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Abstract 

In recent ycars thermal management of electronic systems has become a research topic of 
interest for manufactures of consumer electronics, due to the miniaturization of electronic 
circuitry and the increasing power dissipation in printed circuit boards. To identify and 
predict temperature effects in electronic systems designers can utilize industrial CPD 
tools. 

One of the objectives of this project is to investigate the temperature prediction accuracy 
of the CPD package Plotherm, used within Philips. This clone by performing temper
ature measurements on two electronic components in a mixed convection environment 
and campare the experimentally obtained results with the numerically obtained results. 
A second objective is to extend this model problem with geometrical complexities and 
to study Plotherm's ability to handle these complexities. Another objective is to design 
and realize a PIV set-up which is able to perform quantitative field measurements in a 
low-velocity air flow in a mixed convection environment. These measured velocity ficlds 
can than be used to validate the results obtained by Plotherm. In most studies only 
component tempcratures are used for validation. 

In the fust chapter of this report an brief overview of earlier work is presented with 
subsequently some basics on heat transfer and conservation equations and information 
about the industrial CPD package Plotherm. 
In the second chapter the experimental methods are discussed. The experimental set
up is presented with the dimensions of the model problem with two surface mounted 
cubes. The temperature measurements as wellas the PIV set-up arealso presented here. 
Also the smoke visualization is briefly discussed with subsequently the experimental flow 
disturbances. · These consist of a rectangular wired disturbance and a grid disturbance 
whose influence on the temperatures of the cubes is measured. 
In chapter three the numerical methods are presented. Pirst a test problem is discussed 
where the air flow around one surface mounted cube is compared with results from liter
ature. Then the implementation of the model problem with the two cubes in Plotherm 
is presented foliowed by the implementation of the flow disturbances in Plotherm. 
In the last two chapters the results of the temperature measurements and PIV measure
ments are presented and compared with the numerical results obtained by Plotherm. 
From these results can be concluded that Plotherm is able to predict the temperatures 



of the cubes with a relative difference approximately 5 % for the model problem. When 
this model problem is extended with geometrical complexities this relative difference 
increases to approximately 170 %, due to time dependent flow structures that have an 
influence on the temperatures of the cubes, but were not obtained by Flotherm. The 
preliminary PIV measurements performed on the model problem show promising results 
and a good comparison with the numerically obtained flow ficlds . 
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Introduetion 

In recent years thcrmal management of dectronie systems bas become a research topic 
of interest to manufacturers of consumer electronics, due to the miniaturization of dec
tronie circuitry and tbc incrcasing power dissipation in printed circuit boards. 

To identify and predict tempcrature effects in dectronie systems, designers can uti
lize computational fluid dynamics (CFD) based tools. By rnadeling an electronic systcm 
numerically, possible failure or malfunctioning of a system can be identified early in the 
product development cycle. The earlier the possible failure is identified, the chcapcr the 
changes in the design will be. 
However there is a lot of controversy within the industrial community about the ac
curacy of CFD based tools that are commonly used by designers to analyze complex 
electronic systems. Some experts state that it is impossible not only to get any useful 
accuracy but also to predict trends. Other experts agree with the first statement but 
not with the second. In any case it would be nice to solve this issue, because somewhere 
in the future virtual prototyping tools are needed to predict performance and reliability 
of electronic components and systems. To achieve this the rcachcd accuracy should be 
known provided the known input data. Why this is extremcly difficult is discussed in 
[1] and [2] . 
Widely there are scvcral industrial CFD packages available. In this project the CFD 
package Flatberm from the company Flomerics is used, which is also used within Philips. 

The major objective of this project is to benchmark an industrial CFD package with ex
perimental measurements. A model problem in the area of electranies cooling, already 
initialized in [3] and [4], is analyzed numerically with the industrial CFD package as 
well as experimentally with t emperature measurcments, PIV measurements and smoke 
visualizations. This model problcm consists of two independently heated dectronie com
ponents mounted on a flat plate which are placed in an air flow. A second objective is to 
extend this model problem with geomctrical complexities and to study Flatherm's abil
ity to handle these complexities. These geometrical complexities are flow disturbances 
which could influence the temperature of the d ectronie componcnts. A third objective 
is the design and realization of a PIV set-up which is able to perfarm quantitative field 
mcasuremcnts in a low-velocity air flow in a mixed convection environment. These mea
sured velocity fields can than be used to validate the results obtained by Flotherm. In 
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most studies only component temperatures are used for validation. 

This report starts with an overview of the work alrcady carried out in other projects 
rclated to this problem. In this chapter also some basics about heat transfer and the 
conscrvation equations are presented followed by an introduetion on the industrial CFD 
package Flotherm. 
In thc sccond chapter the used experimental mcthods are discusscd. The design of the 
cxperimental set-up, the tcmperature measurements and PIV mcasurements are pre
sented here followed by the used flow disturbances. 
In the third chapter the implementation of the model problem in Flothcrm is presented 
follow by the implemcntation of the flow disturbances. Also a numerical test problem is 
presented. The results of this test problem are compared with results from literature. 
Inthelast two chapters the numerical and experimental results are prcscnted and com
pared. Finally somc conclusions are made. 
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Chapter 1 

Theoretica! Background 

In this chapter an overview will be given of earlicr work on the same topic. Also some 
basics about heat transfer are presented. The heat transfer mechanisms are discussed 
with the accompanying equations. Some information about the ioclustrial CFD package 
Flotherm will also be presented. 

1.1 Overview of earlier Work 

Over the last years a lot of work is performed to investigate the temperature prediction 
accuracy of CFD analysis for relative simple model geometries in a natural and mixed 
convection environment. The results were that it is cxtremely difficult to obtain accurate 
results starting from a relative simple baseline experiment. Rodgers et al. [5] showed 
that for a single component in a natural convection environment a temperature differ
ence was achieved of approximately 7 % between numerically obtained temperatures by 
Flotherm and temperature measurements. This seems acceptablc, but when thc num
ber of components is increased to 4, this differcnce iocrcases to approximatcly 33 %. 
P. Geelhoed, S. Vaasscn, A. van Dijk and F. Novelli also worked on this samc kind of 
problem. In figure 1.1 the results of a numerical simulation by Flotherm is presented. 
In this figure the temperature distribution of air in a natural convection environment 
is presented. Difficulties in this natural convection problem are the material properties. 
This is because the heat conductivity and theemission coefficient of some matcrials is not 
exactly known. Deviations in numerically implcmcnted properties and real propertics 
can cause the relative large difference between numcrically and experimcntally obtained 
temperatures. Novelli found that in this natural convection problem thc difference be
tween the numerically and cxperimentally obtained temperatures is around 4 % [3]. A. 
van Dijk and F. Novclli also started with a mixed convection benchmark set-up. This 
set-up consists of two independently heated componcnts mounted on a fiat plate which 
are placed in a wind tunnel. Novelli started with temperature measurements and made 
a numerical model in Flotherm. He found that the diffcrence between the calculated and 
measured tcmperaturcs is approximately 11 %. In figure 1.2 the rcsult of a numerical 
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Chapter 1. Theoretica[ Background 

simulation by Flotherm of the components in a mixed convection environment is pre
sented. 

The diffcrence of 11 % is the start position of this project. The objectives of this 
project are: 

• Perfarm temperature mcasurements on two independently heated components on 
a flat plate which are placed in a wind tunnel and campare these with numerically 
obtained temperatures by Flotherm. 

• Extend the model problem with geometrical complexities and study Flatherm's 
ability to handle these complexities. 

• Initialize a PIV set-up, which must be able to perfarm measurements in a low
velocity air flow over a flat plate in a mixed convection environment . 

Figure 1.1: Heated cube in a natural convection environment by F. Novelli [3]. 

Figure 1.2: Heated cubes in a mixed convection environment by F . Novelli [3]. 
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Chapter 1. Theoretical Background 

1.2 Heat Thansfer and Conservation Equations 

Heat transfer is energy transit which occurs as a result of a temperature gradient or 
temperature difference. There are three basic heat transfer mechanisms: conduction, 
convection and radiation [6]. 

Conduction 

Heat conduction is transfer of thermal energy through a substance by direct interaction 
between molecules, without perceptible motion of the substance itself through expansion. 
Regions with greater molecular kinetic energy will pass their thermal energy to regions 
with less molecular energy through direct molecular collisions. This process can be 
quantified by Fourier's Law 

11 

qcond = -À 'VT (1.1) 

Here q~ond represents the conductive heat flux and À is the thermal conductivity of the 
material that can dependent on temperature. This minus sign is a consequence of the 
fact that heat is transferred into the direction of decreasing temperature. 

Convection 

Heat transfer by convection can be described as energy transfer from a body to a fluid 
due to the combined effects of conduction and bulk fluid motion [6]. Convection heat 
transfer is classified according to the nature of the flow [6]. Natural convection corre
sponds to flow induced by buoyancy forces which arise from density differences caused by 
temperature variations in the fluid. When heat conducts into a static fluid, the fluid lo
cally experiences an increase in temperature and hence a reduction in density. Buoyancy 
forces induce a vertical motion of the relative warm, light fluid, which is then replaced 
by cooler ambient fluid. 
When the fluid motion is caused by a souree that produces an external pressure gra
dient, such as a fan or a pump, the heat conducted from the body to into the fluid is 
transported away by forced convection. Convection for which the contribution of the 
buoyancy and the fluid motion are comparable is called mixed convection. 

To quantify heat transfer due to convection the local convective heat flux at the wall of 
a body is introduced and can be expressed as 

(1.2) 

where h is the local heat transfer coefficient, Ts the body surface temperature and Tref 
a reference temperature [6]. 
As flow conditions normally vary along a surface, both q~onv and h vary along the surface. 
Assuming that the surface temperature of the body and the reference are constant, the 
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Chapter 1. Theoretica[ Background 

total convective heat flow can be obtaincd by integrating the local convective heat flux 
over the entire surface A 5 

Qconv = { q':onvdAs = (Ts- Tref) { hdAs = hAs(Ts- Tref) (1.3) JAs JA. 
whcre h is the avcraged heat transfer coefficient for the cntire surface. 

Radiation 

Radiation implies transfer of thermal energy in the form of electromagnetic waves emitted 
at the surface of a body [6]. In contrast to conduction and convection for radiation no 
medium is required to carry or conduct heat. 
When radiation impinges upon a surface, it is absorbed, reflected and/or transmitted. 
For the absorptivity a, reflectivity p and transmissivity T holds [6] 

a+p+T=1 (1.4) 

For an opaque surface the transmissivity equals zero. If, in addition, the reflectivity is 
zero, the surface is called black and the system covered by this surface is called a black 
body. 
Besides absorption and reflection a solid surface also emits radiant energy. A black body 
emits as much thermal energy as is ideally possible. A body is called a grey body in 
case its surface emissivity is independent of the radiation's wavelength. A body's surface 
emissivity Eis defined as the ratio of the body's actual emissive power E to the emissivc 
power of a black body. 

E 
E = (1.5) 

Eblackbody 

Thc net radiative heat transfer between two grey boclies can be expressed as [6] 

Qrad,l-+2 = Ja(Tf- Ti) (1.6) 

where a represents the Stefan-Boltzmann constant with a value of 

a= 5.67 x 10-8 Wm-2 K - 4 (1.7) 

J represents a configuration factor that depends on both body surfaces A1 and A2 and 
both surface emissivities El and E2. The configuration factor from body 1 to 2 reads 

J= 1 
1-q + 1 + 1-€2 
qA1 A1F12 €2A2 

(1.8) 

where F12 represents the dimensionless view factor, 0 < F < 1. This view factor is 
a purely geometrie quantity that depends only on the sizes, orientations and relative 
positions of the surfaces [6]. It accounts for the fact that aften two boclies can 'see' 
more than just each other. F12 physically reprcsents the ratio of 'radiation leaving A1 
and being intercepted by A2' and 'radiation leaving A1 in all directions'. When body 2 
encompasses body 1, F12 = 1, and equation 1.6 presents the net heat transfer between 
body 1 and body 2. In all other cases the calculation becomes much more difficult 
because always at least three surfaces are involved. 
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Chapter 1. Theoretical Background 

Conservation Equations 

The differcntial form of the principle of mass conservation is called the continuity cqua
tion [7] and reads 

op +V· (pu) = 0 at 
where p prescnts the density, t the time and u the velocity vector. 
The differential form of the law of conscrvation of momenturn reads [7] 

Du 
p- = pg - V'p + V . a 

Dt 

(1.9) 

(1.10) 

where a denotes the shear dependent part of the stress tensor. Because thcre are tem
pcrature variations present also the encrgy equation has to be taken into account. For 
an ideal and incompressible gas it reads [7] 

(1.11) 

in which Cp is thc specific heat at constant pressure, q the heat flux vector per unit 
area, D the viscous dissipation and <P a souree term. 

For natural and mixed convection flow veloeitics and temperature differences are rather 
small and hence the fluid density varies little. Howcver, buoyancy forces drive the fluid 
motion. Therefore the variation in density is neglected evcrywhere, which means the flow 
is considered incompressible, exccpt for the volume forces in the momenturn cquation 
1.10. This approach is called the Boussinesq approximation [8]. 

Thc conservation equations can be reduced further. Whcn the flow is assumed incom
pressible, the continuity equation 1.9 reduces to 

V·u=O (1.12) 

For an isotropie and incompressible medium holds [7] 

(1.13) 

where /Jo is the dynamic viscosity that depends on the absolute tempcrature and the 
density of the medium and is assumed to be constant. Substituting equation 1.13 into 
the momenturn equation 1.10 gives 

(1.14) 

Equation 1.14 is known as the Navier-Stokes equation. For steady state and application 
of the Boussinesq approximation this equation reduces to 

(1.15) 
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Chapter 1. Theoretical Background 

whcre po represents the density at the reference tempcrature To and Pb cquals 

(1.16) 

Here /3 represents the volumetrie expansion coefficient, which cquals [6] 

/3 = ~ (op) 
p 8T p 

(1.17) 

where the subscript preferstoa constant pressure. The presence of the temperature in 
the buoyancy term couples the temperature to the flow field and vice versa. 

When heat is radiated through an absorbing, emitting and scattering medium, thc ra
diation intensity is changed along its path. In that case the divcrgence of the radiative 
flux 'V · Qrad should be incorporated in the right hand side of the heat equation 1.11. 
However air is considered a non-absorbing, non-emitting and non-scattering medium and 
the radiation intensity remains constant as heat radiates through the air. Therefore the 
radiative heat transfer can be incorporated completely in the model boundary conditions 
by defining surface cmissivity coefficients and view factors as described in section 1.2. 

For veloeities arising in natural and mixed convection, the hcating due to viscous dis
sipation of energy, D, is negligibly small [6]. When applying Fourier's Law of heat 
conduction described in equation 1.1 into the heat equation 1.11 and assuming steady 
state, the heat equation reduces to 

(1.18) 

where a is the thermal diffusivity. 

1.3 Flotherm 

Flotherm is an industrial CFD package manufactured by the company Flomerics. Flotherm 
is designed with the intention to solve heat and flow problcms in electronic systems for 
thermal management. These heat and flow problems can bedescribed by the equations 
introduced in section 1.2. When convection is one aspect of a heat transfer problem 
the conservation equations in section 1.2 have to be solved to cictermine the flow field 
which is coupled to the temperature field. Because the Navier-Stokes equation and the 
energy equation are partial differential equations which are highly non-linear these equa
tions can not be solved analytically. They have to be solved numerically. Flotherm uses 
a discretization method which converts the partial differcntial equations into algebraic 
equations and finally solvesthem with a sol ver. The discretization method Flotherm uses 
is the Finite Control Volume Method (FCVM). This method is a widcly used method in 
numerical computation. For the principle of this method and more information about 
this method see [9][10][11]. 
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Chapter 1. Theoretica[ Background 

The solvers that Flotherm uses are the Scgregatcd Conjugate Residual solver (SCR) and 
the Multigrid solver. 

The SCR solver is a stationary iterativc solver which uses conjugate residual acccleration 
to solve the linear equations for pressurc and tcmpcrature. Stationary iterative methods 
often have a poor rate of convergence [9]. Thcrefore the Multigrid solver is used in this 
project. The Multigrid Method is a method which handles this convergence problem and 
improves the rate of convcrgence [9] . The working principle of the Multigrid Method is 
called smoothing. 
Stationary itcrative methods intend to reduce the high frcquency components of the error 
rapidly, but often reduce the low frequency component of the error more slowly, which 
causes poor rate of convergence. The notions of smooth and oscillatory components of 
the error are relative to the mesh on which the solution is defined. A component that 
appcars smooth on a fine mesh may appear oscillatory when sampled on a coarser mesh. 
If a smoother is applied on the coarser grid then there is rapid progress in reducing this 
oscillatory component of the error. After a numbcr of iterations of the smoother, the 
results cao then be interpolated back to the fine mesh to produce a solution in which 
the low frequency componentsof the error have been reduccd. Then it may bedesirabie 
to use a few iterations of the smoothcr on the fine mesh to cosure the high frequency 
components of the error remaio small. The result is that both high and low frequency 
oscillations have been reduced and this can be repeated until some convergence criterion 
is met. For more information about the Multigrid solver see [9] . 
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Chapter 2 

Experimental Methods 

In this chapter the experimentalset-up of the thermal wind tunnel and the model prob
lcm, designed in [3] and [4], are presented. The temperature measurements, PIV set-up 
and the set-up for smoke visualization are also discussed foliowed by the presentation of 
the experimental flow disturbances. 

2.1 Experimental Set-up 

The experimentalset-up consistsof a thermal wind tunnel borrowed from Philips. Origi
nally this wind tunnel is an open-loop thermal wind tunnel manufactured by the company 
Advanced Thermal Solutions, Inc. Because this wind tunnel has to be suitable for PIV 
measurements it has been adapted into a closecl-loop wind tunnel. The design of the 
closecl-loop wind tunnel is described in appendix A. A schematic presentation of the 
closecl-loop design of the wind tunnel is shown below in figure 2.1. In the design special 
attention is given to the ability to blow tracer particles from the outlet of the test section 
again to the inlet of the test section. 

Fans 

T estseclion 

Figure 2.1: Schematic presentation of the doscd-loop design 

As can beseen in figure 2.1 the closecl-loop thermal wind tunnel consistsof a test section, 
fans, straighteners and a recirculation pipe. The measurements are performed in the test 
section, where the air flows from left to right. Befare the inlet of the test section three 
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Chapter 2. Experimental Methods 

straighteners are placed to achieve a laminar and uniform flow which enters the test 
section. After the test section three identical fans are placed. These fans suck the air 
through the test section into the recirculation pipe. 

2.1.1 Model Problem 

To investigate the accuracy of the industrial CFD package Flotherm numerical results 
are compared with experimental results. To achieve this a model problem is designed. 
The model problem is a three dimensional heat and flow problem. It consists of two 
independently heated cubes mounted on a flat plate, which are placed in an air flow. A 
schematic of the model problem is presented in figure 2.2. 

1D 

125 200 

eo 

10 

10 

~u0 I ~7 1ot W • 
120 

... I 

Figure 2.2: Schematic presentation of the model problem. Up: Top view. Down: Side 
view. 

As can beseen in figure 2.2 two cubes are mounted ontheflat plate. The cubes and the 
plate are placed in the test section of the wind tunnel. The height of the test section is 
76 mm. The lcngth and the width of the test section and the flat plate is respectively 
450 and 175 mm. The thickness of the flat plate is 6. 7 mm. As can be seen in figure 
2.2 the air flows from left to right. The air inlet velocity Uo can be changed in a range 
of 0 and 0. 75 m/ s. The cubes with a height of 10 mm are placed at a distance of 125 
mm from the edge of the plate in the stream wise direction. The length and width of 
the cubcs is 15 mm and the distance betweenthem is 10 mm. In these cubes a ceramic 
heater is placed which heats the cube with a certain power Q in a range between 0 and 
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Chapter 2. Experimental Methods 

1 W. The cubes are made of silver which has a high conductivity which improves the 
heat loss of a cube to its surroundings to make the mcasurements more sensible. Also 
the temperature is homogeneously distributed in thc cube with a material with a high 
conductivity. Another advantage of using silver against e.g. copper is that silver has a 
much lower thermal capacitance which results in much faster measurements because the 
material heats faster. There are two plates available whcre the cubes are mounted on. 
The matcrials of the plates are Trespa and PIR. Trespa is a polymcr which has a heat 
conductivity coefficient À = 0.3 W /mK. PIR is a very crispy material which has a very 
low heat conductivity coefficient À = 0.026 W/mK. It turned out in earlier projects 
that the uncertainty of these material properties caused differences between numerically 
and experimentally obtained temperatures in a natural convection environment. These 
material properties are determined in [3]. Thcre is chosen for these matcrials to include 
or cxclude conduction through the plate. Due to the emissivity of the matcrials the 
cubes and the plates are painted black to achieve a known emissivity. The material of 
the test section is plexiglass. This is clone to make the test section optical accessible. In 
figure 2.3 a picture of the test section is presented. 

Figure 2.3: Picture of test section of the experimental set up 

2.1.2 Temperature Measurements 

The tempcratures of the cubes are mcasured with type K thermocouples. To be able 
to measure the temperatures of the cubes thermocouples have to be placed inside these 
cubcs. There is chosen to place three thermocouples inside one cubc. The temperature 
of this cube can be determined by averaging all three temperatures. A schematic of a 
cube with the internally attached thcrmocouples and the ceramic heater is presented in 
figure 2.4. The thermocouples are denoted in figure 2.4 with T1, T2 and T3. During 
the measurements one more thermocouple is placed at the inlet of the test section to 
measure the air inlet temperature. In figure 2.5 typical temperature measurements are 
presented for the three thermocouples in onc cube in a time period of 500 s. As can be 
seen here the temperature difference inside orie cube is smalland in the order of 0.1 °C. 
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Chapter 2. Experimental Methods 

•.. .. --·-··---------

n 

10 

Figure 2.4: Schematic of the clectronic cube with the thcrmocouples and thc ceramic 
heater inside. Up: Top view. Down: Side view 
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Figure 2.5: Time dependent tcmperature measurement in one cube by three thermocou
ples. 
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Chapter 2. Experimental Methods 

The cubes are hollow and filled with PIR as can be seen in figure 2.4. In the center of 
the cube a ceramic heater with dimensions 6.4 x 3.2 x 0. 7 mm is placcd which heats 
the cube. The power of this hcater can be controlled with a power supplier in a range 
between 0 and 1 W. The thermocouples are connected to a data acquisition system 
from Fluke. For more details and specifications about the power supplier and the data 
acquisition system see [3] and [4]. 
The velocity of the air flow can be controlled by adjusting the voltage on the air fans 
in the wind tunnel. The air velocity is measured with a hot wire anemometer at the 
entrance of the test section. For specifications of this velocity measurement device see 
[12]. 

Measurement Accuracy 
In the situations where measurements are performed the variables which are varied are 
the power Q1 in cube 1 and the inlet flow velocity Uo. If a flow disturbance is present 
the distance between the flow disturbance and the first cube Xn is also variable. 
In order to perfarm accurate measurements some attention has to be paid to the following 
measuring phenomena 

• Rcproducibility 

• ~easurement independency 

• Hysteresis 

• Consistency 

To ensure accurate measurements every measurement must be reproducible. Also a in 
set of measurements one specific measurement should not influence any other, which 
means that there has to be independency between the measurements and hysteresis has 
to be prevented. Because some specific situations with a specific power Q1 and inlet flow 
velocity Uo can occur multiple times, during the complete set of measurements, these 
measurements have to be consistent with each other. 

In the adjustment of the variables some inaccuracies can occur. The inlet flow velocity 
is measured with a hot wire ancmometer in the test section. The velocity deviation 
of this measurement device is approximately 3 % [12]. There is also an inaccuracy in 
the input power Ql in cube 1. The voltage which can be adjusted has an accuracy of 
approximately 0.01 V. And the type K thermocouples which measure the temperature 
also have an inaccuracy of approximately 0.45 °C [13]. With theory discussed in [14] it is 
estimated that the overall temperature deviation is approximately 5 % of the measured 
temperature. 
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Chapter 2. Experimental Methods 

2.1.3 PIV Measurements 

PIV (Particle Image Velocimetry) is a relative new technique which is able todetermine 
whole field flow velocities. The basic working principle of PIV is that spherical tracer 
particles added to a flow are illuminated in a plane twice in a short period of time. The 
light scattered from these particles is reearcled by a camera and processed in a computer. 
When the displacement of a group of particles is known between two illuminations in a 
known period of time the velocity of the flow can be determined by digital correlation. 
For more information about PIV see [15]. In figure 2.6 a schematic of a general PIV 
set-up is presented. 

Figure 2.6: Schematic of a PIV set-up in a wind tunnel 

For a picture of the realization of this measurement methad where the camera and the 
optical PIV set-up can beseen see figure 2.7. 

Figure 2. 7: Picture of optical set around the test section 
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Chapter 2. Experimental M ethods 

Because the tracer particles which are added to the flow are relatively small a laser has 
to he used to illuminate them. The laser used is a dual pulse Nd-Yag laser with a wave 
lcngth of 532 nm. The camera that is used has a resolution of 1008 x 1018 pixels. To 
analyze the data which the camera records the software PIVView is used. Due to the 
visibility of the particles the camera zooms until the field of view is approximately 2 x 
2 cm. To ensure accurate correlation it is desired that the displacement of a group of 
particles between two pulses is approximately 10 pixels [16]. This means that the time 
between two laser pulses is dependent on the velocity of the flow. With a flow velocity 
in the range of 0 and 0. 75 m/ s the time between two pulses is approximately 0.5 ms to 
ensure accurate correlation by PIVView. 

Analysis of Tracer Particles 

To perform PIV measurements it is necessary to add tracer particles to the flow which 
can he illuminated with a light source. These particles have to he spherical to ensure 
homogenous scattering of the light. The purpose of these particles is that they follow 
the flow accurately. The analysis here is applied on spherical particles in a stationary 
laminar air flow over a flat plate to investigate if the particles follow the flow accuratcly. 
The velocity of the air flow is in the range of 0.1- 0.75 mjs. The analysis consistsof 
a calculation of the partiele trajectory. The partiele trajectory is the trajectory that a 
partiele follows. When there is a relative large difference between the partiele trajectory 
and the flow field no accurate PIV measurements can he performed [16]. 
To analyze the partiele trajectory in order to choose suitable tracer particles some as
sumptions are made. These assumptions are that the air flow is stationary and incom
pressible, there is no interaction between the particles and the non-linear inertia forces, 
magnetic forces and thermophoretic forces are neglccted. This means that the Bassct
history force, the added-mass force and the Brownian motion of a partiele are neglected 
[17][18]. 
It is plausible that these assumptions are made, because the air velocity is very low. 
This results in a very low Mach number which is in the order of 10-3 . The role of 
compressibility can then he neglected [19] . The partiele concentration in the flow is 
rather low in order to avoid agglomeration of particles, which makes it plausible to 
neglect interaction forces. 
To cictermine the partiele trajcctory a force balance on a partiele is formulated. In figure 
2.8 a schematic of the force balance can he seen. The forces that are taken into account 
in the force balance are 

• Gravity force 

• Buoyancy force 

• Drag force 

• Lift force 
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Chapter 2. Experimental Methods 

Tbc motion of a single partiele can bedescribed by Ncwton's law and rcads: 

(2.1) 

In this cquation Up is the velocity of tbc partiele and the term Fa is tbc combination 
of the gravity and the buoyancy force. The term FD is the drag force duc to resistancc 
and FL is the lift force which is present duc to the boundary layer over tbc flat platc [7]. 
The derivation of the partiele trajectory is prcscntcd in appendix C. 

y .. F F, 

I 
w 

I x I • I> 

( 

g 

Figurc 2.8: Schematic prcsentation of the force balancc on a tracer partiele 

The tracer particles which are directly available and could be suitablc for PIV are DEHS 
and EMS particles. DEHS particles ( di-2-ethyl-hexyl-scbacate) are oil dropiets generated 
by a partiele generator. Tbc diameter of these particles can be varied in a range of 0.1 -
8 J.Lm. The density of these particles is 912 kgjm3. For more specifications of these oil 
dropiets and tbc partiele generator sec [20]. 
EMS particles (Expanded Micro Spheres) are polymer sphcres filled with a gas. The 
avcrage diameter of these particles is 40 J.Lm and can not be varicd. Tbc dcnsity of EMS 
particles is 30 kgjm3. 
In appendix C tbc partiele trajectory for both particles is dctermined. Tbc diameter of 
tbc DEHS particles is adjustcd at 5 J.Lm. This value is chosen becausc of its ability to 
illuminate tbc particles with a Nd-Yag laser. When a smaller size is choscn it could be 
possible that the particles can not be identified individually with a camera [15]. From the 
calculation of the partiele trajcctory, when the initial vertical velocity vp = 0, it follows 
that the vcrtical velocity of DEHS particles is -0.7 mm/ s and the vertical velocity of 
EMS particles is -1.39 mm/ s aftcr some time. In figures C.2 and C.3 the rcsults of 
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the calculation of the partiele trajectory is prescnted. Here a partiele is injected in a 
boundary laycr with a thickncss of 10 mm and an air velocity of 0.3 m/ s. 
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Figure 2.9: Vcrtical velocity of a DEHS partiele as function of the position over the flat 
plate. 
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Figure 2.10: Trajeetory of a DEHS partiele over the flat platc. 
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In figure ?? can be seen that the vertical velocity of a partiele deercases from zero to 
-0.7 mmfs. The vertical velocity of both particles is rather small compared with the 
velocity of the air flow. In figure C.3 the the partiele trajectory for a DEHS partiele 
is prcsented over the complete platc, without the prcsence of the cubes. The vcrtical 
position deercases slightly in the complete domain, which is acceptable. It seems that 
both particles are suitable for PIV measurements in the experimental set-up used in 
this project. There is chosen to use DEHS particles for PIV measurements bccause the 
vertical velocity is smaller than the vertical velocity of EMS particles. For practical 
reasons it is less complicated to add DEHS particles in the wind tunnel than EMS 
particles. 

2.1.4 Smoke Visualization 

Smoke visualization is a qualitative measurement metbod which makes it able to visualize 
the flow structures. The smoke is injected in the test section of the thermal wind tunnel 
with a needle. The needie is very thin, because it may not disturb the flow. In figure 
2.11 a schematic presentation of the smoke visualization set-up is given. 

-- AirFlow -• __ Wind Tunnel 

Figure 2.11: Schematic presentation of smoke visualization set-up. 

Air with a certain humidity enters a mass flow controller which regulates the amount 
of air to enter the test section of the wind tunnel. Then the air flows through a smoke 
tube. In this tube the moisture in the air reacts with a certain porous carrier. The result 
of this rcaction is an aerosol of sulfur acid. The chemica! reaction reads 

(2.2) 

The aerosol sulfur acid then enters the test section through the thin needle. This aerosol 
follows the flow accuratcly and can be illuminated with a laser. For the illumination the 
same optical set-up can be used as for the PIV measurements. The intensity of the laser 
however should be very low to prevent over-exposure. With a digital camera the flow 
field can be recorded. For more information about this set-up see [21). In figure 2.12 a 
typical result of a smoke visualization is presented. 
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Chapter 2. Experimental Methods 

Figure 2.12: Typical result of a smoke visualization of the flow around two mounted 
cubes. 

2.2 Geometrical Complexities 

In the previous section thrcc mcasurcments methods are discusscd. One of the objectives 
in this project is to analyze the infl.uence of geometrical complexities on the temperatures 
of the cubcs by using these three measurcment methods and compare the experimcntally 
obtained temperaturcs with the numerically obtained temperatures. To investigate this 
two main flow disturbances are defined which disturb the uniform laminar flow over the 
fiat plate. These disturbances are 

• Wire disturbance 

• Grid disturbance 

2.2.1 Wire disturbance 

The wire disturbance is a rectangular cylinder that is placed upstream of the cubes at a 
dimcnsionless distance XD from the fust cube. In practice this disturbance can be seen 
as a thin cables. The measurcments with the flow disturbances are only performed on 
the PIR plate to maximize the infl.uence of convcction. This disturbance induces vortices 
that impinge on the cube. The dimensionless distance is dcfined as 

(2.3) 

where x is the absolute position in front of the first cube and H the height of the cubes 
which is in this case 1 cm. Thc thickness of the wirc is 2 mm and the height of the 
wire is 4 mm above the plate. The impinging of the vorticcs induces a higher local 
heat transfer coefficient which can have an infl.uence on the temperature of the cube [6]. 
The infl.ucnce of this wire disturbancc on the temperaturc is investigated by changing the 
dimensionlcss distance XD of the wire and changing the velocity of the air flow. In figure 
2.13 a schematic of thc horizontal configuration of the wire disturbancc is prescnted. 
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Figure 2.13: Schematic of the horizontal wire disturbance upstream of the cubcs. 

2.2.2 Grid disturbance 

The grid disturbance is a pcrforated plate which is also placed upstream of the cubes 
at a dimensionless distancc Xv from the first cubc. This grid induces small jets which 
complicate the structure of the flow field in front and around the cubcs drastically. 
In figure 2.14 a schematic can be seen of the grid. In this project measurements are 
performed with two grids with a different hole diameter Dh of respectively 3 and 6 mm. 
The thickness of the grids is 1 mm. The height and width is respectively 49.3 and 175 
mm. There is chosen for these dimensions to fit the grid perfectly in the test scction 
of the wind tunnel. The purpose of these grids is to see if the hole diameter, which 
can be related to the size of the jets, has an influence on the temperature of the cubcs. 
In appendix B the design of both grids is discussed. In this design attention has been 
paid to the resistance cocfficicnt of the grid. The grids are designed with different hole 
diameter but with the same resistance coefficient. To investigate thc influence of both 
grid disturbances on the tempcrature of the cubes the dimcnsionless distance Xv and 
the velocity of the air flow is varied . 

••••••••• •••••••• •• ••••••••• 
Figure 2.14: Schematic of the grid disturbance. 
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Chapter 3 

Numerical Methods 

In this chapter the implementation of the model problem in Plotherm is discussed. The 
purpose of simulations by Plotherm is to compare the results obtained by Plotherm with 
the results obtained experimentally as discussed in chapter 2. Pirst a test problem is 
discussed where the flow around a surface-mounted cube in a channel is analyzed. The 
results of this test problem are discussed and compared with the results from Van Dijk 
[22] [23] and other sourees in literature. 
In the second section of this chapter the implementation of the model problem m 
Plotherm is discussed. Also the implementation of the geometrical complcxitics in 
Plotherm is presented. 

3.1 Flow around a surface-mounted cube 

The flow problcm that is simulated by Plotherm is an incompressible flow around a 
surface-mounted cube in a channel. Laroussc et al. [24] already stuclied the flow around 
a surface-mounted cube in a channel. A sketch of thc result of their study can be seen 
in tigure 3 .1. 

Pigurc 3.1: Sketch of the flow around a cube by Larousse ct al. [24] 
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Chapter 3. Numerical Methods 

In figure 3.1 a three dimcnsional flow around a surface mountcd cube is prescnted. A 
large horizontal harseshoe vortex around the cube parallel to thc surface can be seen as 
well as a small vertical harseshoe vortex perpendicular to the surface bchind the cube. 
The objective of the test problem is to investigate if Plotherm can obtain identical flow 
structures as presented in figure 3.1. 

For thc geometry of this test problem sec figure 3.2. The sourees are Van Dijk, who 
simulated a compressible flow with an identical geometry with a compressible viseaus 
Navier-Stokes solver developed at the Eindhoven University of Technology [22][23], Yang 
and Hwang, who simulated the identical problcm with a finite volume approach [25] and 
Larousse et al., whohave performed a visualization study on this problem [24]. 

Figure 3.2: Geomctry of the channel with the surface-mounted cubc. 

Boundary Conditions 

At the inlct of the channel a parabalie velocity profile in prescribed which reads 

(3.1) 

Here Uinlet is the inlet velocity, Um the mcan velocity and Ly the distance between the 
plates. 
At the outlet a stress-free boundary condition is prescribed. Because the problcm is 
thrce-dimensional also boundary conditions have to be prescribed at the other sicles of 
thc domain. At the lower and the upper plate a no-slip condition is prescribed and at 
both sicles of the domain symmetrie boundaries are prescribed which prevent mass flow 
through these sicles of the domain. 

23 



Chapter 3. Numerical Methods 

The flow problcm is simulated at different Reynolds numbers where the Reynolds number 
is defined as 

(3.2) 

Here Po is the density of air at a reference temperature, J-Lo is the viscosity of air at a 
reference temperature and H is the hcight of the cube. For Re= 50, 100, 150, 200 and 
250 simulations are performed and comparcd with results found in litcrature [22], [23], 
[24] and [25]. 
To solve the problem a mesh has to be defined with a ccrtain mesh size. The minimum 
number of needed cells and size to obtain mesh independent results is determined by 
refining the mesh and investigate the intlucnee of the mcsh size on the results. This is 
discussed in section 3.2 for the model problem. For the test problem this results in a 

h · f H H H mes stze o 24 x 48 x 24 . 

Results 

The results of the simulations are presented in figure 3.3. In these figures strcamlines 
of the flow around the cube are plotted from the side view at the different Reynolds 
numbers. The air flows from left to right. On the axis of the figures thc dimensionlcss 
positions are presented with 

X* = _:;_ 
H 

Y* = Jj_ 
H 

Z* = !._ 
H 

(3.3) 

In these figures shown above the behavior of thc flow dependent on the Reynolds number 
can be seen. In front of the cube a vortcx can be seen. At Re = 250 this vortex is 
indicated with A in figure 3.3. This vortex corresponds with the large harseshoe vortex 
which can be seen in the sketch in figure 3.1. Behind the cube a backward flow area 
denoted by F can beseen in figure 3.3 at Re= 250. As can beseen in this figure the size 
of this backward flow area increases with an increasing Reynolds number. The lengthof 
this area is used as a measure for comparison with the simulations of Van Dijk [22)[23]. 
This length can be determined by calculating ~~ = 0 at y = 0. The gradient ~~ at y = 
0 is plotted in figure 3.4 for one spccific situation. The points where the gradient is zero 
corresponds with the boundary of a backward flow area. Between X* = 3 and 4 the 
gradient is always zero due to the presence of the cube. As can be seen in figure 3.4 there 
are two backward flow areas present in this problcm, where the gradient is negative. One 
in front of the cube around A and one behind the cube around F. The lengthof the area 
in front of the cube indicated with A is called in literature the separation length Xs 
and the length of the area behind the cube indicated with F is called the reattachment 
length XR. 
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Figure 3.3: Streamlines for u and v at the Z-plane centerline at Re = 50, Re = 100, Re 
= 150, Re = 200 and Re = 250, respectively. 

--.\ ~ 
\ . 

\ 
0~--------~--~----~---------+------------------_, 

\I ~~ 
\ I 

0 

" 
:;?"-1 
:E 
::> .., 

-2 

-3 

\ i 
\ 
\ I 
\' I I 
; I \; 
v 

-4 L----L----~--~----~----L----L----~--~-----L--~ 

0 2 3 4 5 8 10 
x· 

Figure 3.4: Gradient g~ at Y* = 0 in the x-dircction. 

The separation length Xs and the reattachment length XR are detcrmincd for different 
Reynolds numbers. The results are compared with the rcsults of van Dijk [22][23] and 
Yang and Hwang [25] and are presented in figure 3.5. 
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Pigure 3.5: Dependenee of separation length Xs and reattachment length Xn on 
Reynolds number R e. 

As can be seen in figure 3.5 the scparation and reattachment lcngth both increase with 
an incrcasing Reynolds number. In the lcft figure where the separation length is plotted 
there can be seen that the result obtained by Plotherm is in good agreement with the 
rcsult obtained by Yang and Hwang. The result of Van Dijk is not in good agreement 
with the result of Plotherm. Also in the right figure where the reattachment length is 
plotted the result of Van Dijk is not in a good agreement with the result of Plotherm. 
No real explanation can be given for this difference. 

When the flow is analyzcd at the x and z-plane other structurcs in the flow are identi
fied. In figure 3.6 the streamlines of u and w at different heights above the surface are 
presented. These streamlines are no physical streamlincs because physical strcamlincs 
are three dimensional. In figure 3.3 however physical streamlines are plottcd. This is 
because thcy are plotted at Z* = 0, which is the center of the cubcs. At this plane 
the z-componcnt of the velocity is zero. In figure 3.6 the streamlines are plottcd in 
the y-plane and the y-component of the velocity is not zero. These streamlines are the 
t angents of the u- and w-vclocity. These results are from van Dijk. In figure 3. 7 these 
planes at the same heights calculated by Plotherm are prescnted. 
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Figure 3.6: Streamlines at Re = 150 for u and w at Y* 
respectively (van Dijk) 

Figure 3. 7: Streamlines at Re = 150 for u and w at Y* 
respectively (Flotherm) 

1 Y* 4> 

~ and Y* 

~ and Y* 

The structures in the flow in figure 3. 7 are in good agreement with the structures in the 
flow in figure 3.6. At height Y* = ~ in both figures 3.6 and 3.7 two horseshoe vorticcs 
around the cube can bc identified. One small horseshoe vortex and one larger horseshoe 
vortex which also can be seen in figure 3.1. Inside the small horseshoe vortex behind the 
cube thc backward flow area previously indicated with F can be seen. In this area two 
vort i ces can be idcntified. Also at height Y* = ~. At height Y* = g these vorticcs can 
not be idcntified anymore. It seems that these vorticcs together form the small horseshoe 
vortex perpendicular to the surface behind the cube in figure 3.1. 

To compare the results by Plotherm in more detail it is desired to view the flow in more 
detail. When the flow is zoomed in near the revcrse flow area in point A in figure 3.3 
the result is presented in figure 3.8. In figure 3.9 results from literature from Larousse 
ct al. and van Dijk are presented. 
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Figure 3.8: Streamlines in the upstream direction of the cube at Re = 250 (Flotherm) 
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Figure 3.9: Streamlines in the upstream direction of the cube at Re = 250. Left fi.gure: 
Result of Laroussc ct al. Right figure: Result of Van Dijk 

The large harseshoe vortex indicated with A is visible in all fi.gures. The same holds for 
the smaller harseshoc vortex indicated with B. Van Dijk also found an inward bending 
flow in point C as can beseen in the right picture of fi.gure 3.9. In thc result of Flotherm 
and Larousse et al. no inward bending flow can be idcntifi.ed near point C. Near point 
E areverse flow region can be found in fi.gure 3.9. In figure 3.8 also such a region can 
be found near point E, but this region is not a reverse flow region. The explanation for 
this could be that the number of grid cells is still not large enough. The height of this 
region is approximately three grid cells, which could bc too little for ~alculation of a 
revcrse flow area. With thc determination of the mesh size no attention is paid to these 
small flow structures. The same holds for the flow near point D. It could be possible 
that these structures can be idcntified when the mesh is refined. 
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The only plane which is not analyzed yet is the X-plane. The cube is positioned between 
X* = 3 and 4. Whcn streamlines are plotted at some distance behind the cube the large 
horizontal horseshoe vortex in figure 3.1 still should be identified in a X-plane. The 
result of the streamlines of v and w at X* = 7 is plotted in figure 3.10. 

·,_ 

5.5 4 .5 4 3.5 2.5 

Figure 3.10: Streamlines for v and w at X* = 7. 

In this figure two vortices can be identified at approximately Z* = 3 and Z* = 5. These 
vortices together form the large horizontal horseshoe vortex in figure 3.1. The position 
of the center of this vortex is at Y* = 0.2. This is in a good agreement with figure 3.8 
where the large horseshoe vortex is indicated with A. 

Condusion Test Problem 

By simulating the test problem with a flow around a surface mounted cube the results 
that Flotherm obtained are compared with results from literature. By analyzing and 
comparing these results it appears that Flotherm is able to solve the flow around the 
cube accurately. The large flow structures can be identified in the results of Flotherm 
and are in rather good agreement with results from literature. 

3.2 lmplementation of the Model Problem 

The implementation of the model problem in Flotherm is an important aspect in this 
project. Comparing the results of the simulations by Flotherm with experimentally 
obtained results is one objective of this project. If there are differences between the 
implementation of the model problem and the experimentalset-up no accurate campar
isons can be performed. 

In figure 3.11 the implementation of the geometry of the model problem in Flotherm is 
presented. The dimensions of this geometry are exactly identical to the geometry of the 
test section of the experimental set-up. The material properties that are implemented in 
Flotherm are identical to the material properties of the matcrials used in the experimen
tal set-up. These values are found in literature and determined in [3]. These material 
properties are presented in appendix D. The options which can be used in Flotherm to 
solve the problem arealso presented in appendix D. 
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Vie;;r:[l 2D-4.Y View: 1 3D 

Figure 3.11: Geometry of the model problem in Flotherm. 

In figure 3.11 two different views of the geometry of the model problem in Flotherm are 
presented. In the left figure the top view is presented and in the right figure a three 
dimensional view is prcsented. Both cubes and the flat plate can also be secn in this 
figure. The temperatures of the cubes can be obtained by applying monitor points at 
the same position as the position of the thermocouples in the experimental set-up. 

Mesh size 

A crucial aspect of rnadeling the problem is the size of the mesh. If the mesh size is too 
coarse errors in the flow velocity and / or temperatures can occur. If the mesh size is 
very fine a very long calculation time is needed to achieve solutions. To obtain accept
able results within an acceptable time a campromise has to be made. There is chosen 
to use a non-equidistant mesh. The mesh size in the domain near the plate and cubes 
is very fine. The mesh size near the outer boundaries and areas where the heat transfer 
and flow have minimum influence on the temperature of the cubes is more coarse. In 
figure 3.11 the mesh can beseen in both pictures. 

To ensure that the salution is mesh size independent a test has been made to analyze 
the temperature of the cubes as function of the mesh size. In figures 3.12 and 3.13 the 
results of this test are presented. This test is a simulation of the model problem in the 
situation where ReH = 200 and Q1 = 0.5 W. 
In these figures the difference between the calculated tempcrature and the exact tem
pcrature is plotted as function of the dimensionless mesh size, where h is the size of onc 
grid ccll and H the height of the cubes. The exact temperature is the temperature which 
is calculated with the smallest mesh sizc that can be achieved. 
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Figure 3.12: Numerically obtained temperature of cube 1 as function of the mesh size 
ncar the cubes. 
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Figure 3.13: Numerically obtained temperature of cube 2 as function of the mesh size 
ncar the cubcs. 

As can heseen in figures 3.12 and 3.13 thc diffcrence between the calculated temperature 
and the exact temperature increases with an increasing mesh size. 
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Dimensionless Mesh size Computation Time in hours 
1 0.003 
0.7 0.05 
0.5 0.1 
0.25 0.3 
0.1 1 
0.0667 1.5 
0.05 5 
0.025 10 

This smallest mesh size is not chosen because the computation time is in the order of 10 
hours. In the upper table the order of computation time with the corresponding mesh 
size is presented. There is chosen to use a mesh size of ~. This size is denoted in figures 
3.12 and 3.13 as a star. This mesh size is only near the cubes and the flat plate. At the 
boundaries of the domain the mesh size is incrcased to Ij to reduce computation time. 
The corresponding computation time is approximately 1.5 hours, which is acceptable in 
this three dimensional problem. When a faster processor or more processors are used 
the computation time can be reduced, but this is not an objective in this project. 

3.3 lmplementation of the Geometrical Complexities 

The geometry of the flow disturbances also have to be modeled in Flotherm to be able 
to compare the temperatures of the cubes with the experimental measurements. The 
geometry of the wire disturbance can be modeled rather easily. This disturbance is 
modeled as a rectangular cylinder with the identical dimensions as in the experimental 
set-up. The dimensionless distance XD from cube 1 can be adjusted in Flotherm. 
The modeling of the geometry of the grid disturbance is a bit more complicated. The 
best way would be to model a rectangular plate with the dimensions of the test section 
and make holes in this plate. Unfortunately this is very labor intensive and it would 
take a very long time to achieve this. In Flotherm the grid disturbance is modeled as 
a perforated plate. The dimensions of this plate are identical to the dimensions of the 
grid in the experimental set-up. The holes however can not be modeled separately. In 
Flotherm a free area ratio has to be adjusted. From this free area ratio the flow resistance 
is determined. This means that the jets are not calculated separately by Flotherm. The 
grid disturbance is only modeled as a flow resistance. 
The geometrical complexities induce time dependent flow structures, which is discussed 
in chapters 4 and 5. To model these structures Flotherm has to solve the problem 
also time dependently. This is possible, but as can be seen in the upper table, the 
computation time for a steady flow is already very long. However by using parallel 
processors this can be possible, but in this project only attention is paid to steady flow 
structures. This could cause differences between the numerically and experimentally 
obtained temperatures. 
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Temperature Results 

In this chapter the experimental and numerical results are presented. In section 4.1 
the temperature measurements of the model problem and the problem with geometrical 
complexities is discussed and compared with the numerically obtained temperatures. 
The smoke visualizations applied on the accompanying situations are also presented to 
explain possible phenomena and differences. 

4.1 Temperature Measurements 

To analyze the results of the temperature measurements the difference between the 
temperature of a component T cube and the ambient temperature T 00 is taken as a measure 
for the temperature according to 

ó.T = Tcube- Too (4.1) 

This temperature difference is taken as a measure to eliminate the infiuence of the am
bient temperature, because this is not constant and can not be controlled. 

As a measure for the difference between the numerical and experimental results the 
relative difference E is introduced as 

(4.2) 

where ó.Texp is the temperature difference determined experimentally and ó.Tnum the 
temperature difference determined numerically. 

4.1.1 Model Problem 

First the temperature of the cubes are measurcd when the power in the first cube Q1 
is varied. These measurements are performed when the cubes are mounted on the 
two different fiat plates (Trespa and PIR). In both situations the Reynolds number 
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dctermincd on thc height of the cube and kcpt constant at ReH = 200. This Reynolds 
numbcr is defined as 

ReH = UoH 
V 

(4.3) 

whcre V is the kinematic viscosity of air detcrmined at 20 °C. The result of the mea
surcment and numerical simulation on the Trcspa plateis shown in figurc 4.1. The stars 
with the error bars present the temperature measurement points. The length of the 
error bars presents the overall temperature deviation, which is discussed in section 2.1. 
The black lines present the numerically obtaincd temperatures. 
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Figure 4.1: Temperature difference as function of Q1 at Trespa at ReH = 200 

As can bc scen in figurc 4.1 the numerically and cxperimentally obtained temperatures 
are in good agreement with cach other. Thcre can also beseen that the tempcrature dif
ference for both cubcs increases lincarly with the power Q1. Due to conduction through 
the flat plate, convcction and even radiation the temperature of cubc 2 also increases 
with increasing power Q1. If the tempcrature of cube 1 is increased more heat is trans
ferred to cube 2. Howevcr tbc slope of the rcsults in figure 4.1 for both cubes is not tbc 
same. Tbc tempcrature of cube 1 increases more than the temperature of cube 2 with 
an increasing power Q1. The explanation for this is the loss of heat in the flat plate and 
the air due to conduction and convection. 

34 



Chapter 4- Temperature Results 

In figure 4.2 the relative difference between the numerically and experimentally obtained 
temperatures is prescnted. For both cubes the relative difference is in the order of 5 
%, which in practice can be assumed as acccptable. It seems that no real dependency 
between the power Q1 and the relative difference can be found. In figure 4.1 the absolute 
difference between the experimental and numerical results is slightly larger at higher 
power, but the relative difference keeps in the order of 5 %. 
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Figure 4.2: Relative difference between the numerical and experimental results on Trcspa 
at ReH = 200. 

These measurements and simulations are repeated with the cubes mounted on a PIR 
plate. In figure 4.3 the experimental and numerical results are prescnted. Figure 4.3 
seems similar to figure 4.1. However there is one difference. The temperaturcs of both 
cube 1 and 2 are higher. This is because hardly any heat loss occurs through the plate 
due to the low conductivity of PIR. The heat loss of cube 1 can only occur by convection 
and radiation. The temperature rise of cube 2 can also only occur by convection and 
radiation. The temperature and slope of the results for cubc 2 are both higher. Because 
the temperature of cube 1 is increased the temperature of the air flow around cube 1 is 
also increased. This results in more heat transferred to cube 2 by convection and less 
heat loss through the plate. 
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Figure 4.3: Temperature difference as function of Q1 on PIR at ReH = 200. 

From figure 4.3 it can be concluded that also the difference between the numerical 
and experimental results are small. In figure 4.4 the relative difference between the 
experimentally and numerically obtained temperaturcs is prcsented. 
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Figure 4.4: Relativc differcnce between the numerical and experimental results on PIR 
at ReH = 200. 
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As can beseen in figure 4.4 also no dependcncy can bc found between the power Q1 and 
the relative difference. The relative differcnce is again in the order of the acccptable 5 %. 

A sccond variabie which can be varied is thc air inlct velocity Uo . Again mcasure
ments are performcd with the cubes mounted on the Trespa and the PIR platc. The 
power Q1 is kept constant at 0.5 W. Thc range in which thc air inlet velocity is be 
varied is 0 - 0. 75 m/ s. The accompanying Reynolds numbers are 0 - 500. In figure 4.5 
the experimental and numerical results can be sccn where the cubcs are mountcd on the 
Trespa plate. 
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Figure 4.5: Tcmpcrature diffcrencc as function of ReH on Trcspa with Q1 = 0.5 W 

In figure 4.5 can be seen that the temperature differencc of both cubes deercases with an 
increasing air vclocity. The differencc between the numerical and experimental results 
however is not as small as in the situation whcre the power is varicd. In figure 4.6 the 
rclative differencc between the cxperimentally and numerically obtained temperatures is 
prcsented. As can bc seen in figurc 4.6 the relative differcncc of cube 1 is in the order of 
5 % at every Reynolds number. For cube 2 this does not hold. Thc rclative difference 
at Reynolds numbers beneath 200 is in the order of 5 %. At ReH = 250 the relative 
difference suddenly incrcases until a rclative differcnce of approximatcly 45% at ReH = 
500. The explanation for this could be that the flow becomes instationary at a certain 
Rcynolds number. This can have an influcncc on the heat transfer between the cubes 
[6]. In figure 4.7 the view of the flow around the cubcs has been made visible by smoke 
visualization. 
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Figure 4.6: Relative difference between numerical and experimental results on Trespa 
with Ql = 0.5 W 

Figure 4.7: View of the flow around and between the two cubes at ReH = 200. The flow 
is from left to right . 

In figure 4. 7 the flow structures around the cubes can he seen. A large horizontal 
horseshoe vortex around both cubes can he identified. Also a rather complex three 
dimensional vortex between the cubes can he identified. 
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As mentioned above the temperature of cube 1 could be predicted well numerically 
around a relative difference of 5 %. It seems that the velocity differcnces, due to the 
instationary flow, hardly influence the temperature of this cube. For cube 2 this does not 
hold. As can be seen in figures 4. 7 and 4.8 there is a complex three dimensional vortex 
present in front of cube 2. Also a backward flow area can be identified in these figures. 
The time step between these two pictures in figure 4.8 is approximately tlt = 33 ms. 
As can beseen both areas around cube 2 show a time dependent behavior. When more 
of these figures are analyzed it appears that the vortex between the two cubes shows an 
oscillating behavior. This also holds for the backward flow area behind cube 2. 

Figure 4.8: Top view of smoke visualization of flow around cubes at ReH = 400. The 
time steps between the two figures is approximately tlt = 33 ms. 

It can be imagined that the behavior of these areas is crudal for the heat transfer to 
cube 2. The industrial package Flotherm solves the stationary conservation equations 
described in section 1.2. In reality also time dependent terms are present in these equa
tions which have an influence on the heat transfer. These terms are present in equations 
1.10 and 1.11. The large relative difference could be caused by solving only the station
ary equations and climinate the time dependent terms. 

The measurements with the varied air inlct velocity are also performed with the cubes 
mounted on a PIR plate. In figure 4.9 the numerical and experimental results are 
present ed. 
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Figure 4.9: Temperature difference as function of ReH on PIR with Q1 = 0.5 W 

Figure 4.9 is almost similar to figure 4.5. The major differcnce with the situation on the 
Trespaplate is the higher tcmperature of the cubes. In figure 4.10 the relative diffcrence 
between the numcrically and experimentally obtained temperatures are prcsentcd. 
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Figure 4.10: Relative difference between numerical and expcrimental results on PIR with 
Ql = 0.5 w 
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Figure 4.10 is almast similar to figure 4.6. One major difference is the location of the 
Reynolds number where the relative difference starts to increase. An cxplanation for 
this is the higher temperature of the cubes, due to less heat loss to the plate. The air 
flow has to have a higher temperature around the cubes because these are warmer. The 
Reynolds number is determined at a temperature of 20 °C. The kinematic viscosity is 
also determined at this temperature. In reality the viscosity is temperature dependent 
and increases with an increasing temperature. This means that the so called effective 
Reynolds number, defined in equation 4.3, is in reality lower due to the increased viscos
ity. To compensate this the velocity where the flow becomes instationary is increased. 
If this higher velocity is filled in here with the viscosity determined at 20 oe a higher 
Reynolds number is achieved. More information and theory about this topic is discussed 
in [26). 

4.1.2 Flow Disturbances 

Wire Disturbance 

To analyze the influence of geometrical complexities on the numerical results by Flotherm, 
flow disturbances are placed in the upstream direction of the cubes as discussed in sec
tion 2.1. First temperature measurements are performed with the wire disturbance at 
the dimensionless distance Xv = 4 in front of cube 1. The velocity is varied in the same 
range as in previous measurements. As discussed in section 2.1 the measurements with 
the flow disturbances are performed with the cubes mounted on the PIR plate. In figure 
4.11 the experimental results arepresentedof the temperature measurements with and 
without the wire disturbance. As can be seen there is hardly any difference between 
the results. It seems that the wire disturbance hardly influences the temperature of the 
cubes. In figure 4.12 the numerical results of the temperaturcs are presented with and 
without wire disturbance. As can be seen here the numerically obtained temperatures 
are slightly higher than the experimentally obtained temperatures in figure 4.11. Also 
the tcmperature of cube 1 with the wire disturbance is slightly higher than with the wire 
disturbance. No explanation can be givcn for this. 
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Figure 4.11: Experimcntal results of measurements with and without wire disturbance 
with Q1 = 0.5 W . 
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Figurc 4.12: Numerical rcsults with and without wirc disturbance with Ql = 0.5 W. 

When figures 4.11 and 4.12 are combined and the relative differcnce between the numer
ically and expcrimentally obtained temperatures are detcrmined for the situation with 
the wire disturbance thc results are prescnted in figure 4.13 . 
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Figure 4.13: Rclative diffcrence between the numerical and cxpcrimental results with 
the wire disturbance at Xv = 4 and Q1 = 0.5 W. 

As can be seen in figure 4.13 the relativc difference between the numerically and ex
perimentally obtained tempcratures is in the order of 10 % for cube 1 at all Reynolds 
numbers up till 500. For cube 2 almost the same holds as without the wirc disturbance. 
The larger relative difference could be caused by the instationary flow induced by the 
wire disturbance. In figure 4.14 a smoke visualization is presented of the flow between 
the wire disturbance and cubc 1. This visualization is performed at Red = 40, 55 and 
67. The Reynolds number hcre is determined at the thickness of the wirc, which is 2 
mm. 
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Figure 4.14: Smoke visualization of the flow around the wire disturbance. From the 
uppcr till the bottorn picture the Reynolds numbcrs are respcctively Red = 40, 55 and 
67. 

In the upper picture the flow at Red = 40 around the wire disturbancc and impinging 
at cube 1 can be seen. The flow hcre is steady and laminar. In the middle picture the 
flow at Red = 55 is shown. Here can be seen that small instahilitics occur in the flow 
behind the wire disturbancc. In the bottorn picture (periodic) vortex shedding from the 
wire disturbance can be scen. Large instahilities occur behind the wire disturbance. It 
appears that these vorticcs hardly influencc the temperature of the cubes. However thcy 
can cause the increascd rclative differcnce for cube 1 as can beseen in tigure 4.13. 
The distance between the wirc disturbance and the cube could also have an infiuence 
on the temperature. Measurements are pcrformed by changing the distance of the wire 
disturbance in one specitic situation (ReH = 200 and Q1 = 0.5 W). The result of these 
mcasurements are presented in tigure 4.15. 
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Figurc 4.15: Influence of distance of the wirc disturbancc on the tcmperature at ReH = 

200 with Q1 = 0.5 W. 

As can be seen in figure 4.15 the distance between the wire disturbancc and the cubes 
also does not influence the temperature of the cubes. 

Complicating the structure of the flow in front of the cubes by placing a wire disturbance 
seems not to influence the tcmperatures of these cubes significantly compared with no 
disturbance. However the relative differcnce of cube 1 is increased to 10 %. This can 
be explained by the structure of the flow, because of the instahilitics and the vortex 
shedding of the wire disturbance. 

Grid Disturbance 

A disturbance that could have a significant influence on the temperature of the cubcs 
is a grid. There are two grids designcd, as discussed in appendix B. The measurements 
are performed with Q1 = 0.5 W and the grid disturbance at a dimensionless distance 
of XD = 2. The air velocity is varied. The results of the numerical and cxpcrimental 
measurcments with grid 1 and 2, with a hole diameter of respcctively 3 and 6 mm, 
are prescntcd in figures 4.16 and 4.17. In these figures the straight line is the result 
of thc numerical simulation by Flotherm with the grid disturbancc. As can be seen 
in the figurcs placing the grid in front of the cubcs influences the temperatures of the 
cubes a lot. The cubes are cooled more effectivcly by placing the grid, because the 
temperature of the cubes are lower compared with the situation without disturbance. 
The most significant feature in these figures is the large differcnce between the numerical 
and experimcntal rcsults with the grid disturbancc. Whcn grid 2 with a hole diameter 
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of 6 mm is placed in front of the cubes thc diffcrence is larger than with grid 1. Thc 
tempcratures where no grid is placed in front of thc cubes is measured whcn the grid is 
placed behind the cubes to maintain an identical mass flow rate. 
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Figurc 4.16: Numerical and expcrimcntal results of measurcments with grid 1 at XD = 

2 and Q1 = 0.5. 
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Figure 4.17: Numerical and experimcntal results of measurcmcnts with grid 2 at XD = 

2 and Ql = 0.5. 
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Thc relative diffcrence for both grids is also dctermined. The results are prcsented in 
figures 4.18 and 4.19 . 
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Figure 4.18: Relative difference between the numerical and experimental results with 
grid 1 at Xn = 2 and Q1 = 0.5 W. 
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Figure 4.19: Relative difference between the numerical and experimental rcsults with 
grid 2 at Xn = 2 and Q1 = 0.5 W. 
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As can be seen in figures 4.18 and 4.19 the relative difference of both cubes increases 
with an increasing air velocity. The relative difference of cube 1 is in the order of 30 % 
for both grids. The relativc difference of cube 2 is in the order of 130 - 170 %. 
An explanation for this is the way of rnadeling the grid disturbance. As discussed in 
section 2.1 the grid is modeled as a perforatcd plate with a ccrtain thickncss and free area 
ratio. From these values the rcsistance coefficient is determined. The flow through the 
holes is not calculated exactly, thus the jets which exist after the grid are not calculated. 
In figure 4.20 a smoke visualization of the flow through thc grid with Dh = 3 mm can 
be seen. In the upper picture two individual jets can be identified. 

Figure 4.20: Smoke visualization of air flow through the grid with Dh = 3 mm at R eH 
= 200. The time steps between the picturcs is approximately !J.t = 33 ms 

In the middle picture of figure 4.20 the interaction of two jets van be seen. In the lower 
picture the impact of the jets at the cube can be seen. The large intlucnee of the presence 
of the grid on the temperatures of the cubes could be cxplaincd by these jets. As can 
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heseen in figure 4.20 the flow behind the grid is instationary. The velocity of the jets is 
also a lot higher than the velocity of the surrounding flow. This velocity difference can 
cause large flow instahilities in the flow [8]. It appears that these velocity differences 
have a relative large influence on the temperatures of the cubes. 
As stated above Flotherm can not simulate the jets which occur behind the grid distur
bance, but lower mass flow rate caused by the resistance coefficient of the grid. This 
results in higher temperatures of the cubes and the larger rclativc difference between the 
numerical and experimental results. 

As mentioned above there is a large relative difference between the numerical and ex
perimental results when the grid disturbance is applied in front of the cubes. The 
dimensionless distance of the grid was XD = 2. When the velocity is kept constant at 
ReH = 200 and the distance XD is varied the experimental results in figure 4.21 are 
obtained. 
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Figure 4.21: Experimental rcsults of tempcrature difference of the cubes as function of 
dimensionless distance X D . 

As can he seen in figure 4.21 thc dimensionless distancc XD of the grid in front of thc 
cube does have a significant influcnce at the tcmpcrature of the cubes. When thc grid 
disturbance is placed at a very short distancc from cube 1 this has a relative large in
fluence. If the distance is increased the influcnce of the grid is decreascd. This seems 
physical, however at the dimcnsionless distance of approximately XD = 5 - 6 a rather 
strange phenomcnon can he noticed. The tempcrature of the cubes deercases suddenly 
whcn grid 1 with Dh = 3 mm is applied at this distance. For grid 2 this phenomenon does 
not occur. A possible explanation for this phenomcnon could he the length of the jets or 
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even the length of two or more interacting jets. The size of the jets is dependent on the 
hole diameter of the grid. This can explain why the sudden deercase of the temperature 
can only noticed when grid 1 is placed before the cubes. In figure 4.22 the dimensions of 
two typical jets through the orifices of a plate are presented. The characteristic dimen
sions are also presented here, where the jet length is denoted as Lj. U nfortunately this 
phenomenon could not be analyzed any further due to the limited duration of the project. 

From these temperature measurement and the numerical results some conclusions can 
be made. It seems that Plotherm is able to predict the temperature of the cubes accu
rately in a relative simple model problem within an accuracy of 5 % which is in general 
acceptable. If this relative simple model problem is extended with geometrical com
plexities, in this case flow disturbances, this does not hold any longer. In the situation 
where a wire disturbance is applied in front of the cubes it seems that Plotherm still 
prediets the temperature accurately. This could be also explained by the infiuence of 
the wire disturbance on the temperature of the cubes. Measurements showed that this 
wire disturbance hardly influences the temperatures. When the wire disturbance is re
placed by a grid disturbance it seems that Plotherm can not predict the temperatures 
accurately any more. Measurements showed that the grid disturbance influences the 
temperatures relatively strong. Even the distance between the grid and the cubes has 
an influence on the temperatures of the cubes. The explanation for the large rclative 
difference between the numerically and experimentally obtained temperatures is not only 
the way Plotherm handles the conservation equations, but also the way the disturbance 
is modeled in Plotherm by just applying a flow resistance. 

Pigure 4.22: Schematic of two jets through the orifices of a plate. 
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Preliminary Velocity 
Measurements 

The performed temperature measuremcnts show interesting comparisons between the 
numerical and experimental results. Another desired quantity is the flow field. The 
measured velocity fields can be used to validate the results obtained by Flotherm. Due 
to the limited duration of the project only preliminary velocity measurements could be 
performed. In this section the results are presentcd of the PIV mcasurements compared 
with the numerically obtained flow field at ReH = 150. The power Q1 is kept zero to 
climinate the influence of heat on the tracer particles. In figure 5.1 a smokc visualization 
can be seen of the flow around the cubes in this situation. 

Figure 5.1: Top view of smoke visualization of tbc air flow around the cubcs at ReH = 
150. 
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In figure 5.1 three flow areas around the cubes can be identified. In front of the cube 
a diverging flow area. Between the cubes are rather complex three dimensional vortex 
and behind the cubes a backward flow area. 
The intention of the PIV measurcments is to gain quantitative results of the air flow 
around these cubes. Because the field of view is approximately 2 x 2 cm not the whole 
flow field around the cubes can be mcasured at once. The PIV measurements are per
formcd at one flow area of the total flow field around the cubes. In figure 5.2 the result 
of a PIV measuremcnt and numerical result by Flotherm can beseen at ReH = 150 in 
front of cube 1. This measurement and simulation is performed at -fï = 0. 75. 
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Figure 5.2: Streamlines of the horizontal flow field in front of cube 1 at height -fï 
0. 75. Left figure is experimentally obtained by PIV and the right figure is numerically 
obtaincd by Flotherm. 

The location of cube 1 is ft = 0. The location of cube 2 is ft = 2.5, thus the backward 
flow area behind the cubes starts at ft = 4. As can be seen in figure 5.2 the air flows 
from left to right and the divergence of the flow which flows around the cube at ft = 
0 can be seen. Also can he scen that both rcsults are in good agreement with each 
other. The backward flow area behind the cube 2 starts at ft = 4. When this area is 
mcasured and simulated at height -fï = 0.75 the results, presented in figurcs 5.3 and 5.4, 
are obtained. In these figures two vortices can be seen. The experimentally obtained 
result in figure 5.3 shows that the centers of these vortices are not exactly positioned at 
the same x-position. This could be caused by an inaccuracy in the PIV measurement. 
Also the shape of the backward flow area is not very smooth. This could also be caused 
by inaccuracics in PIV. 
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In figure 5.4 also two vortices can be scen. It seems however that the upper vortex 
could not bc obtained complctely. No explanation for this could be given. There can bc 
noticed that the shape of the backward flow area is more smoothly than the results by 
PIV. The position of the center of the vortices and the size of the backward flow area 
however is in good agreement between the numerical and the experimental rcsults. 
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Figure 5.3: Streamlincs ofthe horizontal flow field bebind cube 2 cxperimentally obtained 
by PIV. 

Figure 5.4: Strcamlincs of the horizontal flow field bebind cube 2 numerically obtained 
by Flothcrm. 
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In figure 5.5 a smoke visualization is prescnted of the air flow in a vcrtical plane at ReH 

= 150. 

Figure 5.5: Smoke visualization of the flow in a vertical plane at ReH = 150. 

Figure 5.5 is a smoke visualization performed in the same situation as the visualization 
presented in figure 5.1, but in a vertical plane. The threc areas mentioned earlier can 
also be identified in this figure. When PIV mcasurements and simulations are performed 
at the vertical plane in the same situation at ReH = 150 the obtained results can be 
seen in figure 5.6. 
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Figure 5.6: Vertical view of the backflow area behind cube 2. The left figure is cxperi
mentally obtained by PIV and the right figure is numerically obtaincd by Flotherm. 

As can be seen the experimental and numerical results are in good agreement. Howcver 
the numerical obtained veloeities seem slightly higher than the experimental obtained 
results. Also the backward flow area, which is colored dccp bluc, can be seen more 
clearly in thc numerical results than in the experimcntal results. No strcamlines could 
be plotted in this situation due to reflections which arise from the surface of the plate. 
The intcnsity in the whole field of view is not homogenous due to these rcflcctions. 
It is also desired to perform PIV measurements at a vertical plane in front of cube 1 
and between both cubes. This is howevcr not possible yct, due to the limitcd duration 
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of the project. If the flow field is rneasured very closely to the fiat plate-or the cubes the 
rneasurernents can not be processed. It scerns that the light refiected frorn these objects 
disturb the hornogenous intensity in the whole field of view. The size of the tracer 
particles is approxirnately 5 J.Lm, thus the refiected intensity is relativcly low cornpared 
with PIV rneasurernents in water. The size of tracer particles which can be used in water 
is 4 times larger than the tracer particles in air. This means that the refiectcd intensity 
of a tracer partiele in air is approxirnately 16 tirnes lower [15]. The PIV measurernent 
in air is thus a lot more sensible to the refiected intensity by the objects and ambient 
noise. In figure 5. 7 two pietmes are presented of PIV measurements. In the left figure 
a PIV rneasurement with refiections of the surface of the plate can be seen. In the right 
picture a rneasurernents just above the surface can be seen where the refiections have a 
negligible infiuence. 

Figure 5.7: Typical results of a PIV rneasurement. Left: Not homogeneaus intensity. 
Right: Hornogenous intensity. 

It is also desired to perfarm PIV measurernents in a situation with a heated cube. How
ever also due to the lirnited duration of this project the infiuence of heat on the tracer 
particles could not be analyzed. To perfarm accurate rneasurernents the behavior of 
heated particles has to be known, because the density of viscosity could change signifi
cantly and a different partiele trajectory could be obtained. 
PIV measurernents have been perforrned on the air flow around two mounted cubes on 
a fiat plate at ReH = 150. The air flow is laminar and steady and the ternperatures of 
the cubes could be predicted well by Flotherm. The experirnental and numerical results 
of the flow field seem also in good agreement. If a grid disturbance is placed in front 
of the cubes the temperature of these cubes is infiuenced by the disturbance. Therefore 
it is desired to perfarm PIV measurements with the grid disturbance. In figure 5.8 the 
result of a PIV measurement is shown at three different times with grid 1 with Dh = 3 
mm. In the pietmes of figure 5.8 three different jets trough the orifices of the grid can 
be seen. The field of view is 1 x 2 cm. Figure 5.8 only shows the absolute velocity in 
co lor. 
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Figure 5.8: Vertical view of the jets through the orifices of the grid. The time step 
between the pictures is approximately öt = 33 ms 

These jets have a higher velocity than the flow behind the pitch. These flow with a 
higher velocity is colored red and the flow with a lower velocity is colared blue. This 
measurement is performed at a distance of 1 cm behind the grid at a height of 2 cm 
witout the presence of the cubes. As can he seen in these pictures the jets have a time 
dependent behavior, which also can he seen in figure 4.20. These PIV measurements 
prove that the flow behind the grid is instationary at ReH = 150. 

The results of the preliminary PIV measurements show promising results. Even the 
comparison between the numerical results is in a rather good agreement. Due to the 
limited duration of the project no PIV measurements could he performed with the wire 
disturbance and in a heated situation. However the initialization of the PIV set-up is 
rather succcssful and this could he a rather good benchmark for furthcr PIV measure
mcnts in air. 
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Conclusion and 
Recommendations 

Thc goal of this project was to benchmark an industrial CFD package with tempcrature 
and flow field mcasurcments. Temperature measurements werc performed on heated sil
vcr cubes mounted on a flat plate which is placed in an air flow. These cubes represcnt 
heated electronic components in an electronic system. A second objective is to cxtend 
this model problem with geometrical complexities and to study Flatherm's ability to 
handle these complexities. These geomctrical complexitics are flow disturbances posi
tioned upstrcam of the cubes. These flow disturbances are a wire disturbance, which 
represents cabling in a practical electronic system, and a grid disturbance, which can 
he seen as the air inlet of many electronic systems. A third objective is the design and 
realization of a PIV set-up which is able to perfarm quantitative field measurements in a 
low-velocity air flow in a mixed convection environment. These measured velocity fields 
can than he used to validate the results obtaincd by Flotherm. 
This report starts with an overview of earlier work followed by some basics on heat trans
ferand information about Flotherm. In this report also the cxperimental set-up and thc 
extended geometrical complcxities are presentcd. Subsequently the implementation of 
the experimental set-up and the flow disturbances in Flotherm are discussed. 
By performing experimental tcmperature measuremcnts and numerical simulations there 
can he concludcd that Flothcrm prediets the temperatures well within an accuracy of 
5 % for the model problem with two different flat plates, whcre the power in cube 1 is 
varied. When the air velocity is increased the tcmperatures are predicted well until the 
flow becomes instationary. At Reynolds numbers higher than 250 the relative difference 
increases up till approximately 45 %. When the wire disturbance is placed in front of 
the cubcs it appcars that this disturbancc hardly influences the tempcratures of the 
cubes, while the structure of the flow is significantly influenced. If the grid disturbance 
is placed in front of the cubes the temperatures of the cubes deercase compared with the 
situation without disturbance. This can he explained by the jets behind the grid which 
induce an instationary flow behavior. These phenomena were visualized by smoke visu

. alization, but were not observed in numerical simulations by Flotherm. This results in a 
large relative differcnce between numerically and experimentally obtained temperatures. 
At a Reynolds number of 500 this relative difference is incrcased up till approximately 
170 %. Comparison between preliminary PIV measurements and numerical simulations 
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showed that the obtained flow fields at ReH = 150 were in a rather good agreement with 
each other. PIV measurements on the flow through the grid were also performed which 
showed that the flow bebind the grid is indeed instationary. 

Recommendations 

Recommendations for future workis to add more gcometrical complexities and improve 
the PIV measurcments. More cubes can be placed and j or in a different configuration 
and different dimensions to sec if this influences the heat transfer and Flotherm's ability 
to handle it. The model in Flotherm can also be extended with turbulent models and 
the problem could be solved time dependently. This could result in an improved temper
ature prediction accuracy of Flotherm, because then the time dependent flow structures 
could be obtained. 
The PIV measurements can also be improved. The reflections from the flat plate and 
the cubes have to be minimized to obtain PIV results in other flow areas e.g. between 
the cubes. The influence of heat on the tracer particles can be investigated to analyze 
their behavior when they are heated by the cubes. The partiele trajectory could be 
different when the particles are heated. If the influence of heat in known PIV measure
ments in a heated situation can be performed. Also more time dependent measurements 
can be performed to analyze time dependent flow structures which could influence the 
temperature of the cubes. 
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Appendix A 

Re-design of thermal Wind tunnel 

The already existing open-loop thermal wind tunnel is re-designed into a doscd-loop 
wind tunnel which can be used for PIV measurements. The reasons for this are: 

• The tracer particles have to be distributed homogeneously in the wind tunnel to 
be able to perform accurate PIV measurements. 

• The tracer particles are very expensive. Therefore it is desired that they can 
re-enter the test section several times. 

Tbc design starts with the determination of the dimensions of the pipe which leads the 
flow back from the outlet to the inlet. The global design of the doscd-loop wind tunnel 
is presented in figure A.l. There is chosen for a vertical setup, because of the limitcd 
space in the lab. In this figure also a diffusor and a contractor can be seen, which are 
pointed with rcspectively D and C. These parts are assembied to the already existing 
open-loop wind tunnel. 

Straightenel'S 
Fans 

Testseetion 

Figure A.l: Schematic presentation of the closed-loop design 

The critical point in the wind tunnel is point A. In this point the flow bas to lift the 
tracer particles up into the diffusor. This means that the lift force of the flow on a tracer 
partiele has to exceed the gravitational force which acts on the particle. Other force 
terms like friction and interaction between particles are neglected. The force balance in 
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point A on a secding partiele reacis 

(A.l) 

where pis the density of air, R the radius of the partiele and U the velocity of the flow. 
From this follows that 

8R(pp- p9 )g 

3pg 
U= (A.2) 

It is desired that the wind tunnel is suitable for both EMS and DEHS particles as dis
cussed in scction 2.1. Bccause their radius and dcnsity is a givcn quantity it follows that 
for EMS tbc minimal velocity is 0.11 m/s and for DEHS this velocity is 0.25 mfs. For 
the minimum velocity the valuc of 0.3 m/ s is choscn. With the known mass flow rate it 
follows that the diameter of the pipe bas to he 0.20 m. 

Whcn this diameter is fixcd, this bas a consequcnce for the flow. The Reynolds numbcr, 
bascd on the diameter of the pipc is 

UD 
ReD=- =4270 

V 
(A.3) 

From the definition of the Reynolds numbcr it follows that the flow in the rccirculation 
pipe is transitional or turbulent. At first view this is not rcquircd, but the flow is also 
heatcd by the cubes and the fans. This heat bas to he rclcased through tbc rccirculation 
pipe. Because the flow is turbulent it is assumed that the heat is distributed homoge
neously over the flow area. To make sure the heat in the flow is released when the flow 
re-enters the test the pipe bas to he long enough. Due to the limited available space in 
the lab there is chosen for a recirculation pipe with a length of 4 m. There bas to he 
checked if 4 m is long enough to release the heat. In the worst case scenario the heat 
transfer mechanism of the pipe to the ambient is only natural convection. Assuming the 
pipe to he a horizontal cylinder the following Nusselt relation is valid [6] 

(A.4) 

whcrc 

(A.5) 

with 

(J = _1_ 
Ta mb 

(A.6) 
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Appendix A. Re-design of thermal Wind tunnel 

Because the flow is heated with a certain unknown power from the cube and the fans, 
the air which enters the recirculation pipe has a higher temperature than the ambient 
temperature. The heat that is released in this pipe equals 

Q = hA(Tair - Tamb) (A.7) 

where the overall heat transfer coefficient h is determined by equation A.4. N ow the 
relation between the air temperature and heat input is known. This relation is presented 
in figure A.2 where a reference temperature of 20 oe is taken. 

21 

20.8 

û 20.6 
'<... 

t-ii 

20.4 

20.2 

20L---~--~---L--~--~~--L---~---L--~--~ 

0 0.5 1.5 2.5 3.5 4.5 
Q(W) 

Figure A.2: Temperature of air as function of heat input 

As can beseen in the figure above the air temperature reaches a certain equilibrium in 
the wind tunnel dependent on the power that is put in. If the heat input is increased 
the equilibrium air temperature is also increased. To be sure that the situation is at 
steady state befare doing measurements there has to be waited until the temperature 
has reached this equilibrium. Befare measurements are performed there will be waited 
for one hour to let the wind tunnel adjust in its equilibrium. 

When the wind tunnel is realized the doscd-loop section should be connected at such 
way it can be moved in several angles. It could be desired that the wind tunnel can be 
placed in a horizontal setup or in a vertical setup with the doscd-loop section on top of 
the test section. 
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Appendix B 

Design of Grid Disturbance 

In this project two different grids are designed with different hole diameters, but the 
same pressure drop. Thc pressurc drop over a grid disturbance is defincd as 

(B.1) 

where Ç is the resistancc coefficient. This coefficient is dependent on the geometry of 
the grid and the Reynolds number determined on thc hole diameter. The resistance 
coefficient of the grid reads [27] 

c Çq, -c 
<" = j2 + EO<"q 

In equation B.2 fis the free area ratio of flow area Ao and total area A1. 

For Çq, and Çq holds [27] 

( 
7.768 6.337) { ( ) } Çq, = 18.78- -

1
- + p exp -0.942-7.246/-3.878/2 log Re> 

0.375 1 

{ }

2 

Çq = 0. 707 ( 1 - f) + 1 - f J2 

The variabie Eo is dependent on the Reynolds number and is tabled in [27]. 

(B.2) 

(B.3) 

(B.4) 

(B.5) 

The diameters of both hole diameters dh in the grid is choscn to be respectivcly 3 and 
6 mm. For the grid 1 with a hole diameter of 3 mm thcre is chosen for 11 holes in the 
vertical direction and 101 holes in horizontal dircction. The total grid size is dependent 
on the size of the test section of the wind tunnel. The size of the grid is 50 x 405 mm. 

64 



Appendix B. Design of Grid Disturbance 

This results in a free area ratio f of 0.388. The Rcynolds number determincd on thc 
hole diameter is defined as 

Red= Uldh = 155 
V 

(B.6) 

with U1 the velocity in the hole, which is dependent on the free area ratio. This results 
is a resistance cocfficient Ç of 6.38. 

Grid 2 is designed with the same resistance coefficient but with a hole diameter of 6 
mm. When there is chosen for 6 holes in vertical distance and 47 holes in horizontal 
distance the Reynolds numbcr cquals 305, the free area ratio 0.394 and this results in 
the same rcsistance cocfficient 6.38. 
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Appendix C 

Calculation of Partiele 'frajectory 

In this chapter the calculation of the partiele trajectory is prescnted. The calculation is 
performed on two kinds of particles (DEHS and EMS) as discussed in section 2.1. 
The equations which describe the motion of a partiele in a stationary laminar boundary 
layer are 

4 3 dUp - - -
-1f R -d = Fa + FD + FL 
3 t 

In equation C.1 Up is the velocity of the partiele which can be written as 

(C.1) 

(C.2) 

where up is the partiele velocity in the x-direction and Vp the partiele velocity in the 
y-direction. For the gravity term holds [16) 

4 3 
Fa= -31rR (Pp- p9 )g (C .3) 

This gravity force only acts in the y-direction. Here R is the radius of the particle, 
Pp and p9 are the density of the partiele and air respectively and g is the gravitation 
constant. 
For the drag term holds [16) 

F~ = 61rp,R(U- Up) (C.4) 

Here p, is the dynamic viscosity of air and U thc velocity of thc air. 
Because the particles are injcctcd in a boundary layer also a (rather small) lift force 
acts on a partiele in the positive y-direction [16)[7)[28]. This lift force is known as the 
Saffman force [28). Thc lift force reads 

.!_I a(u- up) I 
v oy (C.5) 

Here K is a numerically dcrived constant which is 6.46. 
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Equation C.l is a non-linear first order differential which has to be solved in the x and 
y-direction. For the dcfinition of these directions sec figure 2.8. As can be seen in the 
cquations above the forces are a function of the velocity of the flow. The flow is a 
stationary laminar flow over a fiat plate. For this flow holds the Blasius equation [7] and 
reads 

(C.6) 

In this equation 

dj u 
dÇ Uo 

(C.7) 

and 

(C.8) 

where Uo is the velocity of the flow outside the boundary laycr, which equals thc inlet 
velocity in this case. The o is a measure for the boundary layer thickness which equals 

(C.9) 

When the Blasius cquation C.6 is solved numerically by e.g. a Runge-Kutta solver 
[9] the velocity profile in a laminar boundary layer can be obtained. In dimcnsionlcss 
coordinates this profile is shown in figure C.l 
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Figure C.l: Velocity profile in a laminar boundary according to the Blasius theory [7] 
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When the velocity profile in a boundary layer is known it is possible to cictermine the 
gradient of the velocity. Whcn both these quantitics are known the lift force FL on 
a tracer partiele can be determined. This lift force described by cquation ?? can be 
written in a simpler form with the assumption that thc vcrtical velocity v of the flow is 
zero and the gradient of a point velocity is per definition zero ~P = 0. Then equation 
?? equals 

FL=KJ-LR2 l(u-u)2+v2 ~ v p pv -;;dy (C.lO) 

Whcn the equation C.l is written out, for the x-direction holds 

dup _ 4.5J-L ( _ ) 
d - R2UUp t Pp 

(C.ll) 

and for the y-direction holds 

dvp 4.5J-LVp Pp _ Pg 3KJ-Lj(u- up) 2 + v~Jffi 
dt =- ppR2 - Pp g + 4nppR 

(C.12) 

The equations C.ll and C.l2 are a systcm of two non-coupled instationary fust order 
non-linear differential equations which can be solved with e.g. the Euler Forward mcthod 
with a sufficient small enough time step [9]. Solving these equations with the propertics 
of DEHS results in figures C.2 and C.3, which are also presented in section 2.1. Whcn 
a DEHS partiele enters the boundary laycr, when its vertical velocity is zero, it will 
have a steady vcrtical velocity of -0.689 mm/ s. Whcn the equations are solvcd with the 
properties of EMS the steady vertical velocity is -1.39 mm/ s. 
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Figurc C.2: Vertical velocity of DEHS as function of the position over thc flat plate. 
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Figure C.3: Trajeetory of a DEHS partiele over the flat plate. 
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Appendix D 

Flotherm Settings 

Material 

Tres pa 
PIR 
Plexiglass 
Silver 
Ceramics 

Type of solution 
Dimensionality 
Salution type 
Solver option 
Fluid type 
Gravity 
Radiation 

Flow and Heat transfer 
Three dimcnsional 
Stcady State 
Multi Grid solver 
Air 
Normal negative y-direction 
Radiation on 

Figurc D.l: Tablc with thc model settings in Flotherm 

Dcnsity Conductivity Specific heat Emissivity cocfficient 
(kgjm3 ) (WjmK) (JjkgK) (-) 
1400 0.3 1500 0.93 
33.64 0.026 1580 0.93 
1180 0.19 1500 0.90 
10500 419 235 0.93 
3970 16 765 0.93 

Figure D.2: Table with the implementod material properties in thc numerical model in 
Flotherm 

The material propertics are found in litorature and are determined in previous reports 
[3] and [4]. Thc cmissivity of the matcrials is 0.93, bccause all matcrials are painted 
black, except the plexiglass. 
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