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Abstract

Aspirating, concentration probes are used to measure
binary gas concentrations in a supersonic flow. In the
past, a tank discharge method has been used to calibrate
concentration probes. An alternate calibrat:on method has
been developed and tested on a probe in a steady,
subsonic/sonic flow. This study evaluated the calibration
and performance of a concentration probe in a steady,
supersonic flow over a range of mixture ratios of air and
helium. The results of this study and a comparison of the

two calibration methods are presented.
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EVALUATION OF A CONCENTRATION PROBE
FOR APPLICATION IN A SUPERSONIC
FLOW FIELD

_roduct

Ramjet propulsion at hypersonic speed requires
supersonic combustion for optimum performance. Supersonic
combustion requires a high mixing rate of the fuel and air.
In order to determine the mixing rate and degree of mixing,
a probe may be inserted into the flowing binary fuel/air
mixture. However, the probe requires calibration and its

performance must be consistent.

1.1 Background

Early work using hot wire anemometer probes to measure
binary gas concentrations was conducted by Adler (Adler,
1971:163). He observed that the heat loss from a hot wire
sensor is a function of four properties: (1) velocity, (2)
pressure, (3) temperature, and (4) composition. Moreover,
he concluded that hot wire anemometers are useful as
concentration sensitive instruments, having the following
desirable characteristics: (i) quick response; (ii)
continuous recording; (iii) point wise measurement in the
field. These characteristics are important in the

measurement of mixing rates in supersonic flow.




Many concentration probes have been designed and tested
in the past. Blackshear and Fingerson designed a probe "to
detect concentration fluctuations in a heated air jet mixing
in air" (Blackshear and Fingerson, 1962:1709). Brown and
Rebello employed a probe to determine the composition of a
binary gas stream composed of two different gases (Brown and
Kebello, 1972:649). 1In both cases, calibration curves were
generated from data obtained using a tank discharge
calibration method.

All the work up to . his point was performed with
subsonic flow fields. Ng was one of the first to use an
aspirating, hot-film probe to determine the gas
concentrations in supersonic flows (Ng and others,
1989:2,3). Likewise, he employed a tank discharge
calibration method. His calibration method involved filling
a tank to approximately 0.2 MPa then evacuating the tank’s
contents in incremental pressure steps. At each pressure
step, a calibration point was derived. In the late 1980°’s,
Tanis designed and built an aspirating hot wire probe for
the study of supersonic turbulent shear layer mixing (Tanis,
1993). Tanis’ probe is similar in design to Ng‘’s probe with
the exception that Tanis’ probe contains a thermocouple and
pressure port. Like those before him, Tanis generated
calibration curves from data obtained using a tank discharge
method.

In 1989, Stoller used Tanis’ probe design to develop an

alternate calibration technique in a steady, subsonic/sonic
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flow field (Stoller, 1989). In this technique, unlike the
tank discharge calibration method, the probe is calibrated

in an environment in which it may actually be applied.

1.2 Obiecti 3

This investigation evaluates the performance of Tanis’
probe and examines the influence of flow properties on its
calibration in a supersonic flow.

The goal of this work has been to:

1. Evaluate the aspirating concentration probe,
designed by Tanis, for use in a supersonic
binary flow field.

2. Calibrate the probe in a supersonic binary flow
field using a steady flow calibration method.

3. Compare calibration results using the steady
flow method to those obtained using a tank
discharge method.

In this study, the probe was operated in a supersonic
flow field where the ratio of nozzle exit area to throat
area was 1.131 or 2.778. The concentration of the operating
fluid ranged from 100 percent air to 100 percent heliun.

The Reynolds number in the probe chamber varied from 0.5 to
2.5, while the probe chamber pressure varied from 27.6 KPa

to 41.4 KPa.




I1. Theory of Probe operation
The heart of the probe is the hot wire sensor. The hot
wire sensor is a strand of tungsten wire located in the
probe sensor chamber and maintained at a constant
temperature well above the fluid temperature. The heat

transfer rate between the wire sensor and fluid is governed

by the eguation

O = I*R, = hA, (T, ~T;) (1)

where Q is the heat transfer rate, I is the current through
the hot wire sensor, R ‘s the operating resistance of the
hot wire sensor, h is ti. heat transfer coefficient of the
hot wire sensor, A,. is the wire sensor surface area, T, is
the operating temperature of the hot wire sensor, and T, is
the fluid temperature. The heat transfer rate, Q, may be
rewritten in the form

_VeeRy (2)

= (R,*R,)?

where V,. is the bridge voltage and R, is the bridge circuit
series resistance. In this form, a knowledge of the heat
transfer coefficient is not required to calculate the heat
transfer rate.

As previously stated on page 1, the heat transfer of

the sensor is a function of fcur properties:
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(1) temperature, (2) pressure, (3) velocity, and (4)
composition. The total temperature and total pressure are
measured by a theraocouple and pressure port (connected to a
pressure transducer), respectively located in the probe
chamber, as shown in Figure 1. The third property,
velocity, is derived from measured mass flow rate. This is
accomplished by keeping the pressure behind the sonic
orifice at approximately 3.5 KPa (vacuum level maintained by
probe vacuum pump) to insure the orifice is choked. With
total temperature and total pressure known, the mass flow
rate through the choked orifice is calculated with the

equation

[ Y..I
PA™ [ Ya(_2 )7 (3)

n = <
VTo N B2 Yatl

where P, is the total pressure in the probe chamber, T, is

Probe Body Probe Cap Thermocouple Choked Orifice

Thermocouple

Hot Wire Sensor Chamber Pressure Port

Figure 1. ‘Jor->ntration Probe




the total temperature in the probe chamber, and A° is the
throat area of the sonic orifice (Shapiro, 1953:85).
Equation 3 assumes the discharge coefficient of the sonic
orifice is one. The velocity is derived from the mass flow

rate (assuming uniform flow) by the expression

veJ0 (4)

PAm

where p is the density of the gas in the probe chamber and
A,. is the cross sectional area of the probe chamber at the
hot wire sensor location. With three of the four properties
known, the fourth property, the molar concentration
(composition) can be isolated and determined.

Referring to Equation 1, the heat transfer coefficient,
h, can be derived from the non-~dimensional Nusselt number in

the form

Nu = 4 (5)

where d, is the sensor wire diameter and k., is the thermal
conductivity of the fluid evaluated at the mean film

temperature, T,. The mean film temperature is expressed by

T.+T
Tn = '; £ (6)




The determination of fluid properties at the film
temperature does not eliminate the temperature loading,
T./T. (i.e., A low temperature loading avoids complications
due to temperature dependence of the fluid properties).
However, the residual effect of temperature loading is
assumed negligible and essentially independent of Reynolds
number (Collis and Williams, 1959:365,366).

By combining Equations 1 and 5, the Nusselt number

takes on the form

od

L4 7
Kere (7T (7)

Nu =

If Equations 2 and 7 are combined the result is

VarRody (8)

Nu =
keA o (Ty=Ty) (Ry*Ry) :

Equation 8 is useful since all the required parameters,
except K,;, are known or measurable. For a binary gas
mixture, the thermal conductivity, k., is determined by a

modified version of Wilke’s semiempirical equation

(9)

where




¢y = L By anpne by By’ (10)
m, By m,

Likewise, the binary gas viscosity is given by

n

Xiph;
B = N U 11
z; ifxf’u an

Je1

In Equations 9, 10, and 11, the variables x; and x, are
species molar fractions, k; is the thermal conductivity of
an individual gas, u, and u, are the viscosities for the
individual gases, and m, and m, are the species individual
molecular weights. These equations are applicable to low-
density gases (Bird, 1960:24,258).

In the past, the Nusselt number has been related to
King’s law. One form of King’s law given by Collis and
Williams for the average heat transfer rate from an infinite

cylinder is presented as
M=t l 2RePr (12)
n n

where Re is the Reynolds number and Pr is the Prandtl number
(Collis and Williams, 1959:361). The Reynolds number is

defined by




Re = thdy (13)
o

and the Prandtl number by

Pr = f%g (14)

where C, is the specific heat, and g is the fluid viscosity
evaluated at the film temperature.

In his work, Tanis developed Eguation 15 which relates
mole fraction of helium to Reynolds number.

Nu(l‘.%)o.i?}:r»o.!(l*x”‘) (0.55-0.13Re) o A-'-BRe""S (15)
i 4

Xs. is the helium molar concentration and the variables A
and B are calibration constants (Tanis, 1993:59). This
equation is similar to previously proposed equations with
the exception that Tanis’ equation accounts for variations

in concentration.




112 . 1 Facilit

For this study, a test facility was established to
create a steady, supersonic flow field with mixture ratios

of helium and air variable from 100 percent air to 100

percent helium. The test facility is capable of varying the

mass flow rates of both the air and helium sources, mixing
the two gases together, then expelling the mixed gases
through a convergent - divergent nozzle. In addition,
provisions were made to regulate the pressure aft of the
convergent - divergent nozzle, thus, controlling the
expansion of the jet exiting the divergent section of the
nozzle.

The test facility consists of five systems: (1)
concentration probe system, (2) mixture supply system, (3)
steady flow test system, (4) data acquisition system, and

(5) tank discharge systemn.

3.1 Concentration Probe System

The conccntration probe, shown in Figure 1 on page 5,
was designed by Tanis. The probe’s removable, brass, cone
shaped cap has a 0.343 mm diameter opening at the forward
end. The opening expands in steps to a chamber 2.56 mm in
diameter. Contained within this chamber are a 0.0127 mm
(0.0005 in) diameter tungsten hot wire sensor, a K type
(Chromel - Alumel) thermocouple wired to an electronic ice

point, a 0.508 mm diameter pressure port, and a 0.508 mm

10




diameter sonic orifice. The tungsten wire is bridged
between two #16 sewing needles (maximum needle diameter is
0.409 mm) which are epoxyed into the probe’s brass body.
Wires soldered to the aft end of the sewing needles are
connected via cabling to a TSI intelligent flow analyzer
(IFA-100). The pressure port has a 0.508 mm (OD), outside
diameter, hypodermic tube pressed into it. The hypodermic
tube extends back approximately 10 cm at which point it is
inserted into and soldered to a 0.914 mm (OD) tubing. This
tubing extends back approximately 33 cm where it terminates
at a pressure transducer. Behind the sonic orifice, the
pressure is maintained below 3.5 KPa (pressure is absolute
unless otherwise indicated), by a vacuum pump. The aft end
of the probe body is glued to a stainless steel tube 3.175
mm (OD) and 35.7 cm in length, through which the probe

wiring, tubing and vacuum suction is drawn.
3.2 Mixture Supply System
Both the mixture supply system and the steady flow test

system are shown in Figure 2. The mixture supply system is

further broken down into the constituent metering subsystem

and the mixing chamber subsystem.

3.2.1 constituent Metering Subsystem. Air is supplied
to the test facility by means of an air compressor
maintained at a pressure of approximately 0.7 MPa. The
compressed air is filtered through paper coffee filters and

a cyclone separator, (e), prior to passing through a square-

11




edged orifice, (c). The square-edged orifice flow measuring
system is egquipped with two pressure transducers, (j), and a
thermocouple, (d), to obtain the data required to calculate
the mass flow rate of air entering the mixing chamber. The
square-edged orifice location (and venturi location in the

helium line) meets ASME recommended minimum lengths of pipe

between the orifice (or venturi tube) and control valves

(ASME, 1971:180).

(b)
(a) (€) (@) (g
IXC ][ U V e—— Air In
\!
B (35 ) (1)
! JA. o ] 1\
’ ”] - ~— ' +— Helium In
o | m B
I »

('_ Vacuun

(o)

(m)

- — ]

gl (s)

™ (e (q) (r)

(a)&(g) solenoid valves; (b),(h)&(1l) dome valves;

(c) square-edged orifice; (d),(k)&(m) thermocouples;

(e) paper filters and cyclone separator; (f) mixing chamber;
(i) venturi; (j)&(o) pressure transducers; (n) stilling
chamber; (p) supersonic nozzle; (q) observation chamber;

(r) probe holder; (s) probe; (t) globe valve

Figure 2. Mixture Supply System and Steady Flow Test System
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Before enter the mixing chamber, the air pressure is
regulated by a dome valve, (b), to control the mass flow
rate of air.

Helium is supplied to the test facility by bottles of
compressed helium. The helium pressure to the test facility
is regulated by two dome valves, (h & 1). The dome valves
step the helium tank pressure from a maximum pressure of 15
MPa at the helium tanks to a maximum pressure of 0.5 MPa
entering the mixing chamber. Between the two dome valves, a
venturi tube, (i): two pressure transducers, (j); and a
thermocouple, (k); are employed in obtaining data to
determine the mass flow rate of helium entering the mixing
chamber.

3.2.2 Mixing Chamber Subsystem. The mixing chamber,
(f), was originally built by Zakanycz for use in studying
the turbulent mixing of binary gases (Zakanycz, 1971).
Figure 3 is Zakanycz’s drawing of the chamber. The air
enters the chamber at the forward end wheres it first
impinges on a baffle. The air is then dispersed by a screen
and glass beads. At the same time, helium enters the mixing
chamber through a side boss were it is directed on a baffle
which disperses the flow. The air and helium then enter
interspersed parallel tubes (45 tubes for air, 52 tubes for
helium). Streams of helium and air exit the tubes where
they mix in tubing connecting the mixing chamber to the

stilling chamber.

13
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Figure 3. Mixing Chamber and Outlet End of Tube Core

2.3 OSteady Flow Test Systenm

The steady flow test system is further divided into the
stilling chamber subsystem, the nozzle subsystem, and the

observation chamber subsystem.
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2.3.1 stilling Chamber Subsystem. The stilling
chamber, Figure 4 and (n) in Figure 2 page 12, serves the

purpose of creating a uniform flow prior to the flow
entering the nozzle. Moreover, the stilling chamber is
equipped with a pressure transducer for determining the
total pressure of the binary gas. Just upstream of the
stilling chamber, a thermocouple measures the total

temperature of the flow.

Pressure Transducer Thermocouple
p—_p
o 53 bl 4
 — i
Gas Flow
J d.—‘:-:.-'::-: =3\
b
(-] o
Screen o
>
© [-]

Figure 4. Stilling Chamber
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d.3.2 Nozzle Subsystem. The nozzle, Figure 5 and (p)
in Figure 2 page 12, is an axisymmetric convergent -
divergent nozzle with a permanent convergent section and a
removable divergent section. The convergent section of the
nozzle has a smooth, convex shape (with a ratio of inlet
area to throat area of approximately 7.87) while the
divergent section’s interior surface has a conical shape.
The divergent section of the nozzle can be removed and
replaced with another divergent section to vary the ratio of

exit area to throat area, ¢, from 1 to 2.778.

Removable Divergent Section

Figure 5. Supersonic Nozzle
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3,3.3 oObservation Chamber Subsvstem. The observation

subsystem consists of a plexiglass observation chamber, (q)
in Figure 2, probe holding structure, (r) in Figure 2, and
vacuum source. The observation chamber is plexiglass to
allow visual positioning of the probe in the exit plane of
the nozzle. In addition, the observation chamber is
equipped with a pressure transducer to measure the back
pressure. The probe holding structure keeps the probe fixed
in the center of the exit plane of the nozzle. Moreover, it
allows for back and forth adjustment parallel to the nozzle
axis. The vacuum source consists of three vacuum pumps and
sixteen aircraft fuel tanks which serve as a vacuum
reservoir. The vacuum pressure in the observation chamber
is controlled by a valve, (t) in Figure 2, just downstream

of the probe holder.

1.4 Data 2 isiti Syst

The data acquisition system is a Nicolet 500 data
acquisition system which interfaces with a 386 personal
computer. The Nicolet 500 is capable of receiving and
processing 20 signals. The test facility uses 10 of the
signal channels. Four signals come from the four pressure
transducers at the orifice plate and venturi tube. One
channel receives data from the stilling chamber pressure
transducer and another channel receives data from the
thermocouple just upstream of the stilling chamber. One

line is connected to the observation chamber pressure

17




transducer, while the last three signals originate from the
probe hot wire sensor, probe thermocouple, and probe

pressure transducer.

4.5 Tapnk Discharge System

The tank discharge apparatus used for the tank
discharge calibration method is shown in Figure 6. The tank
discharge apparatus consists of a cylindrical tank (16.5 cm
in diameter and 19 cm in length) fitted with a K type
thermocouple and a pressure trancducer. Air - .d helium are
introduced into the tank via needle valves and expelled from
the tank via a ball valve. A plastic tube attached to the
end of the ball valve and fitted over the probe cap allows
the passage of the gas from the tank to the probe. The gas

flows through the probe in the calibration process.

— Needle Valves

[——— Helium In
I————- Thermocouple

= l Ball Valve

e Y E Tank ::&—- -

Air In \\Pressure Transducer Probe

Figure 6. Tank Discharge System
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IV, Experimental Procedures

Prior to testing and calibrating the probe, the venturi
tube and pressure transducers had to be calibrated, and the
sensor wire thermal resistance coefficient determined. The
next section describes these preliminary test procedures
while the following sections describe the probe response
tests and calibration procedures. It has been determined
from experience that each hot wire sensor has its own
"personality":; therefore, the same hot wire sensor was used

during all calibration procedures.

4.1 Prelimi Test [ 3

4.1.1 Venturi Calibration. Before using a venturi to
measure true mass flow rate, its discharge coefficient had
to be determined. To do this, the venturi was placed in the
air supply line approximately two meters downstream of the
orifice plate, (c) in Figure 2. Since published literature
contains significant discharge coefficient data on square-
edged orifices based on Reynolds number, the orifice served
as a reference in calibrating the venturi. The calibration
procedure started by initiating a low mass flow rate of air
flow through the system and recording pressure and
temperature data from both the orifice and venturi. The
mass flow rate of air was incrementally increased to give a
range of Reynolds numbers. Calculated discharge

coefficients greater than one were discarded and other
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erroneous discharge coefficients were eliminated using
Chauvenet’s rejection criteria as discussed by Taylor
(Taylor, 1982:142-4). Finally, the remaining discharge
coefficients were averaged to determine the discharge
coefficient. Appendix A contains the equations that were
necessary to calculate the venturi discharge coefficient.

4.1.2 Wire Sensor Thermal Resistance Coefficient. The
hot wire sensor is designed to function at a constant
tenperature. In order to determine the sensor operating
temperature, the linear relationship between the sensor
resistance and sensor temperature had to be investigated.
This was accomplished by inserting the probe into a rubber
stopper which was placed over the top of an insulated flask.
The flask was then placed on a hot plate. The Nicolet 500
read and displayed the temperature in the probe by means of
the probe thermocouple. At the same time, the IFA-100
displayed the sensor resistance. Temperature and resistance
readings were taken approximately every 10°C over a range
from 30°C to 80°C. Appendix B contains the plot of sensor
temperature versus sensor resistance and the correlation
factor of the data. The thermal resistance coefficient and
overheat ratio were determined using procedures prescribed
in the IFA-100 manual (IFA-100 Users Manual). An overheat
ratio of 1.5 was chosen after personal conversation with
Tanis.

4.1.3, Pretest Checklist. Prior to testing, a

Checklist was utilized to avoid mistakes in taking data.
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The checklist included adjusting the pressure transducer
signal conditioners to compensate for drift, turning on the

thermocouple ice points, checking for leaks, and setting the

overheat ratio.

The probe chamber temperature and pressure response
characteristics needed to be evaluated and understood before
the probe was calibrated. The next two sub-subsections
present ways in which the probe pressure response and
temperature response were evaluated.

4.2.1 Pressure Response. The response of the probe to
a step change in pressure was evaluated by turning on the
probe vacuum system while sealing off the front entrance of
the probe cap. After the probe chamber pressure stabilized,
the cap entrance was abruptly opened. Simultaneously, the
Nicolet 500 data acquisition system recorded the change in
pressure with time.

4.2.2 Temperature Response. In the past, the probe
was calibrated in subsonic/sonic flow where the static
temperature was relatively constant. 1In a supersonic flow
field, the static temperature decreases substantially with

an increase in Mach number, as can be seen by Equation (16).

T = T°(1+J;—1M2)'1 (16)
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The temperature response was determined by introducing the
probe to a Mach 2.56 (y = 1.4) flow field. The Nicolet 500
data acquisition system was actuated with no flow past the
probe. A gas flow was then initiated by means of a solenoid
valve. The data was recorded at 20 Hz for approximately 90
seconds. The procedure was repeated twice: once with a
mixture of air and helium and then with pure heliunm.

Further tests involved blowing hot air on the probe cap with
the entrance of the cap shielded. Hot air was blown into
the probe chamber (no shielding) to examine the influence of
heat transfer on the data acquired with the probe. With
both the probe vacuum and hot wire sensor on, a final test
exposed the probe to the atmosphere to evaluate the effect
of the hot wire sensor heat output on the chamber

temperature versus time.

4.3 Tank Discl calibration 3

The tank discharge method has been the calibration
method of choice in the past. To begin the calibration
procedure, the Nicolet 500 data acquisition was set up to
record sensor bridge voltage, probe chamber pressure, and
temperature. The operating resistance of the probe hot wire
sensor was set for an overheat ratio of 1.5 (T, = 152°C) and
the probe vacuum was turned on. The tank was evacuated and
then filled with air to approximately 140 KPa and connected
to the probe via a short plastic tube. As the tank

discharged, the Nicolet 500 data acquisition system recorded
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4800 data points over a two minute period. The tank was
prepared for another test by evacuating the tank and filling
it with air to just below atmospheric pressure. After
recording tank pressure and temperature, helium was added
until the tank pressure reached a value corresponding to the
desired mixture pressure, at which time the mixture pressure
and temperature were recorded. The mole fraction of helium
in the tank was calculated using the relationship:

= P HeTn.ix

(17)
P, nixTHo

xﬂc

For succeeding tests, the tank was evacuated to
approximately 3.5 KPa (lowest consistent vacuum pressure
obtained by vacuum pump) and then purged with air to remove
any residual helium. The mixture pressure ratio was varied
by reducing the air pressure, while the mixture pressure
remained relatively constant. To obtain data with 100
percent helium, the tank was evacuated to approximately 3.5
KPa and purged with a stream of helium to remove as much

residual air as possible.

4 4 __Steady Fl ~alibrati E 3
The probe was calibrated using two supersonic nozzles.
The Mach numbers established using the two nozzles (y = 1.4)
were 1.43 (€ = 1.131) and 2.56 (¢ = 2.778). The probe was
inserted into the probe holding structure and positioned so

that the extreme tip of the probe cap lay in the center of
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the exit plane of the divergent nozzle. The Nicolet 500 was
configured to a 50 Hz sampling rate over a four second
sampling time and the IFA-100 was set for a overheat ratio
of 1.5 (T, = 152°C). Air flow was initiated and metered to
obtain a predetermined probe chamber pressure.
Simultaneously, the back pressure in the observation chamber
was adjusted via the vacuum control valve. Adjustment of
the back pressure was necessary to obtain guasi-optimum
expansion of the exiting gas jet. Once the desired probe
chamber pressure and nozzle back pressure were established
and the flow stabilized, the data acquisition system was
initiated. After the data run was completed, the data was
downloaded to files stored in the 386 personal computer.

The procedure was repeated three additional times for pure
air, each time increasing the probe chamber pressure. The
chamber pressure in the probe varied from 29 KPa to 40 KPa.
This range was chosen to allow comparison between Stoller’s
subsonic/sonic results and the supersonic results of this
study (Stoller, 1989). Next, helium was introduced to the
system. The previous steps were followed for a range of air
and helium concentrations. Prior to recording data for the
tests with pure helium, the system was operated for a few

seconds with pure helium to expel any residual air.
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V. Results

In this section, pressure and temperature response test
results are presented and examined. After evaluation of the
probe response test results, the resnlts of the tank
discharge calibration method and steady flow calibration

method are examined and compared.

5,1 Probe Pressure and Temperature Response

The pressure and temperature response of the probe were
investigated to determine the probe’s performance in a
dynamic situation (e.g., The probe is traversed in gases
containing temperature and density gradients). The results
of the pressure response test are presented first, followed
by the temperature response test results. Pressure is
absolute pressure unless otherwise indicated.

5.1.1 Probe Pressure Response Results. Figure 7
illustrates the probe response to a step change in pressure
at its inlet from approximately 1.4 KPa to an atmospheric
pressure of 97.9 KPa. The chamber pressure reaches 99
percent of its steady state value in 0.62 seconds after
opening the chamber to atmospheric pressure. An additional
test was conducted to determine the repeatability of the
probe pressure response. The results of the second test
were a duplicate of the first test.

5.1.2 Probe Temperature Response Results. Figure 8

shows the temperature response characteristics of the probe
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in a supersonic flow (nozzle € = 2.778) with the probe
vacuum on and the hot wire sensor off. A gquick and stable
temperature is critical for a concentration probe. The test
results indicate that the chamber temperature reaches steady
state within 25 seconds and remains stable. The temperature
of the air/helium mixture (60.7 percent helium) increases
after 55 seconds due to an increase in back pressure in the
observation chamber. The back pressure increases from about
6.9 KPa at 55 seconds to 10.5 KPa at 90 seconds.

The test results also demonstrate the strong influence
of the static temperature of the external flow field on the
probe chamber temperature. The brass cap’s high thermal
conductivity and proximity to the chamber thermocouple all
account for the strong influence of the cap temperature on
the measured chamber temperature.

A test was conducted where the brass probe cap was
heated with a hot air gun directed to the side of
the probe cap and with the room air drawn into the probe
(shielded from the hot air of the hot air gun). The test
results are shown in Figure 9. The brass heats up quickly,
radiating and convecting heat to the probe thermocouple.
Prior to the addition of heat, the probe chamber temperature
is lower than the atmospheric temperature. The lower
temperature is attributed to air expanding from room ambient
pressure to a lower pressure in the probe chamber. The
expanded air cools the probe cap which in turn cools the

chamber thermocouple. From the results of this test and
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following tests, the probe thermocouple is assumed to be

sensing local total temperature or fluid temperature and not

the total temperature of the flow prior to entering the
probe. The difference in the total temperatures is due to
heat transfer within the probe chamber.

Figure 10 shows the results when the previous test was
repeated with the probe vacuum turned off. The results
indicate that radiation heat transfer and convection heat
transfer are significant between the probe cap and
thermocouple.

Figures 11 and 12 were obtained by removing the
shielding and directing a jet of hot air into the probe

chamber. Test results shown in Figure 11 were with the
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10

probe vacuum on, while the test results given in Figure 12
were with the probe vacuum off. With air being drawn into
the probe (Figure 11), its chamber temperature is unstable
due to turbulence in the chamber or to a non-uniform

temperature air stream from the hot air gun at the probe

entrance. However, in Figure 12 the chamber temperature is
steadily increasing at a rate slower than the external hot
air temperature. Results shown in Figure 11 are somewhat
inconclusive due to the data scatter, but results shown in
Figures 11 and 12 are consistent with the finding that the
chamber thermocouple is sensitive to the temperature of the
brass cap.
The previous tests presented in Figures 8 ~ 12 were

conducted with the hot wire sensor inoperative. Figure 13
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5.2 Tank Disc} calibrati R 11
The tank discharge calibration method was performed for
comparison to the steady flow calibration method. During
the calibration procedure, the probe temperature remained
constant at 25°C (+2.5°C, =-5°C).
Calibration curves were plotted using Equation 18 which

is a modified version of Eqguation 15.

T 0.7
Nu(lo_f:) PI'°"(1*X,,) (0.138¢-0.55) . 24BRe% 45+CRe®-¥+ERe} S (18)

T v T3

The difference is in the sign of the exponent of term T2 and
the expansion of term T3. The exponents in Equation 15 are
ones that occurred most often for Tanis during the
calibration of his probe (Tanis, 1993:61). The tank
discharge calibration results of this investigation, shown
in Figure 14, are plotted with Re°*® vs. the left side of
Equation 18. The values in Figure 14 were obtained by
taking 4800 points, then averaging every seguential group of
10 points. From these 480 average values, a data point was
chosen at a chamber pressure of 41.4 KPa and at every 0.69
KPa chamber pressure step down to 27.6 KPa. The upper right
points in each concentration grouping correspond to the
higher chamber pressures while the lower left values
correspond to the lower chamber pressures. The slopes for

each group of concentrations are similar indicating the
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consistent effect of pressure on each concentration for the
exponents used.

Figure 15 presents three different chamber pressures.
The third order polynomial calibration curves shift to the
right and up as the chamber pressure increases. This is to
be expected since for a given concentration as the mass flow
rate in the probe chamber increases, the Reynolds number
increases. The y coordinate increases due to an increase in
Reynolds number and Nusselt number. The Nusselt number
increases due to an increase in heat transfer rate. The
lines of constant concentration can be used to determine the
helium molar concentration if the chamber pressure and
Reynolds number or y coordinate are known. A major
disadvantage of Figure 15 is that the calibration constants,
A, B, C, and E of Equation 18 vary with chamber pressure.

By changing the exponent of term T2 in Equation 18

to the exponent of T2 in Equation 19, the curves collapse

T 0©.17
NU(J.,_T_:) Pr-o.a(l...x“) (0.8Re-0.55) . A,BReo.ss,meo.y,ERez.:s (19)

T - * 3 —

to give a single curve as illustrated by Figure 16.
The third order polynomial curve fit equation is

Yy = 12.518 - 41.376 Re®>*®* + 46.055 Re®® -~ 14.723 Re’*°,
The calibration points are not as well behaved as desired.

The data scatter is believed to be due to instabilities in
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the hot wire bridge voltage. From Figure 16 the molar
concentration can be calculated as follows:

(1) Estimate the molar concentration of helium.

(2) Calculate the mixture properties (C,, Ke:, Ra, Yaur M.
p) based on guessed helium concentration.

(3) Calculate the mass flow rate using Equation 3.

(4) Calculate the Nusselt, Reynolds, and Prandtl
numbers using Equations 8, 13, and 14,
respectively.

(5) Determine if the right side and the left side of
Equation 19 are equal.

(6) If they match, stop; if they don’t match, estimate
the helium molar concentration again and repeat

steps (1) -~ (5) (Tanis, 1993:63).

5.3 _Steady Flow Calibration Results
The steady flow calibration method was conducted using
two supersonic nozzles (€ = 1.131 and € = 2.778). The

0.48

results were first plotted with Re vs. the left side of
Equation 18. Figure 17 shows the calibration results using
the nozzle with an € value of 1.131 and a probe chamber
pressure of 35.2 KPa. Figure 18 illustrates the calibration
results using the supersonic nozzle with an € value of
2.778. The pressure effects are the same as with the tank
discharge calibration results in that the calibration curves

in Figure 18 move to the right and up with an increase in

chamber pressure.
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The major difference between the tank discharge results
and steady flow results occurs in the center portions of the
calibration curves. The third order polynomial calibration
curves in Figures 17 and 18 have more curvature than those
curves in Figure 15 of the tank discharge method. This
trend may be attributed to variations in measured chamber
temperature. Figures 19 and 20 show the chamber
temperatures during calibration of the probe using the two
supersonic nozzles (€ = 1.131 and ¢ = 2.778, respectively).
The figures indicate that the minimum fluid temperature
decreases with an increase in Mach number.

Figure 21 is a comparison of the results from the tank
discharge calibration method and steady flow calibration
method where the chamber pressure is fixed at approximately
35.1 KPa. The difference between the tank discharge
calibration results and steady flow calibration results may
be attributed to a chamber temperature gradient. The
temperature sensed in the chamber may be lower than the
temperature of the fluid in the vicinity of the hot wire
sensor. As the Mach number increases the difference between
the actual and measured fluid temperature may be increasing.
Recalling Eguation 8

2
Vbt Rwdv ( 8 )

Nu =
ktAxot ( T~ Tf) (Rw*Rb) z

39




SENSOR CHAMBER TEMPERATURE ( °C)

tererPo = 3B.1 KPe

101 AN
\
AN
] »
\
“1 \.
N\
/
AN
/
1 \\ 4
- .\\ ,,
.00 .25 050 0.7  1.00
HELIUM MOLE FRACTION
Pigure 19. Temperature vs. Helium Concentration
(e = 1.131)
20

SENSOR CHAMBER TEMPERATURE ( °C)
o
1

esepoPo = 29.6 (P
sar0ePo = 32,2 KPe
rerrePo = 36,1 KPe

e a —
.00 .25 0.50 .75 1.00
HELIUM MOLE FRACTION
Figure 20. Temperature vs. Helium Concentration

(e = 2,778)

40




] Qpopp Tent Discherge Dete
AAALS Supercontc Dete (A /A=1.131)
- SARRS Superson ic Dete (A /A 2.778)

NuxC 1+ Tu/Te) " 7aPr 3 14X,,,) TR

.

- Po = 35.1 KPe

.

@ YY_TIIIIITrTlﬁWF!f‘[YlWﬁlllﬁl]IﬁIIIIlrﬁrlllllTIf

Q. 0.8 1.0 - 1.2 1.4 1.6
Re-

Figure 21. Comparison of Results of Tank Discharge
Method and Steady Flow Method (Equation 18)

41




as T, decreases, the Nusselt number (and y coordinate)
decreases. The Nusselt number decreases faster than term Tl
in Equation 18 increases. By making Tl’s exponent larger,
the curves in Figure 21 would come together but the distance
between overlapping points at 100 percent helium would
increase.

Although not explored, an additional explanation for
the difference between the tank discharge calibration
results and steady flcw calibration results focuses on the
difference between the local total temperature and the
adiabatic wall temperature. The difference between the two
temperatures is a function of recovery factor, ratio of
specific heats, and Mach number. Any further research
should investigate the impact of the difference between the
two temperatures on steady flow calibration results.

The steady flow calibration results might correlate
better to the tank discharge calibration results if fluid
temperature differences were eliminated. By heating the gas
prior to entering the supersonic nozzle, the fluid
temperature in the probe chamber could be controlled and
kept ccnstant. The heating of the gas should be
investigated in any future steady flow calibration tests.

Equation 19 was also applied in generating calibration
curves with the steady flow calibration method with good
results. The calibration curves shown in Figures 22 and 23

for the two supersonic nozzles are dquasi-linear and almost
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identical. The second order polynomial curve fit equation
for Figure 22 is

Yy = -1.4892 + 2.6683 Re®>** + 1.0276 Re°’
and for Figure 23 the curve fit equation is

y = 1.0571 - 2.3684 Re®* + 3.4213 Re°°.

The steady flow calibration method was repeated with
the larger nozzle (€ = 2.778) with 100 percent air. The
relative error between the first test and second test varied
from 0.47 percent to 6.51 percent. The results of the
second test are also shown in Figure 23. Two of the four
values for the second test lie well within the error bars
while the other two points call into question the
repeatability of the probe.

A comparison between the results of the tank discharge
method and steady flow method is exhibited in Figure 24.

The steady flow results compare well to each other; however,
the differences in shape of the tank discharge calibration
curve versus the steady flow calibration curves is not
understood. Future work should investigate possible causes

for the difference.
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Vi, conclusions and Recommendations

6.1 _conclusions

The concentration probe shows promise in measuring
binary gas concentrations in a supersonic flow field. It
has excellent chamber pressure repeatability and stable
temperature response required for accurate measurements. On
the other hand, the probe is overly sensitive to changes in
the probe cap temperature. This problem needs to be solved
or at least understood and isolated. Additional tests need
to be performed with other sensors and with additional
nozzles to establish a firm foundation for comparison of the
tank discharge calibration technique and the steady flow

calibration technique.

6.2 Recommendations

The probe proved t> be a useful instrument, but like
most instruments, there is room for improvement.
Suggestions for improving the probe are:

(1) Construct the probe body and probe cap out of a
material much less conductive than brass.

(2) Enlarge the cross sectional area of the probe
chamber so that the thermocouple is further from
the cap.

(3) Build a pressure transducer into or close to the
probe body to decrease the probe chamber response

tine.
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Other recommendations include:

(1) Study the dynamics of the inner geometry of the

(2)

(3)

(4)

probe cap (i.e. how it affects shock wave position
and, thus, probe chamber pressure).

Study the regions around the chamber thermocouple
and pressure port entrance to determine if they
are regions of recirculation and if so how they
affect total temperature and total pressure.

Add a heater in the vicinity of the stilling
chamber to control the fluid temperature of the

gas flowing past the probe.

Further study the effects of back pressure on probe

chamber temperature.
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i 1ix 2 turi cali .

The venturi required calibration to determine its
discharge coefficient. The discharge coefficient of the
square-edge orifice plate was determined using the following

series of equations (ASME, 1971:52-201)

C, = K/1-p* (20)

where B = ratio of diameters, d/D. The variable, K, is

defined by Egquation 21

F, (21)

= 1+
K= K(1+

and K is further broken down into Equations 22 - 24.

10¢d (22)
K =K, (——————)
° "° 108d+15F

K, = 0.5993+2:997 4 (0, 364+ 2:076)pe
D vD

+0.4(1.6-2)%[(0.07+222)-p)2:s
0D034 b (23)
-(0.009+=2=) (0.5-p)*-5
65
*(F"G) (p-0.7)1%3
R, is the Reynolds number at the square-edged orifice and F

is defined by
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F= d(aao-sooop+9ooop2-4zoop3+-5%’) (24)

Note: If any of the last three terms in Equation 23 reduces
to an imaginary number that term or terms are dropped.
The actual mass flow rate through the square-edged

orifice is determined by

ny,d* C
mo:i[ico = 41 d \/29cp1 (Pl‘P-J (25)
and
Y, = 1~(o.41o+o.3soﬂ‘)-yz- (26)

where z = 1 - p./p.. The theoretical mass flow rate through

the venturi is determined by

2g.p, {(D,-P,)
thchvent = aY\J Se :: 2 (27)
1-p
where Y is
X1
= [p2rv(_Y 1-r 7 1-p4 1/2 (28)
Y=I[r (7-1)( T3 ) (1-B‘r2”)]
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The value a is the cross sectional area of the venturi
throat and r = p,/p.. The discharge coefficient of the

venturi tube is finally calculated by Equation 29.

1h
Cy vant™ moxiticc (29)

thvent

The discharge coefficient of the venturi was calculated to

be 0.984.
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\ 1ix B, T 1 Res; ~oefficient

Sensor resistance versus sensor temperature is plotted
to determine the thermal resistance coefficient. The
thermal resistance coefficient is regquired to calculate the
operating temperature of the hot wire sensor. The

correlation factor of the plotted data is 0.9997.

1.50
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Figure 25. Sensor Resistance vs. Temperature
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