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A Sampling Probe for Fluctuating Concentration

Measurements in Supersonic Flow

By
Olivier Christian Xillo
Aerospace and Ocean Engineering
(ABSTRACT)

The study of mixing processes in supersonic flow has a great interest for a number of
applications including scramjet developments. However, the usual tools employed are
very limited. Sampling probes generally have a poor frequency response, and that makes
measurements of fluctuating concentration problematic. The goal of this study is to
design, build and test a probe capable of measuring concentration fluctuations of at least
1 kHz. This study shows the design of such a probe and how a high frequency response
was achieved. A prototype was built and tested. The tests consist of a calibration phase
and experiments inside a hypersonic wind tunnel. These last tests served two purposes.
The first one was to verify that the measurements made with the probe gave the correct
value of the concentration. The second purpose was to assess the frequency response of
the probe by putting it through a concentration step change. Tests were conducted with
various known mixtures of Helium and air from 0% to 100% flowing at Mach 2.0 with

T, =300°K andP, =4.4atm. The probe proved capable of measuring concentration

fluctuations up to approximately 2.5 kHz while also giving the adequate accuracy for

values of mean concentration.
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Nomenclature

helium mole fraction
specific gas constant

ratio of specific heats

Mach number

density

velocity
cross-sectional area

total pressure
stagnation temperature
recovery temperature
hot-film temperature

hot-film voltage

sensor operating resistance

A o< A A A4 3>Cc o=z DX

bridge resistance

Z
c

Nusselt number

Py
D

Reynolds number based on the diameter of the hot-films

o

hot-film diameter

I active length of the hot-film
thermal conductivity

U viscosity

a,b,m calibration constants

F(s) Fourier transform of s

Subscripts

None mixture property

Vi



Air
He

hf
sh
sh’

th

air property

helium property

inlet property

sensor plane property
shock upstream property
shock downstream property

throat property
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Introduction

The major aerospace companies are currently studying the design of hypersonic planes
for passenger transport. This project involves solving a lot of problems concerning the
structure, the materials and the propulsion system to be employed. The actual foreseen
propulsion plants are scramjet (supersonic combustion ramjet) engines. The problem in
designing such engines lies on the fact that the flow inside the engine is supersonic. With
such high-speed flow, the injectant (or combustible) is convected far away from the
injector location before the combustion can effectively occur. The key is to control how
and where this combustion takes place. Few data are available and we need to learn about
what is happening inside these engines, especially how the mixing of the combustible and
the airflow operates.

There are several ways to determine the composition of a binary mixture. Some imply
sampling a small amount of gas and analyzing it outside the tunnel. Other techniques
featurein situ sampling. Ninneman and Ng (1992) developed an aspirating probe with a

sonic throat for use in supersonic flows. A drawing is shown in Figure 1.

RTV Insuiation Pressure Tap (P1)

Hot-film Sensor

Epoxy insulation . 0.0475"

0.085"
== ) s A
: ‘ 4 N :; ) T
S Tu NN VA A ] L‘;% Vc,c,uum
o.on ‘ ~
5 0128" / —
3rass support Removable Cap Choked Crifice
0.022" Dia.

Figure 1 - Aspirating probe by Ninneman and Ng (1992)

Unfortunately, these probes have a poor frequency response (< 200 Hz) and are not

suitable to measure fluctuating concentrations. Since mixing involves a lot of turbulent



phenomena, it seemed natural to develop a probe with a better frequency response: at
least 1 kHz was the stated goal. Measurements of concentration fluctuations are critical to
improved understanding of turbulent mixing flows and also to the development of

turbulence models for use in CFD codes to predict these flows.



Principle of Operation

Some constraints

Determining the composition of a mixture by sampling is not an easy task. Such devices
are often bulky and never designed to be used inside a small wind tunnel. Consequently,
gas analyzers are usually located outside the tunnel, and samples taken in the tunnel test
section are conveyed to the analyzer via a set of tubing. This kind of system has a very
low frequency response and is rejected from our scope. Our interest will focus on systems

that allowin situ sampling.

Among these devices, one should be careful about the disturbances they introduce in the
flow. In subsonic flows, one must sample at the same rate as the local stream velocity;
this is called “isokinetic” sampling. Smaller is often the better, but, since we will be
working in supersonic flows, we are also concerned by the shock that will develop at the
tip of the probe. A detached shock will ruin the measurements, because flow will spill

around the tip and species separation can occur. Thus, we want the shock to be attached.

Probe Tip

Detached shock Attached shock Swallowed shock

Figure 2 - Shock wave in front of the probe



Unfortunately, there are no devices that satisfy these constraints and are also capable of
determining the composition of arbitrary mixtures of several gases. However, we are
more specifically interested in studying binary mixtures (Air/Hydrogen ideally but
safety concerns recommend Air/ Helium instead). For this binary type of mixtures,
solutions exist and involve an aspirating probe like the one developed by Ninneman and
Ng (1992).

Aspirating probe

Aspirating probes do not determine directly the concentration — or composition — of a
binary mixture. The gas is sucked inside a channel inside the probe where several
properties of the flow are measured (pressure, temperature...), and by combining these

data, it is possible to retrieve the concentration.

The choice of the two gases must be appropriate, since the probe uses the fact that the
molecular weight and the physical properties of the two gases are very different. In fact,
the greater the difference in molecular weight, the better the sensitivity of the probe.

For the same inlet conditions, the flow properties inside the probe will depend on the
composition of the mixture. For any mixture, we can write the steady mass flow equation

at two different sections:

(oU), A =(pU), A,

1+y,

P - 120,

_u Yo A2M2B+ Y, 1M2252(y 1)
R, O O

Jﬁ 2

(Eg. 1)

R, and y,depend on the concentratiof and the physical properties of each gas. They

can be evaluated using the perfect gas mixture relations.



Consequently, the mass flow equation can be written in the form:

(pU)1=%g(Ptz,Tt2,Mz,X)

(Eq. 2)

Finding the concentratiofX involves solving the above equation knowing the values of
(pU )1, P,, T, and M,. One key feature of aspirating probe is the incorporation of a
throat in the internal channel. At the throat, the Mach number will always be unity if

there is sufficient aspiration (i.e. a sufficient pressure difference between the pressure in

front of the throat and the backpressure). Thus, the equation becomes

(o), =%g(ez,nz,lx)

(Eq. 3)

and we only have three quantities to measure:

1. The pressurep,
2. The mass flow(pU),

3. The temperatureT,

Pressure measurement

Our goal to achieve a high frequency response led us to reconsider the solution adopted
by Ng and Ninneman for pressure measurements. The use of hypodermic tubing to
convey the pressure changes from the pressure tap to the pressure transducer can be very
helpful in reducing the size of the probe. Unfortunately, it alters the frequency response.
Of course, the connecting tubes could be filled with grease to obtain a better frequency

response, but these solutions can become very complex and hard to realize. We preferred

5



a simpler solution that consists of putting the pressure transducer inside the probe. By
reducing the length of connecting lines, we increase the frequency response. However,
this solution requires a miniature pressure transducer with a high frequency response.
Such transducers are available from Kulite, Inc. The laboratory had some Kulite XCQ-

062 from previous experiments. These transducers are only 1.6 mm in diameter and 5
mm in length. They have a very high frequency response (about 50 kHz) and a good

precision. Therefore, we decided to use one within the probe.

Mass flow measurement

There are several ways to measure mass flow, but thermal anemometry seems to be the
one that is the most adapted to our needs. The sensor element can be very small, and the
frequency response is excellent. There are two types of thermal anemometers: constant
current anemometers (CCA) and constant temperature anemometers (CTA). They both
have advantages in supersonic flows (Bestion et al. (1983)). However, the availability of
constant temperature anemometers in the laboratory made us choose the constant
temperature solution. The principle of constant temperature anemometers is to control the
voltage applied to a sensor so that its temperature stays constant. When the flow over the
sensor changes, the cooling of the sensor changes thus its temperature changes and,
consequently, the anemometer reacts by adjusting the voltage. The governing law may be

written for supersonic flows:

ve=RARS i, -1.)
RW
(Eq. 4)

The dependence of the voltage on the mass flow is hidden in the Nusselt number. The
Nusselt number can be expressed as a function of the Reynolds number, which is
proportional to the mass flow. The relatiddu=avRe+b (Eq. 5) is commonly

accepted for air. However, it was found that for Air-Helium mixtures the relation



Nu=aRe" (Eq. 5a) was more appropriate (Devillers and Diep (197Z8)nd m are

experimentally determined constants that vary with the concentration of the mixture.

Thermal anemometers use two types of sensors: hot-wires and hot-films. Hot-wires can
be very small (4 microns in diameter and 1 mm in length) and have an excellent

frequency response. Hot-films are bigger (25 microns) and suffer from a lower frequency
response. However, their design makes them less fragile, especially to particle impacts.
They can also sustain higher constraints. This last point is important, since we want to
use the sensors in supersonic flow, upstream of the shock inside the probe. Another
argument that influenced our choice is the reliability of the probe. Even though it is

possible to repair the probe, it remains a difficult and delicate task that we want to avoid.

Consequently, hot-films offered the best compromise.

Temperature measurement

Although it may seem one of the easiest measurements to do, it is difficult to get fast,
accurate temperature data. The most commonly used device is the thermocouple. It can
be very small and very versatile. Unfortunately, the frequency response even for very
small wires is below our needs (up to 600 Hz).

It is also possible to retrieve the temperature from two hot-films (or hot-wires) operating
at different temperatures. The frequency response is then determined by the frequency
response of the films and consequently matches our needs. Moreover, since we are
already using one hot-film for mass flow measurements, we just need an extra film. We
opted for a hot-film probe with two identical parallel sensors. When mounted inside the
concentration probe, the two sensors will see the same flow. Remember that we are
working in supersonic flows. As a consequence, the hot-flms are not sensitive to total

temperature but are measuring a recovery temperature



From the governing equations of the hot-films:

V72 = —(RS‘ R, f rtkNu(T, -T,)

1

R, +R, f

2

V,’ =

e

rkNu(T,, - T,)
(Eq. 6)

we can easily isolate the recovery temperature and the Nusselt number (TSI IFA 100
Manual)

_ ANT, —AV,T,
: A 2V12 - A1V22

— A2V12 _A1V22
CAAL, -T.)

Wy

Nu

(Eq. 7)

_R+R.J

where A, is defined asA, = Tnlk

Shock location inside the probe

Since the sampled flow is supersonic and the flow through the throat in the probe is

sonic, there must be a shock somewhere inside the probe. In the original design, the
internal expansion was selected so the shock was located ahead of the hot-film. This lead
to noise on the signal which we presume is due to shock oscillations in the divergent

channel. Thus, one feature of the current design is the location of the shock behind the
hot-films.



Design

General Arrangement of the probe
The previous considerations lead us to the following layout of the probe.

Hot-Film Sensors Shock Wave Kulite Throat

[/ \

T
= \
Vacuum

1
F -
[ 2 M- 3

Supersonic Subsonic Sonic (M=1)

Figure 3 - Layout of the probe

The airflow entering the probe is accelerated in the divergent section and reaches a point
where a shock wave occurs. Since we want the hot-films to operate in a supersonic flow,
the sensor plane must be upstream of the shock whatever the inlet conditions are. The
subsonic flow downstream of the shock is then accelerated through the throat by the
vacuum downstream of the throat. If the backpressure is sufficiently low, the throat will

be choked and sonic conditions will be reached at the throat. With these assumptions, we
can use a one-dimensional analysis to evaluate the properties of the flow at any section of

the probe.

1D Analysis

We are considering the flow inside the probe to be one dimensional and steady. This
simple analysis allows us to determine what is the area required for the inlet orifice or for

the throat orifice. It also gives an idea about the Mach number at the sensor plane and in



front of the shock. This is important because when air and high Mach number are
involved, condensation phenomena can occur ruining all of our measurements. In the
analysis, we will consider four planes:

1. The inlet plane

2. The sensor plane

3. The shock plane

4. The throat plane

One can write the mass flow equation in its steady form for all the planes:

(pUA)in = (pUA)hf = (pUA)sh’ = (pUA)sh* = (pUA)th

(Eq. 8)
This can also be written as:
1+, P Lty
P g =1 120y -1 -1 2(Vhf ‘1)
= ym AnMin H'+ ym MinZH (y ) = i ylAththﬁ- yhf thZE
N o 2 O [T, \ Ry 2
~ 1+ysh,
— F)tsh_ ysh’ As M + ysh B M 2 iz Vo 1
-I-t ] Rsh- ™ sh sh .
_ 1+y5h+
— Ptgh" ysh Ag M + Vsh - M 2 22 Yot -1
-I-t Rsh+ h™" sh* sh* .
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With the assumptions that the flow is adiabafi¢ig a constant) and that the gas
composition is the same at every plane dnd R are constants), we can simplify the

equations to Eq. 8b:

1+y 1+y
y—l 2 Hz(y‘l) _ B- y_l 2 Hz(y‘l)
R n M in-+——— M, =R M +——M
A - Ao Mg = > "o
B 1+y
_ Yy -1 > [ 2(y-1)
B F)tsh_ A%hM sh” Q--'- T M sh™ E
_ vy
_ y-1 2 []2(-2)
- PtShJ, AShM sh* @'4- 2 M sh* E
B 1+y
+1[72(
=p A 2H
AP
(Eq. 8b)

Once the internal geometry of the probe has been decided, i.e. the areas of the inlet
orifice and of the throat are known, one can compute the Mach number at any location
inside the probe. We are especially interested in the value of the Mach number at the

sensor plane and the maximum Mach number reached inside the probe.

Using the final geometry of the probe A(=3.746 1F n? A, =6.701 10

m?, A, =7.405 10 m?), we can evaluate the value of the Mach number at the sensor plane

for different asssumed external flow Mach numbers. Since the sensor plane is located

upstream of the shock, we hae =P, =R  and the mass flow equation gives:

1+y 1+y

1 -1
AnMinEL VT Q —Ahfl\/lhfgl-"'yTth2

(Eq. 9)
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Table 1 - Mach number at the sensor plane

M, Air Helium
1 2.07 2.24
2 2.64 2.87
2.4 3.02 3.27
3 3.62 3.92

These values give an idea of what range of Mach number will be seen by the hot films.
This is useful since we do not want to reach a very high Mach number (>4) at the sensor
plane. This limitation makes one of the boundaries of the operating envelope of the

probe.

The other operationnal boundaries come from the limitation of the maximum Mach
number inside the probe. We want that at any point inside the probe the Mach number is
lower than 4.5. This limitation is due to the condensation phenomena that happen when
air reaches high Mach Number. The highest Mach number is found in front of the shock.
We thus have to compute the strength and position of the shock. This can be done using
the ratio th P‘sh— .

To find this ratio, we write the mass flow equation:

1+V 1+V

y_ 2 _ +1[]2(-1)
o AM, Bt 1 <p g, IET

(Eg. 10)

which leads to:
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I+y

F)tsh+ — An M +(y_1)M in2 E_Z(y—l)
PR A E y+1

(Eq. 10a)

This ratio is also linked to the Mach number upstream of the skbckby the relation:

Table 2 - Pressure ratio across the shock and Mach number upstream of the shock

M. Air Helium
R /R 0.559 0.559
' M, 2.355 2.557
P /Ptsh— 0.331 0.366
’ M. 2.989 3.264
R /R 0.233 0.28

2.4
M, 3.398 3.715
R /P 0.132 0.187
° M. 4.059 4.445

We also have to verify that the hot films are in a supersonic flow as supposed and
determine the distance between the sensor plane and the plane where the shock occurs.
Evaluate the area where the shock wave forms. Using the mass flow equation again, we
find Eq. 12:

13



_ lxy

M. H:I'-'-)/Z_:I-'\/Iinz HZ(H)
A=A D2
Mt

sh™

(Eq. 12)

The internal geometry of the divergent is known. Consequently, it is easy to find the

distance between the shock and the hot-fitms—“AS“_ VA

Jrrtan(1o°)
Table 3 - Position of the shock and distance to the sensor plane
M, Air Helium
A, (in? 1.340e-2 1.289e-2
. d (in.) 4.42e-2 3.72e-2
A, (in) 1.443e-2 1.351e-2
’ d (in.) 5.82e-2 4.57e-2
A, (in) 1.492e-2 1.376e-2
4 d (in) 64762 | 40262
A,, (in?) 4.55e-2 1.405e-2
° d (in.) 7.22e-2 5.32e-2

14



Finally, we can plot the operating envelope of the chosen probe design.

35

=
A

A\

25F

d.
\

0,

7/

Inlet Mach Number

15F

Air Helium

Mixture

Figure 4 — Operating envelope of the probe

Of course, one can change the area ratios and recompute the operating envelope. The
design selected was the result of nhumerous exercises of this type. Other items that
influenced the final design were the size of the hot-film and pressure sensors and the

sampling volume of the probe.

Estimation of the natural frequency of the probe

The frequency response of a probe depends not only on the frequency response of the
transducers used but also on the design of the probe itself. The frequency response of the
hot-films and the pressure transducer selected approximate 100 kHz. Consequently it is
important to evaluate the time lag due to the internal volume of the probe. A simple

15



analysis from Konkin, Lebiga and Zinoviev (1996) gives an easy way to evaluate this
time lag. It was found that, for Air — Helium mixture the worst case was for a 100% air
mixture. The frequency of the probe is given by Eq. 13:

R./T
A ‘/_tq('\/l

\Y

a=

0 )An

(Eg. 13)

where:

Using T,=300K and the final geometry of the probe, we find t&at9.31e-8 m and

a=37kHz. Consequently, the internal volume shouldn’t be a limitation on the desired

frequency response of the probe of 1 kHz.

Construction

The physical design of the probe was not an easy task. The 1D analysis gave some
dimensions for the throat and the inlet orifice, the location of the sensor plane, etc. We

also had to cope with the size of the different parts (Kulite, Hot film probe) and the ease

of machining. This required a lot of interaction with the machine shop and the companies

16



that designed hot-films probe to reach a viable design. Some parts were extremely small,
and complex machining was out of question. Thus, the design had to be kept as simple as
possible.

We also had to keep in mind that the hot-films could break and that we should have to
repair them. This repair issue was taken into account by designing a removable cap. This
cap serves as the inlet and divergent section of the probe. Its external anglehscBO°

is enough to keep the shock attached when the free stream Mach number is 3.The internal
angle is only 10°. A low value is used to reduce separation phenomena near the shock
inside the divergent channel and also to increase the distance between the shock and the

sensor plane.
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Figure 5 - Removable cap design

The throat was a little more complex to design. The part that creates the contraction
should not be too far downstream. If placed too far downstream, the internal volume of
the probe will increase, and the natural frequency of the probe decrease. The other
problem we faced was that the Kulite and the hot film probe had to be held firmly in
place. The solution was to machine a part that will have two functions:

1. Reduce the cross flow section of the probe (serve as a throat)

2. Hold the Kulite and the hot-film probe

Two designs were tested and are shown in Figure 6.
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Figure 6 - Possible geometries of the throat insert

The second one appeared to work better, maybe because of its more symmetric design.

Figure 7 - Final geometry of the throat insert

Finally, the electrical wires of the Kulite were pulled out of the probe down the vacuum
tube.

The final design of the probe is shown in Figure 8. The external diameter of the probe is

only 0.25 in.

18



Kulfe Pressure Transducer

Ko limes. -
Chacling aifios
WacLnim
View of the probe without the cap Global view of the probe

Figure 8 - Final design of the probe
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Data Acquisition and Calibration

We have seen previously that two constamtsand m(see Eqg. 5a), were needed to
determine the concentration. These two constants depend on the concentration only.
Consequently, we must first go through a calibration phase before beginning any other

measurements especially wind-tunnel tests.

The data acquisition system

The same data acquisition system was used for both the calibration and the wind tunnel
measurements. It is capable of very high sampling rate (up to 1 MHz) even though we

will only use rates up to 10 kHz.

The figure below shows the data acquisition system used to record data from the probe.

" )
e | Fa 100 :
Kul 2310 ‘. o
Beckp [ 2310 | - g

[ PC

Thick 510 . ?
kT — [ 1] " 6810

N A

Figure 9 - Data acquisition system

It is based on two Lecroy 6810 digitizers. The signals that comes from the TSI IFA 100,
from the Micromeasurements 2310 amplifiers and the thermocouple box are digitized and
then recorded in the memory of the Lecroy. The samples are finally transferred to the PC

via a GPIB interface and are stored on disk.

In the box that forms the Lecroy, we can find two components: the 8901 GPIB interface

and the 6810 digitizers. The 8901 interface allows the communications between the PC
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and the digitizers. The PC is running Catalyst. This software allows the configuration of
the 6810, i.e. sampling rate, number of samples to acquire, voltage range, trigger options,
etc... It also displays the traces of the acquired signals on the screen. Each 6810 digitizer
can acquire up to 4 signals simultaneously at sampling rates up to 5 MHz (1 MHz if the 4
channels are used). The acquired data are digitized with a 12-bit resolution. Once the
digitizer is armed, the data are acquired continuously and stored in the 6810 memory.
When the memory is full, the new data overwrites the old data. When a trigger signal is
received, this overwrite process is disabled. This technique allows one to record data
before the trigger signal actually happens, for example before a moving shock reaches a

transducer.

The TSI IFA (Intelligent Flow Analyzer) is a device designed for thermal anemometry. It
contains 2 constant temperature anemometer and a built-in signal conditioner (offset, gain
and high-pass filter). It can work with hot-wires and hot-films. It also has a built-in

square wave generator to tune the frequency response of the sensors.

Calibration

The calibration phase is necessary to find the experimental constaatsl m, used for

the hot films measurements. Unfortunately, these constants depend on the concentration
of the mixture. Consequently, we need to determine these constants for several values of
the concentration. For that purpose, measurements must be made with a known mixture,
and the constants will be deduced from them. The calibration tank was built to do these

measurements
The easiest way to make measurements with a known mixture is to let the probe aspirate

the gas from a tank where the mixture has been previously prepared. Our tank uses a

similar principle as shown in Figure 10.
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Figure 10 - Calibration tank layout

The tank is connected to an air cylinder and a helium cylinder. Valves allow filling the
tank with the desired quantities of each gas. A vacuum pump is also connected to the
tank. It is used to empty the tank of any residual gases before starting a new mixture.
This precaution is necessary because remains of a previous mixture could lead to major
errors in the value of the concentration. The tank is also equipped with a pressure gage
that permits monitoring the quantities of gas introduced into the tank. A pressure
transducer and a thermocouple record the pressure and temperature changes when the
probe aspirates the mixture from the tank. A tiny fan was also introduced into the tank to
enhance the mixing between the two gases, as we found, the air and helium had the
tendency to form layers for the higher concentrations of helium. The probe sits inside the
tank and is consequently surrounded by a mixture at a known concentration. Particular
care was taken to make sure that there were no leaks in this setup. As a consequence, the
mixture that is aspirated by the probe is the one prepared in the tank.

In order to get the values of the constants for a given concentration, we first need to have
some measurements for this particular concentration. The following procedure explains
the different steps to get a set of data for a given concentration:

1. Make sure that all the valves are closed.
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2. Open the valve to the vacuum pump. When a vacuum is established in the
tank, close the valve.

3. Slowly fill the tank with the necessary quantities of air and He to achieve the
desired concentration. The concentration can be easily found; it is the ratio

P . : .
— " __ For example, to create a 60 % mixture, we can fill the tank with

P, +P

He Air
30 psi of helium and then complete with air until we reach 50 psi.

4. Make sure that the data acquisition system is ready (Hot-films are running,
Lecroy is armed, etc...)

5. Completely open the valve that connects the probe to the vacuum tank and
manually trigger the Lecroy. The Lecroy starts digitizing and storing the data.

6. When the Lecroy is finished sampling, close the valve.

7. Wait a while until the pressure in the vacuum tank is low enough. Then, go
back to step 4 in order to do some more measurements for the same
concentration, but a lower tank pressure. It is recommended to do that 5 or 6

times.

The result of this procedure should give traces that look like those in the following
figures (Figure 11):

5

Hot Fil m Vol at ge

| | | | |
0 5 10 15 20 25 30
Kulite Pressure (Psi)

Figure 11 - Typical calibration curves for a given concentration
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We ran this procedure for several mixtures (0 %, 20 %, 40 %, 60 %, 80 % and 100 %)

and obtained the following curves (Figure 12,Figure 13).
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Figure 12 - Calibration curves (low overheat hot-film)
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Figure 13 - calibration curves (high overheat hot-film)
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Determination of the calibration constants

The principle of operation made clear that the voltage of the anemometers follows

V2 = ANU(T, -T.)

(Eg. 16)

Since the physical properties of the mixture (viscosity, thermal conductivity...) hidden in

A and Nu are evaluated at the stagnation temperaiurethis relation involves two
unknown temperaturest, and T,. However, the recovery factay defined in Smits,

Hayakawa and Muck (1983) as

=
1
A

(Eq. 17)

can be used to evaluate and the physical properties from the recovery temperdiure
As a consequence, the only unknowrTjswhich is determined from the voltages of the

anemometers:

. ANT, —AV,T,
: A 2V12 - A1V22

(Eq. 18)

In order to find the appropriate value gf, we used the experimental data. In our
calibration setup, the thermocouple records the temperature inside the tank, which is also
the stagnation temperaturd,. The recovery temperaturd, comes from the

anemometers. The stagnation temperature was found to be nearly constant on the 52 sets
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of data we recorded. It only varied between 293 K and 296 K. On the otherThamds

found to vary in a wider range, from 255 K to 290 K. The valug) ofvas found by

, T . :
computing the ratlo_l_—e for every sample of every concentration and averaging them all
t

together. The resulting value of the recovery factor is
n =0.94

and is consistent with the values found in the literature (Smits, Hayakawa and
Muck (1983)).

The operation of the probe is based on the relation that exists between the Reynolds

number and the Nusselt number. As we seen before, we have chosen the relation

Nu=aRe™

(Eg. 19)

where a and m are experimentally determined constants that depend on the
concentration only. These constants are found by curve fitting the data from a given
concentration with the previous law. If we take the logarithm of this relation, we get:

In(Nu) = In(aRe™) = min(Re) +Ina

(Eg. 20)

A least-squares curve fitting approach looks appropriate to fimdind Ina. Some
calculus lead us to the following relations (Eq. 21 and Eq. 22)(whasethe number of

data points):
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Zln Reln Nu—iZIn ReZIn Nu

Z (InRe)’ (z In Re)

(Eq. 21)

Ina= 2 InNu z InReb
N N
In N InR
a=expna)=ex n U—ZS—ebE

N

(Eq. 22)

In order to apply this method, we need to comphie and Refor every sample. The

value of the Nusselt number comes from the voltage of the anemometers:

— A2V12, - A1V22 X
AA,, -T,.)

(Eq. 23)

The Reynolds number must be calculated at the stagnation conditions. However, these
conditions are also the total conditions at the sensor plane. Consequently, we have to

evaluate:

PrUd
u

Re=

(Eq. 24)

Unfortunately, we do not knowpo, U, . However, we know that the mass flow at the

sensor plane is equal to the mass flow at the throat.
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PriU e A = PpU i A

(Eg. 25)

Since the throat is choked, the mass flow has a known value.

_ y+1
+ (v-1)
P oA = tm \/7'A\h VH

(Eg. 26)

With the additional assumption that the flow is adiabalic £T;) and that the total

pressure at the throat is the pressure measured by the Kulite, we finally obtain:

y+1

Re= An d Py _Bl"'yH

Ahfu\/_

(Eq. 27)

We applied this procedure for each concentration level we had. The resulting constants
are:

Table 4 - Calibration Constants

X a m

0 4.19743 0.469548
0.2 2.80557 0.488318
0.4 2.24425 0.503715
0.6 2.04011 0.518208
0.8 2.10811 0.537137
1.0 2.42563 0.592056

A C++ code is presented in Appendix B.
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Experiments

Facilities

After calibrating the probe, we needed to make experiments to determine if the probe
works correctly, especially if the probe is working in supersonic flows. We also want to
check if the composition we find by reducing the data corresponds to the real
composition of the mixture. Finally, we want to determine the frequency response of the
probe. We had two possible ways to test the probe in a supersonic flow: either the
supersonic wind tunnel or the hypersonic wind tunnel, both at Virginia Tech. The
supersonic tunnel had the advantage of having a long runtime (about 10 seconds) whereas
the hypersonic wind tunnel could only run for a few milliseconds. However, the
hypersonic wind tunnel presents a lot of advantages.In particular, it has the possibility to

be run with different gases or mixtures of gases at a wide range of total pressure.

The Virginia Tech hypersonic wind tunnel was originally designed and built in Russia by
Dr. V. Zvegintsev of the Institute of Theoretical and Applied Mechanics of the Russian

Academy of Sciences in Novosibirsk.; see Figure 14

"
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Handle _—
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Figure 14 - Hypersonic Wind Tunnel Layout
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The major advantage of this facility is its simplicity. The pressure source for the gas is
bottled air or other gases, and, since the tunnel exhausts at atmospheric pressure, no
complicated setup is required. Running the tunnel is also very simple. It basically consists
in lifting the handle. The driving piston can now move backward with the help of the
pressure forces and pull the plug valve out of the entrance of the nozzle. The gas can then
rush through the nozzle and into the test section. The process of opening this fast-acting

valve only takes about 4 to 5 milliseconds.

The other advantage is its flexibility. It can be easily configured to run at Mach numbers
from 2 to 7. The initial plenum pressure can also vary in a wide range, from 0.2 MPa to
20 MPa. A heater can be installed to increase the temperature of the gas inside the
plenum chamber to 850 °K. This is very useful for higher Mach numbers (4 - 7), where it
prevents condensation phenomena. The run-time of this facility depends on the nozzle
used and the pressure of the plenum chamber. Under some conditions it can reach 130

milliseconds.

Test Setup

The hypersonic wind tunnel was configured to run with the Mach 2 nozzle for these tests.
A special support was needed to hold the probe in the test section. It also helps to reduce
the vibrations and the mechanical constraints on the probe. The inlet of the probe is
located in the center of the jet and at about 5 cm downstream the exit of the nozzle. Due
to the Kulite transducer range, which was rated for 50 psi, we were not able to run the
tunnel with the high pressure and were limited to about 80 psi. Also, at Mach 2, the
dynamic pressure and thus loads are large.

Test procedure

The procedure to acquire one set of data can be described by the following steps:
1. Push the bullet and the plug to close the settling chamber. Make sure the

handle is in the groove of the bullet.
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2. Establish a vacuum inside the settling chamber.

3. Fill the settling chamber with the desired mixture and a pressure of 65 Psi.
The tunnel is now ready to run.

4. Make sure that the data acquisition system is ready. The Lecroy should be
configured for automatic triggering. The condition is that the signal from the
high overheat anemometer goes over 2.58V

5. Arm the Lecroy.

6. Open the valve from the probe to the vacuum tank. The probe will begin to
suck air from the test section. The Lecroy should not trigger.

7. Release the handle. The tunnel starts. As soon as the Lecroy finishes acquiring
data, close the valve.

8. Reduce the data to have the trace of the mole concentration as a function of

time.

Data reduction

The process of reducing the probe data uses a direct technique. A computer program
implements a dichotomy to find the concentration. For each sample, we have the two
voltages from the anemometers and the pressure from the Kulite transducer. Starting with
the interval [XI;Xh] (initially XI=0.0 and Xh=1.0), we can set the concentration to Xm,
the average value of Xl and Xh. We then use the data from the probe to compute the
following quantities:

1. The recovery temperature from the hot-film voltages

2. The Nusselt number from the hot-film voltages

3. The Reynolds number from the Kulite transducer
This is basically the same as the calibration phase. We also compuate, which is
another expression dflu. If the constantsa and m do not exist for the concentration

Xm, we linearly interpolate their value from the nearest available concentration levels.

We then compareNu and aRe™. If Nu is greater thamraRe™, the concentration is

greater than Xm and we repeat the process with the interval [Xm,Xh]. On the other hand,

if Nu is lower thanaRe™ , the concentration is lower and the new interval is [XI,Xm].
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We repeat this procedure until the desired precision. We actually took Xh-XI<=1%.

A C++ code for data reductioon is presented in Appendix B.

Results

After the calibration phase, we wanted to test the probe in a more realistic way. That
means in a supersonic flow. In order to verify that the probe was working properly, we
want to compare the composition given by the data of the probe with the real composition
of the mixture. For that purpose, we ran tests with a helium concentration of 0%, 25%,
50% and 100% in the hypersonic tunnel. For each test, we also recorded some
milliseconds of data prior to the triggering of the Lecroy. As a consequence, we should
see some changes of the concentration with time. We even expect to see, during the few
milliseconds the run lasts, a step change.

The following plots shows the signals from the probe (Kulite pressure and anemometer
voltages) and the resulting concentration trace for the concentrations 0%, 25%, 50% and
100%.

The resulting concentration measurements look very noisy. We first thought that it was

the consequence of a phase shift between the hot-film signals and the Kulite pressure
signal. Consequently, in order to decrease these fluctuations, we tried to introduce a time
lag between the signals to account for the physical separation of the transducers. The

results were not what was expected; the signal became even noisier.
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As we can see, the results looks correct. For pure air (0% concentration), the resulting
concentration stays near 0%. However, we notice a peak at 30 % when the tunnel starts.
We believe it is due to unsteady effects. The helium-air cases shows a good agreement
with the expected results. The 50% and 25% helium cases seem to overpredict the value
of the concentration by 5 % in concentration. We think it is due to the fact that we do not

have the value of the constants a and m for this concentration level. Instead the values of

a and m are interpolated from the values known at other concentration levels.

Assessing the frequency response of the probe is the final and most important test. The
first idea was to create high frequency concentration fluctuations and analyze the
response of the probe to these fluctuations. Unfortunately, we could not find an easy or
cheap way to do it. The next idea was to put the probe through a concentration step
change. The way it is usually done is to use a shock tube. However, this solution
presented some majors concerns; the pressures involved are high and fragments of the
diaphragm could impact on the hot films and break them. We decided to use the
hypersonic wind tunnel instead. The start time is very short and can simulate a step
change. Thus, we expect to see a near step change in the concentration. A typical result is

shown in Figure 19.

Calling b the time where we first see a change in concentration, we defined an idealized

theoretical concentration signal as:

)(theo
X

theo
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We can transform this to compute the response to an impulse signal. We can then form

the actual frequency response function of the probe as:

F (impuls signal
H(f)= Ff(i(mppulsééEiF(i(mguls)é

(Eg. 28)

We then plotted the gain of this function (the DC component has been discarded) in
Figure 20 for a typical case. We also plotted an average of all the gains obtained in Figure
21:
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These plots show that the frequency response of the probe is about 2 kHz, which is higher
than the design goal of 1 kHz. The response is flat up to about 1.5 kHz and then begins to
slowly decrease. The low frequency part of the plot is not very well defined due to the
number of points we used in the Fourier Transform. By sampling at a higher rate we
could get a better resolution in the low frequencies and obtain a higher frequency on the
other side of the plot.
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Conclusion

The physical design of the probe was the most arduous part. Finding a compromise
between the limiting factors and the desired features was not an easy task, and we needed
several attempts before achieving final success. The sampling area is bigger than other
sampling probes (0.086 in. diameter); this was imposed by the size of the hot-film probe
and the necessity for them to work in the supersonic region of the probe. The choice for
the hot-film probe to be placed in front of the swallowed shock proved to reduce the
noise on the anemometer signals. However, the Kulite transducer presents a lot of noise.
We believe this is due to the turbulence generated by the films and their supports. This
noise is the main source of uncertainties in measuring the concentration. The location of
the Kulite transducer also gives concerns about measuring the total pressure. One

alternative solution would be to measure the static pressure at the throat.

Despite all this comments, the probe works properly and gives very good hopes about its
frequency response. It seems that it can be used up to 2.5 kHz. The main limiting factor
in achieving a high-frequency response is the internal volume of the probe. The necessary
separation of the pressure transducer and the hot-films put a barrier on the highest

achievable frequency response.

In any case, this probe demonstrated that it was possible to do high-frequency
measurements of the local fluctuations of concentration of a Helium—Air mixture in a
supersonic flow. The main improvements would be to increase the accuracy of the probe

and to find a way to reduce the workload needed for calibration.
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Appendix A

This appendix presents the physical properties of Air and Helium. Some properties
depend on the temperature and the formulas used to evaluate them are based on a curve-
fit (Fuller (1996)).

This appendix also shows the relation to find the properties of the mixture of
concentration X from the properties of Air and Helium. These relations are based on
perfect gas mixtures and other relations found in the literature (Burgers (1969), Devillers
and Diep (1973), Gobulev (1970), Schetz (1991)).

Air properties

Molecular weight M, =28.97 g.mol™

Gas constant R, = Ml = 28698
-3 2 _ -7 3

Specific heat cp. = (28110+1.967T + 4.80|\2/|ELO (T2 -1.966107 [T°)
Ratio of specific heatg,, = _ CPar

Cpair - Rair

o H,, =-1.31554107° +9.5326510° [T -1.5066010 *° [T *
Viscosity
+2.4173700"° [T° - 2585760107 [T* +1.26849107™° [T°
. k,, =1.6134410™ +8.8997010° [T +3.8559910° [T*

Conductivity

-2.39332110° T3 +3.4889110 ™ [T* -1.84858107*° [T >

Helium properties

Molecular weight M, =4.0026g.mol™
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Gas constant R = o 207715

IVIHe

Specific heat Cp,. =5192 6

Ratio of specific heatg,, = CC¢ =1.6667

e e

U, =—4.5608010° +2.05152(10" [T —8.8970710*° [T ?

Viscosity
+2.4171410*? T3 -3.2072010%° [T* +1.6306010*8 [T*

K., =4.33185107 +1.23854(10™ [T +2.7714910° [T ?

Conductivity
-1.1177400°8 T3 +1.8160110* [T* -1.0389210 [T°®

Perfect Gases mixture relations

Molecular weight M =(1- XM, +XM,,

Gas constant R= )
M

Specific heat Cp=Cp,, +Cp,,

Ratio of specific heatg = Cp
Cp-R

ViSCOSity k = 1%1— x)kair + XkHe + kair |:I}(He E
ZD ((1_ X)\/kair -l-x‘\ije)2 L

uair + uHe

Conductivity U=
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Appendix B

This appendix presents the computer codes used. The programs are written in C++. Two
main programs are described. The calibration code was used to find the calibration
constants from the experiments in the calibration tank. The reduction code is the one used
to reduce a particular set of data in order to find the concentration. Both these codes use
two modules. The first one implements the calculation of the properties of the mixture.
The second one is used to read the configuration of the probe and of the transducers.

Calibration Code

This program is used to determine the calibration constants. It takes sets of data files for
every concentration level and return a file (calibr8.dat) containing the calibration
constants for every concentration level. The input data files are listed in the file
calfiles.Ist where they are sorted by concentration level. Each data file is an ascii file
composed of 5 columns, respectively time, hot-film voltage, hot-film voltage, Kulite
pressure and backpressure. The fifth column is not used but is required even if it is filled
with zeros. The geometry and characteristics of the probe are given in the file probe.dat
which is read at the beginning of the program.

For every concentration level, we proceed to a least square curve-fit using all the data

points of the files.

#include "transducer.h"
#include <fstream.h>
#include <string.h>
#include <stdlib.h>
#include <iostream.h>
#include <iomanip.h>
#include <math.h>
#include "standard.h"

const double PsiToPa = 6894.7573;

void main()

{
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cout << " "<
endl;

cout << "| This program computes the calibration constants |" <<

endl;
cout << "| Using a least square fitting method. |" <<
endl;
cout << | |" <<
endl;
cout << "| Author: XILLO Olivier February 98 |" <<
endl;
cout <<"| [" <<
endl;

cout << endl << endl;

/l Temperature
double Rec_coef = 0.94;

/I Get the probe data from the file Probe.dat
Kulite kul(0,0,0);

HotFilm HF1,HF2;

Geometry Geom;

char line[100];

cout << "Reading the file containing the probe data ...";
ifstream k("Probe.dat");

k.getline(line,100,'%";

k >>HF1 >>HF2 >>kul >>Geom;
k.getline(line,80,'=");

if (!(strncmp(line,"Recovery",8)))

k.getline(line,10);
Rec_coef = atof(line);

}

cout << " Done" << endl << endl;

cout << "Opening the file containing the list of calibration
files..." <<endl

ifstream files("calfiles.Ist");

ofstream calfile("calibr8.dat");

double composition=0.0;

Mixture Mix(composition);

ifstream reading;

double time,V1,V2,Pkul,Pback,Ptank, Ttank;

double TO,Nu,Re;

double InNu,InRe;

double sumRe =0.0 ,sumNu=0.0,sumReNu=0.0, sumReRe =0.0;

int i=0,imax=0;

double a,InA,B;

while (!files.eof())

files.getline(line,100);
if (line[0]=='%")
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if (imax!=0)

{

sq(sumRe)/double(imax));

B=(sumReNu-sumRe*sumNu/double(imax))/(sumReRe-

InA=(sumNu-B*sumRe)/double(imax);
a=exp(InA);
calfile << composition << "\t" << a <<"\t" <<
B << endl;
cout << endl;
}
line[0]="";
if (line[1]'='%")
{

composition = atof(line);

cout << "New concentration level : " <<
int(100*composition) << " %" << end];

Mix.SetConc(composition);

sumRe=sumNu=sumReNu=sumReRe=0.0;

i=0;

else

reading.open(line);
cout << "Reading : " << line <<" ... "
while (Ireading.eof())

reading >> time >> V1 >> V2 >> Pkul >> Pback >>
Ptank >> Ttank;

Pkul*=PsiToPa,;

Pback*=PsiToPa;

Ptank*=PsiToPa;

TO=Temp(HF1,HF2,V1,V2)/Rec_coef;

Nu=Nusselt(HF1,HF2,V1,V2,Mix,TO);

InNu=log(Nu);

Re=Mix.RhoU(Pkul, TO)*HF1.Diameter()/Mix.Visc(T0);
Re *=(Geom.AOQrifice()/Geom.ASampling());
InRe=log(Re);
sumNu+=InNu;
sumRe+=InRe;
sumReRe+=InRe*InRe;
sumReNu+=InRe*InNu;
j++:

I3

i--;

reading.close();

cout << "Done. " << endl;
imax=i;

calfile.close();

files.close();

cout << endl << "Done. The constants have been written to
calibr8.dat" << endl;
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cout << endl << "Press any key to exit ..." << endl;
getch();

Data Reduction Code

This program is used to reduce the data. It takes one data file at a time and return an ascii
file with the 5 followings columns: time, hot-film voltage, hot-film voltage, Kulite
pressure in Pa and concentration. To determine the concentration, the program uses a
dichotomy method. The calibration constants a and m are read from the file calibr8.dat. If
the constants do not exist for a given concentration, they are linearly interpolated. Finally,

geometry and characteristics of the probe are read from the file probe .dat.

#include <Standard.h>
#include <Transducer.h>
#include <Mixture.h>
#include <stdlib.h>
#include <string.h>
#include <fstream.h>

/I This program takes the constant determined by the calibration and
verify the agreement

/I between the computed data and the experimental data

const double PsiToPa = 6894.7573;

void main()

double Rec_coef = 0.94;

/I load the file that contains the calibration constant
1!

ifstream calib("calibr8.dat");
int Ncalib=0;
double conc,a,b;

/I Determine how many concentration level are in the file
cout << "opening the file" << endl;
while (Icalib .eof())

calib >> conc >> a >> b;
Ncalib++;

¥
Ncalib--;
calib.close();

/I Read the concentration level and the calibration data
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/I and store them in data_calib[Ncalib][3]
calib.open("calibr8.dat");

double (*data_calib)[3]=new double[Ncalib][3];
for (int i=0;i<Ncalib;i++)
{
calib >> data_calib[i][0] >> data_calib[i][1] >>
data_calib[i][2];

cout << data_calib[i][0] <<" " << data_calib[i][1] <<"
" << data_calib[i][2] << end];

calib.close();
/I Read the probe data
J[-mmmmmm e
Kulite kul(0,0,0);
HotFilm HF1,HF2;
Geometry Geom;
char line[256];

ifstream probe("Probe.dat");

probe.getline(line,256,'%");
cout << line << endl;

probe >>HF1 >>HF2 >>kul >>Geom;
probe.getline(line,80,'=");
if (!(strncmp(line,"Recovery",8)))

probe.getline(line,10);
Rec_coef = atof(line);

cout << " Done" << endl << endl;

/I Ask for the file to reduce and open it

ifstream files("files.Ist");
char *datafilename=new (char);
char *outfilename=new (char);

/I Vary the pressure (kulite pressure) and compute what voltages
/I should be seen on the hot-film at the given total temperature

/ when using the calibration data

1

double Time,V1,V2,Pkul,Pback;
double TO;

double Re,Nu,tmp;

double d=HF1.Diameter();

double I=HF1.ActiveLength();
double Xlow=0.0,Xhigh=1.0,X=0.5;
Mixture Mixlow(Xlow);

Mixture Mixhigh(Xhigh);

Mixture Mix(X);

int ilow,ihigh;
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while (!files.eof())

files.getline(line,256,\t");
strcpy(datafilename,line);

ifstream data(datafilename);

cout << "Reducing " << datafilename ;

files.getline(line,256);

char *outfilename=new (char);
strcpy(outfilename,line);

ofstream Oultfile(outfilename);

cout << " to " << outfilename << endl;

\{Nhile (‘data.eof())

data >> Time >> V1 >> V2 >> Pkul >> Pback;
Pkul=Pkul*PsiToPa,;

Xlow=0.0;

Xhigh=1.0;

X=0.5;

TO=Temp(HF1,HF2,V1,V2)/Rec_coef;

do

{
Mix.SetConc(X);

Nu=Nusselt(HF1,HF2,V1,V2 Mix,TO);
Re=Mix.RhoU(Pkul,T0)*d;

Re *=(Geom.AOrifice()/Geom.ASampling());
ilow=0;

ihigh=Ncalib-1;

for (i=0;i<Ncalib;i++)

if (X>=data_calib[i][0]) &&
(data_calib[i][0]>data_calib[ilow][0])) | _
ow=i;

if ((X<=d|ata_calib[i][0]) &&

ihigh=i;

(data_calib[i][0O]<data_calib[ihigh][O]))

if (ihigh==ilow)

a=data_calib[ihigh][1];
} b=data_calib[ihigh][2];

else

tmp=(X-
data_calib[ilow] [O])/(data_calib[ihigh][O]-dat:fl)_c(aIib[ilow] [OD);

a=(data_calib[ihigh][1]-
data_calib[ilow][1])*tmp+data_calib[ilow][1];

b=(data_calib[ihigh][2]-
data_calib[ilow][2])*tmp+data_calib[ilow][2];

if (a*pow(Re/Mix.Visc(T0),b)>Nu) Xhigh=X; else
Xlow=X;
X=(Xhigh+Xlow)/2.0;
} while ((Xhigh-Xlow)>0.01);
Outfile << Time << "\t" << V1 << "\t" << V2 << "\t" <<
Pkul << "\t" << X << endl;
/[Outfile << Time <<" " << X <<endl

%
Outfile.close();
data.close();
cout << "Done"<< endl;

k
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files.close();
cout << endl << "Press any key to exit ..." << endl;
getch();
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Common components

The two followings code are used by both the calibration program and the data reduction
program. The code mixture.cpp presents functions to compute the properties of gas
mixtures. The code transducer.cpp implements functions to read the properties of the
probe and of the transducers used. It also implements routines to compute the Nusselt
number and temperature from the hot-film voltages.

Finally, the file probe.dat is presented with the values used.

Mixture.cpp

#include "mixture.h"
#include "standard.h"
#include <math.h>

/I Calculate the thermal conductivity of a mixture of air and Helium
double Mixture::Cond(double T)

{
double k, k_air, k_He;

k air= 1.61344E-04;

k_air += 8.89970E-05* T;

k_air += 3.85599E-08 * T * T;

k_air +=-2.39332E-10*T*T *T;

k_air += 3.48891E-13*T*T*T*T;
k_air+=-1.84858E-16 *T*T*T*T*T;

/Ik_air =0 + f1 + 2 + {3 + f4 + f5;

k He = 4.33185E-02;

k_He += 1.23854E-04 * T,

k_He += 2.77149E-06 * T * T,

k_He +=-1.11774E-08 * T *T * T;

k_He += 1.81601E-11*T*T*T*T,
k_He +=-1.03892E-14*T*T*T*T*T,
Ilk_He =0 +fl1 + f2 + {3 + f4 + {5;

k=k air* (1.0 - X) + k_He * X;

k += k_air * k_He/sq((1.0 - X) * sqrt(k_He) + X * sqrt(k_air));
k/=2.0;

return (k);

/I Compute the viscosity of the mixture at a given temperature
double Mixture::Visc(double T)

double mu, mu_air, mu_He, DairHe,DHeair;

I* fO = -1.31554E-06;
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9.53265E-08 * T,
-1.50660E-10* T * T;
241737E-13*T*T*T,
-2.58576E-16 * T*T*T*T,
1.26849E-19*T*T*T*T*T,;

—h —h —h —h —h
G RrWNE
o

mu_air = fO + f1 + f2 + 3 + f4 + 15; */

mu_air =-1.31554E-06;

mu_air += 9.53265E-08 * T;

mu_air += -1.50660E-10 * T * T;

mu_air += 2.41737E-13*T*T* T,
mu_air +=-2.58576E-16 * T*T* T * T;
mu_air += 1.26849E-19* T*T*T*T*T,

I* fO = -4.56080E-06;
fl = 2.05152E-07 * T;
f2 =-8.89707E-10* T * T,
f3= 241714E-12*T*T* T,
f4=-3.20720E-15*T*T*T* T,
f5= 1.63060E-18 * T*T*T*T*T,

mu_He =f0 + f1 + f2 + f3 + f4 + f5; */

mu_He = -4.56080E-06;

mu_He += 2.05152E-07 * T;

mu_He += -8.89707E-10 * T * T;

mu_He += 2.41714E-12* T* T * T;
mu_He += -3.20720E-15 * T* T * T * T;
mu_He += 1.63060E-18 * T* T* T* T * T;

if (X <=0.0)
mu = mu_air;
else

{
if (X >=1.0)

mu = mu_He;
else

{

DairHe=sq(1+pow(MW_He/MW _air,0.25)*sqrt(mu_air/mu_He))/sqrt(8*(1+M
W_air/MW_He));

DHeair=sq(1+pow(MW_air/MW_He,0.25)*sqrt(mu_He/mu_air))/sqrt(8*(1+M

W_He/MW _air));
mu = mu_air/(1+DairHe*(1-X)/X) + mu_He/(1+DHeair*X/(1-X));
}

return (mu);

/I Specific Heat at constant presssure
double Mixture::Cp(double T)
{

double cp, Cp_air;
double f1, 2, {3, f4;

const double Cp_He =5192.6;
fl = 0.2811E+02;
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f2 = 0.1967E-02 * T;

f3 = 0.4802E-05*T *T;

f4 =-0.1966E-09*T*T * T,

Cp_air = (f1 + f2 + f3 + f4) * 1000.0 / MW __air;

cp =(MW_He * X * Cp_He + MW _air * (1.0 - X) * Cp_air) / MW,
return (cp);

/I Specific Heat at constant volume
double Mixture::Cv(double T)
{

return Cp(T)-gamma(T);

/I Specific heat ratio
double Mixture::gamma(double T)

double cp=Cp(T);
return cp/(cp-R);

/I Mixture constructor
Mixture::Mixture(double x)

{
X =X;
MW = X * MW_He + (1.0 - X) * MW _air;
R =8314.0/MW,

}

/I Mixture Destructor
Mixture::~Mixture()

}

/IChange the concentration of the mixture
void Mixture::SetConc(double x)

{
X =X;
MW = X * MW_He + (1.0 - X) * MW _air;
R =8314.0/MW,

}

/I Calculate mass flow when the mach number and the area are 1
double Mixture::RhoU(double P,double T)

double g=gamma(T);
return P*sqrt(g/R/T)*pow((g+1.0)/2.0,0.5*(g+1.0)/(1.0-9));
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Transducer.cpp

#include "transducer.h"
#include "Standard.h"
#include <iostream.h>
#include <string.h>
#include <math.h>

Kulite::Kulite(double excitation,
double gain,
double sensitivity)

{
Excit = excitation;
G = gain;
Sens = sensitivity;
}

E(ulite::—«KuIite()

Excit = 0.0;
G =0.0;
Sens = 0.0;

double Kulite::ToPsi(double Volt)
return Volt*1000/G/Sens;

double Kulite::ToVolt(double Psi)
return Psi*Sens*G/1000;

istreamé& operator>>(istream &s, Kulite &k)
{
char line[100];
s.getline(line,80,'=");
if (!(strncmp(line,"Kulite",6)))
{

s.getline(line,10);
k.excitation(atof(line));
s.getline(line,100,'=");
s.getline(line,10);
k.gain(atof(line));
s.getline(line,100,'=";
s.getline(line,10);
k.sensitivity(atof(line));
s.getline(line,100,'%");

return s;

}

/I HotFilm Constructor
HotFilm::HotFilm()

Res0 = 0.0;
Resdiff = 0.0;
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Resint = 0.0;

Resoper = 0.0;

Rescable = 0.0;

Resbridge = 0.0;

L = 0.0; /llength

D = 0.0; //diameter
}

HotFilm::~HotFilm()

{
Res0 = 0.0;
Resdiff = 0.0;
Resint = 0.0;
Resoper = 0.0;
Rescable = 0.0;
Resbridge = 0.0;
L = 0.0; /llength
D = 0.0; //diameter

istream& operator>>(istream &s, HotFilm &hf)

char line[100];
s.getline(line,80,'=";

if (!(strncmp(line,"Hot Film",8)))
{

s.getline(line,10);
hf.BridgeResistance(atof(line));
s.getline(line,100,'=";
s.getline(line,10);
hf.OperatingResistance(atof(line));
s.getline(line,100,'=";
s.getline(line,10);
hf.ResistanceOdeg(atof(line));
s.getline(line,100,'=";
s.getline(line,10);
hf.DifferentialResistance(atof(line));
s.getline(line,100,'=";
s.getline(line,10);
hf.InternalResistance(atof(line));
s.getline(line,100,'=";
s.getline(line,10);
hf.CableResistance(atof(line));
s.getline(line,100,'=";
s.getline(line,10);
hf.ActiveLength(atof(line));
s.getline(line,100,'=";
s.getline(line,10);
hf.Diameter(atof(line));
s.getline(line,100,'%");

}

return s;

}
double Temp(HotFilm &HF1, HotFilm &HF2, double V1, double V2)
{

double Rs1 = HF1.Resbridge+HF1.Rescable+HF1.Resint;

double Rs2 = HF2.Resbridge+HF2.Rescable+HF2.Resint;

double Rf1 = HF1.Resoper;

double Rf2 = HF2.Resoper;

double A1=(Rs1+Rf1)*(Rs1+Rf1)/Rf1;

double A2=(Rs2+Rf2)*(Rs2+Rf2)/Rf2;

return (HF2.T*A2*V1*V1-HF1. TFAL1*V2*V2)/(A2*V1*V1-Al*V2*V2);
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}

/*double TempTot(HotFilm &HF1, HotFilm &HF2, double V1, double V2,
double Tcoef,double EqCoef)
{

double Rs1 = HF1.Resbridge+HF1.Rescable+HF1.Resint;
double Rs2 = HF2.Resbridge+HF2.Rescable+HF2.Resint;
double Rfl = HF1.Resoper;
double Rf2 = HF2.Resoper;
double A1=(Rs1+Rf1)*(Rs1+Rf1)/Rf1;
double A2=(Rs2+Rf2)*(Rs2+Rf2)/Rf2;
double al = V1*V1/A1/HF1.L;
double a2 = V2*V2/A2/HF2.L;
double a=(al-a2)*(EqCoef+Tcoef*EqCoef*EqCoef);
double b=(1.0+2.0*Tcoef*EqCoef)*(a2*HF1.Tf-a1*HF2.Tf);
double c=Tcoef*(al*HF2.TF*HF2.Tf-a2*HF1. TF*HF1.Tf);
double delta=b*b-4*a*c;
return (-b+sqrt(delta))/2.0/a;

}

double Nusselt(HotFilm &HF1, HotFilm &HF2, double V1, double V2,Mixture
&M, double Temp)
{

double Rs1 = HF1.Resbridge+HF1.Rescable+HF1.Resint;
double Rs2 = HF2.Resbridge+HF2.Rescable+HF2.Resint;
double Rf1 = HF1.Resoper;
double Rf2 = HF2.Resoper;
double A1=(Rs1+Rf1)*(Rs1+Rf1)/Rf1;
double A2=(Rs2+Rf2)*(Rs2+Rf2)/Rf2;
return (A1*V2*V2-A2*V1*V1)/(A1*A2*(HF2.Tf-
HF1.Tf)*PI*HF1.L*M.Cond(Temp));
}

/*double Nusselt(HotFilm &HF1, HotFilm &HF2, double V1, double
V2,Mixture &M, double Temp,double Tcoef,double EqCoef)
{
double Rs1 = HF1.Resbridge+HF1.Rescable+HF1.Resint;
double Rs2 = HF2.Resbridge+HF2.Rescable+HF2.Resint;
double Rfl = HF1.Resoper;
double Rf2 = HF2.Resoper;
double A1=(Rs1+Rf1)*(Rs1+Rf1)/Rf1;
double A2=(Rs2+Rf2)*(Rs2+Rf2)/Rf2;
double al = V1*V1/A1/PI/HF1.L/M.Cond(Temp);
double a2 = V2*V2/A2/PI/HF2.L/M.Cond(Temp);
double tmp=Temp*(al-a2)/(HF1.Tf-HF2.Tf);
tmp/=Temp*(1+2.0*EqCoef*Tcoef)-Tcoef*(HF1. Tf+HF2.Tf);
return tmp;
H

/I Geometry Constructor
Geometry::Geometry()

{
}

/I Geometry Destructor
Geometry::~Geometry()

}

istream& operator>>(istream &s, Geometry &g)

char line[100];
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s.getline(line,80,'=";
if (!(strncmp(line,"Geometry",8)))
{

s.getline(line,10);
g.AOCrifice(atof(line));
s.getline(line,100,'=";
s.getline(line,10);
g.ASampling(atof(line));
s.getline(line,100,'=";
s.getline(line,10);
g.Alnlet(atof(line));
s.getline(line,100,'%");

}

return s;
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Probe.dat

%Hot Film 1

Anemometer bridge resistance (Ohm) = 10
Sensor operating resistance (Ohm) = 8.208
Sensor resistance @ 0 deg C (Ohm) =4.94
Res @ 100 deg - Res @ 0 deg (Ohm) =1.20
Internal Resistance (Ohm) = 0.46
Added cable resistance (Ohm) = 0.593
Active length of hot-flm (m) =0.51e-3
Diameter of hot-film (m) =25.4e-6

%Hot Film 2

Anemometer bridge resistance (Ohm) = 10
Sensor operating resistance (Ohm) =6.112
Sensor resistance @ 0 deg C (Ohm) =4.90
Res @ 100 deg - Res @ 0 deg (Ohm) =1.19
Internal Resistance (Ohm) = 0.49
Added cable resistance (Ohm) = 0.595
Active length of hot-film (m) =0.51e-3
Diameter of hot-film (m) =25.4e-6

%Kulite

Excitation (V) =5

Gain =100
Sensitivity (mV/Psi) = 2.253
%Geometry

Area of choked orifice (m"2) = 7.405e-6
Area of sampling plane (m"2) = 6.701e-6
Area of inlet orifice (m"2) = 3.746e-6

%Recovery Factor
Recovery Factor of the probe =0.94

%
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Appendix C

An analysis of the accuracy of the probe is presented here. A truly rigorous uncertainty
analysis would have required a enormous amount of work. However, a simpler technique
can be used to get an estimate of the accuracy of the probe. This technique is based on the
jitter program (R. J. MOFFAT (1982)). Using previously collected data points and
introducing small perturbations in these data, one can determine the sensitivity of the
desired quantity to changes in the measured quantities. In our case, we can determine the
sensitivity of the concentration to changes in the pressure from the Kulite pressure

transducer or in the voltage from the hot-films. Writing=g(v,,V,,R, , we are

evaluating the partial derivativgg, o9 and 9 . The error can then be evaluated

av, aVv, oP,,

AX :J 99 av1§+ 99 5\/2§+ 9 mkulé
Vl V2 I:)kul

In order to evaluate the partial derivative, we take data points from the calibration process

by:

and compute the concentration for each of them. We then perturb one of the measured
guantities (e.g. pressure) and recompute the concentration. The difference in
concentration divided by the perturbation gives the sensitivity coefficient. Observing the
coefficient obtained, we find they vary significantly especially with the pressure.
However, we can distinguish two regions. The first one is when the pressure from the
Kulite transducer is low (<10 psi). In this region the sensitivity coefficients are big and
we can expect a big error. The second region is for moderate pressures (>10 psi). In this
region, the coefficients seem to diminish slowly with the pressure and we can expect a

lower error.
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Low pressure regime

For all the data points with a low pressure (<10 psi), we compute the sensitivity
coefficient to changes in the hot-flms voltages and in the Kulite pressure. We then
average them together. The resulting coefficients are:

2—9 = 140%/V

1

99 _ gooev
oV,

dg
al:)kul

=-14%/psi

Using the 95 % confidence bounds for the error, we find that:

oV,=0.073 V
oVv,=0.052 V
0P, =1.734 psi

and the error on the concentratiom¥ = +26.7 %

Moderate pressure regime

The same procedure is followed for this region. We find that:

99 _ 9006V
oV,
99 _ 7506V
v,

9 =-5%/psi
al:)kul

and that the resulting error 88X = +11.6 %

The main source of errors comes from the measurement of the pressure. The error does
not come from the measuring device but from flow induced noise. In order to obtain a

better accuracy of this probe one should consider trying to reduce this noise.
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