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Abstract Application of Particle Image Velocimetry to measurement of flows on large scales is a
challenging necessity especially for investigation of convective air flows. By combination of helium filled
soap bubbles as tracer particles with high power quality switched solid state lasers as light sources
stereoscopic Particle Image Velocimetry on scales as large as 12.6 m² has been made possible. An
indispensable requirement for such measurements is a bubble generator with high generation efficiency. A
three channel bubble generator operating orifice nozzles and providing several thousand bubbles per second
was built. The technique was applied to mixed convection in a full scale double aisle aircraft cabin mock-up
for validation of computational fluid dynamic techniques and to natural convection in a large scale RayleighBénard facility for detection of characteristic convection patterns.

1. Introduction
Turbulent convective air flows are essential not only for many technical applications like e.g.
climatization of vehicle compartments (Bosbach 2006, Lin et al. 2005, Zhang et al. 2005, Sun et al.
2005, Müller et al. 2000, Okuno et al. 1993) or residential buildings, but also for the warming of the
atmosphere and mixing of the oceans (Niemela et al. 2000). Especially in combination with forced
convection, such flows are usually difficult to scale. Therefore large scale Particle Image
Velocimetry (PIV) measurements at full model size are highly desirable.
The limiting factor concerning the maximum field of view (FOV) in a PIV measurement,
however, is most often the finite scattering efficiency of the tracer particles. As a matter of
experience, oil droplets with diameters of d = 1 μm for example restrict the FOV to areas of less
than one square meters in maximum when common Nd:YAG lasers are used as a light source.
With the technique presented here, large scale PIV of turbulent convective air flow is feasible
on FOVs up to 12.6 m² (Resagk et al. 2005). The FOV limitation was overcome by the use of
neutrally buoyant helium filled soap bubbles as tracer particles (see section 3) in combination with
high power Nd:YAG lasers as light source.
In order to demonstrate the strength of the method, two applications will be discussed. First, as
an example for measurement of large scale air flows in passenger compartments, PIV of mixed
convection in a full scale aircraft cabin mock-up at the German Aerospace Center in Göttingen will
be presented in section 4. As a second example, stereoscopic PIV of natural thermal convection in a
large-scale Rayleigh-Bénard experiment will be reported in section 5.

2. Measurement of Convective Air Flow on Large Scales
When instantaneous velocity fields shall be measured quantitatively on large scales, particle
velocimetry methods like PIV or Particle Tracking Velocimetry (PTV) come into play naturally.
They have been used and adapted in the past for investigation of indoor air flows on large scales by
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several groups (Müller et al. 1997, Müller et al. 2000, Sun et al. 2005, Zhang et al. 2005). Different
approaches have addressed this task in the past, each with its specific advantages and drawbacks:
By using atomized oil droplets with a diameter of 1μm, generated by Laskin nozzle generators,
as tracer particles, and a Nd:YAG laser with a pulse energy of 350 mJ/pulse as light source, the
FOV for a single camera can be already as large as 0.7 m² in a PIV measurement. Using several
CCD cameras in parallel or serial, the FOV can be padded to be of the order of 2 m² (Günther et al.
2006). This approach provides the best level of detail, since the resolution of a velocity map is
limited by the interrogation window size in a PIV measurement. On the other hand the experimental
effort in terms of equipment is comparatively large when the overall flow field is considered. Due
to the weak scattering efficiency, measurements close to the wall are tentatively obscured by
superimposition of the particle images with the walls in the background. As a tendency, this leads to
a biasing of the velocity to zero close to the wall. This effect can be minimized by proper
preparation of the model walls.
Alternative approaches involve neutrally buoyant helium filled soap bubbles with diameters of
some millimeters as tracer particles, see section 3. Since the scattering efficiency of these particles
is by orders of magnitude larger than those of oil droplets, they are often illuminated with
continuous light sources as e.g. spot lamps, projector lamps or arc lamps for optical detection. Both,
Particle Image Velocimetry as well as Particle Tracking or Particle Streak Velocimetry (PSV) have
been applied successfully to convective air flows in the past. It turns out that a critical factor in
these investigations is the seeding density, which is limited by the generation rate of the bubbles.
Two component PTV has been used by Müller et al. (1997) in order to measure the flow in a
A330/A340 mock-up. Spot lamps where used in order to illuminate the HFSB with diameters
between 3 and 7 mm. With a light sheet thickness of 0.7 m a FOV of 1x1.5 m² was measured
instantaneously with 100-200 bubbles per image. By inventing an advanced bubble generation
nozzle, Müller et al. (2000) were able to increase the efficiency of the HFSB generator by a factor
of 5. As a consequence, PIV of air flow in a preliminary A3xx upper deck cabin section could be
performed. The light sheet thickness was set to less than 150 mm and the FOV amounted to about
2.35 m² per camera. Several halogen lamps were used in parallel for illumination.
For PSV the particle seeding density is only of minor importance since only one particle is
necessary in order to determine one velocity vector. This makes possible even volumetric PSV as
demonstrated by Sun et al. (2005) and Zhang et al. (2005), who investigated a full scale Boeing 767
mock-up with five seat rows with volumetric three component PSV. The volumetric illumination
has been achieved by 36 spot lights with an overall power of 4.32 kW making possible
measurement in a volume of 1.8 m in depth while covering the whole cross section (4 x 2 m²). On
the other hand the particle density was as low as 120/m³, corresponding to 1800 particles in the
whole measurement volume. Consequently, instantaneous data can be obtained with such a setup
only with a very low information density. This can be a serious drawback if instationary phenomena
as they usually occur in mixed convection or turbulent cabin flow are the subject of interest.
Image correlation techniques for determination of the flow velocity, like PIV, usually provide
a better signal to noise ratio, the ability to measure instantaneous velocity data with high spatial
density and thus to obtain turbulence data. In order to apply these techniques, however, a much
higher seeding density is necessary. Since an instantaneous velocity map as determined by PIV
usually consists of several thousand vectors, between ten thousand and a hundred thousand tracer
particles are needed in the light sheet in order to conduct such an evaluation. The benefit is a high
information density in the measurement plane.
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3. Generation of Helium Filled Soap Bubbles

Fig. 1. Single orifice type nozzle with an orifice diameter
of 2.9 mm generating neutrally buoyant HFSBs with dimensions between 1 and 2 mm in diameter.

Helium filled soap bubbles (HFSB) are usually generated with a nozzle consisting of two coaxial
tubes with different diameters. While the bubble fluid solution (BFS) is pumped through the outer
pipe, helium is blown through the central duct. As a consequence, HFSBs are generated at the end
of the tubes. In order to wipe off the bubbles from the pipe exit, a ring flow of air (secondary air
flow, SA) is applied to the pipe end, forcing the HFSBs to separate from the pipes. As discussed by
Okuno et al. (1993), two different concepts of nozzles are distinguished, depending on the
geometrical arrangement of the SA flow: The Pitot tube type nozzle is characterized by the fact that
the SA is released behind the pipe exit. For this type of nozzle, the bubble diameter is mainly
determined by the diameter of the BFS pipe. Much more bubbles per time can be generated with the
Orifice type nozzle, see Fig. 2. Bubbles formed at the tip of the concentric pipes initially enter the
orifice chamber and are forced through the orifice by a secondary air (SA) flow. As a consequence,
a bubble in the orifice blocks the SA flow and is thus constricted by the SA flow and ejected
through the orifice. The advantage of the orifice nozzle is, that several thousand HFSBs can be
generated per second (Okuno et al. 1993), see Fig. 1, and that the diameter of the HFSBs is
determined by the orifice diameter and can thus be changed easily. Furthermore, the bubble
dimensions can be tuned with the volume flow rates of helium and SA. This is due to the fact that
the SA flow determines the transport rate of bubbles into the orifice. It must be noted though, that
the BFS flow rate has to be adjusted properly in order to ensure neutral buoyancy for the bubbles.
Neutrally buoyant HFSBs exhibit some very promising features for PIV, i.e.
• A very high light scattering efficiency, even in backward direction,
• easily adjustable size by change of the orifice diameter or the operation parameters,
• neutral buoyancy, resulting in an ideal following behavior of the surrounding fluid, see
also Müller et al. (2001).
On the other hand there are of course specific drawbacks which should be mentioned as well. First
the lifetime of the bubbles is limited, depending on the BFS and the fluid temperature, to 1-2
minutes. After this time the bubbles crack, resulting in pollution of the model. Secondly, due to the
limited mechanical stability in some setups the bubbles have to be injected in proximity to the
measurement region, resulting in additional input of momentum, which is caused mainly by the SA
flow. Finally, the resolution of very small structures in the flow might be limited by the dimensions
of the HFSBs.
For the measurements described in the following, the orifice type nozzle was used for
generation of HFSBs. A bubble generator which is able to operate three nozzles in parallel and
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Fig. 2. Sketch of the orifice type nozzle used for generation of neutrally buoyant helium filled soap bubbles.

orifice nozzles with orifice diameters between 0.3 and 2.9 mm have been built at the German
Aerospace Center in Göttingen. The principle of the generator is depicted in Fig. 3. The bubble
fluid solution (BFS), a mixture of water, glycerin and soap, is driven in a bottle with a standpipe by
pressurized air. Its flow is regulated by a needle valve for each nozzle, while the flow of Air and
Helium is regulated each by one regulator for all nozzles in common. Silicone tubes with an inner
diameter of 1.5 mm and a length of 12 m supply the fluids to the nozzles. The gravity acting on the
BFS in the tubes has to be compensated for with the settings of the BFS regulators.
While in PTV or PSV Experiments with continuous light sources HFSBs with diameters
between 2 and 7 mm are used, PIV involving Nd:YAG lasers as light source can be performed with
much smaller particles. By decreasing the orifice diameter down to 1 mm HFSBs with a mean
diameter as small as d = 0.23 mm and a standard deviation of σ = 0.04 mm could be generated. The
benefits of using small HFSBs are
• less momentum input into the investigated flow, since with a smaller orifice less air
flow is needed for operation,
• higher generation efficiency,
• higher sensitivity to small structures in the flow, since the particle size is an upper limit
of structures which can be resolved, and
• less consumption of BFS and thus less pollution of the model.
Therefore small HFSBs have to be preferred for PIV measurements as long as the scattering
efficiency is not the limiting factor for an actual measurement.

Fig. 3. Sketch of the generator for neutrally buoyant helium filled
soap bubbles
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4. Mixed Convection in a Full Scale Aircraft Cabin Mock-Up
Air inlets

Lamp models
(heated)

Passenger
models
(heated)

Air exhaust

Fig. 4: Cross section of the generic A380 aircraft cabin model of the German Aerospace Center in Göttingen.

As a first example for the application of HFSBs in a PIV measurement, 2C2D PIV of mixed
convection in a full scale double aisle aircraft cabin section mock-up at the German Aerospace
Center in Göttingen will be discussed. The geometry of the model is deduced from the upper deck
of the A380 but with a generic interior. It is designed as a testing configuration with realistic
boundary conditions for validation of commercial CFD-codes as well as the DLR in house CFD
solver THETA (Turbulent Heat release Extension of the TAU-Code) with respect to the simulation
of mixed convection.
The mock-up has a width of 5.1 m, a length of 6 m, and a height of up to 2.2 m and is equipped
with five seat rows with two seats at both sides and four in the middle, separated by two aisles. In
total 40 passenger dummies are placed on the seats. Fig. 4 shows a sketch of the cross section and
the arrangement of the heating panels and the air supply system. The ceiling of the cabin is
equipped with generic overhead bins and the passenger dummies with internal heaters with a heat
load of 55 W per dummy. The latter are reflecting the thermal loads of the passengers in the real
cabin without humidity. Further, the heat load due to the light bands is simulated with two electrical
heating panels which in total supply a constant power of 1800 W. All heating devices are operated
in constant heat flux mode. Air is supplied by 36 air inlets, each of them having a length of 920 mm
and a width of 18 mm. They are placed, six in a row, with a separation of 160 mm, in six lines
along the ceiling. 24 of these air inlets can be operated at the same time, and the angle of the air jets
with the surrounding wall can be adjusted. After circulation in the mock-up, the air leaves through
12 air outlets with a width of 50 mm located at the cabin floor. The flow rates of incoming and
outgoing air is controlled by 18 measuring orifices and flaps. The front and back of the mock-up is
equipped with viewports, allowing for optical access for flow visualization and PIV.
The PIV measurements presented here were conducted between the third and fourth seat row.
As depicted in Fig. 5, the light sheet entered the mock-up through a slit-like viewport from the
basement, where the laser and light-sheet optics were placed. With an opening angle of 40°, two
third of the cross section was illuminated by the light sheet. The illuminated seeding particles in the
light sheet were imaged by two CCD-cameras in parallel. One camera covered the overall FOV and
the other camera was adjusted to detect the area close to the air-inlets with a higher resolution, see
Fig. 5. While with the particle images of the camera which covered the small FOV it was possible
to resolve the small flow structures close to the air inlets, where the air-jets are still narrow, the
images of the camera covering the large FOV enabled us to measure the overall flow field in the
regions where the air-jets already expanded due to entrainment.
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Fig. 5. Optical set up on two floors for PIV in the A380 aircraft cabin mock-up.

As tracer particles, HFSBs with a diameter between 0.2 and 0.3 mm have been used, see section 3.
The bubbles were injected into the light sheet directly at the air inlets where the momentum of the
cabin flow is high and the disturbance due to the nozzle flow is thus negligible. The bubbles were
illuminated with the nanosecond laser pulses of a Nd:YAG double oscillator laser system (TwinsB,
Quantel) with a pulse energy of 350 mJ/pulse. With a telescope the thickness of the light sheet was
adjusted to amount between 3 and 5 cm in the measurement region. Since it is well known, that in
mixed convection low frequency phenomena in the flow are likely to occur, the measurement was
extended over a period of 30 minutes. During this time, an image pair was recorded with each of
both cameras every 5 seconds. The CCD cameras (Sensicam QE, PCO) contain a Peltier-cooled
CCD-chip with a resolution of 1376x1040 pixels. They were equipped with a 21 mm lens (Distagon
T* 2.8/21, Carl Zeiss) and a 50 mm lens (Planar T* 1.5/50) for the large and small FOV,
respectively.
For evaluation of the velocity vector fields, interrogation windows of 32x32 pixels were used
for both FOVs leading to an interrogation window size of 72x72 mm² and 30x30 mm² for the large
and detailed FOV, respectively. The thickness of the light sheet is thus of the order of the
interrogation window size as it is appropriate for highly 3D convective air flow. Multiple pass
interrogation was used for calculation of the correlation between the interrogation windows of
subsequent images and the correlation maximum was determined with sub pixel accuracy using
WHITTAKER reconstruction. In order to further reduce noise, double correlation was applied. The
interrogation window overlap was set to 50 % according to the NYQUIST theorem.
In order to generate a comprehensive validation database for CFD, the air-inlet positions as
well as the jet-velocities were varied systematically. The measurements discussed below were
conducted at a flow rate of 300 l/s, corresponding to an air exchange rate of 23/h. Each passenger
(dummy) was thus supplied with 27 m³ of air per hour. Only the air-inlets at the ceiling were
operated. 67 % of the volume flow was supplied by the two central inlets and 33 % by the outer
inlets. Two scenarios were studied in comparison: First, isothermal flow, realized by switching off
all heat sources, was measured. As the second step, the passenger dummies and the light band
models were switched on, and the difference in the flow fields due to buoyancy could be detected
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by comparison of the velocity fields obtained by PIV. Due to the heat load of the passenger
dummies and the light band models the average temperature of the cabin air was 6 K higher than
that of the incoming air. In the framework of the BOUSSINESQ-approximation this case is identical to
the cooling conditions in the real aircraft cabin, where cold air enters the cabin and is thus referred
to as “cooling case” in the following.

Fig. 6. Air flow in the A380 aircraft cabin mock-up studied with large-scale 2C-2D PIV under isothermal conditions.
The left hand plot depicts the average in-plane velocity as determined from 360 instantaneous velocity maps. For the
large and small FOV only every 4th and 16th vector is plotted, respectively. The right hand plot shows the corresponding RMS values. The central air inlets supplied 67% of the overall air flow, while the outer nozzles provided 33%.

Fig. 7. Air flow in the A380 aircraft cabin mock-up studied with large-scale 2C-2D PIV under cooling conditions. The
left hand plot depicts the average in-plane velocity as determined from 360 instantaneous velocity maps. For the large
and small FOV only every 4th and 16th vector is plotted, respectively. The right hand plot shows the corresponding RMS
values. The central air inlets supplied 67% of the overall air flow, while the outer nozzles provided 33%. The temperature difference between cabin air and incoming air amounted to ∆T = 6 K.

The results for the isothermal case are depicted in Fig. 6, where the center of the cross section
is located at x = 0 mm. After entering the cabin the air jets directly attach to the overhead bins due
to the COANDA effect. From there the central jet follows the overhead bin in the same way as his
counter part from the other cabin side. A stagnation point develops almost at the center of the
central bin. As a consequence, the central jets from both sides of the bin separate from the contour
and are merged together in order to move down to the cabin floor. Here, a second stagnation point
(not visible in the PIV measurement) develops and the jet dissociates, one part moving to the air
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outlet on the right and one to the outlet on the left hand side of the cabin. As the jets follow the
cabin confinements their width increases due to entrainment of cabin air. Fresh air from the jets is
thus mixed with cabin air prior to contact with the passengers.
The outer air jets, which carry only 33 % of the volume flow, behave quite different. In our
PIV measurement the outer air jet of the right hand side is visible. Although the cabin flow is
isothermal, i.e. buoyancy has no influence on the flow, the outer jet separates 60 % downstream the
contour and then descends on the head of the second passenger dummy from the right. The reason
for this isothermal premature separation is that in between the jets a region with low pressure
develops caused by entrainment of air by the incoming air jets to the air outlets. As a consequence
the wall jets have to withstand a force, which tries to bring air in between them. With increasing
downstream distance, however, the wall jets loose momentum due to the wall shear stress.
Consequently, after a critical distance, the jet, which was initially injected into the cabin with less
momentum, separates. In this configuration this is the outer wall jet.
The plot of the root mean square values (RMS) of the velocity fluctuations on the right hand
side of Fig. 6 reveals increased values in the regions of the air jets of the order of 0.1 m/s. In the
region of the stagnation point at the central overhead bin the RMS values are increased even further,
indicating that the stagnation point moves slightly on a time scale of 30 minutes. Close to the outer
air jet the RMS values amount round about 0.1 m/s over a rather wide area indicating fluctuations
of the separation point of the jet as a function of time.
If the heat sources in the cabin mock-up are switched on, the whole flow field changes
significantly. Fig. 7 depicts the velocity field (left hand) and the RMS values (right hand) for the
cooling case. Still the outer wall jet prematurely separates from the overhead bin, but now already
after a downstream distance of 40 % on the bin contour. The reason for this earlier separation is the
interaction of the convection due to passenger dummies and light band models with the outer jet,
which can be clearly detected in the velocity map. It causes additional dissipation of momentum in
the outer jet and thus earlier separation. As a consequence the outer air jet is now entrained
completely by the central air jet, causing a much higher velocity in the center of the mock-up close
to the passenger dummies heads of 0.42 m/s as compared to 0.32 m/s in the isothermal case, see
Fig. 6. It should be stressed at this point, that in order to design an aircraft cabin with a comfortable
ventilation system, it becomes clear from the above mentioned that the positions of the separation
lines have to be predicted with the utmost precision. Even slight changes of the positions of the
separation lines may increase the velocity in the vicinity of certain passengers to a level where
discomfort will occur, as it happened here with the passengers at the central overhead bin contour.
It seems that for the outer air jet two preferable pathways exist, which may be followed even at
the same time. The RMS distribution (right hand side of Fig. 4) reveals the instationary behavior of
the separation line of the outer wall jet as well as its preferred occupation of the region between the
overhead bins. The passenger dummies at the outer positions are only ventilated by thermal
convection in this scenario. The stagnation point at the central overhead bin on the other hand is
shifted significantly to the left, causing the separation of the central wall jets to occur
asymmetrically with respect to the cabin cross section. Again the instationary behavior of the
stagnation point is reflected by locally increased RMS values.
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5. Natural Convection in a Large Scale Rayleigh-Bénard Experiment
As a second example, stereoscopic PIV measurements of natural thermal convection in a large-scale
Rayleigh-Bénard (RB) experiment will be discussed. The measurements were conducted in the
Barrel of Ilmenau, which is a cylindrical container with an inner diameter of D = 7.15 m and a
variable height H of 0 m < H < 6.3 m. It is equipped with a heating plate at the bottom and a cooling
plate at the top and nearly adiabatic side walls. As a fluid, ambient air is used. The heating plate at
the bottom consists of a heating wire in a concrete layer similar to an electrical under floor heating.
In order to minimize heat losses through the bottom a thermal isolation layer with a thickness of
300 mm is placed directly below the heating layer. The surface of the heating plate is coated with
aluminum foil in order to prevent radiation exchange with the cooling plate and the sidewalls. The
maximum surface temperature which can be realized at the floor amounts to 75° C. The cooling
plate consists of 16 separate water-cooled segments. They are made of two aluminum-plates with an
interconnecting cooling coil and measure 40 mm in thickness. Together with a cooling system and a
big water reservoir an accurate regularity of the temperature at the surface of the cooling plate was
realized. The maximum temperature deviation over the whole surface is less than 1K. The inner
sidewall is made of fiberglass-epoxy compound with an embedded thermal isolation layer with a
thickness of 160 mm. In order to prevent the heat loss it is covered with an active compensation
heating system and a further isolation with a thickness of 140 mm. The measurements discussed in
the following were conducted at a floor temperature of 60° C and a ceiling temperature of 20° C.
The aspect ratio of the cell was set to D/H = 2, where a transition of a steady two dimensional mean
flow structure into three dimensional structures is expected to occur (Qiu et al. 2001). Consequently
the RAYLEIGH number amounts to Ra = 1.2 ⋅ 1011 .
The HFSBs used as tracer particles for the PIV measurements were generated with two bubble
generators and had diameters between 1 and 3 mm. They were injected into the cell through two
small holes in the ceiling. For illumination of the tracer particles a quality switched air-cooled
double cavity Nd:YAG laser with a pulse energy of 160 mJ was used. The particles were detected
with two CCD cameras (Sensicam QE, PCO) with a PELTIER-cooled CCD-chip and a resolution of
1376x1040 pixels in a stereo PIV set-up. The double frames were recorded with a repetition rate of
2.5 Hz. For evaluation of the velocity vector fields, interrogation windows of 48 x 48 pixels were
used leading to an interrogation window size of 96 x 96 mm². The thickness of the light sheet is

Fig. 8. Sketch of the Stereo PIV setup for measurement of natural
convection in the “Barrel of Ilmenau”, top view.
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thus of the order of the interrogation window size as it is appropriate for highly 3D convective air
flow. The other parameters for PIV evaluation were set as described in section 4.
Since thermal convection in a RB configuration is very sensitive to deteriorations in the
symmetry, the optical access to the Barrel of Ilmenau is kept quite limited. In order to couple the
laser light into the convection cell, a small viewport has been drilled into the wall and covered with
the cylindrical lens, which was used in order to generate a light sheet, see Fig. 8 and Fig. 9. The
thickness of the light sheet was adjusted with a telescope to amount between 3 and 5 cm. Due to the
optical restrictions the CCD cameras had to be mounted inside the convection cell. In order to cover
one half of the convection cell lenses with a focal length as small as f = 8 mm have been used. The
angle between the cameras was set to 88°, see Fig. 8, the cameras looking in a backward scattering

Fig. 9. Sketch of the Stereo PIV setup for measurement of natural convection in the “Barrel of
Ilmenau”, side view.

configuration on the measurement plane, which covered slightly more than one half of the RB cell.
Here the very high backward scattering efficiency of the HFSBs comes into play handy. The overall
FOV in this measurement was as large as 12.6 m².
Usually in a stereo PIV set-up the CCD chips being tilted with respect to the light sheet plane,
a SCHEIMPFLUG adapter has to be used in order focus on the particles in the whole image plane.
Estimating the depth of field for our configuration, however, with a magnification of M ≈ 2 ⋅ 10−3 , a
particle diameter of d p = 1mm , and a F-number of F/1.4 via

δ z ≈ 2 ⋅ f# ⋅ d p ⋅

( M + 1)
M2

(1)

corresponding to Raffel et al. (1997) yields δ z = 700m . This means that it was not necessary to
fulfil the SCHEIMPFLUG condition in order to focus the particles. Consequently no SCHEIMPFLUG
adapter had to be used.
Since at aspect ratio D/H = 2 a transition of a steady two dimensional flow structure like a
single roll into a three dimensional structure of several rolls or toroids with varying directions is
expected to occur, the structures changing periodically, the aim of our measurements was to capture
such structures with our particle images. In order to identify these typical flow structures
instantaneous 3C velocity maps as well as averages of 114 velocity fields have been evaluated.
Three examples will be discussed in the following.
Fig. 10 depicts the instantaneous (left hand) and averaged (right hand) velocity field of a single
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convection roll in the Barrel of Ilmenau. Comparing the homogeneous flow structures in the time
averaged vector plots to the instantaneous velocity map reveals quickly varying local jets from the
hot bottom, the so called thermal plumes, in addition to the roll structure.
In addition to toroidal structures, which are dominated by velocity components in the light
sheet plane, structures with dominating out of plane velocity components have been detected as
well. Two examples are presented in Fig. 11. Regions of red and blue colour denote flow out of and
into the figure plain, respectively. The intense fluctuations of the x and y velocity components
indicate the strongly three-dimensional behaviour of the convective flow.

Fig. 10. Instantaneous (left) and average (right) velocity map of a single convection roll in the Barrel of Ilmenau. One
half of the Rayleigh-Bénard convection cell was investigated with 3C-2D PIV. The centre of the cell is located at
x = 0 mm.

Fig. 11. Instantaneous velocity maps of convection structures with a dominant out of plane component in the Barrel of
Ilmenau. One half of the Rayleigh-Bénard convection cell was investigated with 3C-2D PIV. The centre of the cell is
located at x = 0 mm.

6. Summary
Large scale PIV has been applied successfully to mixed convection in a full scale double aisle
aircraft cabin mock-up and to natural convection in a large scale RB experiment. Stereoscopic PIV
measurements on FOVs as large as 12.6 m² demonstrate the feasibility of our approach to combine
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HFSBs as tracer particles with nanosecond laser pulses as light source. Orifice type HFSB nozzles
with reduced orifices driven by a three channel generator provided generation rates sufficient for
PIV while the momentum of the bubble jets has reduced significantly. Measurement of mixed
convection in an A380 aircraft cabin mock-up reveals detailed information about the separation and
stagnation points as well as the jet profiles and provides the data needed for validation of CFD
codes. Measurement of natural convection in the Barrel of Ilmenau makes possible identification of
characteristic flow patterns in RB convection and thus verification of analytical models for
turbulent convection. Application to other environments will be subject of further investigations.
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