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N omenclature 

Symbols 

A calibration constant 
A surface 
B calibration constant 
c heat capacity 
c velocity of sound 
C contraction 
d diameter 
D diameter 
e' fluctuating voltage 
E voltage 
f frequency 
h convective heat transfer coeffi.cient 
h vertical position in the wind tunnel (height) 

velocity ratio 
I electdeal current 
k heat transfer coeffi.cient 

length 
L length scale 
ril mass flow 
M mesh size 
Ma Mach number, u I c 
N counter 
Nu Nusselt number, hd Ik 
p pressure 
Q energy flow 
ro overheat ratio 
R resistance 
Re Reynolds number, U dI v 
Reu Unit Reynolds number 
s hot-wire slimness ratio, lId 
Su velocity sensitivity coeffi.cient 
Se temperature sensitivity coeffi.cient 
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[V2wn-1m-1 K-1] 
[m2] 
[V2 Jn-1m-2 K-1] 
[J kg-1K-1] 
[mis] 
[-] 
[m] 
[m] 
[V] 
[V] 
[s-1] 
[wm-2K-1] 
[m] 
[-] 
[A] 
[wm-1K-1] 

[m] 
[m] 
[kgls] 
[m] 
[-] 
[-] 
[-] 
[Pa] 
[Jis] 
[-] 
[0] 
[-] 
[m-1] 
[-] 
[Vslm] 
[VI KJ 



t time [s] 
T temperature [KJ 
T' fiuctuating temperature [K] 
Tu Free-stream turbulence intensity, H I U [%] 
u' fiuctuating velocity in x-direction [mis] 
u free-stream velocity [mis] 
v' fiuctuating velocity in y-direction [mis] 
w' fiuctuating velocity in z-direction [mis] 

Greek Symbols 

a heat transfer coefficient [wm-1K-1] 

ê dissipation rate [-] 
ê emissivity [-] 
TJ Kolgomorov length scale [m] 
K, condition number [-] 
À Taylor micro scale [m] 
1-L dynamic viscosity [kgm-1s-1] 

1/ kinematic viscosity [m21s] 
p density [kglm3 ] 

p resistivity [Dm] 
Po relative overheat ratio, ( r o - r oJ I ( r o3 - r o1 ) [-] 
(] Boltzmann constant, 5.674 · w-8 [wm-2K-4] 

T time scale [s] 
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Subscripts 

a ambient 
b blow-off 
c cut-off 

f film 
g grid 
g gas 
h honeycomb 
L prongs and cable 
m measured 
0 overheat 
p probe 
R reference value 
s screen 
t throttle 
() temperature fluctuation 
u velocity 
w wue 
0 zero-over heat ( cold val ue) 
1 lowest overheat 
2 middle overheat 
3 highest overheat 

Abbreviations 

A/D 
cc 
CCA 
CT 
CTA 
HWA 
RMS 

Analog/Digital 
Constant Current 
Constant Current Anemometry 
Constant Temperature 
Constant Temperature Anemometry 
Hot-wire Anemometry 
Root Mean Square 
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Chapter 1 

Introduetion 

Since its introduetion about fifty years ago, the gas turbine is a widely applied engine. For many 
years they have been used, for instance, in ship and jet engines. The operation principle of a gas 
turbine is relatively simple: air is compressed in the compressor, the compressed air is mixed 
with a fuel gas and ignited in the cambustion chamber, the hot compressed air expands over the 
turbine blades, which in turn drives the compressor and - in case of electricity generation - a 
generator. 

The main topic in research and development of gas turbines is impravement of their efficiency. 
Already their efficiency has doubled from a mere 20% in the 1950's to more than 40% today, 
with the limits still not reached. The efficiency of a gas turbine is strongly dependent on the 
gas temperature in the turbine inlet. Higher gas temperatures lead to higher turbine efficiency 
and specific power production. Unfortunately, the inlet gas temperature is limited: the high 
heat transfer rate from the hot gas to the turbine blades demands the use of high temperature 
resistant materials for the blades. It seems that the limit in suitable materials has been reached 
and, therefore, research now focuses on cantrolling the temperature of the turbine blades. 

Cooling the blades can be achieved in a number of ways. It can either be clone by convective 
cooling, where air delivered by the compressor enters the blade at the foot and exits at the tip, 
or by film cooling, where the air is fed into the boundary layer by means of a set of channels. In 
order to cool the turbine blad es effectively, a lot of research is clone to understand the mechanisms 
involved with the heat flow from the gas to the surface of the blade. The exchange of heat takes 
place in a very thin layer of the flow near the surface of the blade, called the boundary layer. 
The heat flux to the surface depends very much on the charaderistics of the boundary layer: a 
laminar boundary layer has a smaller heat transfer coefficient than a turbulent boundary layer, 
which will consequently result in a smaller heat flux from the main flow to the blade surface. 
Although the flow around a turbine blade starts with a laminar boundary layer, it quickly 
changes into a less favorable turbulent boundary layer. The region where the boundary layer 
changes from laminar into turbulent, called the transition region, is therefore subject to many 
investigations. Figure 1.1 shows the boundary layer thickness during transition. 
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laminar transitional turbulent 

flow 

c> 

Figure 1.1: Boundary layer thickness during transition 

The transition region is a relatively new topic in boundary layer research. A number of the 
internal mechanisms are still unknown, but it is generally accepted that at the start of the 
transition region, tiny patches of turbulent flow - called turbulent spots, see figure 1.2 - emerge, 
which grow in all directions and finally amalgamate at the end of the transition region, forming 
fully turbulent flow. When these turbulent spots appear, and how fast they grow, depends on 
a number of parameters of the main flow; like Mach number, pressure gradient, free-stream 
turbulence intensity and external disturbances. An adverse pressure gradient, for instance, 
increases the spots ' transversal growth, shortening the transition region. On the other hand, 
a favorable pressure gradient, decreases the spots' transversal growth, making the transition 
region longer. A high turbulence intensity results in more turbulent spots emerging earlier, both 
advancing and shortening the transition region. 

Figure 1.2: Thrbulent spot 

It is clear that predicting the transition region in a boundary layer flow is of great importance 
in turbo-machinery. But before that can be achieved a lot of research is still to be done in 
turbine-like conditions. It is difficult to undertake this kind of research inside a turbine itself: 
awkward access, high rotational speeds and very high temperatures (up to 1600 [K]) make 
it nearly impossible. Therefore, most research of transitional boundary layers in turbine-like 
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circumstances is momentarily conducted in blow down tunnels or shock tubes. The disadvantage 
of these types of experiments is the relatively short measuring time. However, the Energy 
Technology section of the faculty of Mechanica! Engineering owns a test rig, consisting of a 
wind tunnel placed in between a cambustion chamber and a turbo charger, that can deliver a 
continuous flow of hot air between 600 and 950 [K]. Beljaars[3] and Barel[2] designed the wind 
tunnel for a free-stream turbulence intensity between 5 and 10 [%], a maximum Mach number 
of 0.15 and a maximum temperature of 950 [K]. 

Report outline 

In this report will be determined whether the flow conditions in the wind tunnel are suitable to 
perfarm boundary layer research. The following flow properties are investigated: 

• free-stream temperature 

• free-stream velocity 

• free-stream turbulence intensity 

• velocity and turbulence intensity profiles 

• temperature fluctuations 

All measurements are performed with a hot-wire probe using Constant Temperature Anemom
etry. A method to simultaneously measure velocity and temperature fluctuations with this 
hot-wireis discussed. Both measuring method and equipment is critically tested for the current 
situation and suggestions are made to imprave them. Finally, a heat buffer for the conditioning 
section is designed to further imprave the flow quality in the wind tunnel. 
The experimental setup, consisting of test rig and wind tunnel, is introduced in chapter 2. The 
current conditioning section in the wind tunnel and the resulting flow conditions like tempera
ture, velocity and free-stream turbulence arealso reviewed in this chapter. Furthermore, several 
parameters descrihing the quality of the flow are introduced. 
Hot-wire anemometry was chosen as the technique to measure the actual flow conditions in the 
wind tunnel, the basicsof hot-wire anemometry are presented in chapter 3. An in-depth review 
of a method to simultaneously measure velocity and temperature fluctuations with only one 
hot-wire probe is also presented. 
Chapter 4 deals with the practical implementation of the hot-wire technique. The hot-wire and 
the calibration procedure are introduced. Furthermore, the limitations of both probe design and 
calibration technique are discussed. 
Finally, the results of the flow condition measurements are displayed in chapter 5. 
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Chapter 2 

Experimental setup 

2.1 Test rig 

This section briefly explains the operation of the experimental setup in the laboratory of the 
faculty of Mechanica! Engineering . The test rig mainly consists of a large buffer barrel connected 
to the compressed air network, a cambustion chamber, a wind tunnel and a turbo charger, see 
figure 2.1. 

turbo charger 

not used 
(in CUlTent setup) 

chamber 

Figure 2.1: Top view of the experimental setup 

The buffer is necessary to accommodate for sudden pressure drops in the flow, either coming 
from the compressor or the compressed air network, and eliminate them as much as possible. 
An measuring orifice is located directly after the barrel to measure the mass flow. Aft er a sharp 
bend in the piping a cambustion chamber is placed . The cambustion chamber is fuelled on 
natural gas, which is injected under pressure ( delivered by a separate compressor; not shown in 
figure 2.1), and is able to heat up the flow to temperatures between 600 and 950 [K]. Directly 
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after the cambustion chamber the wind tunnel is situated (see the next section for a review). 
The end of the wind tunnel is connected to the turbine inlet of the turbo charger. This water 
cooled turbo charger, constructed by BBC, consists of a single stage radial compressor and a 
single stage axial turbine. 

Operation 

In the current experiments, the test rig is not used to its full capacity. The turbochargeris not 
included in a closed circuit, i.e. air from the compressor is not led back into the test rig via the 
pressure barrel, but leaves the test rig into free air. Instead, the test rig is operated in start-up 
mode, resulting in lower flow veloeities and temperatures, which are more than adequate for the 
initial flow quality tests. In short, the test rig is operated as follows: 

Air from the compressed air network is led into the pressure barrel by opening the compressed 
air valve. When the air reaches the turbo charger, the turbine starts rotating, and the air leaves 
the test rig through a chimney. Sirree the blow-off valve Yb is always open during the current 
experiments; there is no pressure build up at the compressor and the power demand of the turbo 
charger is low. Then the gas valve Yg is opened, to allow the cambustion chamber to be ignited. 
The temperature in the cambustion chamber will slowly rise to its operating temperature, which 
is determined by the mass flow and the fuel gas supply. 

compressor throttle valve Yt 

air 
compressed natura! gas 

Figure 2.2: Schematical representation of the experimental setup 
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2.2 The Wind tunnel 

screen 

honeycomb 

measurements 

Figure 2.3: Cross section of the wind tunnel 

The wind tunnel consistsof 4 sections (see figure 2.3): (1) the tunnel inlet, (2) the conditioning 
section, (3) the contraction and (4) the measuring section. Section (1) is a conversion from the 
round piping to the rectangular shaped wind tunnel. Section (2) consistsof a honeycomb-screen 
combination at the beginning, and a grid at the end of the section. Section (3) is a contraction 
in order to make the flow more isotropic. In section ( 4) the actual experiments are conducted. 
This section has room for a fiat plate to investigate boundary layer transition which is planned 
in the near future. It is at the start of this section where the flow conditions are measured. 

2.2.1 Conditioning section 

Honeycomb-screen combination 

The turbulent flow that leaves the cambustion chamber is rather undefined. It is expected that 
the flow contains a fair amount of large scale lateral fl.uctuations, called swirl, and smaller scale 
longitudinal fiuctuations. The use of honeycomb-screen combinations have been extensively 
discussed in literature, as a way to control both the lateral fl.uctuations and smaller scale lon
gitudinal fl.uctuations. In order to attenuate the lateral fl.uctuations a 'honeycomb' grid with a 
mesh size Mh of 9 [mm] is placed in the flow; the relatively large axial thickness of the honey
comb grid eliminates most lateral fl.uctuations. Directly after the honeycomb grid, a screen with 
a mesh size Ms of 1.8 [mm] and a wire diameter b8 of 0.4 [mm] is placed in order to attenuate the 
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longitudinal fluctuations, which are additionally produced by the honeycomb grid itself. Figure 
2.4 shows the typical dimensions of a honeycomb, a screen and a grid. Immediately after the 
screen the turbulence intensity increases because of the recombination of the separated flows, 
this process will take approximately 10 wire diameters. The honeycomb-screen combination 
will bring the longitudinal fluctuations down to 2 [%] within 20 mesh lengths Mh downstream. 
Figure 2.5 shows the expected turbulence development in the wind tunnel. 

(b) (c) 

Figure 2.4: The typical dimensions of a (a) honeycomb (b) screen and (c) grid 

The grid 

A coarse grid is placed 180 [mm] downstreamof the honeycomb-screen combination, in order to 
generate a flow with a slowly decaying, well known, turbulence intensity. The coarseness of the 
grid assures the production of large scale vortices, which in turn dissipate over a relatively long 
length scale. The grid is constructed with a mesh size M 9 of 18.25 [mm] and a wire diameter b9 
of 3.2 [mm]. 

Contraction 

A contraction is typically used to increase the isotropy of the flow. It is capable of reducing 
differences in the velocity fluctuations: longitudinal fluctuations are attenuated by a factor C 
and lateral fluctuations are amplified by a factor /C, C being the contraction defined as the 
surface ratio befare and after the contraction: 

(2.1) 
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The contraction connects the conditioning section, with a surface of 129.21 [cm2], with the 
measuring section of the tunnel, which has a surface of 90 [cm2], resulting in a contraction C of 
1.44 [-]. 

5 ............................. 

~~ ~ ~ ~ 

- ~ - -·-·-·-·-·-·-·-·-· - ·-·-·--·- -·-·-·-·---·-·-·-·-·-·-·-·-·-·-·--·-·--· -- ~ 180 I ... .. 

~~ Screen 
Wind tunnel 

~ 
I 

Honeycomb Grid Contraction 

Figure 2.5: Expected turbulence development in the wind 
tunnel (from: Beljaars[3]) 

2.2.2 Measuring section 

The measuring section is the part of the wind tunnel where the experiments are actually con
ducted. The section is 150 [mm] high and 60 [mm] wide and has a lengthof 462 [mm]. The 
sectionis designed to fit in a 370 [mm]long flat plate, designed and built by Barel, to investigate 
boundary layer transition in future experiments. However, the current experiments in the wind 
tunnel are conducted without the preserree of the flat plate. 

The section is designed with a removable top for easy access. The top is provided with three 
welded cams with an inside diameter of 7 [mm], two at the beginning of the section and one 
near the end, to allow access for measuring probes. The two front cams are supported by a 
structure that can fix the probes at variabie height, allowing for flow measurements over the 
complete height of the tunnel. Figure 2.6 shows a cross section of the wind tunnel and supporting 
structure. 
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Figure 2.6: Cross section of the wind tunnel plus supporting 
structure to fixate measuring probes at a vari
abie heigth 

2.3 Flow conditions 

During the experiments the test rig is operated in "hot" or "cold" mode, i.e. withor without 
the cambustion chamber ignited, which creates completely different flow conditions in the wind 
tunnel. When the cambustion chamber is not ignited, the air is taken directly from the com
pressed air network, resulting in a flow with a temperature of approximately 293 [KJ. In hot 
mode, the cambustion chamber is operated near its lowest point of operation in order to extend 
the life span of the hot-wire probes, resulting in an air temperature of roughly 600 [KJ in the 
wind tunnel. The mass flow at this operation point is about 0.25 [kg /s], which is below the 
maximum of 0.3 [kgf s] that can betaken from the network. Table 2.1 shows the flow conditions 
in the wind tunnel for both cold and hot operation. 

Length and time scales 

In order to measure turbulent phenomena, it is useful to know their length and time scale. In 
turbulence measurement it is customary to take the length scale from the size of the turbulent 
eddies. 
Turbulent flow typically consistsof eddies of different sizes. Turbulent energy is extracted from 
the main flow by large eddies with length scales that are comparable with the dimensions of the 
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cold mode hot mode 
T 293 600 [K] 
ril 0.20 0.25 [kg s-1] 
u 20 45 [ms-1] 

Reu 13·105 9·105 [m-1] 
u' 5-10 5-10 [%] fJ 

Ma 0.06 0.09 [-] 

Table 2.1: Typical flow conditions in the wind tunnel 

flow. The energy is transferred from large eddies tosmaller and smaller eddies until finally the 
energy is dissipated in the smallest eddies. The size of these dissipating eddies depends only 
on the kinematic viscosity v and on the dissipation rate c and is described by the Kolgomorov 
length scale ry, defined as 

(2.2) 

However, the contribution of these eddies tothefree stream turbulence level is only small. The 
Taylor mieraseale Àr gives an estimate on which eddies contribute significantly to free stream 
turbulence. For isotropie turbulence, the Taylor mieraseale can be estimated as 

Àr = (15) 
112 

Re-112 
L A L 

(2.3) 

where A is a constant near unity and L is the largest eddy size, which approximately equals 
the mesh size of the grid (L ~ 0.018 [m]). Using the unit Reynolds numbers from table 2.1 this 
results in Taylor mieraseale of Àr ~ 4 · 10-4 [m] for the cold flow and Àr ~ 5 · 10-4 [m] for the 
hot flow. The time scale of these eddies can be determined with the free stream velocity U: 

>.r 
T=-

U 
(2.4) 

This results in a time scale of the smallest important eddies of T ~ 13 · 10-6 [s] for the cold flow 
and T ~ 8 · 10-6 [s] for the hot flow. 

2.4 Flow quality 

To find out whether a wind tunnel is suitable toperfarm flow measurements in, a more qualitative 
approach to investigate the flow conditions is required. In particular the planned transitional 
boundary layer research poses certain demands on the quality of the flow in the wind tunnel. 
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Reproduetion of the results 

One of the more general aspects of wind tunnel quality is the ability to reproduce similar results 
from experiments. This quality aspect is quite easy to check against results from this report 
and against results from experiments conducted in the wind tunnel by Barel in November 1996. 

Stationarity 

Another general aspect is the level of stationarity of the flow, i.e. if the flow parameters like 
free-stream velocity U, temperature T and free-stream turbulence intensity Tu remain constant 
over long time scales (0.5- 10 seconds). This aspect is quite important, since a long measuring 
time typically discerns wind tunnel experiments from, for instance, shock tube experiments. 
However, Barel observed a slow fluctuation in the mass flow taken from the compressed air 
network and a correction of the data is needed if significant change in mass flow is observed 
while conducting experiments. 

Homogeneity 

A quality aspect that is important for boundary layer research is the level of homogeneity of the 
flow, i.e. whether free-stream velocity U, temperature T and free-stream turbulence intensity 
Tu are constant in generaL Grant and Nisbet[12] investigated the homogeneity of free-stream 
turbulence intensity in a lateral cross-section of the flow, downstream of a turbulence grid. Their 
experiments showed that time averaged turbulence intensity varies between 95 [%] and 115 [%] 
overspace during at least 80 mesh lengths. Figure 2.7 shows the variation of the time averaged 
turbulence intensity in a lateral cross section of the flow. They also found that homogeneity of 
turbulence intensity is improved by increasing the mesh size Mg of the grid. 

Figure 2. 7: Homogeneity of free-stream turbulence intensity 
in a lateral cross section of the flow downstream 
of a turbulence grid (from Grant and Nisbet[12]) 
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Experiments conducted in this report measure both free-stream velocity and turbulence intensity 
at different vertical positions in the wind tunnel using a hot-wire probe. The means to vary 
the horizontal position of the hot-wire in the flow are limited and it is therefore not possible to 
measure in a complete lateral cross section of the flow. Still the measurements are expected to 
give a good indication of the homogeneity of the flow. 

Isotropy 

Another important aspect is level of isotropy of the flow. In isotropie flow the fluctuating velocity 
component in streamwise direction is the same as the components in lateral direction: u' = v' = 
w'. However, turbulence is generally an anisotropic phenomenon with the streamwise fluctuation 
component u' different from the component perpendicular to the flow direction v'. Comte-Bellot 
and Corrsin[8] investigated the influence of a contraction on turbulent isotropy and they found 

an anisotropy, defined as V u12 jv'2 , between 1.07 and 1.35, which slowly decreased downstream 
distance increased. The current hot-wire probe does not allow for simultaneous measurement of 
two velocity components, therefore the level of isotropy of the flow is not measured. 
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Chapter 3 

Hot-wire anemometry 

According to King[14], the first use of a platinum wire, heated by an electric current, for the 
measurement of wind velocities, dates from the beginning of the 20th century. The hot-wire 
anemometer, however, as an instrument to measure rapid turbulent velocity fluctuations, dates 
from the late 1920's. Since that time, many improvements have been brought to the technique. 
Now the hot-wire anemometer provides most of the reliable experimental information on the 
dynamic structure of turbulent flows. 

3.1 Introduetion 

Hot-wire sensors are thin metallic wires with a typical diameter of 1-5 [J.Lm] and a typicallength 
of0.2-2 [mm]. They are usually made ofplatinum or tungsten, but sametimes platinum-rhodium 
or iridium are used. Depending on the material, the wires can be soft soldered or electrically 
welded onto a prong in several possible configurations; most common are a simple single wire, 
shown in figure 3.1, or cross wire configuration. The wire is placed normal to the incident 
flow and heated by an electric current above the ambient temperature. It is cooled mainly by 
convection of the incoming flow, consequently changing the electdeal resistance of the wire. 

probe 

Figure 3.1: A typical single wire probe 

The hot-wire can be operated in several ways, of which Constant Current Anemometry (CCA) 
and Constant Temperature Anemometry (CTA) are the most commonly used. In the first setup, 
CCA, the wire is supplied with a steady de voltage in series with a large resistance, in order to 
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keep wire current I constant. In the second setup, CTA, the wireis part of a feedback system, 
which is designed to keep the resistance of the wire constant, by varying the electrical current 
through the wire. This system, although more complex, has a much higher frequency response 
and is therefore used in current experiments. For more general information about hot-wires and 
their mode of operation the reader is referred to Bruun[6]. 
A general property of hot-wire anemometry is its sensitivity to both velocity and temperature 
fl.uctuations. Since the fl.uid temperature of many fl.ows changes with time, either in the form 
of a slow drift or in the form of fl.uctuations in a non-isothermal flow, this could become a 
problem when trying to measure velocity fl.uctuations only. In the current experimental setup 
the measuring section is located less than half a meter downstream of a cambustion chamber, 
making temperature fl.uctuations very likely to occur. Several methods are presented in literature 
to either compensate for or measure these temperature fl.uctuations. In this chapter a method 
will be discussed to separate temperature fl.uctuations and velocity fluctuations from one single 
hot-wire signal, thus giving insight in both quantities. 

3.2 Hot-wire theory 

In order to understand the operation of a hot-wire, it proves helpful to write down the energy 
balance of the wire. The differential equation descrihing the complete energy balance consists 
of the following terms: 

(5) 
(3.1) 

the numbered terms representing: 

1. heat transfer by conduction; with Aw the surface of the wire [m2], kw the heat transfer 
coeffi.cient of the wire material [W m-1 K-1] and Tw the wire temperature [K] 

2. heat transfer by electric current; with I the electrical current through the wire [A], Rw the 
electrical resistance of the wire [0], and l the lengthof the wire [m] 

3. heat starage in the wire; with Pw the density of the wire material [kg m-3] and Cw the 
specific heat of the wire material per unit mass [J kg-1 K-1] 

4. heat transfer by forced convection; with h the convective heat transfer coefficient of air 
[W m-2 K-1], dw the wire diameter and T the ft uid tem perature [ K] 

5. heat transfer by radiation; with CT the Boltzmann constant; 5.674 10-8 [W m-2 K-4], E the 
emissivity [-] and Ta the temperature of the surroundings 

24 



Fortunately equation (3.1) can be simplified. Constant Temperature Anemometry means that 
there is always state of equilibrium 8Tw/8t = 0, eliminating the possibility of heat starage in the 
wire and thus eliminating the 3rd term. During normal operation the heat transfer by radiation 
is very small (at an overheat ratio of 1.5 the heat transfer by convection is a factor 104 larger) 
and thus the 5th term is omitted in the rest of this discussion. 
For an infinitely long wire, the conductive losses at the ends -due to a temperature gradient 
between prang and wire- can be ignored and from equation (3.1) the heat balance for a wire 
element of length l can be written as: 

(3.2) 

h being the convective heat transfer coefficient [wm-2 K-1] as used in the Nusselt number: 

combining (3.2) and (3.3) gives: 

Nu= hd 
k 

12 Rw = 1rlk(Tw- T)Nu 

(3.3) 

(3.4) 

In many convective heat transfer applications the Nusselt number is written as a function of the 
Reynolds number only, i.e. 

Nu= f(Re), (3.5) 

which is aften put in the farm of King's law: 

Nu= A+ BRe112 (3.6) 

A and B being empirica! constants, which are determined by calibrating the hot-wire. Combining 
equations (3.4) and (3.6) gives: 

J2 Rw = A + B Rel/2 
Tw-T ' 

(3.7) 

with 1rlk incorporated into constauts A and B. 
For a hot-wire of finite length the conductive end losses can not be neglected. In practice this 
means that the square root heat transfer relationship in equation (3. 7) is not very accurate and 
has to be rewritten as 

12Rw _ n 
Tw-T -A+BRe (3.8) 
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with A, B and n constants which are to be determined during calibration of the hot-wire. For 
most hot-wire applications, the wire voltage Ew = I Rw is introduced in equation (3.8): 

(3.9) 

The overheat of the wire to the surrounding fl.uid, Tw - T, is often expressed in more practical 
wire resistances, 

(3.10) 

Rwo and Rw being respectively the electrical resistance of the hot-wire at the ambient tem
perature T and overheated temperature Tw, a2o being the heat transfer coefficient of the wire 
material (generally taken at 20 [°C]) and Rw2o being the wire resistance at this temperature. 
Another expression that is often used in hot-wire anemometry is the overheat ratio r 0 , defined 
as 

Rw 
ro=--

Rwo 
(3.11) 

3.3 Separation of velocity and temperature fl.uctuations 

Introduetion 

As mentioned in the beginning of this chapter, a disadvantage of using the hot-wire technique for 
measuring turbulence intensity (i.e. velocity fl.uctuations) is the simultaneous effects of velocity 
and temperature fl.uctuations. In many cases it is acceptable to simply neglect temperature 
fl.uctuations, but in the case of a heated gas coming out of a turbine cambustion chamber, 
temperature fl.uctuations must be considered. In literature several methods can be found to 
compensate for or measure temperature fl.uctuations. Some methods involve a temperature 
sensor implemented in the hot-wire probe to measure the temperature fl.uctuations, but these 
temperature sensors have a frequency limit of 100 [Hz], and are, therefore, too slow for the 
current application. A very common method is the resistance-wire method, where a very thin 
wire at a low overheat ratio is operated in Constant Current mode, to measure temperature 
fl.uctuations. To obtain a frequency response in the order of 104 [Hz], the wire diameter has to 
be smaller than 0.5 [ftm], which means that it is too fragile for the current application. Another 
method which incorporates two probes is the dual CT hot-wire methad (see: Sakao [21], Blair 
and Bennet [5] and Lienhard and Helland [17]). With this method two parallel hot-wire probes 
are operated at different overheat ratios and placed closely tagether in order to measure the 
same velocity and temperature field. This method is both durable and fast, but unfortunately 
the required distance between the hot-wires is a lot longer than the typicallength scales in the 
flow and, therefore, this method is rejected. 
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The multiple overheat ratio method 

The multiple overheat ratio method uses only one CT hot-wire probe, which is operated sequen
tially at several different overheat ratios. The method was first used by Corrsin[9] at low-velocity 
flow and later by Kovasznay[15] for supersonic fiows. 
Fortunately, the sensitivity of a hot-wire is different for temperature fiuctuations than it is for 
velocity fiuctuations. In general, a hot-wire is more sensitive to temperature fiuctuations at low 
overheat ratios and is more sensitive to velocity fiuctuations at higher overheat ratios. This 
could be the key in trying to separate both fiuctuations from one fiuctuating hot-wire signal. 

The hot-wire signal E depends on velocity as well as on temperature fiuctuations, i.e.: 

E = j(u',T') (3.12) 

The fiuctuation is defined as its deviation from the time averaged value. Applying that to the 
quantities of interest here, we get: 

E(t) 
U(t) 

T(t) 

E + e'(t) 

U+ u'(t) 

T + T'(t) 

(3.13) 

(3.14) 

(3.15) 

The time dependency t is not repeated in the rest of this section for the sake of simplicity. By 
applying the chain rule to (3.12) the first order estimate of the fiuctuation e' in the hot-wire 
signal can be obtained: 

e' = Su u' + So T' (3.16) 

with Su and So respectively the velocity and the temperature sensitivity, that can be written as: 

(3.17) 

(3.18) 

Figure (3.2) shows typical values of Su and So for tungsten hot-wire with a length of 2 [mm] 
and a diameter of 5 [J.lm]. It can be seen that for a certain velocity, the temperature sensitivity 
So of the hot-wire, decreases with increasing values of Tw - T and the velocity sensitivity Su 
increases with increasing values of Tw- T. Therefore it is recommended to operate the hot-wire 
at a low overheat ratio when temperature sensitivity is needed and vice versa. 
Squaring and averaging of (3.16) results in the familiar Root Mean Square (RMS) 1 equation: 

1 Definition of the RMS value e" of n measured values of voltage E is e" = M = f (E;:E)2 

j=l 
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(3.19) 

Equation (3.19) is a linear equation with three unknowns (u'2), (T'2) and (u'T) and can thus be 
solved by a system of three linear equations. In practice this is clone by determining the RMS 
value (e'2) from the anemometer voltage signal E at three different overheat ratios r 0 of the 
hot-wire, generating the following set of linear equations in matrix notation: 

Ax=b (3.20) 

x= [ ~~~~~ l 
(u'T') 

(3.21) 

Solving this set of equations is pretty straightforward by employing a number of methods, but 
this does not necessarily mean that the found salution vector x is accurate. Depending on the 
coeffi.cients in matrix A, the calculated salution can be very sensitive to small errors in either 
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the coefficients or the solving process itself. Such a system of linear equations is said to be 
ill-conditioned. The opposite situation is also possible: if the salution is relatively strongly 
indicated by the equations, and thus small errors do not infl.uence the salution at all, the system 
is said to be well-conditioned. 

Condition number 

The condition number K, of matrix A, defined as 

(3.22) 

indicates whether a system of linear equations is either well- or ill-conditioned. A condition 
number K,(A) near 1, means that the system Ax = b is well-conditioned. A large condition 
number on the other hand indicates ill-conditioning. 
The condition number can also be used for estimating the effect äx of an inaccuracy äA in A 
or äb in b. It can be shown that the relative inaccuracy of x is related to that of matrix A via 
the condition number by the inequality: 

ll8xll < (A) II8AII 
l!x!! =/\, !!All 

The same can be clone for an inaccuracy in b causing an inaccuracy in x: 

l!8xl! < (A) ll8bll 
l!xll = K, llbll 

(3.23) 

(3.24) 

It should be noted that x and b are both veetors and thus equations (3.23) and (3.24) reveal 
nothing about theseparate errors of their elements 8xi and 8bi. 

Separating a randomly generated hot-wire signal 

In order to investigate the reliability of the separation method, it is tested on a hot-wire signal 
that emerges from randomly2 generated velocity fl.uctuations u' and temperature fl.uctuations 
T' using equation (3.16) with typical values for Su and Se. With the RMS values of the three 
generated hot-wire signals, the set of linear equations(3.21) is solved for the RMS values of the 
velocity and temperature fl.uctuations, which are in turn compared to the RMS values of the 
original, random generated fl.uctuations. 

Results of several tests indicate that the temperature fl.uctuations are very well separated from 
the hot-wire signal. The relative error of the solved RMS values stays well within 10 [%]. The 

2Much attention is given to the choice of the random generator, sirree it should be capable to produce three 
large sets of random values for both u' and T' 
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velocity fluctuations, on the other hand, are not so well separated. Some of the solved RMS 
values are quite close to the original, but in general the solutions are widely spread around the 
original value, with relative errors up to 100 [%]. 

The souree of this error turns out to be imbedded in the methad of separating the hot-wire 
signal. When solving thesetof linear equations (3.19) it is assumed that (u'2), (T'2)and (u'T') 
are identical for the three equations, i.e. overheat ratios. This is an ideal situation, which is only 
achieved when ( u'2), (T'2) and ( u'T') are determined from an infinitely long fluctuating signal. 
In reality (and simulation) only a finitesetof data points is recorded, and thus automatically an 
error is introduced in the RMS value of the hot-wire signal ( e'2). Due to the rather unfortunate 
condition number of matrix A (see below), this error can lead to much larger errors in salution 
vector x as described in equation (3.24). 
The above can easily be checked with another simulation. This time, temperature fluctuations 
for the three overheat ratios are generated with only one set of random numbers, the same is dorre 
for the velocity fluctuations, using a different set of random numbers. In this way, it is assured 
that (u'2), (T'2)and (u'T') are identical for the three equations. The result is reassuring: the 
RMS values of velocity and temperature fluctuations are solved with great accuracy. However, in 
reality (u'2), (T'2) and (u'T') are seldom identical at different overheat ratios, and therefore a low 
condition number K:(A) is imminent to prevent this automatic introduced error from generating 
even larger errors in the salution vector x. 

But why is the spread in the solutions for the velocity fluctuation so much larger than the 
solutions for the temperature fluctuation? To answer that question it is necessary to look into 
the varianee of salution vector x. First equation (3.21) has to be rewritten as: 

(3.25) 

The varianee of vector x, denoted by var(x), is obtained after applying the following matrix 
operation: 

var(x) =(A - 1)var(b)(A -l)T (3.26) 

rearranging (3.26) gives: 

var(x) =(A - 1)(A -lf var(b) = A'var(b) (3.27) 

A' being the inverse times the transposed inverse of matrix A, var(x) being the vector with 
elements O";; and var(b) = O"~;I , I being the unit matrix with lij = 1 for i= j and lij = 0 for 
i=/= j. From (??) can beseen that the varianee of vector element Xi is determined by A~ibi. 

It turns out that when matrix A is filled with typical values for Su and So, the coeffi.cient A~ 1 of 
resulting matrix A' is a factor 10 larger than coefficient A22 . Thus, regardless of the varianee of 
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b (it turns out that the varianee of elements bi will nat vary more than a factor 2, see Appendix 
A), this means that the spread in the solutions for (u'2) (vector element x1) is 10 times larger 
than the spread in solutions for (T'2) (vector element x2) for this specific matrix A. The actual 
magnitude of the spread depends, of course, on the varianee of the vector elements bi, which in 
turn depends on the varianee of the velocity and temperature signal, i.e. the magnitude of the 

velocity and temperature fluctuations, see equation (A.25) with bi= (e')~: 

Optimizing the system of linear equations 

The reliability of the solutions of the system of linear equations depends strongly on its matrix A 
and thus, depends strongly on the definition of the system of equations. The condition number of 
the matrix indicates the stability of the system. Therefore, the system of equations is optimised 
by minimising the condition number as much as possible. In this section the influence of several 
parameters on the condition number is investigated. 
In general, a well defined system of linear equations Ax = b is characterised by coefficients in A 
that are of the same order of magnitude, but nat toa similar in column- or row-wise direction. 
Regarding the definition of matrix A from (3.21): 

the row-wise variation of the coefficients S~, S~ and 2SuSe depends on the applied overheat 
ratios, the column-wise variation lies more in the definition of the problem itself. 

Influence of the overheat ratio 
It can beseen from figure 3.2 that for flow veloeities above 10 [m/ s] Su and Se are of the same 
order of magnitude at different overheat ratios. As a result the coefficients in matrix A will 
be of the same order of magnitude toa. The velocity sensitivity coefficient Su is only weakly 
dependent on the overheat ratio at these speeds. The temperature sensitivity Se is cut in half 
when the overheat ratio is increased from r0 = 1.1 to r0 = 1.4. Thus, to obtain much row-wise 
variation in the coefficients in A, it seems appropriate to choose the overheat ratios as far apart 
as possible. However, in reality there are limitations to the applied overheat ratios; a high 
overheat ratio means a risk of melting the hot-wire, a low overheat ratio means the danger of 
introducing non-linear effects in the temperature sensitivity of the hot-wire. 
Figure 3.4 shows the condition number of matrix A versus the relative overheat ratio p

0
(r0 ) 

defined as: 

(3.28) 

for a flow velocity of 50 [m/ s] and a temperature of 625 [KJ at various chokes of the overheat 
ratios r 01 and r a3 • 
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The lowest condition numbers are obtained when the minimum and maximum overheat ratio, 
Tol and T0 3, are chosen as far apart as possible and the minimum overheat ratio is relatively low 
as for setup (d), (e) and (f). The individual curves show that the optimal condition number 
is typically found at a relative overheat ratio between 0.2 and 0.4, and nat at 0.5 as might be 
expected. 
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Figure 3.4: Condition number versus relative overheat ratio for T01 and 
T0 3 of (a) 1.3- 1.8 (b) 1.2- 1.6 (c) 1.1- 1.4 (d) 1.05- 1.5 (e) 
1.1- 1.6 (f) 1.1- 1.8 

Influence of the problem definition 
The fact that Su and So are of the sameorder of magnitude is by no means a coïncident. It is a 
result of careful sealing of the relation between the output hot-wire voltage fl.uctuation and the 
velocity and temperature fl.uctuations, 

e' = Su u' + So T' (3.29) 

with e' the fl.uctuating component of the anemometer output voltage E. It is also possible to 
write this equation in a dimensionless farm (see [2]): 

e' u' T' 
= =S:=+Sê=, E U T 

or, for the fl.uctuating component for the hot-wire voltage Ew: 

e' = S** u' + S** T' w u (} ' 
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all with a different effect on the velocity and temperature sensitivity coefficients. It turns out 
that the dimensionless definition (3.30), rescales the separate sensitivity coefficients in such a 
way that the resulting condition number of matrix A is at least a factor 102 larger for several 
configurations of the overheat ratio. Definition (3.31), on the other hand, changes the magnitude 
of the sensitivity coefficients, but is does not change the ratio between them and therefore 
condition numbers in the range of definition (3.29) are obtained. 
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Figure 3.5: Condition number versus relative overheat ratio at the opti
mum choice of overheat ratios rol and r 0 3 for (a) dimension
less definition (b) anemometer voltage definition ( c) hot-wire 
voltage definition 

Figure 3.5 shows the condition number of A versus the relative overheat ratio at the optimum 
choice of the overheat ratios r 0 1 and T0 3 for the three separate definitions. The less favorable 
condition number for the dimensionless definition is quite obvious. It should be noted that all 
calculated condition numbers are for a typical hot-wire3 with a diameter of 5 [pm] and a length 
of 2 [mm] at a flow velocity of 50 [m/s] and a temperature of 625 [K]. 

3 A hot-wire which complies to the heat transfer relation found by Collis and Williams[7]: 

[
T ] -0.17 

Nu =f = 0.24 + 0.56 Re0
·
45 for 0.02 < Re < 44 
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Chapter 4 

lmplementation 

4.1 The hot-wire probe 

The hot-wire probe was designed by Barel[2]. The prongs of the hot-wire are made of Nimonic 
90, which is a strong, high temperature resistant super alloy, which is known for the ability to 
attenuate mechanic vibration. 
The prongs have a diameter of 0.4 [mm], a totallength of 225 [mm] and protrude 6 [mm] out of 
the ceramic casing of the probe. Figure 4.1 shows the layout of the prongs. The distance between 
the tips of the prongs is typically 2 [mm], but can be adapted to accommodate forsmaller hot
wires, down to 1.25 [mm]. The total electrical resistance of the prongs in the current setup is 
4.2 [D] 

13 u 2 

fs 
..p.. 

195 21 

225 detail 

Figure 4.1: The dimensions of the hot-wire probe and prongs 

The hot-wires are made of platinum plated tungsten, which has an oxidation temperature of 
about 600 [KJ; only slightly higher than the oxidation temperature of ordinary tungsten. Since 
the hot-wire is operated at a maximum overheat ratio of r 0 = 1.4, the oxidation temperature 
will be exceeded by approximately 100 [K] and contamination of the wire will certainly occur. 
To compensate for the change in properties of the wire, it needs to be calibrated before every 
experiment. 
The advantage of tungsten toother popular hot-wire materials, like for instanee platinum which 
has an oxidation temperature of 1400 [K], is its superior strength: a hot-wire made of tungsten 
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is much more likely to survive an impact of a partiele present in the exhaust fumes of the 
cambustion chamber. Tungsten hot-wires with a diameter of 2 [~-tm] have been used in the past, 
but proved too fragile. The wires that are used during the current experiments have a diameter 
of 5 [~-tm]. 

4.2 Calibration 

Although there are many empirical equations to describe the heat transfer relationships of a 
hot-wire, still the best results are obtained by calibration of the hot-wire. Frequent calibration 
also ensures that time-specific properties of the wire, like aging and contamination, are taken 
into account. 

4.2.1 Setup 

A hot-wire is generally calibrated by placing it in a flow with a well know variabie reference 
velocity UR and a low turbulence intensity (Tu < 0.5 [%]) while recording the anemometer 
output voltage E. The calibration setup consistsof a mass flow meterfcontroller from Bronkhorst 
Hi-Tee connected to the compressed air network to regulate the mass flow, and a nozzle with a 
exhaust surface of 120 [mm2]. Between the flow meter and the nozzle a Leister 5000 air heater 
is placed, which can heat the air flow to 350 [KJ, but it is not used in the current calibration 
process. The hot-wire probe is connected to the anemometer and the wire is placed directly 
behind the nozzle, in the middle of the exit flow. Flow veloeities up to 30 [m/ s] can be reached. 
Figure 4.2 shows a schematic representation of the calibration setup. 

hot-wire 

LJnozzle 

CTA 

valve main valve 

Figure 4.2: Schematical representation of the 
calibration setup 
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4.2.2 Procedure 

When the Wheatstone bridge in the anemometer is balanced, the relation between the anemome
ter output voltage and the wire voltage Ew is 

(4.1) 

RL being the resistance of the prongs and cables and R1 being the bridge resistance, with a 
value of 50 [DJ. Figure 4.3 shows the electdeal circuit of a hot-wire anemometer operated in 
constant temperature mode. For the current experiments the hot-wire is calibrated for three 
overheat ratios, i.e. 1.1, 1.25 and 1.4, with the overheat ratio r0 defined by equation (3.11): 

Rw 
ro=--

Rwo 

Todetermine the overheat ratio, first the wire resistance at the fluid temperature Rwo, or zero
overheat resistance, needs to be determined. Therefore the hot-wire is placed in the flow while 
the anemometer is operated in temperature mode, recording the voltage over the bridge. The 
variabie resistance of the Wheatstone bridge is adjusted by the dials on the anemometer until 
the bridge is balanced, i.e. the voltage over the bridge is zero. The resistance dialied-in on 
the anemometer is now the probe resistance at zero overheat Rpo, which equals the sum of the 
hot-wire and the prong and cable resistance, i.e.: 

(4.2) 

and thus the zero-overheat resistance of the hot-wire can be determined. 
Next the hot-wire needs to be heated to a temperature above the fluid temperature. To op
erate the wire at a certain overheat ratio r0 , the anemometer is put in velocity mode and the 
Wheatstone bridge dialied in on the probe resistance, determined by: 

(4.3) 

The feedback circuitry in the anemometer assures that the wire resistance remains constant by 
adjusting the electdeal current though the wire; thus keeping the wire at the same overheated 
temperature. The hot-wire is calibrated by recording the anemometer output voltage at different 
flow veloeities by adjusting the mass flow through the nozzle. The procedure is repeated for the 
other overheat ratios. 

4.2.3 Choice of the heat transfer relationship 

After the anemometer output voltage is recorded at several reference veloeities in a predeter
mined range, the data needs to be fitted to a suitable heat transfer relation. The empirical heat 
transfer relationship equation(3.9): 
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with A, B and n being the calibration constants, is generally used and allows for moderate 
variations in the fl.uid temperature T of about 80 [KJ. 

Collis and Williams[7] introduced an impravement in the farm of a temperature loading factor 
for the Nusselt number: 

(
T ) -o 17 

Nu ,J =A+BUn, 

with r, the film temperature of the hot-wire, defined as: 

Tw+T r,=---
2 

( 4.4) 

(4.5) 

Combining (3.9), (4.4) and (4.5) results in the proposed heat transfer relationship for the hot
wire probe: 

E; = (Tw + T)0.17 (A BUn) 
Rw(Tw- T) 2T + (4.6) 

4.2.4 Calibration results 

Figure 4.4 shows the calibration data for the hot-wire that is used in the current wind tunnel 
experiments. The hot-wire is 2 [mm] long and has a diameter of 5 [pm]. The calibration is 
performed at an overheat ratio of 1.1, 1.25 and 1.4. The calibration constauts A, B and n 
for each separate overheat ratio are obtained by fitting equation ( 4.6) to the separate data 
sets. Table 4.1 shows the calibration constauts for the three overheat ratios r 0 • The resulting 
calibration curves are extrapolated up to 60 [m/ s] and also plotted in figure 4.4. 

1.1 1.08x1o-4 

1.25 l.04x1o-4 

1.4 1.06 x 10-4 

B 
7.7lx1o-5 

7.93x1o-5 

7.52x10-5 

n 
0.47 
0.46 
0.46 

Table 4.1: Calibration constauts at different overheat ratios 

It can beseen from the table that the calibration constauts are different for each overheat ratio. 
This confirms the distrust in using an universa! calibration for a hot-wire operated at several 
different overheat ratios. 
This is especially true for tungsten hot-wires. With their much higher thermal conductivity 
than for instanee platinum (190 [wm- 1K-1] versus 70 [wm-1K-1] at 273 [K]), they suffer 
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Figure 4.4: Calibration curves for a 2 [mm] platina plated 
tungsten hot-wire with a diameter of 5 [J.Lm] at 
three overheat ratios 

more from heat losses to the prongs, which decreases the effective length of the heated wire 
with the cold length lc (see Bruun[6, pp.24]. The infl.uence of the overheat on the ratio on the 
cold length, and thus the calibration constants, is decreased by choosing a slim wire. A slimness 
ratio, invalving the hot-wire lengthand diameter, of ljd 2: 200 is generally advised. The current 
hot-wire has a slimness ratio of 400 and therefore the infl.uence on the calibration constants is 
considered minimaL 
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4.3 Error sourees 

The design of the current hot-wire probe and its calibration procedure have their limitations for 
the current application. In this section these limitations are revealed, furthermore a few possible 
error sourees and their specific influence on the current measurement results are presented. 
It turns out that the calibration constants, but especially the hot-wire resistance, form error 
sourees for the measured velocity, whilst the hot-wire dimensions have a definite influence on 
the measured turbulence intensity. 

4.3.1 Calibration constauts A and B 

With the calibration unit that is currently available, only flow veloeities up to 35 [m/ s] and 
temperatures up to approximately 350 [K] can be reached; still well away from the conditions 
in the "hot" wind tunnel, with veloeities of 45 [m/s] and temperatures of 625 [K]. This means 
that the calibration curves have to be extended to the velocity and temperature ranges of the 
experiments. 

Velocity extension 

To accommodate for the higher velocities, the calibration curve is simply extrapolated. Clearly, 
the fitting of the calibration data to the right heat transfer relation becomes very important to 
minimise error in the extrapolated range. A relative error of 1 [%] in both A and B, can lead 
to an under or over-estimation of 3 [%] of the free-stream velocity. 

Temperature extension 

To review the influence of the temperature on the heat transfer relation, the fluid properties k, 
pand p, are extracted from the calibration constants A and B in (3.9) using the expressions for 
the Reynolds and Nusselt number: 

E~ =kA'+ k (f!_)n B'Un. 
Rw(Tw- T) p, 

(4.7) 

with density p calculated from the ideal gas law and, like the other fluid properties, evaluated 
at the hot-wire film temperature, defined by equation ( 4.5). Furthermore Sutherland's law has 
been applied to obtain the dynamic viscosity p,: 

r3/2 
J-L = 1.458 . w-6 T + 110.4 (4.8) 

When the Prandtl number Pr = cpp,/k is assumed constant over a certain temperature range, 
the heat transfer coeffi.cient k can be obtained from the heat transfer coeffi.cient at the reference 
temperature TR: 
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(4.9) 

Figure 4.5 shows the (theoretica!) temper at ure dependenee of the calibration constauts A and 
B at different overheat ratios, directly derived from the temperature dependenee of the fiuid 
properties. It can be seen that constant A doubles when evaluated at three times the reference 
film temperature, which shows as an upward translation of the calibration curve. Constant 
B, on the other hand, remains practically the same, leaving the shape of the calibration curve 
intact. 

a: 
0) 

m 

2 

- 1.5 

a: 
<( 
:;;: 

1.5 2 2.5 3 

Figure 4.5: The correction for the calibration constauts A 
and B when evaluated at film temperatures 
other than the reference temperature TJ R for 
Tw- T is (a) 27 [0C] (b) 70 [0C] and (c) 111 
[OC] 

4.3.2 Hot-wire resistance Rw 

The hot-wire resistance is an important parameter in determining the absolute velocity from 
the anemometer voltage E. It appears directly in the heat transfer relation ( 4.6) and indirectly 
by determining the wire voltage Ew from (4.1) and the wire temperature Tw from (3.10). The 
correction for the calibration constauts A and B depends also on the hot-wire resistance (via 
the wire temperature and the film temperature). It turns out that the obtained values for the 
velocity can be very sensitive to any errors in Rw: an under-estimation of 1 [%] in the hot-wire 
resistance can lead to an over-estimation of 40 [%] of the free-stream velocity, when the hot-wire 
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is operated at a low overheat ratio! Figure 4.6 shows the influence of an error in the hot-wire 
resistance Rw on the estimated free-stream velocity U at different overheat ratios of the hot
wire. The relative error in U, b..Eu in figure 4.6, is averagedover 50 computations in the velocity 
range of 30-60 [m/s]. The resulting standard deviation is too small to be visible in the plot. It 
can beseen that the sensitivity diminishes significantly when the hot-wireis operated at higher 
overheat ratios. 

100,----,--------------------, 

50 
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o-o r0 = 1.25 
,_, ro=1.4 

Figure 4.6: Influence of an error in the hot-wire resistance 
on the free-stream velocity estimate for different 
overheat ratios of the hot-wire 

In constant temperature anemometry Rw is generally well defined: apart from the -often 
negligible- prongs and cable resistance RL, it is directly dialled in on the bridge of the anemome
ter in two digit precision. With a typical hot-wire resistance at 625 [K] of about 15 [0], this 
would result in an accuracy of ±0.03 [%]. However, the prong resistance of the current probe is 
not negligible but 4.2 [0]; almost in the same order of magnitude than the hot-wire resistance 
itself. As long as resistance of the prongs is constant and well defined, this is not a problem. 
But when the resistance of the prongs changes, due to, for instance, a temperature change in 
the fluid, the hot-wire resistance will change accordingly (from equation 4.2, with Rp dialled in 
on the anemometer bridge). During hot experiments, the prong resistance cannot be measured, 
and therefore has to be estimated, introducing an unwanted uncertainty. Figure 4. 7 shows the 
resistivity versus temperature for Nimonic 90. The resistance of the prongs at 625 [K] is esti
matedat 4.4±0.1 [0], which is derived from the 5 [%] increase in resistivity for bulk Nimonic 90. 
This estimate is an upper limit, based on the assumption that the complete prongs, including 
the part shielded by the steel casing outside the wind tunnel, eventually obtain the ambient 
fluid temperature. The proposed uncertainty in the prong resistance results in an accuracy of 
±25 [%] for the obtained velocity at r0 = 1.1. 
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Figure 4.7: Resistivity versus temperature for Nimonic 90 
(data from [18]) 

4.3.3 Hot-wire dimensions 

The expected spatial dimensions of the turbulent phenomena in the wind tunnel during ex
periments in "hot" operation are quite small. To measure these phenomena, an even smaller 
hot-wire is needed that can be operated at a frequency higher than the occurring phenomena. 
It is clear, that when these conditions are not met, part of the turbulent energy spectrum is 
measured attenuated or not measured at all, resulting in an under-estimation of the turbulent 
intensity in the flow. 

Dissipating range 

Wyngaard[27] investigated the effect of incomplete spatial resolution on the measured velocity 
spectra in the dissipating range, i.e. for turbulent eddies of the size of the Kolgomorov length 
scale 'f/· Figure 4.8 shows the one-dimensional speetral response E:;:'" /Eu versus kl for several 
values of rJ/l for a hot-wire, with l the wire length, E:;:'"(k) and Eu(k) being respectively the 
measured and the true spectrum of the fiuctuating velocity component u, with Eu ( k) defined in 
such a way that 

00 

u2 = J Eu(k)dk, 

0 

k being the corresponding wave number, defined as: 
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k = 27rf. 
u (4.11) 

It can be seen from figure 4.8 that for hot-wires that are long compared to the Kolgomorov 
length scale, i.e. ryjl = 0, the 10 [%] attenuation point is for kl = 0.5, which equals 2000 [Hz] for 
the current 2 [mm]long hot-wire in a 50 [m/ s] flow. Fluctuations above 20 [kHz] are observed 
more than 80 [%] attenuated. This seems to comply with the rule of thumb that the smallest 
fl.uctuations that are measured have the dimensions of the hot-wire length, which results in a 
maximum effective measuring frequency of 2-10-3 [m] / 50 [m/s] = 25 [kHz]. 

Figure 4.8: The one-dimensional speetral response for a 
hot-wire probe, at several values of ryjl (from 
Wyngaard[27]) 

Wyngaard used an analytica! farm of the wave-number-magnitude spectrum Eu(k), represented 
by 

( 4.12) 

with a = 1.7 and é being the dissipation rate. Equation (4.12) is successfully used to correct 
the measured signal for incomplete spatial resolution in the isotropie dissipating range. Signal 
correctionsin the energy containing range, with turbulent eddies in the order of the microscale, 
are sametimes less successful, since turbulent phenomena in that range tend to be anisotropic. 

Energy containing range 

The length of the current hot-wire is quite a bit larger than the size of the energy containing 
eddies, in the order of the Taylor microscale. These eddies were considered still important in 
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determining the turbulent intensity ofthe flow. It is clear, that with the current wire dimensions, 
these eddies will appear attenuated in the measured turbulent energy spectrum and thus an 
under-estimation of the turbulent intensity is certain to occur. 
Bruun[6] derived arelation for the measured fluctuating velocity u~ for a wire-length l smaller 
than the Taylor mieraseale Àr, in the case of homogeneous, isotropie turbulent flow: 

u 2 = u 2 1---__ ( z2) 
m 6)..~ 

(4.13) 

predieting an under-estimation of the turbulence intensity of 4 [%] if the wire length is of the order 
of the Taylor mieroscale. Hogendoorn[13] performed measurements with a hot-wire that with a 
length of 2.5 times the Taylor mieraseale and found an underprediction of 30 [%] compared to 
the results obtained with a hot-wire half the mieroscale. With a current wire lengthof four times 
the mieroscale, an under predietion of the turbulence intensity of at least 50 [%] is expected. 
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Chapter 5 

Results 

5.1 Introduetion 

The quality of the flow in the wind tunnel, as described in chapter 2, will be determined using 
data obtained by hot-wire anemometry. The experiments are conducted in two very differ
ent flow conditions. The first measurements are performed at flow temperatures around room 
temperature, with air directly taken from the compressed air network. Profiles of velocity and 
turbulence intensity will be determined. The measurements in this stable, relatively well known 
flow serve as a reference for the next experiments: the "hot" experiments. During the hot ex
periments, the air from the networkis heated in a cambustion chamber toabout 625 [K], which 
will result in a flow that is a lot less neat. Apart from the velocity and turbulence intensity 
profiles, an attempt is made to determine the temperature fluctuations in the flow, with the 
multiple overheat ratio methad described in section 3.3. 

5.2 Measuring procedure 

Data from the experimentsis recorded on a computer equipped with an 12 bit 1/0 measuring 
card from National Instruments. A computer program called LabView is used to control the 
card and analyse the recorded signals. The procedure to record the hot-wire signal, is virtually 
identical for the "cold" and the "hot" measurements and is explained below in short: 

1. The resistance of the hot-wire Rwo is determined at the local flow conditions using the 
Wheatstone bridge of the anemometer in temperature mode (see section 4.2.2). 

2. The wire resistances Rw1 , Rw2 and Rw3 belonging to the overheat ratios at which the 
hot-wire is going to be operated, are determined using equation (3.11) and a calculator. 

3. The probe resistance Rp1 (hot-wire resistance Rw1 plus 4.2 [0] for prongs and cables) for 
the first overheat ratio is then dialled in on the anemometer. 

4. In Lab View1 : the minimum and maximum voltage of the resulting hot-wire signal are 
determined with a test recording. 

1 During measurements at room temperature this step is performed only the first time the hot-wire is operated 
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5. In Lab View: the measuring range is adjusted to ensure that it is as small as possible 
without the risk of cutting off the signal. By doing this the resolution for the 12 bit A/D 
converter optimally set. 

6. In Lab View: the required measuring frequency and the number of data points are checked 
and adjusted if necessary. 

7. The hot-wire signal is ready to be recorded. 

Steps 3 to 7 are repeated for the other overheat ratios. When the hot-wire signal is recorded at 
the designated overheat ratios, the hot-wire is adjusted to a lower position in the wind tunnel. 
Then steps 3 to 7 are repeated again in reverse order of the overheat ratio. This sequence is 
repeated until the hot-wire signalis measured at the lowest possible position in the wind tunnel. 
Figure 5.1 shows a schematic representation of the measuring sequence. 

130[mm] 

110 [mm] 

90[mm] 

Figure 5.1: The measuring sequence of the hot-wire signal 
for both the "cold" and "hot" experiments 

To obtain an independent measurement of the velocity in the wind tunnel, the mass flow is 
determined using a measuring orifice (see Appendix B). The pressure drop over the orifice and 
the absolute pressure just before it, are simultaneously recorded in Lab View during a hot-wire 
measurement. During hot experiments, the flow temperature in the cambustion chamber is also 
recorded. 

5.3 Measurements at room temperature 

When measuring at room temperature, air from the compressed air networkis led directly into 
the wind tunnel via the pressure barrel. Both the cambustion chamber and turbo charger are 

at a different overheat ratio. 
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not used. A mass flow of about 0.2 [kgjs] is taken from the network, which equals approximately 
20 [m/ s] in the wind tunnel. 
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Figure 5.2: Velocity m the wind tunnel during measure
ments 

During the experiments the average mass flow decreases slowly. Figure shows the velocity in the 
wind tunnel during the experiments, determined from the mass flow measurements at the orifice. 
Over a time span of 30 minutes, when the measurements took place, the mass flow decreased to 
an equivalent of 0.5 [m/ s] in the wind tunnel. 
The smallest possible vortices that can be measured with a 2 [mm]long hot-wire are of approx
imately the same length (section 4.3.3). With a mean flow travelling at 20 [m/s] this implies 
that it is not useful to measure with a frequency higher than 20/2 · 10-3 = 10 [kHz]. With the 
number of measured data points N set to 20000, this results in a measuring time of 2 [s]. Test 
samples of the anemometer signal indicate that the voltage range on the 1/0 card can be set 
to 0,5 [V]. This insures that signal fluctuations down to 1.2 · 10-4 [V] are still measured with 
the 12-bits A/D converter. Figure 5.3 shows the complete anemometer voltage signal E of the 
hot-wire operated at overheat ratios 1.1, 1.25 and 1.4. The signals are taken from measurements 
at 110 [mm] in the wind tunnel. Figure 5.4 shows an enlarged voltage signal at overheat ratio 
1.4. 

Velocity profile 

Figure 5.5 shows the velocity profile in the wind tunnel, measured at the three overheat ratios. 
All three profiles are relatively straight, with a bit higher veloeities near the bottorn of the wind 
tunnel. It is striking however, that the velocity measured at an overheat ratio of 1.1 is about 10 
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Figure 5.3: Anemometer voltage signal r 0 = 
1.1, 1.25 and 1.4 at 110 [mm] in 
the wind tunnel 
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Figure 5.4: Enlarged anemometer voltage 
signal, r0 = 1.4 at 110 [mm] in 
the wind tunnel 

[%] higher than the velocity measured at an overheat ratio of 1.4. The opposite is also observed 
in other measurements. The average velocity measurements are expected to give the same results 
in a constant temperature flow, regardless of the overheat ratio. This could indicate that the 
calibration is not accurate after the hot-wire is placed in the wind tunnel. However, the time 
between calibration and experiment, for the results in figure 5.5, is approximately 5 hours. It is 
therefore unlikely that the properties of the wire changed due to aging. 

Another explanation is that the flow temperature is not constant, but that there is a slight 
change in temperature of the flow coming from the compressed air network. When the flow 
temperature increases after the zero-overheat resistance Rwo is determined, this results in a 
decrease of the actual overheat temperature of the wire, which leads to an overestimation of the 
flow velocity and vice versa. The influence of temperature fluctuations is most noticeable when 
the hot-wire is operated at a low overheat ratio. The most accurate velocity profile is therefore 
abtairred with an overheat ratio of 1.4, the profiles abtairred with r0 = 1.25 and r0 = 1.1 are 
deflection due to temperature drift after the determination of the zero overheat resistance. This 
is also indicated by the fact that the measurements at h = 130 [mm] and h = 110 [mm], directly 
after Rwo is determined, produce almast identical results for the different overheat ratios. If the 
differences in the velocity profile are due to changes in flow temperature, then they seem to have 
occurred just befare the measurements at h = 90 [mm] and h = 70 [mm]. 

Figure 5.6 shows the profiles of the dimensionless velocity ratio, with the velocity ratio i defined 
as: 
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i= 
U orifice 

(5.1) 

Uw being the average velocity measured at the hot-wire, U orifice being the average velocity in 
the wind tunnel deducted from the mass flow through the orifice. This profile is thus corrected 
for the slow decrease in mass flow during the measurements. 
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Figure 5.5: Velocity profile in the wind tun
nel measured at three different 
overheat ratios 

Turbulence intensity 
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Figure 5.6: Velocity ratio profile in the wind 
tunnel measured at three differ
ent overheat ratios 

Figure 5. 7 shows the turbulence intensity profile in the wind tunnel. It can be seen that the 
turbulence intensity is 10 [%] higher near the walls of the wind tunnel. This was observed in 
all current measurements. Measurements performed by Barel with a 2 [mm] hot-wire operated 
at an overheat ratio of 1.4 show the same turbulence level in the center of the wind tunnel, but 
near the walls Barel observed a slightly decreasing turbulence intensity instead. It is therefore 
suggested that the near wall region is subject to more investigation. It can also be observed 
from figure 5.7 that the measured turbulence intensity gets lower when the hot-wireis operated 
at a lower overheat ratio. This is expected due to the decreasing frequency response of the 
anemometer. Figure 5.8 shows the power spectrum of velocity fluctuation u for the hot-wire 
operated at three different overheat ratios, measured at 40 [kHz]. It can beseen that at an 
overheat ratio of 1.25 and 1.4 the -i line is foliowed up to a frequency of 8000 [Hz], then the 
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anemometer shows its limitations, which results in a steady decrease in power. At an overheat 
ratio of 1.1 the power spectrum leaves the -i line much earlier, at about 3000 [Hz]. This could 
explain the underestimation of the turbulence intensity at this overheat ratio. 
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Figure 5. 7: Turbulence intensity profile in 
the wind tunnel measured at 
three different overheat ratios 
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Figure 5.8: Turbulent power spectrum of the 
hot-wire operated at overheat ra
tio (a) 1.1 (b) 1.25 (c) 1.4 

To verify the influence of the high frequency part of the spectrum on the measured turbulence 
level, a numericallow pass cut-off filter was applied to remove the spectrum above 10 [kHz]. The 
turbulence level after filtering turned out to be almost identical and thus the fluctuations above 
10 [kHz] hardly contribute to the turbulence intensity measured. Table 5.1 shows the calculated 
turbulence intensity at two different cut-off frequencies fc and the relative error compared to 
the unfiltered turbulence intensity. 

fc = 8 [kHz] fc = 10 [kHz] 
To Tu Tu ~ê [%] Tu ~ê [%] 

1.1 3.29 3.28 -0.3 3.29 -0.2 
1.25 3.64 3.57 -1.8 3.61 -0.8 
1.4 3.90 3.82 -2.0 3.86 -1.0 

Table 5.1: Effect of the cut-off frequency fc on the calculated turbulence intensity 

From these results it can be concluded that a measuring frequency of 10 [kHz] is suflident for 
the current hot-wire and that the limited frequency response of the anemometer has almost no 
effect on the measured turbulence intensity. However, due to the limited spatial resolution of 
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the 2 [mm] hot-wire, the turbulence intensity measured at an overheat ratio r0 = 1.4 is expected 
to be an underestimation of at least 50 [%], see section 4.3.3. Therefore, the true turbulence 
intensity will be more in the range of 7.5-8 [%] in the center of the wind tunnel and 9-10 [%] in 
the near wall region, which is still within the design specifications. 

5.4 Measurements at 625 [K] 

To measure in the wind tunnel at temperatures above room temperature, the air coming from 
the pressure barrel is mixed with a fuel gas and ignited in the cambustion chamber. 
To fire up the cambustion chamber, a mass flow of 0.25 [kg/ s] is demanded from the compressed 
air network. At a temperature of 600 [K] this equals about 45 [m/ s] in the wind tunnel. As soon 

as the cambustion chamber is ignited, the temperature in the cambustion chamber slowly starts 
to rise until it reaches its operating temperature at about 600 [K]. This process takes several 
minutes. Tagether with the increase of temperature, the cambustion chamber and the adjacent 
wind tunnel start to vibrate more and more severe, until the rig is actually shaking when the 
operating temperature is reached. To diminish the shaking of the rig, both the cambustion 
chamber and the wind tunnel are tightly rigged in place with 3 [mm] steel cables. As a result 
the shaking of the tunnel is brought back to a modest vibrating, with an amplitude of a few 
millimeter and a frequency of approximately 10-20 [Hz]. 
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Figure 5.9: Average flow temperature during 
the measurements ( measured in 
the cambustion chamber) 
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Once the cambustion chamber has reached its operating temperature, the measurements start. 
Again it is decided to operate the hot-wire at three overheat ratios, i.e. 1.1, 1.25 and 1.4, at 
every measuring height in the wind tunnel. The temperature in the cambustion chamber is 
constantly monitored, to assure that the measurements are obtained at about the same average 
temperature. Figure 5.9 shows the temperature in the cambustion chamber during an exper
iment. It can be seen that the average temperature in the cambustion chamber varies slowly, 
with an upward trend, except between the 3rd and the 4th measurement, where a sudden tem
perature jump occurs. Figure 5.10 shows the average mass flow measured at the orifice, and the 
resulting velocity in the wind tunnel, determined from the mass flow and the temperature in 
the cambustion chamber. 
When the hot-wire is operated in temperature mode, todetermine the zero-overheat resistance 
of the wire, it turns out to be impossible to balance the Wheatstone bridge accurately. The 
zero-overheat resistance is estimated at 13.3 ± 0.5 [0], leading to an uncertainty in the hot-wire 
resistance Rw of approximately 4 [%]. The problem was already noted by Barel, but at that time 
it was attributed to the violent shaking of the wind tunnel and no further measurements were 
taken to investigate the matter. With the wind tunnel vibrating only modestly, it is expected 
that there is a better explanation for the signal fluctuations. 
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Figure 5.11: Anemometer signal at overheat 
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Figure 5.11 shows the anemometersignalof the hot-wire recorded at 10 [kHz] while operated 
at different overheat ratios. The signal is recorded at a height of 105 [mm] in the wind tunnel. 
It is immediately obvious that the signalis a lot less steady and contains big spikes compared to 
an anemometer signal recorded at room temperature (figure 5.12). It can also beseen that the 
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fluctuations become a lot less pronounced when the hot-wire is operated at a higher overheat 
ratio, i.e. when the hot-wire becomes less sensitive to temperature fluctuations. This suggests 
that the large fluctuations in the anemometer signal are caused by temperature fluctuations in 
the flow. An estimation of the temperature fluctuations can be obtained from equation (3.16), 
with the velocity fluctuations omitted: 

e' =SeT' 

At a mean flow velocity of 43 [m/ s] and a hot-wire operated at an overheat ratio of 1.4, a voltage 
increase of 0.5 [V] in figure 5.11 would imply a temperature decreasein the flow of 20 [K]. The 
large negative voltages in the anemometer signal (a) in figure 5.11 are due to a temperature 
fluctuation approaching the overheat temperature, which is only 27 [K] above the mean flow 
temperature. As aresult the hot-wire becomes "infinitely" sensitive to temperature fluctuations 
( translated in a very large Se), thus creating a negative spike in the anemometer signal. 
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Figure 5.13: Velocity profile in the wind tun
nel measured at three different 
overheat ratios 
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Figure 5.14: Turbulence intensity profile 
measured at three different 
overheat ratios 

Figure 5.13 and figure 5.14 show respectively the velocity profile and the turbulence intensity 
profile in the wind tunnel. These results are directly obtained from the reearcled signals, i.e. 
without separation of velocity and temperature fluctuations. It can be seen that the turbulence 
intensity is overestimated, especially for the measurements performed at a low overheat ratio. 
This can be expected since all fluctuations in the signal are contributed to turbulence. 
The velocity, on the other hand, is very much underestimated. From section 4.3 can be concluded 
that this is most likely due to an over-estimation of the hot-wire resistance Rw. Errors in the 
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ported calibration constants A, B and n will probably also have an, although smaller, effect on 
the calculated flow velocity. 
It can be seen that the "best" results are obtained at a height of 105 [mm]. This happens to 
be directly after the zero-overheat resistance is re-determined. This was clone because a sudden 
jump in the flow temperature was observed (see figure 5.9). Consecutive measurements are 
performed using this zero-overheat resistance to determine the overheat ratio. With a slowly 
increasing flow temperature, this leads to an increasing underestimation of the zero-overheat 
resistance and thus an overestimation of the overheat ratio. This explains the increasing under
estimation of the flow velocity and stresses the fact that the zero-overheat resistance should be 
determined before every measurement. 

Separation of velocity and temperature fluctuations 

Although the circumstances are far from ideal, it is decided to try and separate the temperature 
and the velocity fluctuations from the hot-wire signal. 
The three hot-wire signals at each height are divided into 4 sets of 5000 data points. Each set 
from the first overheat ratio is then combined with a set from the second and the third overheat 
ratio. This gives 43 = 64 unique combinations that can be used to separate the signal. Table 
5.2 shows the averaged results from the separation tagether with the standard deviation. 

h[mm] Tu [%] ö.T [KJ 
130 35±25 16±15 
105 39±14 17±12 
90 66±47 14±14 
70 51±41 10±13 
50 94±35 6±17 
40 80±22 32±13 
30 113±59 27±21 
20 110±60 37±22 

Table 5.2: Turbulence intensity and temperature fluctuation in the wind tunnel 

The temperature fluctuations appear reasonably well separated from the hot-wire signal. The 
results between 130 and 90 [mm] in the wind tunnel comply with the fluctuation estimation of 
approximately 20 degrees [0 C]. The velocity fluctuations appear not so well separated, regarding 
the overestimation of the calculated turbulence intensity. This is probably due tothefact that 
the temperature fluctuations in the flow are of the same magnitude as the overheat temperature 
at an overheat of ratio 1.1. This greatly distorts the hot-wire signal at this overheat ratio, and 
thus accurate results cannot be expected. 

Better results are expected when the temperature fluctuations are attenuated to a level well 
below the first overheat temperature. This would also greatly imprave the determination of the 
zero overheat resistance, thus improving general accuracy. The fluctuations can be attenuated 
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by placing a "heat buffer" in the conditioning section of the wind tunnel. A heat buffer typically 
consists of as much metal surface as possible, parallel to the flow direction. By means of convec
tive heat exchange, the temperature fluctuations in the flow will be attenuated. A design of a 
heat buffer is presentedinAppendix C. Simple numerical simulation indicates that attenuation 
of most of the fluctuations is possible. 
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Chapter 6 

Conclusions and recommendations 

In this thesis the quality of the flow in the wind tunnel is investigated during cold and hot 
operation of the test rig. From the cold experiments can be concluded that flow conditions like 
temperature and mass flow are relatively constant. Up to 0.25 [kg/s] the compressed air network 
seems capable to deliver a steady flow, higher demands are not tested. Over langer periods of 
time a slow decrease (approximately 5 [%] per hour) in mass flow is observed. The free-stream 
velocity profile appears straight, but slightly slanted, with a lower veloeities higher in the wind 
tunnel. The spatial resolution of the 2 [mm] hot-wire proves to be too low to obtain accurate 
values of turbulent intensity. The turbulence intensity is fairly constant in the center of the 
tunnel, but a significant increase in turbulence of 10 [%] is observed in the near wall region. 
More experiments are needed to confirm this. 
During hot experiments in the wind tunnel, measurements are performed in flow temperatures 
up to 630 [K]. During all experiments the flow temperature appears to fluctuate slowly with an 
amplitude of approximately 2 degrees [K] in a period of a few minutes. However, an analysis 
of the recorded hot-wire signals indicates many small scale temperature fluctuations, with a 
half-period of typically 10 [ms] and with estimated amplitudes up to 20 degrees [KJ. These 
fluctuations prove too large to conduct adequate hot-wire measurements. 
First, it turns out to be impossible to accurately determine the zero-overheat resistance of the 
hot-wire. The effects of an error in the zero-overheat resistance are especially noticeable when 
the hot-wire is operated at a low overheat ratio. Unfortunately the current hot-wire is limited 
to these relatively low overheat ratios since the tungsten wire would suffer from immediate 
oxidation otherwise. 
Second, the temperature fluctuations are in the order of the overheat temperature at an overheat 
ratio of 1.1. This proves to be a problem when the multiple overheat methad is used to separate 
the velocity and temperature fluctuations. The multiple overheat methad requires at least one 
hot-wire signal obtained at a low overheat ratio to ensure a low condition number for the system 
of equations and thus reliable results. 
Nonetheless the multiple overheat methad is tried to separate the velocity fluctuations from the 
temperature fluctuations. As expected it proves too sensitive for the distorted hot-wire signals 
to obtain very useful results. The results of some separated temperature fluctuations, however, 
look promising. Therefore it deserves another chance in less demanding conditions. 
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Apart from the limited spatial resolution, there is another reason why the design of the hot
wire probe is not optimal for the current application. The prongs are made of Nimonic 90, 
which has a relatively high electrical resistance. The temperature dependenee of the prong 
resistance creates another uncertainty in determining the exact zero-overheat resistance of the 
hot-wire. The design appears especially disadvantageous in this case, where the hot-wire cannot 
be calibrated at the temperatures of the experiments. It is therefore advised that a different hot
wire probe is used for future experiments. A probe with steel prongs and a maximum hot-wire 
length of 0.5 [mm] is suggested. 
However, before further hot-wire measurements are performed, it is suggested to attenuate the 
small scale temperature fluctuations by placing a "heat buffer" in the conditioning section of the 
wind tunnel. Attenuating the temperature fluctuations will certainly imprave general accuracy 
and possibly also the separation of the velocity and temperature fluctuations from the hot-wire 
signal. 
As long as large and smaller scale temperature fluctuations are present in the flow, the mea
surement of the zero-overheat resistance, just before every measurement, turns out to be very 
important to obtain accurate results. This could prove cumbersome, or even impossible, with 
the outdated anemometer currently in use. With a newer computer controlled anemometer, 
this task is significantly easier. The desired overheat ratios are simply entered in a computer 
program while the software controls the anemometer bridge to obtain the appropriate resistance. 
This way, measurements can be done much quicker and more accurate, with a smaller possibil
ity errors. It becomes also very easy to perfarm measurements at, for instance, 20 subsequent, 
slightly different, overheat ratios, thus greatly improving the accuracy of the multiple overheat 
ratio method. 
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Appendix A 

Varianee of X 2 

In this appendix a methad is presented to calculate the varianee of a squared quantity var(X2) 

from the original var(X), which is assumed to be known. This in order to gain insight in how 
to minimize it. 

A.l Basic statistics 

A.l.l Definitions 

Consicier a discrete distribution X consisting of n elements Xi· The mean value or mean of a 
distribution is denoted by the symbol f.-t and defined as 

(A.l) 

J(x) being a probability function and the summation is over all possible values. The mean is also 
known as the mathematica! expectation of X, which we will refer to as E(X). A measure for 
the deviation of the distri bution from this mean is expressed in the varianee of the distri bution 
or var(X), denoted by symbol <J2 and defined as 

(A.2) 

In reality, the total population of distri bution X is unknown, instead samples of the population 
are drawn or measured. From these samples one can obtain the sample mean and the sample 
variance, which are only an estimate of the real mean and variance. To prevent confusion the 
sample mean and sample varianee are denoted by different symbols, respectively 

(A.3) 
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for the sample mean and 

n 

2 1 I: 2 s =-- (xi-x) 
n-1 

i=l 

(A.4) 

for the sample variance. It is obvious that when the samples become larger, the sample mean 
and sample average become better estimates of the real values. In the extreme case of n ---+ oo 
one can even see that 

A.1.2 Properties of the var(X) 

var(X) 

var(aX) 

var(X +a) 

var(X + Y) 

var( X) 

0 if X is constant 

a2var(X) 

var(X) 

var(X) + var(Y) + cov(X, Y) 

E(X2
) - E(X) 2 = E(X2

) - J-L2 

(A.5) 

(A.6) 

(A.7) 

(A.8) 

(A.9) 

Properties A.5 to A.7 are obtained directly from definition A.2, properties A.8 and A.9 are 
obtained by combining definition A.l and A.2, with covariance cov(X, Y) defined as 

cov(X, Y) = E(XY) - E(X)E(Y) (A.10) 

with cov(X, Y) = 0 if and only if X and Y are independent. 

A.2 Determination of var(X2) from var(X) 

Using property A.9 var(X2 ) can be expressed in various expectation values: 

(A.ll) 

E(Xn) is called the nth moment of X. For a Gauss distribution, the first four central moments 
of X are 
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E(x- JL) = 0 

E(x- JL)2 = <72 

E(x- JL) 3 = 0 

E(x .- JL) 4 = 3<74 

(A.l2) 

(A.l3) 

(A.l4) 

(A.l5) 

It should be noted that all odd central momentsof X are equal to 0. The 2nd moment of X can 
be determined by expanding A.13 

E(X2) - 2E(X)JL + JL2 
{::::::? 

E(X2) - 2JL2 + JL2 ===? 

(J2 + JL2 

The same works for the 3rd and 4th moment of X, respectively 

3j.t<J2 + JL3 

3<74 + 6j.t2(J2 + JL4 

Combining A.l6 and A.l8 gives an expression for var(X2) 

A.3 Application 

(A.l6) 

(A.17) 

(A.l8) 

(A.l9) 

With the knowledge gathered in the previous sections, it should be possible to make an estimation 

of var ((e') 2) from the hot-wire signal E. Then var (e') can be obtained using property (A.6) 

and (A.8) 1 

var (e') S~ var (u') + S~ var (T') 

S~var(U) + S~var(T) 

The step to an expression for var ( ( e')2) is a small one, using A.l9: 

var ( ( e') 2
) = 2var2 

( e') + ( (e') r var ( e') 

1mass flowmand temperature To are assumed to be independent 
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(A.21) 

(A.22) 



Finally, using the fact that 

- 1 
var(X) = -var(X) 

n 

for n independent data points of X, the expression for the variation of ( e') 2 is found: 

var ( ( e')2) = ~ { 2var2 
( e') + ( ( e')) 

2 
var ( e')} 

Estimation of var ( ( e') 2
) 

(A.23) 

(A.24) 

Sirree the average of the fiuctuations (e') in (A.24) is expected to be 0, the following estimate 

for var ( (e') 2
) can be found by substituting (A.21) in (A.24) 

var ( (e')
2

) = ~ { S~ var2(U) + s:var2(T) + 25~ S~ var(U)var(T)} (A.25) 
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Appendix B 

Mass flow orifice 

Since the mass flow delivered by the compressed air network is nat constant, it is measured 
during the experiments using a measure orifice, located between the pressure barrel and the 
cambustion chamber. In order to determine the mass flow through the orifice, the absolute 
pressure just befare the orifice and the pressure drop over the orifice need to be measured. The 
mass flow is then determined by the following equation 

(B.l) 

with a the flow coefficient, e: the expansion factor, which equals unity for an incompressible flow, 
d the inside diameter of the orifice, !1p the pressure drop over the orifice and p1 the density of 
the air befare the orifice, which can be determined by using the ideal gas law on the absolute 
pressure Pl befare the orifice. 
The flow coefficient a is determined with the following relation: 

B' 
a=A'+-

Ren 

with the orifice specific values A' and B' evaluated at 293 [KJ shown in table B.l. 

D 161.5 [mm] 
d 79.22 [mm] 
A' 0.6208 [-] 
B' 243.83 [ -] 

Table B.l: Properties of the measuring orifice used in the experimental setup 
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Appendix C 

Design of a heat buffer 

The idea behind a heat buffer is to 'absorb' as much heat from a patch of flow that is at a higher 
temperature than the ambient (buffer) temperature and therefore attenuating the temperature 
fluctuations in the flow. In order to do this effectively the surface of the buffer needs to be 
large enough to give the flow a chance to get rid of the excessive heat, but the buffer also needs 
enough capacity to absorb the heat without increasing too much in temperature itself. 

C.l Theory 

In order to obtain more insight in the behaviour of a heat buffer to attenuate temperature 
fluctuations, several numerical simulations are performed using a simple one-dimensional heat 
transfer equation. 
Let 's consider a fixed imaginary control volume V with length L and cross section A placed 
in a fluid flow. The change of energy in the volume equals the incoming heat flow minus the 
outgoing heat flow plus the convective heat flow at the surface S during that time (heat flow 
due to radiation and conduction are neglected for the sake of simplicity). In formula 

8Qv · · · ---ai = Qin - Qout + Qconv (C.l) 

Qv being the energy of the air in control volume V defined as 

(C.2) 

Qin and Qout are the energy flowsin and out the control volume, defined as 

(C.3) 

rh being the fluid mass flow through the control volume in [kg/ s ]. The mass flow is assumed 
constant. Finally Qconv is the heat flow due to convection, defined as 
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(C.4) 

with Tb the temperature of the buffer and a the heat transfer coefficient in [W/m2 K] which 
depends on the type of flow (laminar or turbulent) and the flow velocity. The heat transfer 
coefficient is calculated from a relation valid for a forced turbulent pipe flow: 

a = 4_4uo. 75 d-0.25 (C.5) 

U being the flow velocity and d the diameter of the pipe, which for a square duet can be 
approximated from the duet cross sectional surface 

C.2 Discretisation 

Completing (C.l) with equations (C.2), (C.3) and C.4 and assuming density is constant, which is 
acceptable when the temperature changes are relatively small, the following equation is obtained 

pVc~~= mc(1in- Tout)+ aS(Tb- T) (C.6) 

Consiclering a sequentia! set of N very small control volumes i at time n at interval b..t, equation 
(C.6) can be approximated by 

V ~+
1 -Tf · (Tn rn) Q·n P c b..t =me i-1 - i + conv,i (C.7) 

Q~onv i being the convective heat flow from control volume i at time step n , 

Q~nv,i = aS(Tf:- Tf:) 

rearranging (C.7) for ~+1 gives 

rn+I = TI" - b..t [.!!_ (T!~- - TI" ) + aS ( Tf: - Ti) ] 
z z b..x z z-1 pVc (C.8) 

Next the temperature change in the buffer due to the heat flow to the surface has to be de
termined. To simplify things, the buffer material is assumed to be a perfect heat conductor, 
resulting in a uniform temperature distribution over the buffer length. Thus, the total convective 
heat flow has to be determined by summing the heat flow from N control volumes 

N 

Q~onv = L Q~v,i (C.9) 
i=1 
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then the temperature change !::in during time interval /::it can be determined from 

!::in = !::it Q~onv 
mb eb 

(C.10) 

mb being the buffer mass and eb being the specific heat of the buffer materiaL This gives for the 
new buffer temperature r;:+l 

(C.ll) 

C.3 Design 

The only available space in the wind tunnel to place a heat buffer, is in the flow conditioning sec
ti on between the honeycomb-screen combination and the grid, with dimensions 0.18 x 0.073 x 0.179 
(L x W x H). It is suggested that the buffer is made of set of vertical and horizontal met al plates, 
parallel to the flow direction, creating a grid-like structure. A setup like this is relatively easy 
to construct. The proposed buffer material is steel, because it is resistant to the high tempera
ture exhaust fumes from the cambustion chamber. Copper, a logical choice sirree it has a heat 
conduction coefficient that is twice that of steel, is rejected because it is subject to oxidation at 
higher temperatures. 

C.4 Simulation results 

The effect of a steel heat buffer is simulated fora hot flow with a mass flow of 0.3 [kgjs] and 
a temperature of 600 [KJ. Figure C.1 shows the temperature signal at the end of the heat 
buffer resulting from a temperature fluctuation with an amplitude of 15 [KJ and a length of 10 
[ms] imposed at the beginning of the buffer. The response signal is calculated for a heat buffer 
with 20 vertical plates ( vp) and 50 horizontal plates (hp) and a plate thickness of 0.2 and 0.5 
[mm]. It can be seen that for both configurations the temperature fluctuation is damped down 
to approximately 1 [ K]. 
Figure C.2 shows the frequency response of a steel heat buffer for two different configurations 
and several different plate thicknesses. For both configurations the attenuation is constant up 
to a fluctuation frequency of 100 [Hz], a stronger attenuation is observed for higher frequencies. 
As expected, maximum damping is observed for the buffer with the largest surface (number 
of plates) and mass (plate thickness). Wh en designing the buffer the "blocking" of the tunnel 
should be considered to keep the flow velocity and the pressure drop over the buffer as low as 
possible. For example: a configuration with 50 horizontal plates and 20 vertical plates and a 
plate thickness of 1 [mm], blocks 50 [%] of the tunnel surface, doubling the flow velocity in the 
buffer. The same configuration with 0.5 [mm] plates blocks only 27 [%] of the tunnel surface, 
at the cost of -2 [dB] in damping for low frequencies and is therefore preferred. 
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