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Abstract

The design, build and test of a smoke visualisation system for a vertical wind tunnel at
Brunel University are described. The smoke visualisation system utilised a fog machine for
smoke generation and required the design and manufacture of a smoke rake to produce
smoke lines inside the wind tunnel test section. The application of these smoke lines over
several test objects, including wing sections and bluff body shapes, demonstrated the
functionality of the smoke system in producing good quality visualisation results. The facility
has proven to be an economic addition in supporting other research projects and is

anticipated to be a valuable ‘hands on’ addition to existing aerospace laboratory teaching.

Keywords: Wind tunnel; smoke visualisation design; fluids laboratory; experimental

learning.

Introduction

The use of wind-tunnels to experimentally test scale models and validate computational
fluid dynamics code of such models is highly important. Additionally, the ability to visualise
the air flow over relevant solid objects in a wind tunnel is a valuable asset in understanding

the fundamental fluid dynamics and aerodynamics principles.
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The aim of this work was to design and build a smoke visualisation system to be installed in
a laboratory-sized, vertical wind tunnel. Key requirements for the system included use of a
non-hazardous smoke material suitable for a wind tunnel in a university setting and the
ability to produce a uniform row of smoke lines sufficiently long to maintain their integrity
throughout the test section. The intended outcome of the project is to achieve good
visualisation results by performing visual tests of the air flow over several solid objects,
including a cylinder and various wing planforms. These tests will aim to demonstrate what
happens to the air flow over the individual test pieces by way of behaviour of the smoke
lines. Furthermore, it is expected that a successfully demonstrated system would ultimately
be integrated as part of current aerospace laboratory teaching, as well as supporting

individual research projects.

Design of the Smoke Visualisation System

Wind Tunnel Facility

The wind tunnel to be used for smoke visualisation is a TecQuipment AF10 vertical air-flow
bench (Fig. 1a), which has a velocity range of 0.8-35 ms™ [1]. The wind tunnel consists of a
detachable test section with an internal cross-section of 100 mm X 50 mm and a length of
310 mm (Fig. 1b). The wind tunnel is an open-ended arrangement, which is important as a
closed loop wind tunnel of similar dimensions would rapidly fill up with smoke thus making

it unsuitable for smoke visualisation.



Smoke Visualisation Methods

There are several potential methods of carrying out smoke visualisation in a wind tunnel.
Previous materials used for smoke visualisation are summarised in Table 1. These include
tetrachloride-based liquids, which can be combusted and used to generate smoke. However
such liquids produce toxic gases [2], which would not be suitable for a wind tunnel in a
university laboratory. Carbon dioxide produces dense smoke, but can be harmful in large

guantities and thus needs to be adequately exhausted.

Coupled with the choice of smoke material is the actual method of distributing smoke lines
in the wind tunnel, both of which may be intrinsically linked. There are two main methods
for generating discreet smoke lines, as outlined in Table 2. The smoke wire technique
applies an oil-based mineral such as kerosene to a pre-stressed stainless steel wire of
diameter Imm or less and uses resistive heating to heat the wire [3]. It is also possible to
use a smoke rake, which is an aerodynamically-shaped body (typically elliptical) featuring a
row of tubes through which the smoke exits. Smoke to the rake can be introduced from a
non-hazardous source, such as a water-based liquid heated by a smoke machine, rather
than using combustion of hydrocarbons as in the smoke wire technique which is hazardous

and toxic [4].

To practically implement smoke visualisation in the vertical wind tunnel, it was decided that
the most suitable approach was to use a fog machine as the smoke generator in conjunction
with a smoke rake (based on previously-used designs [4],[5]) to channel the smoke from the
fog machine into smoke lines from the entry of the test section. The smoke generator used

was an 800 W Prosound fog machine. The fog, produced by heating a water-based liquid,



features good dispersal properties and has a density very similar to that of air when in
vapour form so that the smoke lines would be expected to follow the air in the test section
with high fidelity and not disperse or sink too quickly. As the fog liquid is water-based, the
resulting fog cloud is non-hazardous and thus safe to use indoors; an essential requirement

for the vertical wind tunnel facility.

Table 1 Comparison of smoke generating materials

Material Advantages Disadvantages

Hazardous/toxic;
tobacco difficult to control

Tobacco, Kerosene and

Titanium-Tetrachloride Produces high quality smoke

Potentially harmful in large

Carbon Dioxide Produces dense smoke
volumes; needs to be exhausted

Non-hazardous; produces Vapour can condense back to

Water-based liquids dense vapour liquid

Table 2 Comparison of techniques for generating smoke lines

Technique Advantages Disadvantages
. Produces the most effective ~ Complex setup to achieve
Smoke wire i o )
smoke lines resistive heating
Can be utilised with non- Prone to wind tunnel blockage

Smoke rake .
hazardous smoke materials effects

Rake Design and Manufacture

A design for the wind tunnel smoke rake was produced using SolidWorks CAD software.
When designing a smoke rake it is necessary to keep the cross-sectional area of the rake’s
body to a minimum in order to mitigate the blockage effect in the wind tunnel, which could
otherwise adversely influence the results. The key design feature of the rake is an elliptical,

hollow cross-section, with dimensions 42 mm long in the direction of the freestream flow,



11 mm in depth and 100 mm in width, which is the same width as the test section. The rake
features a 6 mm diameter hole on its side through which smoke from the fog machine can
be injected; twelve leading-edge holes and twelve 20 mm long exit tubes, 2.4 mm in
diameter and spaced 7 mm apart (Fig. 2a). The leading edge holes were incorporated into
the design to allow air to enter the rake and thus push smoke out through the exit tubes
when in operation. The diameter of the holes was set to 2.4 mm, which was deemed
sufficiently large to avoid the possibility of the fog condensing inside the tubes whilst still
being small enough to generate discreet smoke lines which would not merge with each
other. Since the fog is derived from a water-based liquid, too small a diameter hole could

cause the fog to condense and therefore nullify the smoke generated.

Another important feature of the rake design is the rectangular flange, which is required to
support the rake in the vertical wind tunnel (Fig. 2b). The flange features two, non-aligned
holes of 7 mm diameter. The position of these holes is important in securing the rake
between the contraction and the detachable test section (Fig. 1a). The rectangular support
was designed so that the rake could be clamped between these two sections of the wind
tunnel, with the holes being positioned in such a way that the bosses extending from the

contraction section would lock the rake in place.

The complexity of the rake design and the requirement to fabricate the rake and flange as a
one-piece part to ensure sufficient strength, necessitated additive layer manufacturing (‘3D
printing’) utilising ABS acrylic material. Minimum material thickness permitted by the in-

house 3D printing facility was 1mm and therefore the rake body wall and support flange



were made to be approximately 1.5 mm thick. Fig. 3 shows a CAD image of the above-

described rake mounted in the wind tunnel.

Experimental Approach

Smoke Visualisation Test Setup

For the purpose of this work, a duplicate test section was manufactured to accommodate
the required modifications to facilitate smoke visualisation, thereby allowing the original
features of the wind tunnel to be maintained. The required modifications included a 12 mm
hole added to the left-hand wall of the new test section, positioned 26 mm from the top
edge. This was to allow the insertion of the nozzle from the smoke generator used for
injecting smoke into the test section. Two additional holes of 5 mm diameter and spaced 15
mm apart were positioned on the rear wall of the test section (Fig. 1b) for securing test

objects inside the wind tunnel.

Since this work represented the first utilisation of the vertical wind tunnel for smoke
visualisation, several different approaches were taken towards optimising smoke lines
suitable for visualisation purposes. The initial test used a 1.4 m long, 20 mm diameter plastic
piping to transport smoke from the fog machine into the rake, using an aluminium nozzle
inserted in the 12 mm hole of the test section. Two important findings were observed for
this arrangement. Firstly, the fog machine was too powerful for producing smoke lines in its
current configuration. With the wind tunnel airspeed set at 1 ms™, smoke exiting the rake
quickly condensed and returned to liquid, as a result of too much volumetric flow. For the

remaining tests, the power output of the fog machine was reduced by approximately 50 %
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by inserting a screw into the pipe linking the fog liquid reservoir and the pump to restrict the
flow of fog liquid. To further reduce the volume of smoke entering the rake, the 1.4 m
length pipe was cut in half and a Y-junction was inserted to exhaust some of the smoke out
of a laboratory window. Secondly, smoke had a tendency to exit through the leading edge
holes, causing a smoke cloud to form in the wind tunnel. The leading edge holes were

ultimately deemed unnecessary and subsequently covered using duct tape.

The final setup for producing high quality smoke lines is shown in Fig. 4a. This arrangement
consists of a 0.7 m length of 20 mm diameter piping exiting the fog machine and entering a
Y-junction. One arm of the junction feeds into a 0.7 m length of 12 mm diameter piping to
the smoke rake, and the other arm feeds into a 2 m length of 20 mm diameter piping to a
laboratory window for exhausting excess smoke. An extension was also added to the end of
the wind tunnel test section to help extend the length of the smoke lines by decreasing the

air disturbances from the surroundings.

Test Section lllumination and Image Capture

For good visualisation results, it was necessary to sufficiently illuminate the smoke lines so
that they could be easily viewed and recorded. Conventional methods of illumination such
as mercury and halogen lamps have previously been used to illuminate the smoke lines from
the front of the working section [3]. The lamp employed in the current setup is a standard
workbench lamp featuring two, parallel-aligned, 500 mm mercury filament bulbs. The lamp
features a clamp so that it could be secured to the wind tunnel workbench and an

extendable arm so that the head could be positioned at the required height. The head of the



lamp was positioned so that the light was incident on the smoke lines at 45°, as illumination

at normal incidence resulted in too much light reflection.

The camera for image capture was mounted on a tripod and placed directly in front of the
test section. A Canon single-lens reflex camera in ‘macro’ setting was used to capture the
smoke lines. The camera program was also set to automatic mode and repeat fire so that
multiple images could be collected at one attempt. Fig. 4b shows the final setup of lighting

and camera.

Test Conditions

The wind tunnel was operated at several different freestream velocities in order to
determine the optimum velocity, in conjunction with the above-described setup, to achieve
high quality smoke lines. Fig. 5 displays the smoke lines generated in the test section for
velocities of 1, 3, 6 and 9 ms™. For each case, the two visible mounting holes for the test
objects were temporarily sealed to ensure flow uniformity. The smoke lines generated at 1
ms™ (Fig. 5a) remain coherent throughout the test section with no visible fluctuations.
Conversely, at 3 ms™ (Fig. 5b) the smoke lines start to fluctuate and also thicken near the
end of the test section, such that adjacent smoke lines are close to merging. At the higher
velocities of 6 ms™ (Fig. 5¢) and 9 ms™” (Fig. 5d), the smoke lines lose all coherency
immediately aft of the rake and as a result, only a plume of smoke is visible in the test

section. For all smoke visualisation tests, the freestream velocity was fixed at 1 ms™.

With the wind tunnel velocity chosen, the effect of the presence of the smoke rake on the

test section velocity profile was analysed. The smoke rake was implemented in conjunction



with the AF14 boundary layer apparatus (Fig. 1b), which incorporates a pitot tube for
velocity measurements [6]. The pitot tube is restricted to being traversed across half the
test section width, hence the velocity profile is assumed to be symmetric about the
centreline of the test section. The measured profile in Fig. 6 shows there is negligible effect
due to the presence of the smoke rake despite the rake having a blockage area ratio of
approximately 20%, which is greater than that recommended in wind tunnel literature
(typically 5-10%). In fact, velocity fluctuations across the test section are observed to be less

with the presence of the rake; less than 0.2 ms™.

To demonstrate the effectiveness of the smoke visualisation system, five different objects
were successively secured and tested in the wind tunnel. The test objects used were based
on classic bluff body and aerodynamic shapes including a cylinder, circular orifice, 2D wing
section, finite wing and delta wing. All objects were manufactured out of aluminium and
painted matt black to improve contrast with the smoke lines and therefore enhance the

quality of the visualisation results.

Results

Flow around a Cylinder
Fig. 7 shows smoke visualisation around a cylinder. In line with successive images presented,
the arrow denotes the freestream flow direction in the test section and an accompanying

diagram of the flow topology is presented to identify the main flow features.



The stagnation point at the leading edge of the cylinder where flow is brought to rest is
observed by the region devoid of smoke. Adjacent smoke lines are forced to flow either side
of the cylinder, where the flow is locally accelerated. This accelerating flow is evident by the
smoke lines near the cylinder surface narrowing in thickness and becoming more closely
spaced and is indicative of a favourable boundary layer pressure gradient. Beyond the
midpoint of the cylinder, flow begins to decelerate in the adverse pressure gradient region
and eventually detaches from the cylinder surface at the separation points. Aft of the
cylinder, a turbulent wake region is visible by the plume of smoke. The flow around the

cylinder agrees with theory and is supported by the flow visualisation literature [5, 7].

Flow through a Circular Orifice

Fig. 8 shows smoke visualisation through a 20 mm diameter orifice. As the air approaches
the orifice, the smoke lines begin to converge. As the air enters the hole, the thickness of
the smoke lines reduces and the smoke lines move closer together as a result of the flow
accelerating to conserve continuity. On the upstream side of the orifice plate, it is observed
that a recirculating vortex has formed in both corners where the plate meets the side of the
test section. These regions are stagnant regions, where free-stream flow which doesn’t pass
through the orifice forms a recirculating vortex due to the presence of the plate boundary.
The flow through the circular orifice agrees with theory and is supported by the flow

visualisation literature [8].
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Flow around an Aerofoil

The aerofoil was secured in the test section using only one of the mounting screws, so that
it could be rotated to different angles of attack, a, to the oncoming airflow. The angles of
attack chosen for the tests were 0°, 10° and 20°.

a=0°

Fig. 9a shows that the flow is relatively uniform around the aerofoil and does not encounter
any great disturbances. Flow separation can be observed on the upper surface towards the
trailing edge of the aerofoil, whereas the flow on the lower surface remains attached to the
aerofoil at all times. In this instance, the flow remains mostly attached with a small
turbulent wake at the trailing edge. The flow around the aerofoil at zero-incidence agrees

with theory and is supported by the flow visualisation literature [7].

a=10°
Fig. 9b exhibits trailing edge stall, where the flow becomes separated from the upper

surface of the aerofoil downstream of the leading edge, thus creating a turbulent wake. This
phenomenon is due to the adverse pressure gradient in the aft region of the aerofoil [9].
Vortex shedding is also visible in the wake region; a state of unsteady flow which occurs in
separated flow [9]. It is observed that the separation point has moved further upstream
towards the leading edge compared with Fig. 9a, as a result of the increased angle of attack.
The flow around the aerofoil at incidence to the oncoming flow agrees with theory and is

supported by the flow visualisation literature [3].

oa=20°
Fig. 9c clearly shows that the separation point on the upper surface of the aerofoil occurs

much closer to the leading edge compared with Fig. 9b. This can be expected as the angle of
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attack is increased, causing the separation point to move progressively from the trailing
edge to the leading edge of the aerofoil. The smoke visualisation also shows an increase in
the separated wake region and greater extent of vortex shedding aft of the trailing edge,
which is representative of a complete aircraft wing stall. The flow around the aerofoil at

high angle of attack agrees with theory and is supported by the flow visualisation literature

[5].

Flow over a Finite Wing

Fig. 10 shows smoke visualisation over a finite wing. Wing-tip vortices, formed due to the
pressure difference between the upper and lower surface of the wing, can be observed. The
wing-tip vortices are most evident at the trailing edge of the wing where they take on a
more 3D appearance compared with the adjacent, 2D smoke lines along the centre of the
wing. The flow over the finite wing agrees with theory and is supported by the flow

visualisation literature [7].

Flow over a Delta Wing

Fig. 11 shows smoke visualisation over a delta wing. The vortices begin to form at the
leading edge and become fully developed downstream of the trailing edge, as evident by
the streamwise spiralling in the smoke lines. Similar to the finite wing model in Fig. 10, the
smoke lines become progressively more disturbed as the air passes over the upper surface
of the wing, which is expected. The flow over the delta wing agrees with theory and is

supported by the flow visualisation literature [5].
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Benefits to Engineering Education

Research

The development and implementation of a smoke visualisation system for the vertical wind
tunnel will bring benefits to other research projects. In addition to the wind tunnel tests
conducted as part of the present work, the smoke visualisation system was also utilised in
an S-shaped diffuser of rectangular cross-section, which is another interchangeable test
section for the same vertical wind tunnel. Fig. 12 shows smoke visualisation in the diffuser,
with the research project aiming to demonstrate the effect of centripetal forces on the local
flow [10]. The first bend is concave and consequently centripetal forces acting on the air
keep the flow attached along the wall and prevent it from separating. In the second convex
bend however, no centripetal force can exist to maintain attachment of the flow and thus
the air is pushed away from the far side wall to the near side wall, as demonstrated by the

smoke pattern [10].

It is anticipated that further research work where there is a need to provide qualitative
assessment of low-speed flow phenomena, will be supported by the smoke visualisation
system. Furthermore the design, manufacture and testing of a smoke visualisation system is
a research project in itself and would be beneficial to replicate for other wind tunnels in the

University on a bespoke basis, specific to the differing geometric and flow requirements.

Teaching and Learning

Devising a smoke visualisation system for a university wind tunnel has many benefits to

education in engineering and student learning. Specifically, the introduction of smoke
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visualisation to existing aerospace laboratories is expected to enhance student learning in
fluid dynamics and aerodynamics. Fig. 13 illustrates the structure of the aerospace
laboratories module delivered to first year aerospace and aviation undergraduates at Brunel
University and the proposed incorporation of smoke visualisation as part of wind tunnel
testing. Currently students undertake quantitative techniques in the wind tunnel, using a
Pitot tube to measure pressure distributions around an aerofoil at different angles of attack
and boundary layer velocity profiles along a flat plate. Students’ understanding of the
aerodynamics associated with these cases would be enhanced by introducing qualitative
techniques such as smoke visualisation, so that students can observe how the airflow
behaves at the corresponding pressure or velocity measurement. As an example, aerofoil
flow separation at high angles of attack can be detected by changes in the pressure
distribution and complemented by flow visualisation, such as in Fig. 9c, to enhance

interpretation of such phenomenon.

The second author has also introduced relevant smoke visualisation images into the course
lecture material on aerodynamics, in what might otherwise be quite theoretical content.

Initial student response has been positive.

Costs

The total cost of developing the smoke visualisation system for the TecQuipment AF10
vertical air-flow bench is less than £150 GBP, and includes costs of materials and
manufacture associated with the modified test section and smoke rake and purchases of a
fog machine and fog liquid. By comparison, TecQuipment provide an equivalent smoke

visualisation system designed to be installed in the AF10 workbench; the AF17 flow
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visualisation apparatus [11]. The system uses compressed carbon dioxide thus requiring
more complex exhausting (Table 2) than the water-based vapour of the current
arrangement. However, the largest drawback of the commercial system is its cost, which at
a minimum of £6,000 GBP (obtained via quote), can be prohibitive and demonstrates that

the devised system represents an economic alternative for engineering education purposes.

Conclusions

A smoke visualisation system suitable for use in a University vertical wind tunnel has been
designed, manufactured and successfully demonstrated for the flow around classical
aerodynamic and bluff body shapes. At a total cost of less than £150 GBP, the system has
proved to be an economic alternative to equivalent commercial units; typically a factor of
forty times less in cost. The smoke visualisation system has already been utilised in research
work and is anticipated to be an invaluable addition to aerospace laboratory teaching,
complementing existing quantitative techniques to ultimately enhance student learning in

fluid dynamics and aerodynamics.
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Fig. 1 Tecquipment AF10 vertical wind tunnel: (a) photograph of wind tunnel featuring AF14
boundary layer apparatus (b) top and front view schematics of the test section
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Fig. 2 Final rake design: (a) cross-sectional cut of the shelled rake (b) support flange
for securing the rake in the wind tunnel.
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Fig. 4 Final apparatus arrangement (a) smoke generation setup (b) camera and
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Fig. 5 Photograph showing the behaviour of the smoke lines in the test section (a) 1ms™
(b) 3ms™ (c) 6ms™ (d) 9ms™ (direction of the freestream flow is from top to bottom).
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Fig. 6 Velocity profile measured across the width of the test section at a freestream
velocity=1ms™ with and without the presence of the smoke rake
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Fig. 7 Smoke visualisation and flow topology of the air flow around a cylinder.
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Fig. 8 Smoke visualisation and flow topology of the air flow through a circular orifice.
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Fig. 9 Smoke visualisation and flow topology of the air flow around a 2D wing section:

(a) a=0° (b) a=10° (c) a=20".
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Fig. 10 Smoke visualisation and flow topology of the air flow over a 3D finite wing.
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Fig. 11 Smoke visualisation and flow topology of the air flow over a delta wing.
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Fig. 12 Smoke visualisation of the air flow through an S-shaped diffuser with exit velocity
0.8 ms™ [10].
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Fig. 13 Proposed introduction of smoke visualisation experiments in undergraduate
aerospace laboratories.
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