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Abstract 

Mixed convection flow is a very common flow and appears in lots of engineering applications, for 
example electronic circuit boards or compact heat exchangers. The flow behind a heated object 
can influence the heat exchange of objects positioned further downstream. Investigation of the 
flow phenomena behind a heated cylinder leads to more insight into mixed convection flows. 
The flow behind a cylinderfora Reynolds number (Re) of 30, is a 2 dimensional (2d) steady flow, 
characterized by a wake bubble directly behind the cylinder, containing two counter rotating 
vortices. When the Reynolds number increases, the flow remains 2d but for Re ~ 45, vortices 
are shed periodically behind the cylinder. For a Reynolds number of approximately 180, the 
flow becomes 3d. Previous research has found that transition from a two dimensional to a three 
dimensional flow occurs for lower Reynolds numbers when the cylinder is heated. This research 
was done for Re ~ 75. 
In the current research, the effect of heating on a horizontal cylinder, with a diameter D, in a 
crossflow for Re = 30 is examined. The aim is to see whether the early 3d-transition is caused 
not only by heating but also by the periodicity of the flow. By visualizing the flow, main flow 
structures can be determined. Interesting structures are examined with partiele velocimetry. 
For the unheated case, the 2d steady flow consists of a steady wake bubble with two counter 
rotating vortices. The length of the wake bubble is approximately 2D, but the flow field is 
sensitive to disturbances. When heat is supplied to the cylinder, the wake bubble disappears 
and for Ri = Cr j Re2 = 0.5 only the lower vortex exists. This lower vortex has moved towards 
the cylinder and has become smaller. For Ri = 1 also the lower vortex has disappeared and 
the wake is characterized by a '8'-shaped flow. Still no 3d structures are found in the near 
wake. However numerical calculations show the occurrence of 3d structures at x=14D behind 
the cylinder. Experiments confirm the 3d structures, however not below Ri = 1.3. Further 
heating shows the 3d structures to appear in the near wake (x=1D behind the cylinder) for 
Ri ~ 7.1. 



Samenvatting 

De stroming ten gevolge van gemengde convectie treedt op in vele industriële toepassingen zo
als elektronische systemen en compacte warmtewisselaars. De stroming achter een verwarmd 
object beïvloedt de warmteoverdracht van objecten die stroomafwaarts staan wat bijvoorbeeld 
gevolgen kan hebben op de levensduur. 
De stroming om een onverwarmde cylinder voor een Reynoldsgetal (Re) van 30, is 2 dimensi
onaal (2d) en stationair en wordt gekenmerkt door een gesloten 'bel' direct achter de cylinder, 
waarin twee tegengesteld roterende wervels aanwezig zijn. In eerder onderzoek is een transitie 
van 2d naar 3d waargenomen wanneer de cylinder verwarmd werd. Dit onderzoek vond echter 
plaats voor Re R::: 75 waarin de stroming achter de cylinder wordt gekenmerkt door periodieke 
wervelafschudding (instationair). In het huidige onderzoek is bekeken of de transitie van een 
2d naar een 3d stroming wordt bepaald door het toevoeren van warmte aan de stroming of dat 
instationairiteit ook een vereiste is voor de transitie. 
De stroming is gevisualiseerd met behulp van electrochemische tin precipitatie en deeltjesba
nen. Bij de electrochemischc tin precipitatie wordt door het aanbrengen van een elektrische 
potentiaal tin uit de anode omgezet in onoplosbaar tinzout dat de stroming volgt en zodoende 
strijklijnen visualiseert. De deeltjesbanen zijn verkregen door deeltjes in de stroming te volgen. 
Meer informatie is verkregen door het gebruik van Partiele Tracking Velocimetry (PTV). 
Bij de onverwarmde cylinder worden de 2 tegengesteld roterende wervels in de bel achter de cy
linder waargenomen. De lengte van de bel achter de cylinder is ongeveer 2D (met D de diameter 
van de cylinder), echter de vorm is gevoelig voor verstoring omdat zeer lage hoofdstroomsnel
heden worden gebruikt (u = 3.5mm/s). Wanneer warmte wordt toegevoerd aan de cylinder 
( Ri = Cr/ Re2 = 0.5), verdwijnt de bel vorm en de bovenste wervel. De onderste wervel schuift 
tegen de cylinder aan. Wanneer nog meer warmte wordt toegevoegd (Ri = 1) is ook de onderste 
wervel verdwenen en wordt de stroming in het zog van de cylinder gekenmerkt door een 'S'-vorm, 
welke al geïnitieerd werd voor Ri = 0.5. De stroming is nog steeds 2 dimensionaal. Numerieke 
berekeningen laten zien dat op x = 14D achter de cylinder, 3d-structuren optreden. Deze struc
turen worden ook experimenteel gevonden, echter voor Ri = 1.3. Wanneer de cylinder verder 
verwarmd wordt (Ri R::: 7.1) ontstaan ook direct achter de cylinder (x = lD) 3d structuren. 
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List of Symbols 

A area [m2 ] Greek Letters 
B distance form cylinder to bot-

torn [m] a thermal diffusivity [m2 js] 
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Ren Reynolds number based on 
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Rin Richardson number based on ( ) f fiuid 
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g_(}_t:,.TD3 ( )w wake u2 
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t time [s] 
T temperature [0 CJ Superscripts 
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[m/s] ( )* dimensionless quantity 

V velocity in the y-direction ( )' fiuctuation 
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Chapter 1 

Introduetion 

The wake flow bebind a bluff body1 bas been an issue 
of interest to scientists and engineers for many centuries. 
Figure 1 shows a sketch of Leonardo da Vinci in which 
he sketches the flow over a cylinder in water. Though 
this sketch was made in the late 15th, early 16th century, 
there is still a lot unclear of the phenomena occurring 
bebind a bluff body. Especially for the situation where 
a temperature difference between the fluid and the body 
exists. Such a flow is a combination of two extremes in 

1f',";,"'" 

l;l~(1 
'f ,~t>!f! 

i/f";t, 
Alrl ~11 

•lf'~''l;'. 

··;\JU/ 
",,.~, 

~ -r .. J.~~f 

convection mechanisms. For forced convection the motion •"~~"rl r 
of the flow is driven by an externally exposed pressure 
drop or mass flow, while for free or natura! convection, 
the motion of the flow is driven by density variations. The 

Figure 1.1: Currents around a river 
obstacle by Leonardo da Vinci . 

density variations can be caused by a temperature difference or concentration variations. For a 
combination of the two extremes (mixed convection), both driving mechanisms play a role. This 
interaction leads to mixing of the forced and free convection flows. The mixed convection flow 
is a very common flow and appears for example in the atmosphere, buildings, automobiles and 
computer systems. Understanding these phenomena is not only important for scientific interest 
but also for engineering applications. For example, energy dissipating components in electronic 
devices are aften caoled with fans. Components positioned in the flow induced by the fan will 
influence the heat exchange of downstream positioned components, which might affect the life 
t ime and performance of those components. Knowledge of the interaction between the forced 
and free convection can lead to the optimization of such devices. 

1.1 Research objective 

For an unheated flow over a cylinder with a Reynolds number below 45, the flow is two dimen
sional and bebind the cylinder a steady wake bubble is present. The flow stays two dimensional 
with increasing Reynolds number and the wake bubble transfarms into a flow where vortices are 

1 non-strcarnlined body 

4 
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shed periodically behind the cylinder. The flows stays two dimensional up to a Reynoldsnumber 
of approximately 180. Then transition to three dimensionality takes place. Previous research by 
Kieft [10] and Maas [9] showed that the 3d-transition takes place at a lower Reynolds number 
when the cylinder is heated. This research was clone for Re:::::; 75. 
In the current research, the effect of heating on a horizontal cylinder in a crossflow for Re = 30 
is examined. The aim is to see whether the early 3d-transition is caused not only by heating 
but also by the periodicity of the flow. By visualizing the flow, main flow structures can be 
detected. Interesting structures will be examined by using partiele velocimetry. 

1.2 Outline of the thesis 

In chapter 2, the governing equations, that describe the flow past a cylinder, are presented. 
An overview of the different flow regimes up to a Reynolds number of 100 and disturbance 
sourees that influence the flow are shown. Also, former research concerning the flow over a 
heated cylinder is presented. Chapter 3 deals with the experimental setup and the investigation 
techniques that are used. The results are shown in chapter 4. Here the effect of increasing heat on 
the two dimensional steady wake bubble is observed and discussed thoroughly. Also encountered 
probieros and limitations will be discussed. Finally, conclusions and recommendations for further 
research are given. 



Chapter 2 

Theoretica! background 

In this chapter, the flow around a cylinder for low Reynolds numbers is discussed. First, the 
governing equations that describe the flow over a cylinder are given. Section 2.2 shows the 
flow regimes up to Re ~ 100 for the unheated case and important disturbances that influence 
the flow. In section 2.3 previous literature concerning the flow past a heated cylinder is being 
discussed. 

2.1 Basic equations 

To investigate the flow behind a cylinder, a simple contiguration is used. A horizontal placed 
cylinder, that can be heated toa certain temperature Tc, is positioned in a crossflow with uniform 
velocity Uo and temperature TJ (tigure 2.1). 

Figurc 2.1: Contiguration of the flow over a cylinder 

The flow of a incompressible Newtonian fluid can be described by the conservation laws of mass, 
momenturn and energy. Considering that the production of kinetic energy due to shear stress is 
negligibly small and the heat conduction obeys Fourier's law, the equations in differential form 

6 
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look as follows: 

\l·Û 
aû 
p- +pû. \lû 

at 
aT ~ 
-+u ·\lT 
at 

0 

7 

(2.1) 

(2.2) 

(2.3) 

with the velocity vector û =[u, v, wjT, pressure p, temperature T, density p, dynamic viscosity 
r], thermal diffusivity a and the gravity vector 7/ = [0, -g, OJT where g is the gravitational 
constant. In this research, the density is not constant but varies in space and time, which is 
caused by the temperature variation. This density variation leads to an additional force, the 
buoyancy force. To take this force into account the Boussinesq approximation is applied. All 
other fluid properties are now taken constant except for the density p. This is only valid if the 
temperature differences are not too large, otherwise viscosity and thermal diffusivity vary too 
much. The density, pressure and temperature can respectively be written as p' + p0 , p1 + p0 

and T' + To with po, Po and To as reference values and p' /po « 1, p' /Po « 1 and T' /To « 1. 
When the fluid is in rest, p' = p' = T' = 0. The reference pressure at depth h can be written as 
Ph= pogh. Using the definitions of density, pressure and temperature, the momenturn equation 
can be written as: 

(2.4) 

with the assumption that po+ p' ~ Po· The energy equation is coupled with the momenturn 
equation by assuming that the density p is linearly dependent with the temperature, the so 
called Boussinesq approximation: 

p = Po(1- f3o(T- Ta)) (2.5) 

with f3o = - Plo *IT=To· The conservation laws can be written in dimensionless form by using 
the following dimensionless variables: 

?i! û p p * t 7/ 
?i!* = D ' û* = Uo' p* - poU6' p* = po' t = D /Uo' 7/* = g 8 = _T_-_T._o 

T1 -To 

Substitution and rearranging the lead to: 

\1*. û* 

aû* -- + û*. \l*û* 
at* 

a8 ~* n*8 -+u ·v-
at* 

0 

-\l*p* + - 1
-(V*)2û*- RiD87!* 

ReD 

1 (\1*)28 
ReDPr 

(2.6) 

(2.7) 

(2.8) 

(2.9) 

with the Reynolds number Rev = UoD, the Richardson number Riv = GRrf = gf3l>.u;v where 
V eD 0 

· . gf3l>.T D 3 _!/__ the Grashof number 1s Grv = v 2 and the Prandtl number Pr = a.p· The stars denote 
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that the quantity is dimensionless and will be dropped in further discussion. The character 
of the flow is now fully determined by these dimensionless numbers. For Ri « 1 the inertial 
farces are dominating over the buoyancy farces, Ri ;::::; 1 the inertial and buoyancy farces are in 
equilibrium and for Ri » 1 the inertial farces are dominant. Flow structures will change with 
the Richardson m1mber. 

Using the dimensionless momenturn equation, the vorticity equation can be derived. Vortic
ity (w = '\1 x û) is a measure for the rotation of the fluid particles. Positive vorticity equals 
counter clockwise rotation of the particles. By taking the curl ("V x) of the momenturn equation 
and using the continuity equation 2.1 , the vorticity equation follows: 

Dw aw ...,.., ..,.-7 (..,.-7 )...,.., . e -oe> 1 2~ 
--=- + 1L . '\1 w = w . '\1 1L - RID '\1- x g + --'\1 'W m m ~ 

(2.10) 

The first term on the right hand side, (w · '\1) û, expresses the vorticity production caused by 
stretching / squeezing and tilting of vortex tubes, a process that only occurs in 3d-flows. The 
second term, -RiD'\18 x g, is the so called baroclinic production term, which expresses the 
production of vorticity caused by temperature differences. The last term on the right hand side, 
R~o '\12w, represents the rate of change of vorticity due to diffusion. 

2.2 Laminar unheated flow regimes up to Re~ 100 

Figure 2.2: Creeping flow around a cylinder for Re---+ 0 (Van Dyke [17]). 

Figure 2.2 shows the flow over a cylinder for 0 < Re < 5. This so-called creeping flow is 
dominated by viscous forces. The flow creeps around the cylinder without separation. When 
the effect of the viseaus farces decreases by increasing Reynolds number, a certain Reynolds 
number exists where the boundary layer separates from the cylinder. In the first stadium of 
separation, the angle of separation, i.e. the angle between the centerline and the separated 
boundary layer, increases fast. When the Reynolds number increases more, the separation angle 
does not change anymore. This indicates that for increasing Reynolds number the near-wake 
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widening is diminishing, but the elangation of the near-wake is increasing (Zdravkovich [20]). 
The separated layers merge downstream and farm a symmetrie, steady and closed wake-bubble 
(fignre 2.3). 

Figure 2.3: Closed wake-bubble behind a cylinder for Re= 26 (Van Dyke [17]). 

Figure 2.3 shows the flow over a cylinder for R e = 26. The wake bubble behind the cylinder 
can clearly be seen and inside t he bubble two counter rotating vortices appear. The velocity 
magnitude inside the wake bubble is in the order of one tenth of the main stream velocity 
(Coutanceau and Bouard [2]) . 
Fora certain Reynolds number, Reosc, small disturbances are not damped anymore. At the end 
of the wake bubble, the centerline starts to oscillate. With increasing Reynolds number, the 
wake-bubble shortens, loses its closeness and two additional 'fingers' appear. This process can 
clearly be seen in figure 2.4. 

12 :·-·~~ 
~.,:,::;7 

]~ 

Figure 2.4: Oscillation in t he near wake behind a cylinder for R e = 30 (11) to Re = 60 (20) 
(Zdravkovich [20]). 

A sirnilar result is shown by Gerrard [4] as can be seen in figure 2.5 
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a 

b 

Figure 2.5: Visualizations for (a) Re= 37.8 and (b) Re= 44.4. 

Camparing to the visualization in figure 2.3, the shape of the wake is different. This is caused by 
the difference in the visualization method. In figure 2.3 particles are used resulting in a picture 
of partiele trajectories. For figures 2.4 and 2.5, the visualization bas been performed with dye. 
If the dye is not applied on the back of the cylinder, no dye willenter the wake bubble and the 
dye will flow along the boundary of the wake bubble. 
At the back of the wake bubble in figure 2.5b, the oscillation of the flow and the initiation of the 
fingers can be seen. Figure 2.5b matches perfectly with figure 2.4 number 15. As the 'fingers' 
begin to roU up, vortices are formed. The vortices are shed periodically bebind the cylinder and 
a trail of vortices arises, the so called von Kármán vortex street, which can beseen in figure 2.6. 

Figure 2.6: Trail of vortices, von Kármán vortex street, for Re= 105 (Van Dyke [17]). 
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All of the above mentioned flow regimes are two dimensional, considered that other parameters 
that can influence the flow can be excluded. For a Reynolds m1mber of approximately 180, the 
flow becomes three dimensional. 

The above-mentioned Reynolds numbers are based on situations where no or negligible dis
turbances are present. However in practical situations, the flow can be disturbed by a large 
number of disturbances. The most common disturbances are shown in figure 2.7 and can be 
described withits own parameter. A lot of research had beendoneon the effect of these common 
disturbances on the flow and a comprehensive review can be found in Zdravkovich [21]. 

(a) 

TURI.tULfNCf: TI, T' WALL ILOCKAGE:0/1 ASPfCT RATIO:l/0 OSCtlLATION ZAr/0 

(:ai (d) :m (!t) 

::3L ~~l 
RO~HMOS:k/O,tJD IOUNDARY: G/0 FRE! ENO H/0 OSCILLATION 2AL/D 

Figure 2.7: Common disturbances and its parameters (Zdravkovich [20]) . 

The most common disturbance in practical applications is the state of turbulence of the main 
flow (2.7a). The crossflow should, in case of low Reynolds numbers, contain as less turbulence 
as possible. In research experiments, the effect of roughness (2.7b) can easily be eliminated by 
using a smooth cylinder. Another important disturbance factor is the presence of walls (2.7c, d 
and e). The blockage due to the walls has for example effect on the wake length (Coutanceau 
[2]). Especially in experimental research this is an important issue to take care of designing a 
setup. Another disturbance, that, if strong enough, all previous disturbances can override, is 
the oscillation of the cylinder (2.7 g and h). 
If the disturbances stay below certain values, the influence is smal! and the flow pattem will 
not change. However, they can still influence the values of Reynolds numbers for which the flow 
changes to another flow regime. Therefore, the ranges of the Reynolds numbers for different 
flow regimes vary a little in literature. When disturbances exceed a certain value, other physical 
phenomena occur and influence the flow in such a way that this does not match the intended 
flow anymore. 

2.3 Effect of heating on the flow regime 

The effect of heat on the flow behind a horizontal cylinder for 5 < Re < 40 is considerably 
less investigated than the unheated case. Badr [1] states that there was no theoretica! study 
before 1983 considering mixed convection for a horizontal cylinder in a crossflow. Badr studied 
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the mixed convection for 1 < Re < 40 and 0 < Ri < 5 extensively by solving the full two 
dimensional mass, momenturn and energy equation fora Boussinesq fluid. For Pr = 0.7, Re= 5 
and Re = 20, the results are compared with each other. With increasing Richardson number, 
the vorticity magnitude at the surface of the cylinder increases substantially. For Re = 5, the 
wal! vorticity increases around the whole cylinder with a factor 2. However, for Re = 20, the 
vorticity does not increase over the whole cylinder. For 50 < <p < 150 the vorticity magnitude 
only increases approximately 1.1wo. Here, <p is the angular coordinate with <p = 0 at the 
front stagnation point, and wo the vorticity for the unheated case. For <p > 150, the vorticity 
magnitude increases again up to approximately 2.5wo. The increase of the Richardson number 
also changes the pressure distribution considerably. The pressure around the cylinder surface 
reduces considerably and for Re = 20 a zone of maximum suction occurs for 240 < <p < 320. 
This suction bas effect on the streamline pattem. Figure 2.8 shows the streamline pattem for 
Re = 20 and Ri = 1.25. 

Figure 2.8: Streamline pattem for Re= 20 and Ri = 1.25 [1]. 

Experimental research is limited to determination of Nusselt relations [6] for different Richardson 
numbers or some characteristics of the temperature distri bution [18], but structures or behavior 
of the wake is not investigated. 
The transition from the 2d steady wake to the 2d periodic wake was stuclied by Dumouchel et al. 
[3] in case of heating the cylinder. When buoyancy forces are very weak, the applied heat still 
has effect on the flow . Fora constant velocity and diameter of the cylinder, the Reynolds number 
wil! decrease when heat is applied due to the change in density and viscosity. For increasing 
Richardson number, the transition between the two flow regimes occurs for higher Reynolds 
numbers. To characterize the wake, Dumouchel et al. determine an effective Reynolds number, 
Reef f, which is based on the Reynolds number for which the transition takes place. By use 
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of this effective Reynolds number, Wang et al. [19] find an universa! relationship between the 
Reynolds number and the Strouhal number. The Strouhal number is a measure for the shedding 
frequency of the wake. 
The effects of heat on the 2d periodic regime has been investigated with the same setup as used 
in the current study. Kieft [10] and Maas [9] have investigated the mixed convection problem 
for Reo ;:::; 75 and 0 :::; Ri < 2. Kieft used bubbles and dye to visualize the flow, but the results 
are not really clear. More information of the occurring flow phenomena was gained by using 
partiele tracking techniques. Velocity fields, and hence also vorticity fields, could be determined. 
Kieft found that the von Kármán vortex street inclines downwarcis and the lower vortices turn in 
clockwise direction underneath the upper vortices. This is caused by a change in vortex strength. 
The magnitude of the vorticity of the upper vortices increases compared to the lower vortices. 
For Ri > 1, thermal plumes arise. These plumes are three dimensional and rise more and more 
downstream and even escape from the upper row of vortices. Maas used tin precipitation to 
visualize the flow and confirmed the found phenomena of Kieft (figure 2.9a). Due to the high 
quality of the images, Maas found the existence of three dimensional structures already in the 
close near wake for Re = 117 and Ri ;:::; 0.3 (figure 2.9b). In this picture, the flow is from bottorn 
to top and the cylinder can be seen at the bottom. 

a b 

Figure 2.9: (a) Visualization of heated von Karman vortex street, Re= 117 and Ri = 1, using 
electrochemical tin precipitation, (b) 3d-structure close behind the cylinder for Re = 85 and 
Ri = 1. 



Chapter 3 

Experimental setup and 
investigation techniques 

3.1 Experimental setup 

For the experimental investigation a watertank (500cm x 50cm x 75cm), is used through which 
a cylinder is translated with a constant velocity Uo. Such a setup is also known as a 'towing 
tank' (figure 3.1a). 

b 

Figure 3.1: Towing tank: (a) global view, (b) configuration of cylinder and laser. 

For the used measurement techniques, it is required that the tank is optically accessible from all 
sicles and special care has been taken to the glass to prevent optical distortions. The cylinder is 
positioned between two perspex plates which are fixed onto the translation construction (figure 
3.1)b. The position of the cylinder is checked and, if necessary, (re)calibrated regularly to make 
sure the axial direction of the cylinder is perpendicular to the 'flow' and parallel to the bottorn 
of the tank. Two cylinders are used during the measurements. Their dimensions can be seen 
in table 3.1. The cylinders are denoted as the 8.5mm cylinder the 5mm cylinder in further 
discussion. 

14 
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Aspect ratio Bottorn-cylinder Free surface-cylinder 
(LI D) distance distance 

59 
58 

42D 
25D 

Table 3.1: Properties of the used cylinders. 

85D 
50D 

Disturbance effects caused by the aspect ratio are negligible for Ll D > 25 (Nishioka and Sato 
[11]). The blockage due to t he bottorn I free surface of the tank has effect on the wake length 
(Coutanceau and Bouard [2]). Consiclering the bottorn of t he tank determines the blockage 
(this is the smallest distance), then the blockage for the 8.5 and 5mm cylinder is respectively 
DI B = 1150 = 0.02 and DI B = 1184 = 0.01 . The effect of t his blockage on t he wake size is 
very smal! compared to ideal case where blockage does not play a role [2]. 
The cylinder is heated by an electrical heating element. To damp out fluctuations and homog
enize the temperature of the heating element, the cylinder is surrounded by two copper covers. 
Between the two copper covers, thermocouples are installed to measure the temperature of the 
cylinder. The temporal temperature variations are limited to 0.05°C. To prevent reflections the 
outer layer of the cylinder is painted black. 
A major problem of the current set up is the motion of the water in t he tank due to temperature 
differences between the water and surrounding air. Though the tank is placed in an isolated , 
temperature controlled room , and the side walls are covered with insulation foil, still mot ion of 
the water is present . Especially for low speeds this motion becomes important. The motion is 
probably caused by temperature differences in the tank. To homogenize the temperature, the 
water in the tank is stirred. After 4 hours, the background velocity has a magnitude of 0.22 
mmls with peaks of 0.57 mmls. In section 4.5, the effect of the background motion is discussed 
more. Another important disturbance factor , is the occurring of oscillations. By translating the 
cylinder , vibrations of the translation system can cause the cylinder starting to oscillate. There
fore t he rails are lubricated and no free motion between conneetion parts is present. Vibrations 
in the translation system result in negligibly smal! oscillations of the cylinder. More detailed 
information of the towing tank construction can be found in Kieft [10]. 

3.1.1 Measurement configurations 

For the measurements different light sourees are used. Partiele tracking requires a more powerful 
light souree to detect the particles than the tin precipitation method. For the visualizations, 
a slide projector and a continuons Argon laser are used. The Argon laser emits the light with 
a wavelength of 514.5 nm. For t he partiele tracking measurements, a 30 Hz pulsed Nd:YAG 
laser is used with a pulse duration of 6 ns and a maximum energy of 200mJ. The laser beam is 
directed parallel to the tank bottorn and turned into a thin sheet by a negative lens. Record
ing is performed by a CCD-camera (KODAK Megaplus 10 bit , 1008x1019 pixels) which has a 
maximum frame rate of 29Hz. A 25mm and a 55mm lens (Nikon) are used in front of the camera. 
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To examine the flow structures behind the cylinder different point of views are necessary. Figure 
3.2 shows the side view configuration. The camera is positioned at the front and the laser sheet 
is parallel to the side walls. With this view, only 2d phenomena can be examined. 

mirror 

Figure 3.2: Sideview configuration. 

To investigate 3d structures the camera is mounted above the cylinder and the laser sheet is 
parallel to the bottorn of the tank (figure 3.3a) . The lasers sheet crosses the cylinder at the 
center. Because the laser beam has a diameter of approximately 8mm, the sheet will also have 
a thickness of 8 mm. Therefore an slit is used, to reduce the thickness of the laser sheet. 

a 

Figure 3.3: Configuration for (a) top view and (b) spanwise view. 

During the experiments, the top view measurements showed not to be successful. Therefore, 
another point of view was needed to find possible 3d structures. The laser sheet is positioned 
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at x=1D behind the cylinder, parallel to the spanwise direction (see tigure 3.3b). An inclined 
mirror is used to capture images of the flow. The middle of the mirror is located at 37 cm 
behind the cylinder. It is assumed that the mirror does not influence the flow in the wake of the 
cylinder. 

3.2 Visualization methods 

Visualization is a powerful method to detect the size and location of flow structures. However, 
it is required that the visualization method gives a correct representation of the flow. A lot 
of visualization methods are present and Maas [9] investigated methods to visualize the near 
wake of the cylinder for the cmTent setup. Table 3.2 shows some visualization methods with its 
advantages and disadvantages. 

Methad Advantagc Disadvantage 

fluorescein paint - good following bchavior - paint wil! spread outside the experiments 
on cylinder - no additional disturbance of the flow - applying on cylinder takes a lot of time 

with the current setup 
pH indicator - kathode wil! cause additional disturbances 

- tank should be titrated just below 
transition valuc 

- color difference disappears with distance 
behind the kathode 

Hydragen bubblcs - easy to perfarm - rising of the bubbles 
- kathode wil! cause disturbances 

- amount of bubbles wil! deercase with distance 
from kathode 

Elcctrochcmical - good following behavior - anode wil! causc additional disturbances 
tin precipitation - does not slump fast 

Table 3.2: Visualization methods. 

Maas chose the electrochemical tin precipitation method to visualize the flow behind the cylinder 
and tigure 2.9 shows the successful result of this method. On the left, the white tin-smoke that 
is released by the anode, hits the cylinder and divides over both sides. A clear visualization of 
the of the flow pattern is the result. 

3.2.1 Electrochemical tin precipitation 

The electrochemical tin precipitation method is based on the following chemical reactions: 

Sn(s)- 2e

Sn2+ +20H-

Sn2+ 

Sn(OH)2(s) 

(3.1) 

(3.2) 

Due to a potential difference between a tinned electrode and another electrode, electralysis oc
curs, tin-ions leave the electrode (anode) and react with OH--ions of the water into a white 
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smoke of insoluble tin(II)-hydroxide. When the conductivity of the water is very low, too little 
tin-smoke will be produced. Salt can be added to increase the conductivity. The range of poten
tial difference is limited by a maximum, for which too much tin-smoke is produced resulting in 
slumping, and a minimum for which too little tin-smoke is produced. To prevent disturbances 
of the kathode, where hydrogen bubbles can appear, the kathode is placed at a large distance 
behind the cylinder. 

Where Maas uses a tinned anode, Honji et al. [8] use a solder wire as anode. Both meth
ocis give good results, but using solder as an anode is much easier. Therefore, solder will be 
used as an anode for the curTent visualizations. A thin solder wire (4; = 0.6mm) will be spanned 
in front of the cylinder to create a parallel sheet of tin-'smoke'. To get rid of small bendings, 
caused by unrolling the tin wire, the tin wire is positioned vertically and submitted to a mass 
for 12 hours. 
Because of the chosen visualization method, streaklines are visualized. Fora steady flow, streak
lines and streamlines coincide. A disadvantage of visualizing streaklines in steady flows is that 
structures that are not located on the streakline are not visible. 

3.2.2 Partiele trajectories 

Due to the steadiness of the flow, structures can be missed with the tin precipitation method. 
Therefor partiele are used to visualize their trajectories in the flow. This method has also been 
used by Coutanceau an Bouard [2] and Taneda (figure 2.3) and proven its success. The partiele 
trajectories can be gained in two ways. The first way is the use of a large exposure time of the 
camera. The partiele trajectories are directly recorded. In the second way, recordings with the 
normal exposure time are made and during postprocessing, the subsequent images are plotted in 
one picture. In the current research, low speeds are used and therefore the second method was 
chosen. 100 images (b..t = 3.3s) are used to genera te one picture with the partiele trajectories. 
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3.3 Partiele Velocimetry 

To gather more information of the flow partiele velocimetry is used. The basic idea of partiele 
velocimetry can be explained with help of figure 3.4. 

Partiele velocimetry is based on a fluid contain
ing lots of particles. The particles have to be 
small enough to follow the flow closely. By il
luminating a certain area in the flow field the 
particles are recorded as they move through this 
area. The sequence of images will be analyzed 
to retrieve the velocity field, since the partiele 
movement between two subsequential imagescan 
be determined and camera frequency is known. 
The two most common methods to determine 
the velocity field are Partiele Image Velocimetry 
(PIV) and Partiele Tracking Velocimetry (PTV). 
While PTV is based on tracking each partiele sep
arately, PIV is based on the average displacement 
of a certain area of the recorded image. There-

seeded flow 

. . 
light souree 
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. · .... . :. : ~- . · ... 
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• : digitization 
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t1 

light sheet 

' 
: partiele traeking 

v 
Figure 3.4: General experimental setup for par
tiele velocimetry. 

fore PTV gives a more accurate velocity field but needs more subsequent images. In the next 
subsection, the basics of PIV and PTV will be explained. More information of these techniques 
can be found for instanee in [12] and [15]. 

3.3.1 PIV 

With PIV the displacement of a certain area in an image is determined. Recorded images are 
divided into rectangular sections and two subsequent images are cross correlated. Maximum 
correlation occurs for the best match and the displacement needed for this match is a good 
estimation for the average displacement of the particles within the sector. Figure 3.5 shows the 
basics of PIV. 
The same sector is shown in a and b for two subsequential frames. By placing the sector of the 
second frame on the sector of the first frame and moving the second sector until the difference 
is as small as possible (this corresponds to a peak in the correlation). The velocity can now 
be determined by using the displacement distance and time between the subsequential frames. 
The cross-correlation for two subsequent sections a and b with a interrogation section size m x n 
pixels, looks as follows: 

M-1 N-1 

<Pc(m,n) = L L 9a(i,j) ·gb(i+m,j+n) (3.3) 
i=O j=O 

with 9a and gb, the gray values of the pixels in the interrogation section. A maximum peak 
appears on a position (mp, np) out of the center. The displacement of the peak compared to the 
center, is the average displacement of the particles in the interrogation area. To make sure the 
correlation between two pictures gives a good match, care has to be taken of: 
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Figure 3.5: PIV basics. 

• The amount of particles. At least 4 to 8 image particles are needed in a sector to obtain 
a good correlation 

• The maximum and minimum partiele displacement. If the partiele displacement is too 
large, i.e. larger than the sector size, no clear correlation can be obtained. For a too small 
partiele displacement the accuracy of the velocity vector will be very low. 

• Velocity gradients. For too high velocity gradients, the pattem of the particles will lose 
coherence which results in bad correlation. 

3.3.2 PTV 

Where for PIV the average displacement of a certain area is determined, PTV determines the 
displacement of each partiele separately. This requires more computational time and high quality 
images. The PTV algorithm exists of several parts. First, the images are thresholded to remove 
intensity coordinates of the particles and mapped to world coordinates. This mapping is done 
by using a known grid, from which an image is recorded in the current camera settings. Optica1 
distortions caused by the lens or by the refractive indices of water, air and glass are taken into 
account using a grid. To determine the velocity of the particles, particles of two subsequential 
images have to be matched. For two subsequential frames f and f + 1 the following evaluation 
function is used: 

(3.4) 
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here xJ--+f+l is the estimated position of partielejin frame f+l. A small value of cG corresponds 
to a high probability that the particles i and j are physically the same partiele. A solver should 
take several conditions into account. First, a set of matching should be independent, i.e. a 
partiele can not be matched with more than one other partiele. Also, a maximum number of 
matches should be achieved. Finally the sum over aGc{j over all values of i and j should be as 

small as possible. Here, a.G = 1 if partiele i from frame f and partiele j from frame f + 1 match, 

otherwise a.{j = 0. An optimal set of the variations now have to be found. The prediction of 

xJ--+f+l can be done by temporal extrapolation of the partiele pathor by spatial interpolation. 
In the current research, spatial interpolation based on PIV-data is used as predictor. 



Chapter 4 

Results and discussion 

In this section the results of the measurements will be shown and discussed. The chapter is 
divided into an unheated section (Ri = 0), a section where heating is applied but inertial forces 
still domina te the flow ( 0 < Ri < 1), a section of mixed convection ( Ri ~ 1), and a section where 
the convection is dominated by buoyancy forces. At the end, encountered problems during the 
experiments are discussed. 

4.1 U nheated flow, Ri = 0 

The first experiments were conducted with the 8.5mm cylinder. Due to the steadiness of the 
flow the tin-smoke can not enter the near wake region and only a line of tin-smoke appears. 
In the near wake of the cylinder, a so called wake bubble is present. This wake bubble is a 
closed region and all particles remain trapped within this region. To get the tin-smoke inside 
this wake bubble, the translation is suddenly stopped after a short time of translation. Due to 
mass inertia the tin-smoke enters the wake bubble. The translation is started again and the 
wake bubble contains tin-smoke, which stays inside the wake bubble. To diminish the effect of 
the sudden stop of the translation on the water, the translation is continued for at least 60D 
before recordings are made. Figure 4.1a shows a visualization for the flow behind an unheated 
cylinder. The flow is from left to right. A straight line behind the cylinder can be seen, that 
divides the wake bubble into two parts. In both parts, a vortex is present, but these can not 
clearly beseen in this visualization. The visualization shows a good resemblance with figure 2.4 
number 12. Unfortunately, the visualization was not reproducible due to disturbances, which 
will be discussed in section 4.5. To diminish the effect of the disturbances, visualizations were 
continued with the 5mm cylinder. To reach the same Reynolds number, the translation velocity 
hàs to be increased resulting in less disturbance. 

Figure 4.1b shows a visualization using the 5mm cylinder. The two vortices inside the wake 
bubble can now clearly be seen. Due to the unequal amount of tin-smoke, the vortices look 
different in size and the edge of the wake bubble is not clearly visible. Therefore it is also more 
diffi.cult to determine the length of the wake accurately. Consiclering the vortices are equal in 
size, and the wake length is based on the lower vortex, the wake bubble has a length, Lw, of 

22 
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a 

b 

Figure 4.1: Visualization for the unheated case (Ri = 0) with a) Re= 34, D = 8.5mm and b) 
Re = 30, D = 5mm. 

approximately 1.75D. Zdravkovich [20] shows an empirical relation for the length of the wake 
bubble based on former research. This relation is: 

Lw/ D = 0.05Re ( 4.1) 

For Re = 30, this would result in a wakelengthof 1.5D. Besides the dependenee on the tin-smoke 
distribution, another factor might cause the difference in wake bubble length. If the blockage 
ratios of t he current setup and the setups used to retrieve the wake bubble length relation differs, 
the wake bubble length also differs ( Coutanceau and Bouard [2]) . 
Also the angle of separation varies with blockage ratios. With the angle of separation, the angle 
under which the flow separates from the cylinder is meant. In this case, the separation angle 
is 46° ± 1 o based on 5 different pictures. This is clone, because the amount of tin-smoke is not 
always equal. The amount of tin-smoke influences the contrast and the determination of the 
angle. This angle matches the angle of separation, determined by Coutanceau and Bouard [2], 
very well. In the case where no blockage is present, they found a separation angle of 47,5° 
and for the case D/B = 0.07 an angle of 48.1° was found (In the current setup D/B = 0.01). 
Determining other distances or angles with this visualization metbod would not be accurate due 
to its dependability on the amount of tin-smoke. 
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a 

b 

Figure 4.2: Partiele trajectories for Re= 30 and Ri = 0 with a cylinder size of (a) D = 8.5mm 
and (b) D = 5mm. 

To get a better visualization of the structures, the partiele trajectories are visualized. Figure 4.2 
shows the partiele trajectories for both cylinder sizes. The partiele trajectories are based on 100 
subsequent images (~t = 6.7s). Also here, some differences between the partiele trajectories for 
the two cylinder sizes can be seen. For the 5mm-cylinder (figure 4.2b ), a perfect symmetrie wake 
bubble can be seen. The amount of particles inside the wake bubble is limited resulting in parts 
where no partiele trajectories can be seen. For the 8.5mm cylinder, the wake is not symmetrie. 
The bottorn vortex is smaller and closed, while the upper vortex does not look closed and is 
more stretched in streamwise direction. The a-symmetrie shape of the wake bubble might be 
caused by the upward motion of the background flow. To see whether the background flow is 
indeed present, the velocity fields have been determined. 

The 5mm cylinder shows again a perfect symmetrie wake. The 8.5mm cylinder shows that the 
wake bubble is iudeed deformed, but is a closed structure with two counter rotating vortices 



CHAPTER 4. RESULTS AND DISCUSSION 

0 
>. 

0 
>. 

2.0 

1.5 

0.5 

---"" 1. 

~p~~3>>>>???7>>~~~ f)SSS>35S3535339S~~>S~SS$è2 ~~>>~>>>>>> 
~--33>~ - >)?- ~>~~>~; 559~$SSS~55§~~~~> >~ S>~~>~>~>>>>>>> 
~ #'";)':)~ >>>~i':> )) 3 :s >>::to)? 3: ",.,.. !«3L:S;,o<:s-~~==::s:;:3=:S>:S: !I< ~~ !!oi'!Jóö:>s=>»>!!D>> ~>>>> ): 

--'"let i) ) )o)loiii' ...,..~~>3>~-- ...... ~-----r.~:; :.:;o:z,. '"~>;.:>>;)~3 ))3) ))' ) 
-~ ~~----~··>'!lo'!oo"5E>>:S llii" #',.,i'i'60' 

--------~~-----------------------~~~ ~ ' /''~----~- -- --- ----- ~---~, , ___ _____ _ 

'; 

0.5 1.0 1.5 2.0 3.5 
x/D 

4.0 4.5 0.5 1.0 

I I I I I I I 

>>)>>>~>~~,~~>,%,,>>~)~~~~>>>~~~~>>>~~~>~>~>~>>~~ 
Joo)lo~)>>> >S>SS5~~~5S~>5>3>>~>>>~>>>>>>>>>>>~>,>>>>>>>>>;>,>>~>>~>>~>,> 

I • ): ) )o> Ji> >!J:~ ::;"};;~ J;Ji...."..)I:J> > )li)o>'9< )ll>)oä)ll)i: )o)II)IISi)oi~ >>>:!)::):)o)ïë::S)iî>:)a)o:');:)ï!Y.>>>>~>>>>>:>):)::)) )t 

--------~~ç*~~~-·-~···~~>>»>>>>>>>>>>>> >~>>>>~>>>>>>>>>>>>>>>>>>>> ~ 

1.0 ::: ~ ~ ~~~~:-::::-::-:::::.:.~:-..-::_._._:::: :::::::::::: :::"'"::: :::::::::::::::::::: ... ,,,,,,~~~--~-----------*···· .. ······•~>~>>>>>>>>>>))))))))) 

' ' ... ~--- - . . . . . .. . - - - ------------
' ' -- --- - - - . . ~ . . ... - - - ------------
' '------. . .. --- ------------

0.5 · ·· ·······-------------.' '' ,,,, ;~~~~~------------······ ····~~~~-»~~~~~~>>~>»»~~>>>~~ 
. . ····~~''''~-~~~~------~~······~····•~>~>>>~~>~>>~~>»»>>>>>»»>>~ 

' .. · - --~-----/~~-~~~~-~~~~·~·····~~~~~>>>>>>~~~~>>~»>»»>>>~>»»>~ 
. -----~---~/~~---~-~ >~~~~~~>~~~~>*>-~~?>~~>~>>»?>>)>»>>~»>~>~~~ 

----------~ 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 

x/D 

25 

a 

b 

Figure 4.3: Velocity fields for the different cylinder size for Re= 30 and Ri = 0 (a) D = 8.5mm 
and (b) D = 5mm. 

inside. The vertical velocity outside the wake bubble is higher at the lower side than at the 
upper side. This causes the wake bubble to deform and is probably caused by background mo
tion. Because the partiele trajectories are based on 100 images and the velocity field is based 
on 2 images, the flow might be changing in t ime. Therefore , the velocity fields of the near wake 
are determined at 3 different times (appendix A). The velocity field is indeed changing in time 
causing the elosed wake bubble to deform into a complete different structure. This shows di
rectly the problem of partiele trajectories based on 100 images . If the flow is unsteady, this can 
not be seen in the partiele trajectories. Therefore t he partiele trajectories have to be checked 
for its steadiness. In the further discussion, the velocity field of tigure 4.3a is used. 
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When the velocity field is examined more thoroughly, the distance between the centers of the 
vortices is 0.57 D for the 5mm cylinder and 0.9D for the 8.5mm. Coutanceau and Bouard [2] 
found a distance of~ 0.55D for Re= 30, which agrees well with the 5mm cylinder result. The 
vortex centers for the 8.5mm cylinder are not located perfectly under each other and the region 
between the vortices is larger. 

Vorticity lor Re:30, Ri: 0, D: 8.5 mm 

1.0 

0.5 

0.0 

-0.5 

-1.0 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
x/D 

Figure 4.4: Vorticity field for the 8.5mm cylinder with Re= 30 and Ri = 0. 

When the vorticity field is retrieved (figure 4.4), one can see that the vorticity of both vortices 
is opposite. The vorticity field is strongly dependent on the amount of veetors gained by the 
partiele velocimetry and the grid size on which the velocity field is interpolated (Green and 
Gerrard [5]). Due to the coarse grid, the distances do not present the real distances. 
Another problem with the postprocessing of the velocity measurements is the reileetion of the 
cylinder. The reileetion is caused by the laser, and diminished by painting the cylinder black. 
Using the original vector field, a lot of veetors are determined at the rear end of the cylinder, 
that do not have a physical meaning. To get rid of these vectors, the images are cut just behind 
these 'wrong' vectors. Because the cylinder is not visible anymore, it is now harder todetermine 
the wake bubble length. An estimation of the wake bubble length can be made by plotting the 
u-velocity versus the x-coordinate. 
Figure 4.5 shows all u-velocity values of the retrieved veetors versus the streamwise coordinate 
behind the cylinder. The lowest u-velocity values are used to make a fit todetermine the location 
of the cylinder. The lowest u-velocity is the u-velocity on the centerline, which is zero just behind 
the cylinder and at the end of the wake bubble. By using a fitting curve, the location of the 
cylinder can be determined and hence, the length of the wake bubble. 
The fitting curves are a combination of a linear part for the flow outside the wake bubble, and 
a third order polynomial for the flow inside the wake bubble. For the 5mm cylinder case, a 
wake bubble size of 1.8D follows. However, this size is determined by the accuracy of the fitting 
curve. This is illustrated in the case of the 8.5mm cylinder. The vector field is not cut and 
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Figure 4.5: u-velocity versus the streamwise coordinate for (a) D = 8.5mm and (b) D = 5mm 
with Re= 30 and Ri = 0. 

the veetors caused by the refl.ection on the cylinder, are also taken into account. The veetors 
caused by the refl.ection can be recognized as a cloud of dots around the origin. In this area the 
backside of the cylinder should be present, whereas the gray fitting curve shows the backside of 
the cylinder should lay 0.5D in negative spanwise direction. A secoud fitting curve (black), based 
on data without the veetors caused by refl.ection, shows a more reliable result. The wake bubble, 
using the black fitting curve, is now 2.2D. The determined wake bubble sizes are determined 
on extrapolated fitting curves, which are based on the minimal u-velocities, assuming these are 
present on one y-coordinate. 
Another way to get rid of the wrong veetors is to interpolate the vector field on a regular grid. 
The wake bubble size can now easily be determined. 
Figure 4.6 shows a better resemblance between the two cylinder sizes. The wake bubble length 
for the 5mm cylinder is 1.8D and for the 8.5mm cylinder is 2.05D. The minimum velocity of the 
8.5mm cylinder is less than the minimum ofthe 5mm cylinder (-0.18 vs. 0.21). The magnitude of 
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Figure 4.6: u-velocity on the centerline for the 8.5 and 5mm cylinder for Re = 30 and Ri = 0 
nsing interpolated velocity field. 

this minimum velocity, differs with Coutanceau and Bouard [2]. They found a relative magnitude 
of 0.07 for Re = 34, which is a factor of 3 difference. 
To check whether the u-velocity profile in the wake is symmetrie, the u-velocity versus t he 
y-coordinate can be plotted. 
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Figure 4. 7: u-velocity versus y-coordinate in the wake for the 8.5 and 5mm cylinder at x=lD 
behind the cylinder for Re= 30 and Ri = 0. 

Figure 4. 7 shows the u-velocity inside the wake at x= lD behind the cylinder versus the y
coordinate. Again can be seen t hat t he magnitude of relative velocity is larger for t he 5mm 
cylinder than for the 8.5mm cylinder. The deformed shape of the 8.5mm cylinder does not 
cause the velocity profile to change. However, it must be said that the data is interpolated and 
the fitting curve both have a positive contribution to the shape of t he profile. 
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To check whether t he flow is perpendicular to the cylinder and the structures are not oblique, 
which is a common problem in vortex shedding, top view visualizations have been performed. 

Figure 4.8: Flow behind cylinder for Re = 39 and Ri = 0 with D = 5mm. Flow is from bottorn 
to top (picture size ;::::; 56 x 70D). 

Figure 4.8 shows a top view visualization for Re = 39 and Ri = 0. The flow is from bottorn to 
top and the cylinder can be seen in the bottorn of the picture. It can be seen that tin-smoke 
lines are parallel shed to the cylinder, while a sheet of tin-smoke is expected for a steady flow. 
This pattem shows resemblance with the situation where vortices are shed behind the cylinder 
(Re > 45). The steadiness of the flow is confirmed by figure D.lc (appendix D), where the 
tin-smoke stays inside the wake-bubble during translation. 

The shape of the tin-lines varies in streamwise 
direction. The lines just behind the cylinder are 
almast straight while more downstream spanwise 
waviness occurs. This is the result of small dis
turbances that grow in streamwise direction. On 
the right of figure 4.8 a quite large disturbance 
can be seen. This is caused by one end of the 
tin holder. The laser sheet that visualizes the 
side, is positioned in the middle of the channel so 
this disturbance will not have any effect on the 
side view measurements. Another possible dis
turbanee for the side view measurements is the 
boundary layer that grows between the parallel 
plates that hold the cylinder (figure 4.9). Be
cause the tin-anode is not positioned inside the 

boundary Jayer 

tinwirc 

1 
main Oow 
direction 

cylinder 

Figure 4.9: Topview configuration. 

boundary layer, no tin-smoke willenter the boundary layer. The growing of the boundary layer 
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can not clearly be seen, so the condusion can be drawn that the boundary layer will not in
fluence the measurements in the middle of the channel. Partiele trajectories and velocity fields 
were also retrieved but due to the thickness of the laser sheet, the velocity field in the near wake 
shows positive and negative veloeities (see appendix C) 

Because the visualizations are reproducible and the quality is good for the 5mm cylinder, this 
cylinder will also be used for the further visualizations in case of heating. For the partiele tra
jectories and velocity fields, the amount of veetors should be large enough to detect possible 
3d structures. With the used equipment, the 8.5mm cylinder results in a higher resolution and 
hence smaller structures can be recognized. Unfortunately, the use of 8.5mm cylinder results in 
a lower translation speed, which makes the influence of the background motion more important. 
In the further discussion, both cylinders will be used. 

4.2 Convection dominated by inertia, 0 < Ri < 1 

The cylinder is heated but still inertia forces dominate the flow . Figure 4.10 shows the result of 
a visualization for Ri = 0.5. 

Figure 4.10: Flow behind cylinder for Re= 30 and Ri = 0.5, with D = 5mm. 

The flow is steady but the effect of heating can be seen clearly. The wake bubble is not closed 
anymore and the tin-smoke escapes out of the near wake. Still two areas capture the tin-smoke, 
a small area in the lower part and a larger area in the upper part of the near wake. The lower 
area is considerably smaller than the vortex in the unheated case, and also the position has 
changed towards the cylinder. The upper tin-smoke containing area looks a little bit smaller 
than the upper vortex in the unheated case, but the location is approximately equal. Also the 
centerline is inclined with 2.4° compared to the unheated case. This is caused by the heating of 
the flow that passes beneath the cylinder and rises due to mass conservation and now additional 
due to heating. 

Figure 4.lla shows the partiele trajectories for Ri = 0.5. When the partiele trajectories are 
compared with the tin visualization hardly any resemblance can be found. No vortices or closed 
areas are visible. The flow that flows above the cylinder does not enter the near wake region 
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Figure 4.11: Partiele trajectories, (a), and velocity field, (b), for Re 
D = 8.5mm. 

30 and Ri 0.5 with 

anymore. The flow from below the cylinder rises due to buoyancy and the particles follow an 
'8'-shape path. Also the velocity field (figure 4.1lb) shows no vortices, however, in the area 
where the lower vortex is present, the veetors show some backward flow. When the streamlines 
are determined one can see a closed streamline in the lower region against the cylinder (figure 
4.12a). Badr [1] also shows the existence of a lower region with a closed streamline for Re= 20 
and Ri = 0.25 (figure 4.12b). 
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Streamlinestor Re: 30, RI: 0.,5, 0: 8.5 mm 

a b 

Figure 4.12: Streamlines for (a) for Re= 30 and Ri = 0.5 with D = 8.5mm and (b) Re= 20 
and Ri = 0.25 (Badr [1]) . 

4.3 Mixed convection, Ri ::::::::; 1 

For Ri ~ 1 the inertia and bouyancy forces are in equilibrium. The resulting flow is a mix of 
both flow regimes. Figure 4.13 shows the tin visualization for Ri = 1. 

Figure 4.13: Flow behind cylinder for Re= 30 and Ri = 1, with D = 5mm. 

Due to the heat induced flow and loss of the elosed structures the tin-smoke leaves the near 
wake region. Possible elosed structures are not present on the path of the streakline. The only 
phenomenon that can be observed is the increased angle of the centerline to 5.4°. This is the 
logical result of the increasing temperature. The flow that flows elosely bencath the cylinder 
will now rise more than in the case of Ri = 0.5. The flow field behind the cylinder now needs 
to be retrieved from the partiele trajectories and velocity field. 
Figure 4.14a shows the partiele trajectories for Ri = 1.05. The flow rises directly behind the 
cylinder and the 'S'-shape is more pronounced than in the case of Ri = 0.5. The 'S'-shape is 
caused by mass conservation in the near wake. The fluid that flows directly below the cylinder 
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Figure 4.14: Partiele trajectories, (a), and velocity field, (b) , for Re = 30 and Ri = 1.05 with 
D = 8.5mm. 

is heated most and buoyancy farces are dominant causing the flow to rise immediately behind 
the cylinder. The fiow further below the cylinder is heated less and buoyancy is not dominating 
anymore (mixed fiow) . The fiuid rises a little but is advected in x-direction due to inertia. To 
conserve the mass, the buoyancy dominateel fiow and the mixed fiow need to conneet with each 
other, the mixed flow deforms into an 'S '-shape. Intheupper part of the 'S'-shape the velocity 
is very low which can beseen by the smal! partiele trajectories (dark region). Here, the mixed 
flow and the fiow dominateel by inertia farces connect. 
The black square in the cylinder, is caused by the thresholding of the image and does not have 
a physical meaning. The described flow pattem is less pronounced in the velocity field (figure 
4.14). This is caused by the interpolation of the velocity field. When a smaller griel size is used, 
the 'S'-shape is better visible, but the main flow pattem wil! be more messy. 
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Figure 4.15: Flow behind cylinder for Re 
~ 52 x 49D). 

30 and Ri 

34 

1, with D 5mm (picture size 

Figure 4.15 shows the top view visualization for Ri = 1.1. The flow is from to bottorn to top 
and the cylinder can beseen at the bottom. The tin-smoke consistsof white lines perpendicular 
to the cylinder. On the lines, some structures can be seen, which do not belong to physical flow 
structures but are caused by decay of the tin anode. This decay of the tin anode is discussed in 
appendix D. At the top of the image (~ 28D behind the cylinder), streaksof tin smoke appear. 
The two streaks at the left and the two streaks in the middle are separated with a distance of 
approximately 4D. This could point at the occurrence of 3d structures. 
Figure 4.16 shows the partiele trajectmies in the spanwise plane at x=1D behind the cylinder. 
The main flow direction is pointing out of the paper and the laser sheet is located at 1D be
hind the cylinder. With a laser sheet thickness of 3mm and a main stream velocity of 3.5mm, 
the particles are at least 0.86s illuminated. Though the laser sheet is positioned at x=lD be
hind the laser sheet, the cylinder is still visible. This effect can also hold for the particles, which 
means that the exact time of illumination of a partiele can not be determined. The displacement 
of the particles in spanwise direction is smaller than 0.5D and no clear 3d structures can be seen. 

While the 3d structures are not present in the near wake of the cylinder, numerical results 
of Ren (private communication) show 3d structures in the far wake region at 14D behind the 
cylinder (figure 4.17). Details of the numerical code can be found in [14]. Figure 4.17 shows 
the flow in spanwise direction at 14D behind the cylinder for Ri = 1. Again, the main flow 
direction is pointing out of the paper. Besides a vector field, the lines of constant u-velocity in 
streamwise direction are shown. The veloeities are scaled with the main stream velocity and the 
cylinder is located at y = 0. At y=2D above the center of the cylinder, the center of 2 counter 
rotating vortices can be seen. The distance between the vortex centers is 2D. To investigate 
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Figure 4.16: Partiele trajectoriesin the spanwise plane at x=1D behind the cylinder for Re= 30 
and Ri = 1.05 with D = 8.5mm(picture size ~ 13.3 x llD). 

Figure 4.17: Numerical flow in the spanwise plane at x=14D behind the cylinder for Re = 30 
and Ri = 1 by Ren (private communication). 
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the occurrence of these structures in experiments, the spanwise laser sheet is placed at 14D 
behind the cylinder. The structures did not appear up to Ri = 1.3. The partiele trajectories 
and velocity field can beseen in figure 4.18. 

a 

4.0 6.0 

Figure 4.18: Partiele trajectories and vectorfield in the spanwise plane at x=14D behind the 
cylinder for Re = 30 and Ri = 1.3, with D = 8.5mm. 

The white area in the picture denotes the location of the cylinder.In the partiele trajectories 
(figure 4.18a) two vortex like structures can be seen. The structures look like unelosed vortices 
of which the location of the centers differ in vertical direction . The center of the left structure 
is located at 1.3D above the cylinder, while the center of the right structure is located at 2.5D 
above the cylinder. Figure 4.18b shows the velocity field at x=14D. One can see the vortex like 
structures are in fact elosed vortices, however, the velocity distribution is not symmetrie as in 
the numerical case. The velocity at the lower side is higher than at the upper side. Also the 
distance between the vortex centers is different for the numerical case. In the experiments the 
distance between the two vortices is approximately 3D while for the numerical case this distance 
is approximately 2D. 
Another thing that catches the eye is the flow at the right corner below the right vortex. This 
is probably caused by background motion. When the vorticity field is derived (figure 4.19), one 
can see the opposite rotation in the vortex areas. 

b 
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Figure 4.19: Vorticity field,wz, in spanwise direction at 14D behind the cylinder for Re = 30 
and Ri = 1.3 with D = 8.5mm. 

4.4 Convection dominated by buoyancy farces, Ri > 1 

By applying more heat to the cylinder, the buoyancy forces will dominate the flow. Figure 4.20a 
shows the partiele trajectories for Ri = 2.6. 

Where for Ri = 1.05 only an 'S'-shape motion was present in the near wake, shows figure 4.20a 
that for Ri = 2.6 a vortex is present intheupper part of the more deformed 'S'-shape. 

The flow further below the cylinder is now 
heated more than the Ri = 1.05 case. This 
causes the flow to rise more due to bouyancy 
forces. To conserve mass, the flow bends and 
flows back in the direction of the cylinder, 
where it connects to the flow that goes up
wards directly behind the cylinder (figure 4.21). 
The flow rises, even above the cylinder, be
fore it interferes with the fluid that flows at 
the upper side over the cylinder. This is ex
pected because this flow is also heated and 
hence rises. The flow bends down a little in 
y-direction before it finally rises. This last 
bending is caused by the inertia of the flow 
that is rotating. This flow pattem can also be 
recognized in the velocity field (figure 4.20b ). 
By supplying more heat, the change in flow 

------- ---
· · ···· · · · ·· 

cylinder 

Figure 4.21: Change of the near wake with in
creasing temperature 

pattem that is described above continues. The buoyancy becomes more important and the flow 
will rise more before it bends towards the cylinder. 
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Figure 4.20: Partiele trajectories, (a), and velocity field, (b), for Re 
D = 8.5mm. 

30 and Ri 2.6 with 
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Figure 4.22: Partiele trajectories, (a), and velocity field, (b), fm Re = 30 and Ri 
D =8.5mm. 
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5.3 with 

Figure 4.22a shows the partiele trajectmies for Ri = 5.3. The flow that comes from beneath the 
cylinder rises more and the vortex has grown in size. Badr [1] did notshow or mention anything 
about this pattem in his research. For Ri = 5 Badr shows only an complete inclination upwards 
of the flow field in the near wake region (figure 4.23). 
Figure 4.22a shows that the trajectmies close to the cylinder become more vague. This is 
caused by the change in refractive index due to the heating. For higher Richardson numbers, 
the particles were too vague, that no partiele trajectmies and veloeities could be derived. The 
partiele trajectmies in the spanwise plane look similar to the partiele trajectmies of Ri = 1.05 
and no 3d structures can be seen. 
Where for the lower Richardson numbers no 3d-structures were visible in the near wake, for 
Ri = 7.1 the first 3d structure becomes visible. Figure 4.24a shows the partiele trajectmies in 
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/ 

Figure 4.23: Streamlines for Re = 20 and Ri = 1.25 for the left picture, Ri = 5 for the right 
picture (Badr [1]). 

spanwise direction for Ri = 7.1. 
In the middle of figure 4.24a, beneath the cylinder, the partiele trajectories show that a point 
exist were the velocity should point in- or outward of the paper (saddle point). All particles 
are moving towards or away from this point. For Ri = 10.6, figure 4.24b, even counter rotating 
vortex like structures can be seen just above the cylinder, but the structures are too small and 
vague to draw conclusions. 
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a 

Figure 4.24: Partiele trajectories at x=1D behind the cylinder for Re = 30 and (a) Ri = 7.1, 
(b) Ri = 10.6 with D = 8.5mm. 
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The change in the flow patterns can be explained by several physical phenomena. In the var
ticity equation (2.10), - RiD \78 x 7f shows the production of vorticity due to temperature 
differences. Closely bebind the cylinder the temperature is decreasing in positive x-direction 
and the gravitation in negative y-direction, resulting in negative produced vorticity, Wz. 

Another phenomenon that influences the flow 
is the flow induced by the heat. The rising 
fluid affects the boundary layer and thus the 
vorticity in the boundary layer. For 180 < 
cjJ < 360 ( cjJ is the angular coordinate with 
cjJ = 0 at the front stagnation point), the ~~
gradient in de boundary layer becomes less 
and the near wall vorticity will be decreased. 
For 0 < cjJ < 180, the gradient increases which 
also results in a decrease in near wall vortic-
ity1. The heat induced velocity is denoted by 
the dasbed line in figure 4.25. - Baroclinic vorticity production 

Kieft ([10]) mentions also a change in the flow ~+ """'nowinducedvorticity 
\.!) lhanged flow profile induced vorticity 

profile. From experimental as well as numer-
ical results, the separation points move in coun- Figure 4.25: Change in vorticity in case of heat
terclockwise direction. Therefore more fiuid ing 
flows underneath the cylinder than above. The 
velocity below the cylinder increases, and opposite for the flow above the cylinder, which af
fects the vorticity in the boundary layer. Below the cylinder the vorticity increases while above 
the cylinder the vorticity decreases. The change in velocity profile is attributed to the increas
ing mass flux from the lower to the upper part. Figure 4.25 shows that the vorticity in the 
wake decreases. This corresponds to a clockwise rotation of the particles. In the results of the 
experiments the increase in negative vorticity results in an upper vortex when heat is increased. 

4.5 Encountered problems 

During the experiments some problems were encountered that influenced the measurements. 
The encountered problems will be discussed in the followings. 
The first visualization measurements were clone with the 8.5mm cylinder. To reach a Reynolds 
number of 30, the translation speed was set to 3.5mmjs. Some of the measurements show 
good results (see figure 4.1a), while others were dominateel by disturbances. The most evident 
disturbances were changes of the location of the separation points and the appearance of wavy 
motions. With the change in location of the separation points, a small up and downward 
movement of the separation points is meant. Wavy motions can be seen in figure 4.26. 
The picturesin figure 4.26 are inverted. The contrast was enhanced to show the wavy structures 
more clearly. The wavy structure is not a result of a too large amount of tin as shown in figure 
4.26b, since it is still present when heating is applied. One can see that the wavy structures 
grow in streamwise direction. This means that the disturbances are probably already present 

1 Plcase note: With a dccreasing vorticity, a decreasing value is meant and not thc magnitude. 
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Figure 4.26: Visualization with 8.5mm cylinder for Re = 34 and a) Ri = 0, b) Ri = 0.3. 

before the cylinder. They are most likely caused by vibrations of the cylinder. Figure 4.27 
shows the vibrations of the anode measured with an acceleration sensor. The solder wire is 
clamped between two rods that are connected with a stiff plate just above the water surface. 
The acceleration sensor is mounted at one of the rods just above the water surface. 
The dotted line denotes the standard deviation (a = ±35mm/ s2 ) which is determined during 
calibration measurements. In the streamwise direction, the vibrations are mostly too small to 
measure, but for the spanwise direction, the magnitude of the vibrations is larger. Due to the 
construction that holds the anode, the vibrations in spanwise direction can he passed to the 
anode. 
Another possible cause of the wavy structures is the mounting of the anode construction. The 
anode construction needs to he removed from the translation construction to insert a new solder 
wire. Some free motion is present if the anode construction is not mounted perfectly, which 
can result in vibrations. Not only the anode, but the whole translation construction can cause 
vibrations due to this free motion. When several measurements were done without changing the 
setup, free motion occurred between one or two parts of the hanging construction. This could 
he a possible explanation for the change in location of the separation points. 
Vibrations of the translation system itself are investigated previously by Reichrath [13]. Re
ichrath made some adaptations on the translation system to remove the largest vibrations. The 
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Figure 4.27: vibrations of the anode. 
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remaining vibrations are negligible and did not influence the measurements (Kieft [10]). Ap
pendix B shows the vibrations of the camera when the translating system has a velocity of 
u = 3.5mm. The largest vibrations of the camera is in streamwise direction. There is no effect 
of these vibrations visible in the recordings. 

Another major problem is the background motion that is present inside the water when there 
is no translation at all. This background velocity is caused by temperature fluctuations in the 
tank. Therefore the tank is positioned in a temperature controlled room and a couple of hours 
befare the measurements will be clone, the tank is stirred to homogenize the tank. Still, the 
background velocity has a magnitude of 0.22 mmjs with peaks of 0.57 mmjs. With a translation 
velocity of 3.5 mmjs, for the 8.5mm cylinder, the error can rise till 16.3%. 
Figure 4.28 shows a velocity field of the motion present in the tank. The velocity is not equally 
distributed but some areas have a larger velocity than other areas. To diminish this disturbance 
a smaller cylinder is used. The speed of the translation has to be increased to reach Re = 30 
resulting in relative smaller disturbance of the background motion. For the 5mm cylinder, with 
a translation speed of 0.06 mmjs, the error due to the background velocity is now maximum 
9.5 percent. To check whether this difference is indeed caused by the temperature difference, 
temperature measurements have been clone in all directions. 
Figure 4.29 shows the temperature fluctuations in vertical direction for 5000 s. Thermocouple 1 
measures the ambient temperature and thermocouple 2 till 5 measure the temperature in the wa
ter. The exact position of the thermocouples can be found in appendix E. It can clearly beseen 
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Figure 4.28: background flow velocity field. 

Temperature In vertlcal direction 

Figure 4.29: Temperature measurement in vertical direction over 5000s. 
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that the airconditioning turns on when the temperature increased with approximately 2.5°C. 
This has effect on the temperature in the water which varies within 0.2°C. Furthermore, the 
temperature of the thermocouples in the water also vary but the maximum variations between 
the thermocouples is within O.l°C. The accuracy of the thermocouples is limited to 0.05°C and 
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a 

b 

Figure 4.30: Velocity fields for the different cylinder size for Re= 30 and Ri = 0 (a) D = 8.5mm 
and (b) D = 5mm. 

hence no conclusions can be drawn with the K-type thermocouples concerning the temperature 
difference in vertical direction inside the water. What can be said is that the temperature in all 
parts follow each other very well. Also for span- and streamwise temperature measurements the 
same result comes forward (see appendix E). 

The effect of the background motion on the flow structure can be seen very well with PTV 
results. Figure 4.30 shows the result of a PTV image using both cylinders. For the 5mm 
cylinder, the background motion is less important, because the translation speed is higher. This 
results in a perfect symmetrie wake bubble. For the 8.5mm cylinder, the background motion 
plays a more important role, which results in deformation of the wake bubble. 



Chapter 5 

Conclusions and recommendations 

In the present study, the wake behavior of a heated horizontal cylinder in a crossflow is examined 
for Re = 30 and 0 < Ri < 10.6. This has been dorre in aso called towing tank where a cylin
der is translated with a constant velocity through the water. To visualize the flow, and detect 
structures electochemical tin precipitation and partiele trajectories are used. More qualitative 
information has been gained with partiele velocimetry. 
For Ri = 0 the wake exists of two counter rotating vortices inside a wake bubble. Due to the low 
translation speed, background motion has an important contribution to the flow pattem behind 
the cylinder. To decrease this effect, a thinner cylinder is used. To reach the same Reynolds 
number the translation speed has to be increased, which makes the background motion less 
important. This adaptation resulted in a less disturbed flow pattem. For the thinner cylinder, 
the wake bubble length is 1.8D while for the original cylinder the wake bubble length 2.05D 
was. Both lengths are based on a interpolated velocity field. This wake bubble length is larger 
than the in literature found 1.5D. Though the flow is less disturbed for the thinner cylinder, 
the resolution with this cylinder and the current equipment is lower. This means that possible 
structures can be missed with the thinner cylinder, that can be detected with the original. 
For Ri = 0.5 the wakebubble has disappeared. The visualizations and velocity field show dif
ferent results. The tin visualization shows two areas that are closed and capture the tin-smoke. 
Those structures can not be seen in the partiele trajectories, but in the velocityfield and the 
derived streamlines a lower vortex can be seen. This vortex is, compared to the unheated case, 
shifted against the cylinder and has become smaller. The difference for the partiele trajectories 
is caused by a change in velocityfield due to background motion. 
When more heat is supplied, Ri = 1, also the lower vortex has disappeared. The 'S'-shape pat
tem that was already present in the Ri = 0.5 case is now more pronounced due to the increasing 
effect of the buoyancy forces. In the top view visualization one can see some streak appearing 
at approximately 28D behind the cylinder, but 3d structures can not be seen elearly. Also the 
spanwise visualization shows no 3d structures in the near wake. However, numerical simulations 
show 3d structures in the far wake (x=14D behind the cylinder) for Ri = 1). The 3d structures 
are also found at 14D behind the cylinder, but for Ri = 1.3. 
More heat leads to a upper vortex in the near wake, but the flow stays 2d in the near wake up 
to approximately Ri = 7.1. Than 3d structures can beseen at x=1D behind the cylinder. 
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Where Maas [9] found an early 3d transition for Re = 117 and Ri = 0.3 at the back of the cylin
der, the 3d transition at the back of the cylinder also occurs for Re= 30 but now for Ri ~ 7.1. 
For Ri = 1 the 3d transition is occuring in the far wake at x=14D bebind the cylinder. 

To increase the quality of the experiments, and hence gather more qualitative information, 
disturbances should be reduced more. This can be clone in several ways. By decreasing the 
cylinder size, the influence of the background motion will be less, however another lens needs to 
be used to retrieve more information of the flow field. Another way to reduce the disturbances 
is by diminishing background motion. By stratifying the water, the background motion can be 
diminished substantially. Gerrard [4] thermally stratified the water by heating (t::.T in vertical 
direction is 1 °C), resulting in background motion of 0.02 mm/s ( this is a factor 10 less compared 
with the current background velocity). By combining both methods to reduce the background 
motion, the effect of the temperatures gradient in vertical direction will be less, after all for a 
constant Reynolds and Richardson number l::.T "' D 3 . 

To reduce vibrations of the camera platform, a spring-damper system can be used to suppress 
vibrations. 

The tin precipitation technique to visualize showed not to be as successful as in Maas' research. 
This is caused by the steady flow where only structures that are located on the streakline can 
be visualized. Visualizing with partiele bas already proven to be successful, however the flow 
must be perfectly steady to retrieve the correct flow field. 
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Appendix B 

Vibrations 

vibrations in streamwise direction 

10 20 30 40 
vibrations in spanwise direction 

10 20 30 40 
vibrations in vertical direction 

2 3 4 5 6 7 8 

50 time [s] 

50 . [ 1 t1me s 

9 
time[s] 

Figure B.l: vibrations of the camera that records the sideview measurements. 
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vibrations in streamwise direction 
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Figure B.2: vibrations of the camera that records the spanwise measurements. 



Appendix C 

Topview problems 

Figure C.l: top view partiele trajectories for Re = 30 and Ri = 0. 

Figure C.l shows the partiele trajectories frorn above. The flow is frorn bottorn to top and 
the cylinder can be seen at the bottorn of the figure. The chaos of lines is caused by back and 
forward going particles. Because the laser sheet has a certain thickness, always back and forward 
particles will be captured in the wake bubble. Due to this chaos, no conclusions can be drawn. 
The sarne chaos holds for the partiele tracking as can be seen in figure C.2. Figure C.2a shows 
a global view. The flow is frorn left to right . The rnain flow direction and the increasing of the 
speed behind the wake can clearly be seen. Again, the flow is perpendicular to the cylinder and 
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no obliqueness can be seen. Due to the parameters for post processing the data, the veetors in 
the near wake are not present. Therefore, the partiele tracking has also been done for t he near 
wake area as can be seen in figure C.2b . Like in the partiele trajectories picture, a chaos of 
veetors appears, from which no conclusions can be drawn. 

a 

80 
b 

70 

60 

50 

40 

30 

20 

10 

Figure C.2: Top view partiele tracking for Re= 30 and Ri = 0; (a) area of 80 x 70D ,(b) area 
of 18 x 70D. 



Appendix D 

Decay of tin-smoke 

Figure D.l shows the decay of the tin-smoke evolving in time. The time between two mea
surements is 2 hours, and the tin-anode has not been removed out of the water. The first 
measurement (figure D.la ) with a unused tin-anode shows straight lines parallel to the cylin
der. During the second measurements, tiny structures appear on the tin-smoke lines. For the 
third measurements, these structures have become larger. Maas [9] did notmention these struc
tures. Therefore the structures might be caused by the salder. The solder is made of 62% tin, 
37% lead and 1% copper. This can lead to unequal amounts of tin that will be released. 
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a 

b 

c 

Figure D.l : Decay of the tin-smoke in after (a) 1 hour, (b) 3 hours and (c) 5 hours, after the 
anode is placed. 



Appendix E 

Temperature fluctuations 

The background motion in the tank is probably caused by temperature variations in the water. 
Therefore, temperature measurements have been done in all three directions. Figure E.l shows 
the location and numbe~iJ!c~d2L1;,he thermocouples. 
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Figure E.l: Location of thermocouples during temperature measurements in (a) vertical, (b) 
spanwise and ( c) streamwise direction. 

Figure E.2 shows the temperature fluctations in vertical direction over several time intervals. 
In figure E.2a, the temperature variations can be seen over 24 hours. What catches the eye 
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Figure E.2: Temperature measurement in vertical direction over (a) 24 hours , (b) 5000s and (c) 
500s. 
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immediately is the varying ambient temperature. The airconditioning turns on when the tem
perature has risen with approximately 2.5°C. The first part is measured during the day, when 
more heat is produced by the surrounding than at the during the last part (night). A more closer 
look (figure E.2b) shows that the temperature in the water varies within 0.2°C (figure E.2c) due 
to the velocity variations of the air . However, the temperature differences between the different 
positions in the water are below O.l°C. Because the accuracy of the K-type thermocouples is 
limited to 0.05°C, no conclusions can be drawnoutof these differences. The same can beseen in 
figure E.3, where the temperature measurement in span- and streamwise direction can be seen. 
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Figure E.3: Temperature measurement in (a) spanwise and (b) streamwise direction. 

Figure E.3a and b looks very much the same compared with the temperature measurement 
in vertical direction. For the spanwise direction it can be seen that the airconditioning turns 
on more often than in the other two cases. This is caused by the temperature outside. Where 
the for the vertical and spanwise directions the weather was cloudy and an outside temperature 
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of approximately 10°C, the weather for the spanwise measurements was clear and the outside 
temperature was approximately 20°C. 


