back
ground noise (B.G.N.) in the measurement section and with a circular cylinder 20mm in di‐
ameter. The abscissa is frequency f, and the ordinate is the sound pressure level SPL in the
figure. When the circular cylinder is set up in the measurement part, a peak at one big
sound pressure level is obtained. At this time, the Strouhal number S (= f d /U) calculated
from the frequency f (=275Hz) and air flow velocity U (=28m/s) is S=0.2. It is considered that
the microphone measures the acoustic frequency from the fluid oscillation based on Karman
vortex shedding. The frequency of the oscillating flow behind the circular cylinder was
measured using the hot wire anemometer for verification. Figure 9 shows the result of the
frequency analysis using the microphone and the hot wire anemometer. The abscissa is fre‐
quency f, and the ordinate is a sound pressure level made dimensionless by the maximum
value. In both measurement results, it is understood that one big peak is seen at the same
frequency. Therefore, it was established that the acoustic frequency measured by the micro‐
phone was a fluid oscillating frequency based on Karman vortex shedding from the circular
cylinder. This means that the fluid sound measured by making the acoustical free space can
be measured in an internal flow. And, this measurement technique is considered suitable for
the measurement of the fluid sound of an internal flow.
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was measured using the hot wire anemometer for verification. Figure 9 shows the result of 
the frequency analysis using the microphone and the hot wire anemometer. The abscissa is 
frequency f, and the ordinate is a sound pressure level made dimensionless by the 
maximum value. In both measurement results, it is understood that one big peak is seen at 
the same frequency. Therefore, it was established that the acoustic frequency measured by 
the microphone was a fluid oscillating frequency based on Karman vortex shedding from 
the circular cylinder. This means that the fluid sound measured by making the acoustical 
free space can be measured in an internal flow. And, this measurement technique is 
considered suitable for the measurement of the fluid sound of an internal flow. 
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Figure 9. The relationship between the acoustic frequency and the fluid frequency due to vortex shedding

3.5. Comparison of measurement results with a blow-type wind tunnel

Figure 10 shows the variation of the peak frequency of the sound pressure level at the time
of varying a circular cylinder diameter. The back ground noise is also shown for compari‐
son. The abscissa is frequency f and the ordinate is a sound pressure level SPL. Increase of a
cylinder diameter can see the tendency for a sound pressure level to increase and for peak
frequency to decrease. The experimental result (Tomita et al., 1982) in the wind tunnel of a
blow type with a half-opening type test section is shown in Fig. 11 for comparison with this
experimental result. Although the variation of a sound pressure level or peak frequency to
the variation of the diameter of the circular cylinder shows the same tendency, in each circu‐
lar cylinder, one large peak and its harmonics component are seen, and spectrum distribu‐
tion of the fluid-dynamic noise made when a circular cylinder is installed into an air current
constitutes a larger sound pressure level than a back ground noise by the high frequency
side which passed over the large peak. This suggests containing other sounds potential in
not only the fluid-dynamic sound to be measured but also the flow noise. Therefore, it ap‐
pears that the use of a blow-type wind tunnel with a half-open measurement section is rath‐
er inconvenient for measuring a sound effect. On the other hand, the results from a sealed-
type measurement section of a suction-type wind tunnel becomes a sound pressure level
that only the section of the frequency of the aimed fluid-dynamic sound is big as shown in
Fig. 10, and the other frequency components are the same degree of the sound pressure level
as the back ground noise. This is convenient for the examination of sound effects. The suc‐
tion wind tunnel with a sealed-type measurement section can be expected to be a good
measurement technique for examining sound effects.
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3.6 Effect of acoustic material and sound directivity 
 

In order to verify the effect of the sound-absorbing material (fibered glass) in the 
measurement section, the acoustic frequency from the circular cylinder was measured. At 
this time, the microphone is set up from the bell mouse to 500mm upstream side by equal 
height to the circular cylinder installation position. The air flow velocity of the measurement 
section was U=28m/s. As a result, the measurement result differed according to the 
existence of the sound-absorbing material. Figure 12 shows the measurement results for 
circular cylinders 20mm, 25mm, 30mm, and 40mm in diameter when upper and lower 
sidewalls made of an acrylic board are used. Here, the back-ground noise (B.G.N.) is shown 
for comparison. The sound pressure levels for the peak frequency of each circular cylinder 
are small, and the peak frequency is twice the value of fluid oscillating frequency, based on 
the Karman vortex shedding shown in Fig. 10. On the other hand, the measurement result 
when sound-absorbing material is installed is shown in Fig. 13, relative to back-ground 
noise (B.G.N.) at circular cylinder diameters of 20mm-40mm. Two sound pressure peaks are 
seen in each figure. The first peak (1st peak) on the low frequency side is a Karman vortex 
shedding frequency, and the second peak (2nd peak) on the high frequency side is twice the 
Karman vortex shedding frequency. Moreover, the magnitude correlation of the two peaks 
is different in each circular cylinder. In the case of circular cylinders with diameters of 
10mm, 15mm, and 30mm, the first peak (1st peak) on the low frequency side is larger. In the 
case circular cylinder diameters of 20mm, 25mm, and 40mm, the second peak (2nd peak) on 
the high frequency side is larger. It is shown that there is a change in the interference pattern 
of the sound wave in a vertical direction in the flow in the measurement section. The two 
peaks can also be observed in a blow-type wind tunnel with a half-open measurement 
section as shown in Fig. 11. In this case, however, the microphone is set up at and angle of 45 
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ment section, the acoustic frequency from the circular cylinder was measured. At this time,
the microphone is set up from the bell mouse to 500mm upstream side by equal height to
the circular cylinder installation position. The air flow velocity of the measurement section
was U=28m/s. As a result, the measurement result differed according to the existence of the
sound-absorbing material. Figure 12 shows the measurement results for circular cylinders
20mm, 25mm, 30mm, and 40mm in diameter when upper and lower sidewalls made of an
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ment section, the acoustic frequency from the circular cylinder was measured. At this time,
the microphone is set up from the bell mouse to 500mm upstream side by equal height to
the circular cylinder installation position. The air flow velocity of the measurement section
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acrylic board are used. Here, the back-ground noise (B.G.N.) is shown for comparison. The
sound pressure levels for the peak frequency of each circular cylinder are small, and the
peak frequency is twice the value of fluid oscillating frequency, based on the Karman vortex
shedding shown in Fig. 10. On the other hand, the measurement result when sound-absorb‐
ing material is installed is shown in Fig. 13, relative to back-ground noise (B.G.N.) at circular
cylinder diameters of 20mm-40mm. Two sound pressure peaks are seen in each figure. The
first peak (1st peak) on the low frequency side is a Karman vortex shedding frequency, and
the second peak (2nd peak) on the high frequency side is twice the Karman vortex shedding
frequency. Moreover, the magnitude correlation of the two peaks is different in each circular
cylinder. In the case of circular cylinders with diameters of 10mm, 15mm, and 30mm, the
first peak (1st peak) on the low frequency side is larger. In the case circular cylinder diame‐
ters of 20mm, 25mm, and 40mm, the second peak (2nd peak) on the high frequency side is
larger. It is shown that there is a change in the interference pattern of the sound wave in a
vertical direction in the flow in the measurement section. The two peaks can also be ob‐
served in a blow-type wind tunnel with a half-open measurement section as shown in Fig.
11. In this case, however, the microphone is set up at and angle of 45 degrees and positioned
500mm behind the circular cylinder, aiming at the sound around the circular cylinder. The
first peak (1st peak) on the low frequency side is always larger than the second peak (2nd
peak) on the high frequency side in the magnitude correlation of the peak because of the po‐
sition of the microphone and the directivity of the microphone. A comparison of the results
between a suction-type and a blow-type wind tunnel with sound-absorbing material instal‐
led shows that the acoustical free space of an internal flow can become an acoustical free
space similar to the case of an external flow. The sound is fluctuation of the pressure which
transmits the inside of fluid, the size of the amplitude is the size of sound, and the height of
oscillation frequency is the height of sound. The fluid force acts on the circular cylinder by
the fluid fluctuation according to the vortex shedding from the circular cylinder. The oscilla‐
tion of the fluid force can be divided into a lift component and a drag component, at a ratio
of 1:2. The circular cylinder placed on the air flow is a source of two kinds of sound waves
as two peaks are apparent in the fluid sound. When acrylic upper and lower sidewalls are
used, the acoustical free space becomes the only flow direction. The sound by the oscillation
in the direction of the lift is canceled by acoustical interference. Therefore, the peak frequen‐
cies of each circular cylinder shown in Fig. 12 are considered to be the oscillation a sound
from the drag direction. On the other hand, when the sound-absorbing material is installed
on the upper and lower sidewalls, the acoustical free space is two directional (a parallel di‐
rection and a vertical direction) for the flow. It is an acoustical free space similar to the blow-
type wind tunnel with a half-open measurement section. Therefore, the sounds of the lift
and drag oscillations are measured as shown in Fig. 13.

In general, because the oscillation amplitude of the lift is far larger than that of the drag, it is
expected that the sound pressure level in the direction of the lift is far larger than the sound
pressure of the drag direction. However, the sound from the oscillation of the drag direction
is easily detected because the directivity microphone is located on the upstream side of the
circular cylinder in this measurement, and the fluid-dynamic sound by the oscillation in the
direction of the lift is not detected easily. In addition, because the interference pattern of the
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sound wave in the direction of the lift is different in each circular cylinder, the sound pres‐
sure level in the direction of the lift is small. The sound pressure level of the drag direction
has a large value, as shown in Figs. 12(c) (d) and (f). Moreover, when the microphone is set
up in the measurement section, only the fluid-dynamic sound in the direction of the lift is
measured as shown in Fig. 8. Such a phenomenon suggests that the directivity of the sound
source and the directivity of the microphone are at issue, and this is the subject of future in‐
vestigation.
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Fig. 12. Characteristics of fluid-dynamic noise at the measurement point from the up-
stream side of the test section, in the case of solid wall 
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sound wave in the direction of the lift is different in each circular cylinder, the sound pres‐
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Fig. 13. Characteristics of fluid-dynamic noise at the measurement point from the up-stream 
side of the test section, in the case of fibered glass wall; (a) cylinder diameter d is 10mm, (b) 
d=15mm, (c) d=20mm, (d) d=25mm, (e) d=30mm, (f) d=40mm 
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sound pressure of the drag direction. However, the sound from the oscillation of the drag 
direction is easily detected because the directivity microphone is located on the upstream 
side of the circular cylinder in this measurement, and the fluid-dynamic sound by the 
oscillation in the direction of the lift is not detected easily. In addition, because the 
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Figure 13. Characteristics of fluid-dynamic noise at the measurement point from the up-stream side of the test sec‐
tion, in the case of fibered glass wall; (a) cylinder diameter d is 10mm, (b) d=15mm, (c) d=20mm, (d) d=25mm, (e)
d=30mm, (f) d=40mm

4. Conclusion

This study proposed a technique to measure the fluid-dynamic noise of an internal flow in a
wind tunnel, and the fluid-dynamic noise from a circular cylinder placed on the air flow of a
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suction-type wind tunnel with a sealed-type measurement section with sound-absorbing
material (fibered grass) was measured. The following conclusions were obtained.

1. The acoustic performance and fluid-dynamic performance of a test wind tunnel were
good. The following results were obtained for the performance of the test wind tunnel.
The noise in the blower room is effectively intercepted. The position of the sound
source and the microphone are not influenced by directivity. The uniformity of the flow
of the measurement section narrows when sound-absorbing material is used for the
measurement section of the test wind tunnel.

2. The following results were obtained from installing sound-absorbing material in the
measurement section. The acoustical free space can be made from the closed space.
When the surface of the microphone was arranged and set up on the surface of the
sound-absorbing material, the measurement of the fluid sound of an internal flow be‐
came possible without any disarrangement of the flow-field.

3. The acoustic frequency measured by the microphone was confirmed to have a frequen‐
cy based on the fluid oscillation caused by the Karman vortex shedding measured with
the hot-wire anemometer.

4. The following results were obtained when a comparison was made with the results
from a blow-type wind tunnel. The aimed acoustic frequency was measured by the
large sound pressure level. Other frequency elements were the same degrees of the
sound pressure level as the back ground noise. It has been understood that such a result
was convenient when a sound effect was examined.

5. When an acoustical effect was examined, it was understood that the following consider‐
ation is necessary. The distance between the sound source and the microphone must be
set in consideration of the influence of the pressure fluctuation of the near-field. The
lower bound frequency must be understood. The microphone must be arranged in con‐
sideration of the sound directivity with the sound source.

6. From the results outlined in (2)-(4), this present measurement technique is considered
to be a technique useful for the measurement of the fluid sound of an internal flow.

Nomenclature

a: acoustic velocity, m/s

B: height of test section, m

B.G.N.: back ground noise, dB

d: diameter of circular cylinder, m

f: frequency, Hz

I: intensity of sound, W/m2
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I0: intensity of sound of standard, W/m2

L: level of sound intensity, dB

LIN: level of sound intensity inside fan room, dB

LOUT: level of sound intensity outside fan room, dB

PL/PLmax: dimensionless sound pressure level, non-dimensional

rc: critical distance, m

S: Strouhal number, non-dimensional

SPL: sound pressure level, dB

U: main flow velocity, m/s

Umax: maximum flow velocity, m/s

u: component of fluctuating flow velocity, m/s

x: measurement position in test section, m

x: coordinate component (flow direction), m

Y: measurement position in test section, m

y: coordinate component (vertical direction), m

z: coordinate component (horizontal direction), m

δ: thickness of boundary layer, m

ν: kinematic viscosity of air, m2/s

Author details

Yoshifumi Yokoi

National Defense Academy of Japan, Japan

References

[1] Fujita, H. (1994). The Present Condition and View for the Basic-study About the Flow
and Sound Controls. Proceedings of the 72nd the JSME Fall Meeting of the Japan Society of
Mechanical Engineers, pp. 360-363, Tokyo, Japan, October, 1994

[2] Fujita, H. (1996). Experimental Study on Aerodynamic Noise Generated from two-
Dimensional Models (1st Report, Study on Wind Tunnel Wall Effect and Wall Mate‐

Experimental Study of Internal Flow Noise Measurement by Use of a Suction Type Low Noise Wind Tunnel
http://dx.doi.org/10.5772/53828

163



rials), Transactions of the Japan Society of Mechanical Engineers, Series B, Vol. 62, No. 593,
(January 1996), pp. 187-193

[3] Iida, A., Fujita, H., Kato, C., & Otaguro, Y. (1996). Experimental Investigation of the
Generation Mechanism of Aerodynamic Noise (2nd Report, On Correlation Between
Surface Pressure Fluctuation and Aerodynamic Sound Radiated from a Circular Cyl‐
inder), Transactions of the Japan Society of Mechanical Engineers, Series B, Vol. 62, No.
604, (December 1996), pp. 4160-4167

[4] Mochizuki, O., & Maruta, Y. (1996). Introduction of Fluid Sound Engineering, Asakura-
shoten, ISBN 4-254-23088-5, Tokyo, Japan

[5] Tomita, S., Suzuki, S., Inagaki, S., Yokoyama, T., Kobayashi S., & Tsukamoto, G.
(1982). The Study about Fluid Sound from a Cylinder in a Uniform Flow (1st Report,
in the Case of Circular Cylinders), Proceedings of the Thohoku Branchi Meeting of the Ja‐
pan Society of Mechanical Engineers, Senday, Japan, October, 1984

Wind Tunnel Designs and Their Diverse Engineering Applications164



rials), Transactions of the Japan Society of Mechanical Engineers, Series B, Vol. 62, No. 593,
(January 1996), pp. 187-193

[3] Iida, A., Fujita, H., Kato, C., & Otaguro, Y. (1996). Experimental Investigation of the
Generation Mechanism of Aerodynamic Noise (2nd Report, On Correlation Between
Surface Pressure Fluctuation and Aerodynamic Sound Radiated from a Circular Cyl‐
inder), Transactions of the Japan Society of Mechanical Engineers, Series B, Vol. 62, No.
604, (December 1996), pp. 4160-4167

[4] Mochizuki, O., & Maruta, Y. (1996). Introduction of Fluid Sound Engineering, Asakura-
shoten, ISBN 4-254-23088-5, Tokyo, Japan

[5] Tomita, S., Suzuki, S., Inagaki, S., Yokoyama, T., Kobayashi S., & Tsukamoto, G.
(1982). The Study about Fluid Sound from a Cylinder in a Uniform Flow (1st Report,
in the Case of Circular Cylinders), Proceedings of the Thohoku Branchi Meeting of the Ja‐
pan Society of Mechanical Engineers, Senday, Japan, October, 1984

Wind Tunnel Designs and Their Diverse Engineering Applications164

Chapter 8

Investigation of Drying Mechanism of Solids Using
Wind Tunnel

Abdulaziz  Almubarak

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54322

1. Introduction

Drying of solids provides a technical challenge due to the presence of complex interactions
between the simultaneous processes of heat and mass transfer, both on the surface and with‐
in the structure of the materials being dried. Internal moisture flow can occur by a complex
mechanism depending on the structure of the solid body, moisture content, temperature
and pressure in capillaries and pores. External conditions such as temperature, humidity,
pressure, the flow velocity of the drying medium and the area of exposed surface also have
a great effect on the mechanisms of drying.

Theoretical and experimental studies [1-6] reported the forced convection heat and mass
transfer across different shapes. Most of these studies have considered a heated solid surface
with a uniform surface temperature. However, this situation is not the same as in the drying
process, where heat and mass transfer occurs simultaneously and the interfacial tempera‐
ture and moisture content vary during the drying.

Evaporation from a flat plate surface to a laminar boundary layer was theoretically analyzed
[7]. It was calculated distributions of the interfacial temperature and local Nusselt and Sher‐
wood numbers for a parallel flow where both Prandtl and Schmidt numbers are unity. A
conclusion stated that the characteristics of heat and mass transfer are highly conjugated
and significantly influenced by the temperature dependency of vapor-liquid equilibrium,
the magnitude of the latent heat of the phase change, and the thermal conductance of the flat
plate. The work needs to be extended for the case of unsteady state conditions and to be re‐
peated for a drying bed.

The variation in the surface temperature for a flat bed of a capillary porous material was dis‐
cussed in [8]. The authors presented graphs that show an increase in surface temperature
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from the leading edge of the flat plate during the periods of drying. They also showed
graphs in which the surface temperature decreased. In general, a physical meaning for that
contradiction was needed to be considered.

As in [9], Jomaa et al. presented a simulation of the high-temperature drying of a paste in a
scaled-up wind tunnel. They attempted to study the influence of the local air flow and ther‐
mal radiation on the drying behaviour of the product. A rapid air velocity (8 m s-1) was used
in the experiment, and an empirical model was derived to predict temperature and solvent
content along the conveyer belt. Comparison of the experimental results with those predict‐
ed ones by the model showed a satisfactory agreement.

Evaporation of a pure liquid droplet has been widely studied both theoretically and experi‐
mentally [10-14]. However, in spray dryers and droplet drying applications, the droplets al‐
ways consisted of multi-component mixtures of liquids and sometimes dissolved solids,
forming a complicated multiphase composition. This makes analyzing heat and mass trans‐
fer processes more difficult. This effect is attributed to the presence of various components
that vaporize at different rates, giving rise to a gradient in concentration in the liquid and
vapor phase. In addition, a solid crust forms at the outer surface of droplet which acts as a
resistance to heat and mass transfer processes.

Various experimental techniques have been used [15-19] to study the mechanisms of drying
for a single droplet containing dissolved solids. The droplet was suspended freely from the
end of a stable nozzle fixed in a wind tunnel. Air flow was hitting the droplet from one side
causing a significant disturbance to the shape of droplet. Therefore, there was some difficul‐
ty in recording the weight and temperature of the droplet. The transferred heat conduction
to the droplet by the nozzle was another problem.

Cheong et al. [20] proposed a mathematical model to predict core temperature for drying a
free suspended droplet against time. Reasonable agreement was obtained between the pre‐
dicted and the experimental results at an air temperature of 20ºC. However, the predicted
temperature was less accurate at higher temperatures (50ºC and 70ºC); the model was not
applicable for cases at high air temperatures.

A mathematical model was modified in [21], taking into account the droplet shrinkage. The
droplet was assumed first to undergo sensible heating with no mass change. The model
showed that temperature distribution within the droplet cannot be ignored even for a small
diameter droplet of 200 µm.

Wind tunnel definitely is considered one of the best tools to investigate and to study the role
of boundary layer and the mechanisms of drying process. The most important variables in
any drying process such as air flow, temperature and humidity are usually easy to be con‐
trolled inside the wind tunnel. In the current study, through an experimental work and
mathematical approach, we attempt to understand the role of the boundary layer on the in‐
terface behavior and the drying mechanisms for various materials of a flat plate surface and
a single droplet shape.
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2. Boundary layer over a flat plate surface

A boundary layer developed over a flat-plate surface plays a great role in the mechanisms of
convective drying. Very little work has been done on the conjugated problem of heat and
mass transfer during a flow over a drying bed. In this paper, through an experimental and
mathematical approach, we attempt to understand the role of the thermal boundary layer on
the interface behavior and the drying mechanisms for porous mediums. Beds of desert sand,
beach sand and glass beads were subjected to forced convective drying in a scaled-up wind
tunnel.

A laboratory-scale dryer designed for this work is shown in Figure 1. The apparatus consists
of wind tunnel, molecular-sieve air dryer, 3 KW air heater and a fan. Through the wind tun‐
nel a controlled flow of hot, dry air, with an average velocity of 1 m s-1, was passed over a
sample mounted flush with the tunnel floor. The last section of the wind tunnel (converging
section) was designed to be opened easily for installation of the test bed.

Figure 1. Experimental apparatus composed of: 1. fan; 2. molecular-sieve air dryer; 3. voltage regulator; 4. air heater;
5. wind tunnel; 6. observation port; 7. joint; 8. thermocouple socket; 9. thermocouple selector.

A glass tray (100 cm x 36 cm x 2.5 cm) attached to a flat metal plate was especially designed
for this study. The top surface of the glass tray was at the same level of the metal plate that
formed the floor of the wind tunnel. The sides and the bottom of the tray are insulated with
neoprene rubber to minimize heat transfer via the glass wall. Figure 2 shows both the wind
tunnel and the glass tray.

Ten thermocouples were inserted from one side of the tray to facilitate measurement of sur‐
face temperature distribution along the bed. At the same side of the tray, another ten ther‐
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mocouples were inserted but at lower depth, 2.2 cm from the surface, to measure the bottom

temperature distribution.

Figure 2. Details of (a) Wind tunnel: 1. smoothing grid; 2. observation port; 3.thermocouple socket; 4. joint, (b) Glass
tray (clear) and flat plate (gray): 1. the leading edge; 2. thermocouple socket; 3. thermocouples.
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The experiment was initiated by switching on the centrifugal fan and then the electric air
heater. The voltage regulator was adjusted to provide the desired air temperature. The air
temperature was monitored until it reached a steady state. This state was normally required
1 - 2 hours to be achieved.

When the apparatus achieved a constant air temperature, the drying process was com‐
menced. The metal plate and the glass tray, containing the sample, were placed carefully in‐
side the tunnel, allowing the hot air to pass over the surface of the bed. The initial readings
of time and temperature were then registered immediately. During the experiment, temper‐
ature distributions were measured at intervals of approximately 20 minutes. The tempera‐
ture at each distance was measured by using the thermocouple selector and registered with
an accuracy ± 0.05ºC.

Two types of sand were subjected to the drying process. The first type was a fine sand of
average grain size 220 µm diameter, with a moisture content of 0.17 kg kg-1, taken from the
desert of Kuwait, Burgan ( N 28o 44 00 E 047o 42 00). The nature of the desert sand is usually
fine and dry. The other type of sand was a beach sand of average grain size 300 µm diame‐
ter and 0.24 kg kg-1 moisture content, taken from the north coast of Kuwait, Bobiyan Island
( N 29o 46 00 E 048o 22 00). The north coast is a place where the Shatt Al-Arab River (Iraq)
falls into the Arabian Gulf. This makes the coast more muddy and less saline than the south
coast. In addition, the beach sand contains a lot of small shells of various shapes. Glass
beads of 400 µm diameter and 0.2 kg kg-1 initial moisture content were also selected, for test
as a porous medium for comparison. The bed of glass beads is considered a typical sample
for drying experiments, since the sizes of the beads are almost identical. The two types of
sand and the glass beads beds are good examples for testing drying processes.

2.1. Results

A bed of the desert sand was subjected to forced convective drying at 84 oC. The wet-bulb
temperature of the air was 35.5 oC. The resulting surface temperature vs. time at different
distances from the leading is shown in Figure 3, which demonstrates clearly the stages of the
drying process; i.e. the pre-constant rate period, the constant rate period, and the falling rate
period.

The temperature of the bed rose from ambient temperature 23ºC to a steady value at time =
70 minute. This initial period, termed the pre-constant rate period, is usually short. The sur‐
face temperatures remained constant for a period of 140 minutes, indicating the constant
rate period. The surface temperature at the distance x=1cm, from the leading edge was 36 oC.
This temperature was greater than that at x=50 cm and at x= 100 cm by 1 oC and 2 oC respec‐
tively. The surface temperatures were close to the wet-bulb temperature.

During the constant rate period, the surface of the solid is so wet that a continuous film of
water exists on the drying surface. This water is entirely unbound water and exerts a vapour
pressure equal to that of pure water at the same temperature. The rate of moisture move‐
ment within the solid is sufficient to maintain a saturated condition at the surface.
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At a specific point, t = 240 minutes, the surface temperature at all positions rose gradually,
indicating the end of the constant-rate period and the beginning of the falling-rate period. In
the falling-rate period, there was insufficient water on the surface to maintain a continuous
film. The entire surface was no longer wetted and dry patches began to form. The surface
temperature continued to rise for a longer time until it approximated to the air temperature.
A thin dried layer appeared on the entire surface.

The temperatures at the surface and the bottom at different distances from the leading edge
are shown in Figure 4. The profiles show that when the surface became dry, the bottom re‐
mained wet at a constant temperature for a longer time than that for the surface. During the
falling-rate periods a receding evaporation front divided the system into a hotter, dry zone
near the surface and a wet zone towards the bottom of the sample [22]. The evaporation
plane receded from the surface toward the bottom. The temperatures then rose quickly
when the dry zone extended throughout the bed.
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when the dry zone extended throughout the bed.
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Figure 3Figure 3. Temperature distribution profile of the surface for the desert sand bed.
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Figure 4
Figure 4. Temperatures of surface and bottom for the desert sand bed at distance of 1 cm, 50 cm and 100 cm from
the leading edge, respectively, from the top.
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A bed of the beach sand was dried at an air temperature of 83 oC. The wet bulb temperature
was 35 oC. The temperature distribution profile at different distances from the leading edge
is shown in Figure 5. The stages of the drying process can easily be recognized from the tem‐
perature profile. However, the surface temperature took longer to approach to the air tem‐
perature.
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Figure 6 shows the surface and the bottom temperatures at distances from the leading edge
of 1 cm, 50 cm 100 cm, respectively. It can be seen that the surface and bottom temperatures
increased rapidly at some times and decreased others. Also, the temperature profile did not
increase gradually like that of the desert sand. This can be attributed to the nature of the
beach sand, which comprises different types of small shells of various shapes, and contain
tiny hollows. The trapped water in these hollows forms small bubbles which can explode
with increasing temperature. Therefore the temperature of the bed changes suddenly at
such times. The temperature at the bottom of the bed indicated it remained wet during the
falling-rate period.
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Figure 6Figure 6. Temperatures of surface and bottom for the beach sand bed at distance of 1 cm, 50 cm and 100 cm from
the leading edge, respectively, from the top.
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A similar investigation was carried out for a bed of the glass beads at an air temperature of
84 oC. The wet bulb temperature was 37 oC. Figure 7 shows temperature versus time at dif‐
ferent distances from the leading edge of the bed surface. The temperature distribution pro‐
file again illustrates clearly the stages of the drying process. The results for the surface and
bottom temperatures for the glass beads were almost similar to those for the desert sand as
shown in Figure 4.
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Figure 7. Temperature distribution profile of the surface for the glass-bead bed.

2.2. Discussion

A thin film adjacent to the surface always exists when a forced flow passes over a flat plate
and forms what is called a hydrodynamic boundary layer. The influence of the surface tem‐
perature reaches deeper into the fluid, thus causing the formation of a thermal boundary
layer. It is well known, the thickness of the thermal boundary layer increases with increas‐
ing distance from the leading edge. This layer is affected by the geometry of the system,
roughness of the surface and the fluid properties.
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For the case in which the heated section is preceded by an unheated straight length, the local
Nusselt number (Nux) is represented in [23-25] as:

0.5 1/3
x

x 3/4 1/3
o

0.323(Re ) (Pr)h xNu
k [1 (x /x) ]

= =
-

(1)

where Rex is Reynolds number with respect to length and x is the length of the flat plate
in (m).

Figure 8 shows a plot of variation in the local heat transfer coefficient versus the distance
from the leading edge. The plot indicates that the values of the coefficient decreased signifi‐
cantly when x increased from the leading edge, and then it remains virtually constant for
large x values. A plot of variation of the mass transfer coefficient could be expected to be
almost similar to that in Figure 8 because of the similarity in the transport coefficient equa‐
tions. This result with the concept of the boundary layer thickness demonstrates that resist‐
ance to heat and mass transfer to, or from, the bed increases with increasing the distance
from the leading edge.

Figure 8. Local heat transfer coefficient vs. distance from the leading edge.
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A model proposed in a previous paper [26] was modified to find a method for prediction of
surface temperature distribution. The equation of energy can be represented as:

v
v

D MTρ cp (k T) ( P )Δhv
R Tt

¶
¶

= Ñ Ñ +Ñ Ñ (2)

At time zero, the whole body has a uniform initial temperature of To, and the initial condi‐
tions are:

0
T T To y y h= == = (3)

At the external surface, i.e. y=0, the boundary conditions can be written on the basis of Fig‐
ure 9 as:

−k
∂ T
∂ y =h (Ta −Tsx) + m

•
Δhv (4)

where Tsx is the surface temperature at distance x from the leading edge.

The drying rate, m
•

 varies with the time and can be defined as,

( )
M KGm P Psr vR T

· ¢
= - (5)

where K ′
G is an overall mass transfer coefficient, defined in [27] as:

1 1 z"
K k DcG eff

= +
¢ ¢ (6)

where kc
'  is the local mass transfer coefficient (m s-1), z" is the distance from the plate surface

to the receding evaporation front in (m).

The boundary condition at y = h is:

Tk 0
y

¶
¶

- = (7)

Equation (2), with such boundary conditions, was solved by a finite difference method (a
modified form the so-called explicit method). Therefore, the temperature distribution on the
surface (i.e. y = 0) was calculated by using the model at different local points, x. Table 1
shows the physical properties of the sample materials.
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Figure 9. Heat and mass transfer process for the wet material. NA: mass transfer flux and q: heat transfer flux.)

Figure 10 shows the experimental and the predicted surface temperature distributions for
the desert sand along the bed at various times. The predicted temperatures were in good
agreement with the experimental results. From the graph, it can be seen that there is a signif‐
icant difference in the surface temperature between 0.1 m and 1 m. At time=195 minutes; i.e.
during the constant-rate period, the difference in temperature was 2 oC.

During the falling-rate period, the difference in the surface temperature between 0.1 m and 1
m increased. At 510 minutes, the difference is 11 oC. At the bottom of the sand bed, the dif‐
ference in temperature along the bed also can be seen clearly (Figure 4).

Figure 10. Experimental and predicted surface temperatures of the desert sand bed; experimental results (symbols);
predicted results (solid lines).
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For the entire time of the experiment, the surface and the bottom temperatures decreased
gradually with increasing distance from the leading edge. This caused by the resistance to
heat transfer process which increased with increasing thickness of thermal boundary layer.
In contrast, near the leading edge, the resistance to heat transfer diminishes, since the thick‐
ness of the thermal boundary layer in the vicinity of the surface thins. Therefore, the rate of
heat transfer to the body increased, thereby raising the temperature of surface. Afterwards,
heat transfer by conduction across the solid particles raises the temperature of the bed, and
the portion closest to the leading edge dries faster than that at a greater distance.

Figure 11 shows both predicted and experimental results for the bed of beach sand. This Fig‐
ure shows that the computed temperature distribution was in general agreement with ex‐
perimental results. However, unsatisfactory results can be seen at times greater than 400
minutes, i.e. during the falling-rate period. This is due to the nature of the beach sand as dis‐
cussed before. The surface temperature of the beach sand sample decreased gradually with
increasing distance from the leading edge. A significant difference in temperature between
0.1 m and 1 m can be seen clearly for both constant and falling-rate periods. During the con‐
stant-rate period, the difference in temperature was 2 oC, whereas in the falling-rate period
the difference reached to 8 oC.

Figure 11. Experimental and predicted surface temperatures of the beach sand bed; experimental results (symbols);
predicted results (solid lines).

Wind Tunnel Designs and Their Diverse Engineering Applications178



For the entire time of the experiment, the surface and the bottom temperatures decreased
gradually with increasing distance from the leading edge. This caused by the resistance to
heat transfer process which increased with increasing thickness of thermal boundary layer.
In contrast, near the leading edge, the resistance to heat transfer diminishes, since the thick‐
ness of the thermal boundary layer in the vicinity of the surface thins. Therefore, the rate of
heat transfer to the body increased, thereby raising the temperature of surface. Afterwards,
heat transfer by conduction across the solid particles raises the temperature of the bed, and
the portion closest to the leading edge dries faster than that at a greater distance.

Figure 11 shows both predicted and experimental results for the bed of beach sand. This Fig‐
ure shows that the computed temperature distribution was in general agreement with ex‐
perimental results. However, unsatisfactory results can be seen at times greater than 400
minutes, i.e. during the falling-rate period. This is due to the nature of the beach sand as dis‐
cussed before. The surface temperature of the beach sand sample decreased gradually with
increasing distance from the leading edge. A significant difference in temperature between
0.1 m and 1 m can be seen clearly for both constant and falling-rate periods. During the con‐
stant-rate period, the difference in temperature was 2 oC, whereas in the falling-rate period
the difference reached to 8 oC.

Figure 11. Experimental and predicted surface temperatures of the beach sand bed; experimental results (symbols);
predicted results (solid lines).

Wind Tunnel Designs and Their Diverse Engineering Applications178

ρ(Kg/m3) cpd (kJ/kg K) k (W/m K ) kd (W/m K) Deff (m²/s) Dv (m²/s)

Desert sand 1760 1.1 0.760 0.246 0.81x10-5 1.75x10-5

Beach sand 1980 1.2 1.12 0.188 1.15x10-5 2.05x10-5

Table 1. Physical properties for desert sand and beach sand.

We have found that the temperature distribution profiles determined for the flat beds of
desert sand, beach sand and glass beads identified clearly the stages of drying. The tempera‐
ture profiles in general were almost similar. However, the beach sand profile showed irreg‐
ularity in temperature, due to the nature of the beach sand which contains a lot of shells
with various shapes.

The temperature profiles also showed that when the whole surface of the bed became dry,
the whole bottom of the bed remained wet. During the falling-rate periods, a receding evap‐
oration front divided the system into a hotter, dry zone near the surface and a wet zone to‐
wards the bottom of the sample.

The predicted transport coefficients have very large values close to the leading edge, where
the thickness of the boundary layer approaches zero. In contrast, the values of the coeffi‐
cients decrease progressively with increased distance from the leading edge, where the
boundary layer thickens. Hence the resistance to heat and mass transfer to, or from, the sur‐
face also increases. These variations in thickness and resistance have a significant effect on
the temperature distribution along the bed and the drying rate.

A mathematical model has been modified to predict temperature distributions along the bed
at various times. The model was compared with the experimental results for various beds
and good agreement was obtained. We found that surface and bottom temperatures de‐
creased gradually with increasing distance from the leading edge, and the difference in tem‐
perature became clearer during the falling-rate period. The difference in the surface
temperature was 11 oC for the case of desert sand, and was 8 oC for the case of beach sand.
We concluded that the portion close to the leading edge dried faster than that at larger dis‐
tance, since the resistance to heat and mass transfer diminishes at that position.

3. Single droplet drying

The study of mechanisms that describe single droplet drying is a challenging issue since it
involves many disciplines: heat and mass transfer, fluid mechanics and chemical kinetics.
The main objective of this section is to attempt to further understand the mechanisms in‐
volved in the drying of a single droplet, and more specifically to formulate a mathematical
model. The model should predict temperature profiles for both the inner core and the outer
surface of the droplet under simulated conditions that might be encountered in spray drying
equipment. Experimental work will also involve the measuring the moisture contents
against time to provide more information for the droplet drying process.
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The experimental apparatus was comprised of a horizontal wind tunnel 2.2 m long. The
wind tunnel supplied a forced drying air into the working section where the droplet was
suspended from a glass nozzle. The apparatus and the flow system are shown in Figure 12.
A gate valve at the inlet to the wind tunnel controlled airflow rate. Air was heated to the
desired temperature, using a 3 KW electric heating element controlled by a rotary voltage
regulator.

Through the wind tunnel, a controlled flow of hot, dry air, with an average velocity of 1 m/s,
was passed across the droplet suspended from the glass nozzle. A forced dry air was ob‐
tained by using a centrifugal fan and a molecular sieve air dryer containing silica gel and
calcium silicate.

Figure 12. Experimental apparatus: 1-fan 2-molecular sieve 3-voltage regulator 4-air heater 5-Digital balance 6-Tem‐
perature recorder 7-Glass nozzle 8-Observation port.

The experiment was initiated by switching on the centrifugal fan and then the electric air
heater. The voltage regulator was adjusted to provide the desired air temperature. A ther‐
mocouple was fixed in the wind tunnel near to the glass nozzle to measure the air tempera‐
ture with an accuracy of ± 1o C. The air temperature was monitored until it reached a steady
state. This state requires between 1 to 2 hours to be achieved. When the apparatus achieved
a constant air temperature, the drying process was initiated.

As a part of this study, a droplet suspension device was specially designed to measure the
weight and temperature of the droplet. The droplet suspension device is illustrated in Fig‐
ure 13. It consisted of a glass nozzle with the dimensions of 180 mm in length and 9 mm
outside diameter. The upper section of the glass nozzle was fixed by a small electric rotator
device able to provide a rotational speed range of 1- 30 rpm. In order to reduce the contact
area between the free end of the glass nozzle and the droplet surface, the lower section of
the nozzle was shaped as a small cone with a free end diameter of 4 mm. The droplet re‐
ceives a relatively small amount of heat transferred by conduction through the glass nozzle,
which has a thermal conductivity of 0.480 W/m K. The heat transferred by conduction was
taken into account in the proposed model represented by Equations 4&5. The glass nozzle
was rotated at constant low speed of 5 rpm. This rotation speed had no effect on the shape
or stability of the droplet. The upper section of the suspension device was fixed by a metallic
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clip installed beneath the analytical balance. The lower section of the suspension device, i.e.
the glass nozzle, was inserted through a hole in the wind tunnel.

Figure 13. Droplet suspension device; glass nozzle and the connected thermocouples.

Two thermocouple sensor types, NiCr-NiAl, were used to measure the core and surface
temperatures of the droplet. One of the thermocouples was placed inside the glass nozzle
and extended to the center of the droplet. The other thermocouple was fixed outside and
along the glass nozzle. The outer thermocouple rotates simultaneously with the rotation of
the glass nozzle. The end tip of the thermocouple was positioned in a manner to touch the
outer surface of the droplet. The rotation process that made both the nozzle and the droplet
rotate together assisted in avoiding any separation between them that might have been
caused by the force of air drying. The core and the surface temperatures of the droplet were
easily recorded by a temperature recorder at 50 sec. intervals. The drying process of the dif‐
ferent material droplets was investigated under air temperature of 75o C and 140o C.

The procedure for weighing the droplet was carried out quickly and intermittently by caus‐
ing the suspension device to be freely-suspended. The gate valve was closed to cut off the
airflow to the working section and diverted to an outlet 20 mm valve in order to prevent any
vibration of the glass nozzle during the weighing process. The nozzle rotation was simulta‐
neously stopped. A metallic clip was opened manually to allow the suspension device to be
freely-suspended from a hook connected beneath the balance. This arrangement made the
weight measurement readings more accurate. The weighing procedure was repeated during
the droplet drying experiment at 100 secintervals. Thus, the weight loss of droplet was re‐
corded and moisture content was determined versus time. The required time for each
weighing procedure step was about 10 sec. This time was not included in the recorded dry‐
ing time and had no noticeable effect on the results.
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Three types of liquids were selected for the drying process experiments. The first type was
sodium sulphate decahydrate solution (60 wt % solid). The second type was a concentrated
fruit juice (60 wt % fruit juice powder of apple, peach and blueberry, MTC product). The
third type was an organic paste (20% sodium chloride, 25% dispersal pigment; Goteks prod‐
uct) used for adhesive and coating applications. Table 2 shows the physical properties of the
sample materials. Droplets ranging from 9 mm to 14 mm diameter were subjected to the
drying process. However, the actual size of the droplets in typical spray drying applications
is much smaller. The droplets with small sizes require developing a more accurate technique
to measure both core and surface temperatures. Therefore, the current research assumes that
the mechanisms of the drying large and small droplets are similar.

ρd (Kg/m3) cpd (kJ/kgK) k (W/mK) kd (W/mK) Deff (m²/s) Dv(m²/s)

Sodium sulphate
decahydrate solution

3110 1.1 0.180 0.246 1.14x10-5 3.45x10-5

Fruit juice 1650 1.7 0.126 0.188 1.10x10-5 3.40x10-5

Organic paste 3400 2.4 0.251 0.422 1.52x10-5 3.50x10-5

Table 2. Physical properties of sodium sulphate decahydrate solution, fruit juice and organic paste.

3.1. Mathematical model

In the drying process, the droplet is first heated by the hot air flow with significant evapora‐
tion from the surface. The temperature of the surface increases and approaches the wet-bulb
temperature, indicating the constant drying rate period. In order to propose a mathematical
model, the droplet was assumed to have a fixed size with no change during this period. Al‐
so, the droplet was assumed to have a uniform initial temperature and moisture content.
Temperature distribution within the droplet can be represented as

2

2
2( )T T T

t r rr
¶ ¶

a
¶ ¶

¶
= +

¶
(8)

Equation 8 was solved with the following boundary conditions using explicit finite differen‐
ces,

0 0Tk at r
r

¶
- = =

¶
(9)

and
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where, qnz is the transferred heat conduction to the droplet through the glass nozzle. It can
be calculated as:

0.54
( ) ( )nz nz

nz a sr
nz

k h
q T T

d
= - (11)

The heat transfer coefficient, hnz, can be correlated from Thomas (1999) as:

( )0.6 0.330.26  /nz air nzh Re Pr k d= + (12)

During the falling rate period, the formation of a receding evaporation front divides the
droplet into two regions, a dry crust at the outer surface and a wet region inside the core.
Therefore, heat transfer equations are formulated for each region. The physical model and
the coordinate system for analysis are shown in Figure 14.

Figure 14. Physical model and the coordinate system of the droplet cross-section.

Energy balance for the wet core, 0 < r < z, can be represented as follows:

2

2
2( )w w w
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Heat is transferred through the crust into the wet core where evaporation occurs at the inter‐
face between the core and the crust. Vapor then diffuses through pores of the crust into the
drying medium. Thus, moisture is transferred mainly by vapor flow. Consequently, vapor
diffusion must be taken into account in formulating the equations for the dry (crust) region.
The energy balance for the crust region, z < r < R, can be represented as follows:
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3.2. Boundary conditions

At the center of the sphere, r = 0

0w
w

T
k

r
¶
¶

- = (15)

At the surface, r = R:
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T
k h T T q

r
¶

- = - +
¶

(16)

At the receding evaporation front (r = z), the moving boundary conditions are

−kd
∂Td
∂ r + kw

∂ Tw
∂ r = m

•
Δhv (17)

The drying rate, m
•

, was defined in Eqs. (5 & 6). However, in this case, z " , in Eq. (6) repre‐
sents the distance from the droplet surface (r = R) to the receding evaporation front (r = z).

Heat and mass transfer coefficients, h and kc
', can be determined by the correlations found in

[28,29] as follows:

0.5 0.332Nu Re Pr= + F (18)

and

0.5 0.33   2Sh Re Scb= + (19)

where Φ and β are constants ranging from 0.6-0.7 for Re (500 -17000).

Thermal conductivity of the wet region can be evaluated according to [30] as:

w d vk k k X= + (20)

where X̄  is an average moisture content and kv is

v
v v

D M dpk h
RT dT

= × D (21)
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The non-linear Eqs. (13&14) with the boundary conditions as in Eqs. (15-17) were solved by
a finite difference method. The proposed equations were solved in a program using Turbo-
Pascal V.6, and the computational results compared with the experimental results.

3.3. Results

A single droplet of sodium sulphate decahydrate solution was suspended from the free end of
the glass nozzle at an air temperature of 75o C and an air velocity of 1 m/s. The wet-bulb tem‐
perature was 46o C. The core and surface temperatures of the droplet versus time are plotted in
Figure 15. Initially, the temperatures increased rapidly because of the large difference in tem‐
perature between the drying medium and the droplet. Basically, the plot exhibited two drying
periods. A short period, from time =100 - 200 s, where the surface temperature approached the
wet-bulb temperature, is described as the constant rate period. The second period, or falling
rate period, extended from t =200 s to the end of the experiment.

Figure 15. Temperature distribution profile for sodium sulphate decahydrate at air temperature of 75o C.
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Figure 15 plots the predicted values of both the core and surface temperature evaluated by
the developed model. Comparison of the experimental and theoretical results showed good
agreement. However, actual surface temperatures were slightly higher than those predicted
by the model. This probably was due to the position of the thermocouple and its reading
during the experiment, as will be discussed later in more detail.

The previous experiment was repeated at an air temperature of 140o C in the same drying
medium. Figure 16 shows experimental and theoretical results of a droplet of the same ma‐
terial. The experimental results showed that the constant rate period extended from time= 85
- 165 s, shorter than that observed at 75o C. The results showed both surface and core tem‐
peratures of 130o C at 900 s, at which point the droplet had dried completely. Figure 16
showed agreement between the experimental and predicted results.

Figure 16. Temperature distribution profile for sodium sulphate decahydrate at air temperature of 140o C.

A single droplet of a fruit juice was dried at an air temperature of 75º C and an air velocity of
1 m/s. Wet-bulb temperature was 44.5o C. The experimental results in Figure 17 show a con‐
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stant rate period from time =100 - 200 s. The falling rate period can be observed after the
constant period, when the temperature increased quickly.

During the falling rate period some experimental readings represented approximate values
of the actual droplet surface temperatures. The approximate values can be attributed to the
fact that the droplet diameter constantly decreased with time and that caused the distance
between the tip of thermocouple and the surface of droplet to grow. In other words, during
some time in the experiment, a part of the end tip of the thermocouple was touching the sur‐
face of the droplet, and the remaining area of the tip was exposed to air flow. Such a behav‐
ior caused the tip of thermocouple to give an average reading for both the surface and the
air flow temperatures. Good agreement was obtained between the theoretical and experi‐
mental results of the temperature profile for the fruit juice.

Figure 17. Temperature distribution profile for fruit juice at air temperature of 75o C.

The fruit juice droplet was dried again at an air temperature of 140o C in the same drying
medium. The results (Figure 18) showed that the constant rate period was a little shorter
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than that at 75o C. The results showed also that both surface and core temperatures were
similar and close to the air temperature at time = 1050 s. The mathematical model showed
also good agreement with the experimental readings.

Figure 18. Temperature distribution profile for fruit juice at air temperature of 140o C.

A single droplet of organic paste was dried under similar conditions to that of the fruit juice.
A plot of the core and surface temperatures of the droplet versus time is shown in Figure 19.
A relatively longer period of constant drying rate, compared to those shown for sodium sul‐
phate and fruit juice, was observed. Figure 19 also showed that surface temperature in‐
creased rapidly after time = 300 s, indicating the beginning of the falling rate period. Less
agreement was obtained between the model’s predicted results and the experimental re‐
sults. Organic paste, which has higher thermal conductivity, forms a thicker solid crust at
the outer surface compared to the other material evaluated. Therefore, a higher resistance to
heat and vapor through the crust would be expected. To improve the predictions, introduc‐
tion of a correction factor is probably required in the model for those materials which have a
nature similar to that of the organic paste. Figure 20 shows the experimental and theoretical
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results of air temperature of 140o C. Again, forming a solid crust at the outer surface led to
less agreement between theoretical and experimental results. The predicted temperature dis‐
tributions were higher than the actual temperatures.

Figure 19. Temperature distribution profile for organic paste at air temperature of 75o C.

The moisture content of the droplet was determined by measuring the weight loss against
time. There was no experimental technique to measure core and surface moisture content sep‐
arately; therefore, the measured moisture content of the droplet represented the average val‐
ue. The experimental results of moisture content distribution for the three samples at an air
temperature of 75o C, are shown in Figure 21. The moisture content profiles clearly show the
two stages of drying, the constant rate period and the falling rate period. The profiles show
that the sodium sulphate decarbohydrate solution had consistently lower moisture content, as
it dried faster than the other materials. The profiles also showed that forming a solid crust in
the falling rate period lowered the moisture content values for all the three samples. In the
case of organic paste, the change in the moisture content was more significant.
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Obviously, crust formation, thickness and porosity have a significant effect on the moisture
content and on the drying rate of the droplet. This result was also obtained by Hayder &
Mumford [31] in the drying of custard and starch droplets. They observed that crust forma‐
tion was more rapid on the custard droplet, because the smaller starch granules absorbed
less and left more free water in the droplet. Therefore, the crust growth and the drying rate
of the starch droplets took a longer time.

Moisture distribution curves for the three samples at 140o C air temperature are plotted in
Figure 22. Similar results were obtained to those observed at an air temperature of 75o C.
Also, the profiles showed that the moisture content dropped to lower values compared to
those at 75o C. In other words, the droplets dried faster at the higher temperature.

3.4. Discussion

As previously observed, moisture and temperature distribution profiles of various materials
exhibited constant and falling drying rate periods. In the constant rate period, the tempera‐

Figure 20. Temperature distribution profile for organic paste at air temperature of 140o C.
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ture of the droplet surface was almost equal to the wet-bulb temperature. During this peri‐
od, evaporation takes place from the free liquid surface of the droplet. The constant rate
period was relatively short in sodium sulphate and fruit juice samples. However, that peri‐
od was longer in the case of organic paste.

The falling rate period is characterized by formation of a partial crust on the outer surface of
the droplet. This crust recedes towards the core and the surface temperature starts to in‐
crease. Vapor diffusion becomes the predominant transport process at this stage. Crust
structure, thickness and porosity have a significant effect on the rate of drying. The crust
thickness increases with time, hence the resistance to heat and moisture diffusion through
the crust increases. Therefore, moisture content and drying rate decrease.

Some experimental readings represented approximate values of the actual droplet surface
temperatures. This was attributed to the end tip of thermocouple that was giving average
readings for both the surface and the air flow temperatures at the same time. It was also as‐

Figure 21. Moisture content profile for all samples at air temperature of 75o C.
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sumed that the mechanism of the droplet drying is similar for both small and large diame‐
ters. Therefore, it is recommended that a more accurate technique for measuring droplets
with small sizes and for the taking of surface temperatures be developed.

The new model predicted temperature distribution profiles for single droplets of various ma‐
terials. The predicted results showed a good agreement with the experimental data for air
temperatures at 75o C and 140o C. However, the model was less accurate in the case of organic
paste due to the higher thermal conductivity of the formed crust. A correction factor should be
developed and taken into account for such materials. The model provides a relatively fast and
efficient way to simulate drying behavior over a range of drying conditions. The model also
represents a useful tool in the design and optimization of spray drying processes.

Moisture content profiles clearly showed the two stages of the drying process. In addition,
the moisture profiles supported the conclusions that the crust forming in the falling rate pe‐
riod decreased both the moisture content and the drying rate.

Figure 22. Moisture content profile for all samples at air temperature of 140o C.
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Through the results of the experimental work and the theoretical model for a droplet drying, a
significant conclusion was obtained. It has always been wrongly assumed in the literature that
there is no temperature distribution within the droplet. This concept has been corrected by the
current research. All experiments for the three materials used showed a clear difference be‐
tween the core and the surface temperatures of the droplet during the drying process.

3.5. General conclusion

The characteristics of the boundary layer have a great effect on the local heat and mass
transfer coefficients and temperature distributions throughout a flat bed surface. Droplet
drying is an important subject in drying science, since it provides more details about the
drying mechanisms in order to optimize spray dryer equipment. However, this part of the
drying field is rarely considered in the literature. Further research in this area seems essen‐
tial to obtain better understanding of drying theory.

Wind tunnel definitely is considered one of the best tools to investigate and to study the
mechanisms of drying process. The most important variables in any drying process such as
air flow, temperature and humidity are usually easy to be controlled inside the wind tunnel.
Through a mathematical approach and an experimental work using a wind tunnel, we high‐
lighted on the role of the boundary layer on the interface behavior and the drying mecha‐
nisms for various materials of a flat plate surface and a single droplet shape.

Nomenclature

α Thermal diffusivity m2/hr

Cp Heat capacity kJ/kg K

D Diameter M

Deff Effective diffusivity m²/s

Dv Diffusivity of vaporization m²/s

H Heat transfer coefficient W/m² K

Δhv Latent heat of vaporization kJ/kg

K Thermal conductivity W/m K

k′c Mass transfer coefficient m/s

K′G Overall mass transfer coefficient m/s

M Molecular weight of water kg/kgmol

Nu Nussult number -

P Partial pressure kPa

Pr Prandtel number-
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Q Conduction heat transfer W/m2

R Universal constant m3kPa/kgmol K

Re Reynolds number -

t Time s

T Temperature K

X Moisture content kg/kg

Ta Air Temperature K

ρ Density kg/m3

Sc Schmidt number

Subscripts

a Dry crust

nz

sr

v

Glass nozzle

Surface

Vapor

w Wet core

Author details

Abdulaziz  Almubarak*

College of Technological Studies, Department of Chemical Engineering, Kuwait

References

[1] Sparrow E, Lin S. Boundary Layer With Prescribed Heat Flux Application to Simulta‐
neous Convective and Radiation. International Journal of Heat and Mass Transfer
1965; 8, 437- 448.

[2] Luikov A. Conjugate Convective Heat Transfer Problems. International Journal of
Heat and Mass Transfer 1974; 17, 257-265.

[3] Chyou T. The effect of A Short Unheated Length and A Concentrated Heat Source on
The Heat Transfer Through A Turbulent Boundary Layer. International Journal of
Heat and Mass Transfer 1991; 34, 1917-1928.

Wind Tunnel Designs and Their Diverse Engineering Applications194



Q Conduction heat transfer W/m2

R Universal constant m3kPa/kgmol K

Re Reynolds number -

t Time s

T Temperature K

X Moisture content kg/kg

Ta Air Temperature K

ρ Density kg/m3

Sc Schmidt number

Subscripts

a Dry crust

nz

sr

v

Glass nozzle

Surface

Vapor

w Wet core

Author details

Abdulaziz  Almubarak*

College of Technological Studies, Department of Chemical Engineering, Kuwait

References

[1] Sparrow E, Lin S. Boundary Layer With Prescribed Heat Flux Application to Simulta‐
neous Convective and Radiation. International Journal of Heat and Mass Transfer
1965; 8, 437- 448.

[2] Luikov A. Conjugate Convective Heat Transfer Problems. International Journal of
Heat and Mass Transfer 1974; 17, 257-265.

[3] Chyou T. The effect of A Short Unheated Length and A Concentrated Heat Source on
The Heat Transfer Through A Turbulent Boundary Layer. International Journal of
Heat and Mass Transfer 1991; 34, 1917-1928.

Wind Tunnel Designs and Their Diverse Engineering Applications194

[4] Harris S, Ingham D, Pop I. Transient Boundary Layer Heat Transfer From A Flat
Plate Subjected To A Sudden Change in Heat Flux. European Journal of Mechanics
B- Fluid 2001; 20, 187-204.

[5] Deswita L, Nazar R, Ahmad R, Ishak A, Pop I. Similarity Solutions of Free Convec‐
tion Boundary Layer Flow on a Horizontal Plate with Variable Wall Temperature.
European Journal of Scientific Research 2009; 27(2) 188-198.

[6] Defraeyea T, Houvenaghelc G, Carmelieta J, Derome D. Numerical Analysis of Con‐
vective Drying of Gypsum Boards. International Journal of Heat and Mass Transfer
2012; 55, 4487-4928.

[7] Mori S, Nakagwa H, Tanimoto A, Sakakibara M. Heat and Mass Transfer With A
Boundary Layer Flow Past A Flat Plate of Finite Thickness. International Journal of
Heat and Mass Transfer 1991; 34, 2899-2909.

[8] Masmoudi W, Prat M. Heat and Mass Transfer Between A Porous Medium and A
Parallel External Flow; Application to Drying of Capillary Porous Material. Interna‐
tional Journal of Heat and Mass Transfer 1991; 34, 1975-1989.

[9] Jomaa W, Bruneau D, Nadeau J. Simulation of The High Temperature Drying of A
Past Product: on The Influence of The Local Air Flow and The Thermal Radiation.
Drying Technology 2004; 22, 1709-1729.

[10] Ranz W, Marshall W. Evaporation From Drops. Chemical Engineering Progress 1952;
48, 141-173.

[11] Trommelen A, Crosby E. Evaporation and Drying of Drops in Superheated Vapors.
AIChE Journal 1970; 16, 857-872.

[12] Sirignano, W.A. Fluid Dynamics and Transport of Droplets and Sprays: Cambridge
University Press, NY, USA 1999.

[13] Masters K. Spray Drying in Practice. Spray Dry Consult International: Denmark:
John Wiley & Sons Inc., NY, USA 2002.

[14] Sloth J, Kiil S, Jensen A, Andersen S, Jørgensen K, Schiffter H, Lee G. Model Based
Analysis of The Drying of A Single Solution Droplet in An ultrasonic Levitator.
Chemical Engineering Science 2006; 61, 2701-2709.

[15] Miura K, Miura T, Ohtani S. Heat and Mass Transfer to and From Droplets. Ameri‐
can Journal of Chemical Engineers, Symposium series 1977; 73 (163).

[16] Ali H, Mumford C, Jefferys G., Bains G. A study of evaporation from, and drying of,
single droplets. In: Mujumdar AS. (editor) Proceedings of the 6th International Sym‐
posium in Drying IDS’88. Versailles, France.1988.

[17] Minoshima H, Matsushima K, Liang H, Shinohara K. Estimation of Diameter of
Granule Prepared by Spray Drying of Slurry with Fast and Easy Evaporation. Jour‐
nal of Chemical Engineering of Japan 2002; 35, 880-885.

Investigation of Drying Mechanism of Solids Using Wind Tunnel
http://dx.doi.org/10.5772/54322

195



[18] Seydel P. Experimental and Mathematical Modeling of Solid Formation at Spray
Drying. Chemical Engineering Technology 2004; 27 (5): 505-510.

[19] Perdana J, Fox M, Schutyser M, Boom R. Single-Droplet Experimentation on Spray
Drying: Evaporation of a Sessile Droplet. Chemical Engineering & Technology 2011;
34 (7): 1151–1158.

[20] Cheong H, Jeffreys G, Mumford C. A Receding Interface Model For The Drying of
Slurry Droplets. AIChE Journal 1986; 32, 1334-1346.

[21] Farid M. A New Approach to Modeling of Single Droplet Drying. Chemical Engi‐
neering Science 2003; 58, 2985-2993.

[22] Almubarak A, Mumford C. Characteristics of the receding evaporation front in con‐
vective drying. In: Mujumdar AS. (editor) Proceedings of the 9th International Dry‐
ing Symposium, IDS'94, Marcel Dekker Inc., NY, USA; 1994.

[23] Kays W. M, Crawford M.E. Convective Heat and Mass Transfer, 2nd. ed., McGraw-
Hill Book Company, New York, NY, USA.1980.

[24] Thomas L. C. Heat Transfer professional Version. 2nd ed.: Capston Publishing Cor‐
poration, OK. USA. 1999.

[25] Kreith F, Bohn M. Principles of Heat Transfer. 6th ed.: Brook/Cole Publishers, Pacific
Grove, CA, USA 2001.

[26] Almubarak A, Al-Saeedi J, Shoukry M. Effect of Boundary Layer on Mechanisms of
Beach and Desert sand. European Journal of Soil Science 2008; 59, 807-816.

[27] Waananen K, Litchfield J, Okos M. Classification of Drying Models for Porous Solids,
Drying Technology 1993; 11, 1-40.

[28] Holman J.P. Heat Transfer: McGraw-Hill Book Co., NY, USA 2002.

[29] Nesic S, Vodnik J. Kinetics of Droplet Evaporation. Chemical Engineering Science
1991; 46, 527-537.

[30] Chen X, Peng F. Modified Biot Number in The Context of Air Drying of Small Moist
Porous Objects. Drying Technology 2005; 23, 83-103.

[31] Hayder M, Mumford C. 1993. Mechanisms of Drying of Skin Forming Materials.
Drying Technology 1993; 11, 1713-1750.

Wind Tunnel Designs and Their Diverse Engineering Applications196



[18] Seydel P. Experimental and Mathematical Modeling of Solid Formation at Spray
Drying. Chemical Engineering Technology 2004; 27 (5): 505-510.

[19] Perdana J, Fox M, Schutyser M, Boom R. Single-Droplet Experimentation on Spray
Drying: Evaporation of a Sessile Droplet. Chemical Engineering & Technology 2011;
34 (7): 1151–1158.

[20] Cheong H, Jeffreys G, Mumford C. A Receding Interface Model For The Drying of
Slurry Droplets. AIChE Journal 1986; 32, 1334-1346.

[21] Farid M. A New Approach to Modeling of Single Droplet Drying. Chemical Engi‐
neering Science 2003; 58, 2985-2993.

[22] Almubarak A, Mumford C. Characteristics of the receding evaporation front in con‐
vective drying. In: Mujumdar AS. (editor) Proceedings of the 9th International Dry‐
ing Symposium, IDS'94, Marcel Dekker Inc., NY, USA; 1994.

[23] Kays W. M, Crawford M.E. Convective Heat and Mass Transfer, 2nd. ed., McGraw-
Hill Book Company, New York, NY, USA.1980.

[24] Thomas L. C. Heat Transfer professional Version. 2nd ed.: Capston Publishing Cor‐
poration, OK. USA. 1999.

[25] Kreith F, Bohn M. Principles of Heat Transfer. 6th ed.: Brook/Cole Publishers, Pacific
Grove, CA, USA 2001.

[26] Almubarak A, Al-Saeedi J, Shoukry M. Effect of Boundary Layer on Mechanisms of
Beach and Desert sand. European Journal of Soil Science 2008; 59, 807-816.

[27] Waananen K, Litchfield J, Okos M. Classification of Drying Models for Porous Solids,
Drying Technology 1993; 11, 1-40.

[28] Holman J.P. Heat Transfer: McGraw-Hill Book Co., NY, USA 2002.

[29] Nesic S, Vodnik J. Kinetics of Droplet Evaporation. Chemical Engineering Science
1991; 46, 527-537.

[30] Chen X, Peng F. Modified Biot Number in The Context of Air Drying of Small Moist
Porous Objects. Drying Technology 2005; 23, 83-103.

[31] Hayder M, Mumford C. 1993. Mechanisms of Drying of Skin Forming Materials.
Drying Technology 1993; 11, 1713-1750.

Wind Tunnel Designs and Their Diverse Engineering Applications196

Chapter 9

Statistical Analysis of Wind Tunnel and
Atmospheric Boundary Layer Turbulent Flows
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Additional information is available at the end of the chapter
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1. Introduction

Many studies on wind engineering require the use of different types of statistical analysis
associated to the phenomenology of boundary layer flows. Reduced Scale Models (RSM) ob‐
tained in laboratory, for example, attempt to reproduce real atmosphere phenomena like
wind loads on buildings and bridges and the transportation of gases and airborne particu‐
lates by the mean flow and turbulent mixing. Therefore, the quality of the RSM depends on
the proper selection of statistical parameters and in the similarity between the laboratory
generated flow and the atmospheric flow.

The turbulence spectrum is the main physical parameter used to compare the velocity fluc‐
tuation characteristics of atmospheric and laboratory flows in Wind Load Modeling (WLM).
This is accomplished by fitting experimental spectra to some functional form, e.g., von Kár‐
mán, Harris or Batchelor-Kaimal formula, and then creating dimensionless turbulence spec‐
tra in accordance with a similarity theory [1, 2, 3]. The objective behind the use of a
similarity theory is that the dimensionless spectra of atmospheric and laboratory flows col‐
lapse, if the dimensionless spectra were constructed by appropriate parameters [4].

This classical spectral comparison is commonly used in WLM [5]. However, some difficulties,
related to the determination of the inertial range extent, choice of characteristic velocity and
length scale parameters and possible effects due to the finiteness of the Reynolds number arise
in wind tunnel studies, specially, when simulations are performed at low velocities [6].

Considering this scenario, a complementary study taking into account the use of local scale
based Reynolds number, inertial and dissipation range characteristic scales, control of sam‐
pling frequency and post-processing filtering is proposed. Selected data sets obtained under
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distinct configurations of three wind tunnels, a smooth pipe and atmospheric boundary lay‐
er are used. In addition, a different class of spectral representation proposed by Gagne et al.
[7], which is based on local similarities and compatible with the multifractal formalism, is
compared to traditional approaches.

2. Atmospheric boundary layer flows and wind tunnel flow simulation

The atmospheric boundary layer is the lowest part of atmosphere. Effects of the surface
roughness, temperature and others properties are transmitted by turbulent movement in
this layer. Under conditions of weak winds and very stable stratification, turbulent exchang‐
es are very weak and the atmospheric boundary layer is called surface inversion layer [8]. A
distinction is usually made between atmospheric boundary layer over homogeneous and
non-homogeneous terrain. In this last situation, the boundary layer is not well defined, and
topographical features could cause highly complex flows.

The depth of the atmospheric boundary layer varies with the atmospheric condition, but it is
typically 100 m during the night-time stable conditions and 1 km in daytime unstable or
convective conditions. A detailed description related to the wind characteristics associated
to the neutral condition is made by Blessmann [3] in his book on Wind in Structural Engi‐
neering. Several similarity theories have been proposed for different atmospheric stability
conditions. Near the surface, from dimensional arguments the analysis leads to the Prandtl
logarithmic law, Eq. (1), in the case of a neutral boundary layer:

0

( ) 1 ln
* 0.4

dz zU z
u z

-
= (1)

Where U is the mean velocity, u* is the friction velocity, z0 is know as the roughness height
and zd is defined as the zero-plane displacement for very rough surface. The depth of a wind
tunnel boundary layer is defined as the height where mean velocity reaches 0.99 of the free
stream velocity. This definition is used to characterize atmospheric flow simulations.

Wind tunnels are designed to obtain different air flows, so that similarity studies can be per‐
formed, with the confidence that actual operational conditions will be reproduced. Once a
wind tunnel is built, the first step is the evaluation of the flow characteristics and of the pos‐
sibility of reproducing the flow characteristics for which the tunnel was designed. Many
evaluation studies of wind tunnels are presented in the open literature. Some of which are
the work of Cook [9] on the wind tunnel in Garston, Watford, UK, the presentation of the
closed-return wind tunnel in London [10] and the Oxford wind tunnel, UK [11], the charac‐
terization of the boundary layer wind tunnel of the UFRGS, Brazil [12] and of the Danish
Maritime Institute, Denmark [13].

Wind tunnel modeling of atmospheric boundary layer is generally oriented to neutrally sta‐
ble flows. Modeling of stratified boundary layer is more difficult to implement and less used

Wind Tunnel Designs and Their Diverse Engineering Applications198



distinct configurations of three wind tunnels, a smooth pipe and atmospheric boundary lay‐
er are used. In addition, a different class of spectral representation proposed by Gagne et al.
[7], which is based on local similarities and compatible with the multifractal formalism, is
compared to traditional approaches.

2. Atmospheric boundary layer flows and wind tunnel flow simulation

The atmospheric boundary layer is the lowest part of atmosphere. Effects of the surface
roughness, temperature and others properties are transmitted by turbulent movement in
this layer. Under conditions of weak winds and very stable stratification, turbulent exchang‐
es are very weak and the atmospheric boundary layer is called surface inversion layer [8]. A
distinction is usually made between atmospheric boundary layer over homogeneous and
non-homogeneous terrain. In this last situation, the boundary layer is not well defined, and
topographical features could cause highly complex flows.

The depth of the atmospheric boundary layer varies with the atmospheric condition, but it is
typically 100 m during the night-time stable conditions and 1 km in daytime unstable or
convective conditions. A detailed description related to the wind characteristics associated
to the neutral condition is made by Blessmann [3] in his book on Wind in Structural Engi‐
neering. Several similarity theories have been proposed for different atmospheric stability
conditions. Near the surface, from dimensional arguments the analysis leads to the Prandtl
logarithmic law, Eq. (1), in the case of a neutral boundary layer:

0

( ) 1 ln
* 0.4

dz zU z
u z

-
= (1)

Where U is the mean velocity, u* is the friction velocity, z0 is know as the roughness height
and zd is defined as the zero-plane displacement for very rough surface. The depth of a wind
tunnel boundary layer is defined as the height where mean velocity reaches 0.99 of the free
stream velocity. This definition is used to characterize atmospheric flow simulations.

Wind tunnels are designed to obtain different air flows, so that similarity studies can be per‐
formed, with the confidence that actual operational conditions will be reproduced. Once a
wind tunnel is built, the first step is the evaluation of the flow characteristics and of the pos‐
sibility of reproducing the flow characteristics for which the tunnel was designed. Many
evaluation studies of wind tunnels are presented in the open literature. Some of which are
the work of Cook [9] on the wind tunnel in Garston, Watford, UK, the presentation of the
closed-return wind tunnel in London [10] and the Oxford wind tunnel, UK [11], the charac‐
terization of the boundary layer wind tunnel of the UFRGS, Brazil [12] and of the Danish
Maritime Institute, Denmark [13].

Wind tunnel modeling of atmospheric boundary layer is generally oriented to neutrally sta‐
ble flows. Modeling of stratified boundary layer is more difficult to implement and less used

Wind Tunnel Designs and Their Diverse Engineering Applications198

in wind tunnel tests. Similarity criteria imply that a set of non-dimensional parameters
should be the same in model and prototype. In general, the flow is governed by the boun‐
dary conditions and the Rossby, Reynolds, Strouhal, Froude, Eckert and Prandtl numbers,
but in most of the situations of practical importance the effects of several non-dimensional
numbers can be neglected. Later studies in atmospheric boundary layer simulations at‐
tempted to reproduce as closely as possible the mean velocity distribution and turbulence
scales of the atmospheric flow. This is made by non-dimensional comparisons of mean and
fluctuating velocity measurements in the wind tunnel flow and atmospheric data.

In general, wind tunnel evaluation is performed at the highest flow velocity, the results be‐
ing presented in terms of mean velocity distributions, turbulence intensities and scales.
However, many simulations are performed at low velocities to evaluate some specific prob‐
lems. This is the case of laboratory simulation of dispersion problems [14] and transmission
line modeling [15].

Boundary-layer simulations are performed with help of grids, vortex generators and rough‐
ness elements, to facilitate the growth of the boundary layer and to define the mean velocity
profile. This is used in the most applied simulation methods, namely the full-depth simula‐
tion [16] and part-depth simulation [17]. The use of jets and grids is also applied [12].

The “Jacek Gorecki” wind tunnel, located at the Universidad Nacional del Nordeste, UNNE
at Resistencia (Chaco), Argentina, is a low velocity atmospheric boundary-layer wind tun‐
nel, built with the aim to perform aerodynamic studies of structural models. The atmospher‐
ic boundary layer is reproduced with help of surface roughness elements and vortex
generators, so that natural wind simulations are performed. Fig. 1 shows a view of the “Ja‐
cek Gorecki” wind tunnel, which is a 39.56 m long channel. The air enters through a contrac‐
tion, passing a honeycomb prior to reach the test section, which is a 22.8 m long rectangular
channel (2.40 m width, 1.80 m height). Two rotating tables are located in the test section to
place structural models. Conditions of zero pressure gradient boundary layers can be ob‐
tained by vertical displacement of the upper wall. The test section is connected to the veloci‐
ty regulator and to the blower, which has a 2.25 m diameter and is driven by a 92 kW
electric motor at 720 rpm. A diffuser decelerates the air before leaving the wind tunnel.

In this wind tunnel, many models of atmospheric boundary layer were implemented. In gener‐
al, the simulation of natural wind on the atmospheric boundary layer was performed by means
of the Counihan and Standen methods [18, 19, 20]. To illustrate this type of flow model, an ex‐
ample of full-depth Counihan simulation with velocity distributions corresponding to a class
III terrain is presented. According to Argentine Standards CIRSOC 102 [21], this type of terrain
is designed as “ground covered by several closely spaced obstacles in forest, industrial or ur‐
ban zone”. The mean height of the obstacles is considered to be about 10 m, while the boundary
layer thickness is zg = 420 m. The power law for velocity distribution is given by
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with suitable values for the exponent a between 0.23 and 0.28 [3]. This law is of good appli‐
cation in neutral stability conditions of strong winds, typical for structural analysis. For this
Counihan full-depth simulation, where the complete boundary-layer thickness is simulated,
four 1.42 m (Hv) high elliptic vortex generators and a 0.23 m (b) barrier were used, together
with prismatic roughness elements placed on the test section floor along 17 m (l) (see Fig. 2).
The wind tunnel test section and the simulation hardware are shown in Fig. 3.

Figure 1. “Jacek Gorecki” Wind Tunnel at UNNE.
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In this work, measurements of wind velocity realized in three different wind tunnels will be
used for the spectral analysis. The “Jacek Gorecki” wind tunnel [19] described above, the
“TV2” wind tunnel of the Laboratorio de Aerodinámica, UNNE, smaller, also an open cir‐
cuit tunnel, and the closed return wind tunnel “J. Blessmann” of the Laboratório de Aerodi‐
nâmica das Construçoes, Universidade Federal de Rio Grande do Sul, UFRGS [12].
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Figure 2. Arrangement of Counihan simulation hardware.

Figure 3. Test section and full-depth Counihan vortex generators.
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3. Mean flow evaluation of an atmospheric boundary layer simulation

The above described Counihan simulation is used to illustrate the mean flow evaluation. In
this case, mean velocity measurements were performed by means of a pitot-Prandtl tube
connected to a Betz manometer. Velocity and longitudinal velocity fluctuations were meas‐
ured by a constant temperature hot wire anemometer, with a true-RMS voltmeter, using low
and high-pass analogical filters. Data acquisition of hot wire signals was made by means of
an A/D board connected to a personal computer. Uncertainty associated with the measured
data depends of the hot wire resolution and the calibration system. In this case, an uncer‐
tainty order of ± 3 % was determined at high velocity measurements.

Previously to simulate ABL flows, an empty tunnel flow evaluation was realized. Mean ve‐
locity profiles were measured along a vertical line on the center of the rotating table 2. The
boundary layer has a thickness of about 0.3 m and the velocity values have a maximal devia‐
tion of 3 %, by taking the velocity at the center of the channel as reference. Turbulence inten‐
sity distribution at the same locations shows values around 1% outside the boundary layer
increasing, as expected, inside the boundary layer. Reference velocity at the center of the
channel for empty tunnel tests was 27 m/s and the resulting Reynolds number 3.67×106.

Once the empty tunnel evaluation was over, the mean flow of the full-depth boundary layer sim‐
ulation was analyzed. Measurement of the mean velocity distribution was made along a vertical
line on the center of rotating table 2 and along lines 0.30 m to the right and left of this line. Fig. 4
shows the velocity distribution along the central line. Flow characteristics are presented in Table
1. There is a good similarity among the velocity profiles given by the values of the exponent α ob‐
tained. Turbulence intensity distribution at the same locations is shown in Fig. 5. The values are
lower than those obtained by Cook [4] and by using Harris-Davenport formula for atmospheric
boundary layer [3]. Values are reduced as the distance from the lower wall is increased.
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Figure 4. Vertical mean velocity profile – experimental values and power law fit.
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These mean velocity and turbulence intensity vertical profiles show a typical evaluation of
the boundary layer mean flow applied to wind load studies. Similar analysis was made for
other authors to different wind tunnel simulations. Some works include vertical profiles of
longitudinal turbulence scales [12, 20]. When dispersion problems are analyzed and physic
atmospheric research studies in wind tunnel are development the mean flow evaluation is
usually realized utilizing the logarithmic expression, Eq. (1). A simple method to fit experi‐
mental values of mean velocity to the logarithmic law is presented by Liu et al. [22]. The
characteristic parameters u* and z0, friction velocity and roughness height, respectively, are
used to evaluate critical Reynolds number values on low velocity tests for wind tunnel dis‐
persion studies [23].

y = 0 y = 0.30 m y = -0.30 m

zg[m] 1.164 1.164 1.164

Ug [m/s] 27.51 28.18 27.76

α 0.270 0.265 0.270

Table 1. Flow characteristics for full-depth boundary layer simulation.
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Figure 5. Vertical turbulence intensities profiles.

4. Energy spectra and structure functions in boundary layer flows

Atmospheric data come from anemometers frequently located 10 m height. These values
contain climatic system contributions and components of the boundary layer itself. That is,
measured data include wind velocity variations corresponding to time scales from some
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hours to fractions of one second. Usually power spectra are employed to analyze these at‐
mospheric records. The Van der Hoven spectrum, obtained in Brookhaven, Long Island,
NY, USA [24], represents the energy of the longitudinal velocity fluctuation on the complete
frequency domain. Two peaks can be distinguished in this spectrum, one corresponding to
the 4-day period or 0.01 cycles/hour (macro-meteorological peak), and another peak be‐
tween the periods of 10 minutes and 3 seconds associated to the boundary layer turbulence
(micro-meteorological peak). A spectral valley, with fluctuations of low energy, is observed
between the macro and micro-meteorological peak. This region is centered on the period of
30 minutes and allows dividing the mean flow and the velocity fluctuations. This spectral
characteristic confirms that interaction between climate and boundary layer turbulence is
negligible and permits considering both aspects independently.

Velocity fluctuations with periods lower than one hour define the micro-meteorological
spectral region or the atmospheric turbulence spectrum. Interest of wind load and disper‐
sion problems is concentrated on this spectral turbulence region. In 1948 von Kármán sug‐
gested an expression for the turbulence spectrum with which his name is related, and 20
years later this spectral formula started to be used for wind engineering applications. Some
deficiencies in fitting data measured in atmospheric boundary layer were pointed later and
Harris [5] shown a modified formulae for the von Kármán spectrum.

According ESDU [3], the von Kármán formula for the dimensionless spectrum of the longi‐
tudinal component of atmospheric turbulence is:
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where Su is the spectral density function of the longitudinal component, f is the frequency in
Hertz and σu

2 is the variance of the longitudinal velocity fluctuations. The dimensionless fre‐
quency Xu(z) is fL(z)/U(z), being L the integral scale. This spectrum formula satisfies the Wie‐
ner-Khintchine relations between power spectra and auto-correlations and provides a
Kolmogorov equilibrium range in the spectrum. However, the von Kármán expression pro‐
vides no possibility to fit other measured spectral characteristics [5].

Two situations of spectral analysis of boundary layer flow are presented next from different
wind tunnel studies and atmospheric data. These cases resume a typical spectral evaluation
of a boundary layer simulation and a spectral comparison of different boundary layer flows.
Finally, a discussion of the use of structure functions applied to the analysis of velocity fluc‐
tuations is presented.

4.1. Spectral evaluation of a wind tunnel boundary layer simulation

A first example of spectral analysis is that corresponding to the Counihan boundary layer
simulation described on previous section. Longitudinal velocity fluctuations were measured
by the hot wire anemometer system and the uncertainty associated with the measured data
is the same as previously mentioned. In this case, spectral results from longitudinal velocity
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fluctuations were obtained by juxtaposing three different spectra from three different sam‐
pling series, obtained in the same location, each with a sampling frequency, as given in Ta‐
ble 1, as low, mean and high frequencies. The series were divided in blocks to which an FFT
algorithm was applied [25]. In Fig. 6, four spectra obtained at height z=0.233, 0.384, 0.582
and 0.966 m are shown. Values of the spectral function decrease as the distance from the
tunnel floor z is increased. An important characteristic of the spectra is the presence of a
clear region with a -5/3 slope, characterizing Kolmogorov's inertial sub-range.

The comparison of the results obtained through the simulations with the atmospheric boun‐
dary layer is made by means of dimensionless variables of the auto-spectral density fSu/σu

2

and of the frequency Xu(z) using the von Kármán spectrum, given by the expression of Eq.
(3). Kolmogorov's spectrum will have, therefore, a -2/3 exponent instead of -5/3. The com‐
parison was realized for spectra measured at different heights, but only is presented the
spectrum obtained at z = 0.233 m (Fig. 7). The agreement is very good, except for the highest
frequencies affected by the action of the low-pass filter.

Low frequency Mean frequency High frequency

Sampling frequency [Hz] 300 900 3000

Low-pass filter[Hz] 100 300 1000

High-pass filter[Hz] 0.3 0.3 0.3

Sampling time [s] 106.7 35.6 10.7

Bandwidth [Hz] 1.132 3.516 11.719

Table 2. Data acquisition conditions for spectral analysis.
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Figure 6. Power spectra of the longitudinal velocity fluctuation for a boundary layer simulation.
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This evaluation was realized at high velocity (Ug ≈ 27 m/s) being the resulting Reynolds
number value of Re ≈ 4×106. The juxtaposing technique used to improve the spectral resolu‐
tion is today unnecessary because of the fact that is possible to utilize a large sample size.
However, sample series were limited to 32000 values for this analysis and three spectra were
juxtaposed.

A scale factor of 250 for this boundary layer simulation was obtained through the procedure
proposed by Cook [4], by means of the roughness length z0 and the integral scale Lu as pa‐
rameters. The values of the roughness length are obtained by fitting experimental values of
velocity to the logarithmic law of the wall, while integral scale is given by fitting the values
of the measured spectrum to the design spectrum.
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Figure 7. Comparison of the dimensionless spectrum obtained at z = 0.233 m and the von Kármán spectrum.

4.2. Spectral comparison of different boundary layer flows

A second study based on results of different boundary layer flows was realized. Measure‐
ments of the longitudinal fluctuating velocity obtained in three different wind tunnels were
selected for this analysis. All selected velocity samples correspond to neutral boundary layer
flow simulations developed in appropriate wind tunnels. The analysis was complemented
using measurements realized in a smooth tube flow and in the atmosphere.

Wind tunnel and smooth tube measurements were realized by a constant hot-wire anemom‐
eter previously described. Atmospheric data were obtained using a Campbell 3D sonic ane‐
mometer [26], for which the resolution is 0.01 m/s for velocity measurements. Table 3
indicates a list of sampling characteristics, being z the vertical position (height), U the mean
velocity, σu

2 the variance of fluctuations velocity, facq the acquisition frequency, Lu the integral
scale and ReL the Reynolds number associated to Lu.

One of the three wind tunnels used to obtain the wind data employed in this experimental
analysis is the “Jacek Gorecki” wind tunnel described on a previous section. The second is the
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“TV2” wind tunnel of the Laboratorio de Aerodinámica, UNNE, too. The “TV2”, smaller, is
also an open circuit tunnel with dimensions of 4.45×0.48×0.48m (length, height, width). The
study was complemented by the analysis of measurements realized on atmospheric boun‐
dary layer simulations performed in the closed return wind tunnel “Joaquim Blessmann” of
the Laboratório de Aerodinâmica das Construçoes, Universidade Federal de Rio Grande do
Sul, UFRGS [12]. The simulations of natural wind on the atmospheric boundary layer were
performed by means of the Counihan [16] and Standen [17] methods, with velocity distribu‐
tions corresponding to a forest, industrial or urban terrain. The tube measurement was ob‐
tained in the centre of a 60 mm diameter smooth tube. Atmospheric data were obtained in a
micrometeorological station located at Paraiso do Sul, RS, Brasil [26, 27].

z [m] U [m/s] σu
2 [m2/s2] f acq[Hz] Lu [m] ReL

Smooth tube 0.03 38.89 1.63 16 0.034 8.83×104

Atmosphere 10.00 4.51 3.32 16 36.30 1.09×107

Blessman WT-LV 0.15 3.18 0.19 1024 0.51 1.08×105

Gorecki WT-LV 0.21 2.97 0.26 1024 0.26 5.16×104

Gorecki WT-HV(+) 0.21 16.77 7.55 2048 0.51 5.71×105

TV2 WT-LV 0.04 0.68 0.03 900 0.07 3.18×103

TV2 WT-HV 0.04 11.69 4.92 3000 0.11 8.59×104

Table 3. Measurement characteristics for spectral analysis.

The measurements realized in the J. Gorecki wind tunnel at high velocity were used to ana‐
lyze the sampling effects on the spectral characteristics. Five different samplings were realiz‐
ed for measurements Gorecki WT-HV(+) at z= 0.21 m. Sampling characteristics like frequency
acquisition facq, low pass frequency flp and sampling time ts are indicated in Table 4. Resulting
superposed spectra are shown in Fig. 8 where it is possible to see a good definition of the
inertial sub-range (-5/3 slope) and the effect of the low pass filter.

Samples Sp1 Sp2 Sp3 Sp4 Sp5

facq[Hz] 4096 2048 1024 8192 16348

flp[Hz] 3000 1000 300 3000 10000

ts[s] 30 60 120 15 7.5

Table 4. Measurement characteristics for analysis of sampling effects.

Fig. 9 shown spectral density functions Su corresponding to measurements indicated in Ta‐
ble 3. High frequencies in the atmosphere spectrum correspond to low frequencies in the
smooth pipe. The same spectra in dimensionless form are presented in Figs. 10 and 11. The
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frequency is non dimensionalised by fLu/U in Fig. 10 and by fz/U in Fig. 11, according to pa‐
rameters usually employed in wind engineering. In general, preliminary results permit veri‐
fying the good behavior of the wind tunnel spectra and a good definition of the inertial
range (slope -5/3). The inertial sub-region is narrower for low velocity measurements (LV).

Spectral special features in smooth tube and atmosphere appear in Fig. 9 and in the dimen‐
sionless comparison too (Figs. 10 and 11). This particular behavior is a product of the uni‐
form flow in the centre of the smooth tube, that is, not a boundary layer flow is being
analyzed. In the atmospheric flow case, this type of behavior is possibly due to the existence
of a convective turbulence component at low frequencies because of that atmospheric stabil‐
ity is not totally neutral. This behavior was verified in the case of measurements realized in
near-neutral atmosphere. The existence of a low frequency convective component was de‐
tected in three dimensional measurements obtained at the atmosphere [28]. The aliasing ef‐
fect is perceived at high frequencies due to high pass filter is not used for sample acquisition
of atmospheric data.
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The superposition technique allows defining precisely the sub-inertial range and extending
the frequency analysis interval. Besides, it is possible defining adequately the sampling
characteristics and optimizing the measuring time. In general, the spectral comparison real‐
ized using fLu/U (Fig. 10) indicates better coincidence [27, 28]. However, the analysis realized
up to now is preliminary and it should be studied in depth. For example, the methods for
the parameter Lu calculation should be analyzed, the application of other parameters to ob‐
tain the dimensionless frequency at smaller scales and other measurements must be ana‐
lyzed looking for the improvement of the scale modeling.

A different approach to analyze velocity fluctuations will be presented below. This is based
on the high order moments of velocity increments. Small scales to characterize the boundary
layer flows will be used and a new representation of energy spectra will be evaluated.

4.3. Statistical moments of velocity fluctuations

Previous type of spectral analysis is usually employed in Wind engineering. The following
study is realized using velocity structure functions of turbulent boundary layer flow. These
statistical moments are utilized by atmospheric physical researchers. The approach consid‐
ers scales smaller than the integral scale Lu and, therefore is presumably more suitable for
applications to turbulent diffusion studies. Apart from integral scales, the mean dissipation
rate, the Kolmogorov and Taylor micro-scales could be obtained. On other hand, results
from this type of study can be employed to analyze the Kolmogorov constant and, indirect‐
ly, for application to pollution dispersion models [30, 31].
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Kolmogorov`s laws for locally isotropic turbulence [32, 33] were originally derived for struc‐
ture functions from the von Kármán-Howarth-Kolmogorov equation [34],

3 2
4( ) 6 ( )
5

dS r r S r
dr

e n= - + (4)

valid for r<<Lu in the limit of very large Reynolds number, where Sp(r)= u(x + r)−u(x) p  is
the structure function of order p, ν is the kinematic viscosity, ε is the mean dissipation rate,
and ⋅  represents statistical expectation operator.

Kolmogorov deduced the following relations for second and third-order structure functions:

2/3
2( ) ( )S r C re= (5)

3
4( ) ,
5

S r re= - (6)

valid for η<<r<<Lu, where η =(ν 3 / ε)1/4 is the Kolmogorov microscale, and C≈2 is the Kolmo‐
gorov constant [29, 34].

The third-order structure function Eq.(6), also known as the four-fifths law, is straightfor‐
wardly obtained from Eq.(4) since, for very large Reynolds number, the second term in the
right hand side of Eq.(4) can be neglected. The four-fifths law is of special interest in the stat‐
istical theory of turbulence because, besides being an exact relation, it allows a direct identi‐
fication of the mean dissipation energy per unit mass with the mean energy transfer across
scales [35].

The two-thirds law Eq. (3), on the other hand, is not an exact relation; it was obtained using
dimensional arguments and introducing a nondimensional constant that should be empiri‐
cally determined. The second-order structure function provides information about the ener‐
gy content in all scales smaller than r. Moreover, the famous Kolmogorov energy spectrum
E (k )=Ckε

2/3k −5/3is derived from Eq. (5).

Table 5 shows the results of the analysis for four experiments selected from the analysis de‐
scribed in section 4.2. The distinct columns report the mean wind speed U, height z, inertial
range (ra, rb), integral scale Lu, mean dissipation rate ε, Kolmogorov microscale η, Taylor's
microscale based Reynolds number Reλ. The mean dissipation rate, ε, was determined by the
best fit of S3(r), Eq. (2), in the inertial range. The Kolmogorov microscale was computed by
η =(ν 3 / ε)1/4 and Taylor's microscale based Reynolds number Reλ =σuλ / ν was computed

from λ = σu2 / (∂x u)2 1/2, where (∂x u)2 was indirectly estimated with the aid of the isotrop‐
ic relation ε =15ν (∂x u)2 .
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z [m] U [m/s] (ra, rb)[cm] Lu [m] ε [m2/s3] η [mm] Reλ

Smooth tube 0.03 38.89 0.35-1.10 0.034 52.9 0.08 174

Atmosphere 10.00 4.51 30-600 36.30 0.045 0.51 13141

Gorecki WT-HV 0.21 16.77 2.0-9.0 0.39 33.0 0.10 1311

TV2 WT-HV 0.04 11.69 0.3-2.0 0.13 48.8 0.09 629

Table 5. Main turbulence characteristics from laboratory and atmospheric turbulence data.

Experimental evaluations of second and third-order structure functions for the J. Gorecki
wind tunnel are shown in Fig. 12. In the K41 picture, the estimation of the second-order
structure function constant is reduced to an estimation of the skewness S =S3(r) / (S2(r))3/2;
however, differently from S2(r), S3(r) displays some noise (Fig. 12). This behavior is ob‐
served in all datasets.

One immediate consequence of the similarity arguments assumed in K41 is that graphical
representation of distinct turbulence spectra should collapse in a single-curve after a proper
normalization with characteristic velocity and length scales. Another consequence, which
follows from dimensional analysis, is the scaling Sp(r)≈ r p/3 for a structure function of order
p, with η<<r<<Lu. However, inertial range physics has been proved to be much more com‐
plex than previously assumed in the K41. A remarkable consequence of this complexity,
which has close relation with the small scale intermittency phenomenon [33], is the existence
of anomalous scaling concerning structure functions exponents, Sp(r)≈ r ζp, where ζp is non
linear function of p. The multifractal formalism was then introduced by Parisi and Frisch in
order to provide a robust framework, allowing the analysis and interpretation for a general
class of complex phenomena presenting anomalous scaling.

One important difference between the multifractal interpretation of turbulence and the
(monofractal) K41 theory is the assumption of a local similarity scaling for small scales. The
global scaling similarity assumed in the K41 theory is still at the core of the most wind tun‐
nel and atmospheric turbulence modeling [5, 28, 34]. The local scaling similarity ideas of the
multifractal formalism, on the other side, provide a new vocabulary, enabling interpretation
and comparison of diverse multiscale phenomena. Although the multifractal formalism has
been used in many areas of applied physics, does not share the same popularity in the fields
of engineering.

According to the multifractal universality [36], a single-curve collapse of distinct experimen‐
tal turbulence spectra is obtained by plotting logE (k ) / logRe against logk / logRe, after hav‐
ing properly normalized E(k) and k. On the other hand, an alternative similarity plot has
been proposed by Gagne et al. [7] based on an intermittency model, but still compatible with
the multifractal formalism. These authors propose that a better merging of experimental
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spectra can be obtaining by plotting βlog(aE(k )(εν 5)−1/4) against βlog(ck(ν 3 / ε)1/4), with
β =1 / log(Reλ / R ∗), where Reλ is the Taylor scale based Reynolds number and the empirical
constants R* = 75, a = 0.154, and c = 5.42 were determined to provide the best possible super‐
position in their dataset.

In Fig. 13 the plot proposed by Gagne et al. [7] is presented for laboratory and atmospheric
turbulence data. Despite the fact that data comprise very different scales, Lu ≈ 102 m for at‐
mospheric data, and Lu ≈ 10-1 m for smooth pipe, the merging of spectra is reasonably good,
also regarding the fact that the originally proposed empirical constants have been used in
the present dataset.

In this representation the slopes remain unchanged, but the extent of inertial range presum‐
ably has the same length for all spectra. Although a solid ground for the physics behind the
representation is lacking, it is clear that the properties provided by such a representation can
be very useful for physical analysis and modeling of turbulence.

Figure 12. Second and third-order structure functions for the Gorecki WT measurement.
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Figure 13. Single-curve spectral collapse from laboratory and atmospheric turbulence data (Table 5), as proposed by
Gagne et al. [7].

5. Concluding remarks

Fully developed turbulence measurements from the laboratory and the atmospheric boun‐
dary layer encompassing a wide range of Reynolds number were analyzed in this study.
First, a typical spectral evaluation of a boundary layer simulation was presented. The spec‐
tral agreement is very good and the wind simulation can be considered adequate for wind
load modeling.

Next, a spectral dimensionless comparison of different boundary layer flows was realized
by usual parameters in wind engineering. Measurements of the longitudinal fluctuating ve‐
locity obtained in different wind tunnels, a smooth tube and the atmosphere were selected.
An analysis of sampling effects was realized and some limitations on this classical spectral
comparison were established.

Finally, a discussion of the use of structure functions to investigate turbulent boundary layer
flows was proposed. Turbulent scales smaller than the integral scale were determined and
the behavior of second and third-order structure functions were analyzed. A single-curve
collapse of distinct experimental spectra was obtained. This type of analysis should be ap‐
plied to verify boundary layer flows at low speed used for dispersion modeling. Time scales
for fluctuating process modeling could be improved too by applying this analysis method.
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