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Abstract. 4

Although thermal anemometry has/ been employed for the simultaneous
measurement of velocity and gas concentrations the underlying theory and techniques
to do so are not well established. To rectify this situation, the present work uses theory
and experiments to investigate the design of thermal-anemometry-based probes capable
of making such measuréments;. specifically focusing on those for use in helium/air
mixtures. It is demonstrated,that an interference probe, which consists of two hot-
wires placed close, enough together that one is located in the thermal wake of the
other, can be used to'simultaneously measure velocity and helium concentration. The
performance of the probeis increased when (i) the separation distance (s) between the
wires is small (s/dy, S 2, where d,, is the diameter of the upstream wire), and (ii)
the downstream wigoverheat ratio is low. Furthermore, a short downstream wire is
recommended(to ensure that the separation distance remains small while the wires are
being operated.

Submitted to: Meas. Sci. Technol.
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1. Introduction

Thermal anemometry is a measurement technique which, owing to its{(i) high spatial
and temporal resolution, and (ii) high signal-to-noise ratio, remains one of the principal
tools of turbulence research. As its name implies, this measurement technique uses the
heat transfer from a heated sensor (either a fine wire or film) to infer the properties
of the flow. Most commonly, a constant-temperature anemometer (i.e. ome'in which
the sensor’s temperature/resistance is maintained constant) is<employed/to measure
the velocity of isothermal flows of homogeneous composition. Sincethé heat generated
by passing an electric current through a sensor operated by such an anemometer is
approximately equal to the heat convected away by the fluid flow; one finds that the
output voltage of the anemometer (F) can be expressed asafunction of the fluid velocity
(U):

E? = A+ BU", (1)
in what is often referred to as King’s Law}. Although»A and B are frequently treated
as constants to be determined by calibration of the sensor in flows of known, constant

velocity, it should be noted that both parameters are actually functions of the fluid
temperature and composition:

A= 0.24%%) (%)0.177‘;(0@01320) (Rr + Ry + Ru), 2)
- N (e o

Accordingly, as may be observed from»the above equations, a constant-temperature
anemometer can also be uséd toumeasure temperature or concentration of a chemical
species. If multiple sensors{arefcombined, simultaneous velocity and temperature
or simultanecous velecity and concentration measurements are theoretically possible.
Although techniques forsthe former are well established (see Bruun [1]), those for the
latter are not.

2. Review of existing thermal-anemometry-based techniques for making
simultaneous velocity and concentration measurements

Thermal-anemometry-based techniques for making simultaneous velocity and concen-
tration measurements in fluid flows, or more specifically, the designs of probes capable
of making sueh measurements, were primarily influenced by early theoretical work by
Corrsin [2,3] and the experimental work of Way and Libby [4]. The former posited
that thervelocity and concentration fields of a turbulent flow could be inferred from
thewvoltages of hot-wire probes of differing diameters (d). The latter were the first to
implement these ideas, and designed a thermal-anemometry-based probe consisting of a
hot-wire (dy = 2.5 um) and hot-film (dr = 25 um) to simultaneously measure velocity

I See Appendix A for a complete nomenclature and Appendix B for the full derivation of equation (1).
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(U) and helium concentration (C'). Initially, the hot-wire and hot-film were placed far
enough apart that they could both be assumed to follow equation (1):

E} = Aw(C) + By (C)U™, (4a)
Ep = Ap(C) + Br(C)U™, (40)
such that when eliminating the velocity from the above two equations, one obtains:
B A B
2 _ _ (2 (W WAR2 2
E2, = Ay {1 (BF ) (AF )} + (BF )EF a(C) AHE) 2. (5)

In theory, a(C) ~ k, and b(C) is effectively independent of concentration. However,
in their experiments, Way and Libby [4] found thatyboth a(C) and b(C) were
relatively weak functions of concentration, causing the'hot-wiresand hot-film to respond
similarly to changes in U and C, and making it difficult tendistinguish voltage pairs
(Ew, Er) measured in high concentration/lowvelocity flows from those measured
in low concentration/high velocity flows. This was explained by the low thermal
accommodation coefficient§ of helium on common hot-wire materials (i.e. tungsten,
platinum), which causes thermal slip effects; and may affect the validity of the equations
above. In contrast, when the hot-wire and hot-film were moved close enough together
that their thermal fields “interfered;”»sWay and Libby [4] discovered that sensitivity to
concentration was sufficiently enhanced to make simultaneous velocity and concentration
measurements possible.

Ultimately, Way and Libby [4}.designed a probe (see table 1) in which the behavior
of the hot-wire was strongly/ influenced by the hot-film’s thermal field (due to the
small separation distance bewkeen the two), but the latter was relatively unaffected
by the presence of the hot-wire. The two sensors of this probe, which we refer to as an
interference probe, thereforeresponded very differently to changes in the flow properties
(i.e. U and C). For example, although the voltage measured across the hot-film was
observed to increagewith increasing helium concentration — as might be predicted from
equations (1)-(3): or equation (4b) — the voltage measured by the hot-wire was nearly
unaffected by cencentration and, in some circumstances, even decreased with increasing
helium concéntration. This resulted from the fact that the thermal field of the hot-film
expands as helium concentration increases (due to the increased thermal conductivity
of this gas), which exposes the hot-wire to higher ambient temperatures, causing the
voltage across it to decrease, and offsetting the expected increase from the increasing
helim coneentration. This distinct behavior made it possible to separate the effects of
coneentration from those of velocity, and unambiguously measure both fields.

§ The thermal accommodation coefficient relates to the energy transferred between a heated surface and
colliding gas molecules. It is defined as the ratio of the average increase in energy of the molecules after
striking the surface to the increase in energy if the molecules were to have time to come into thermal
equilibrium with the surface (i.e. the maximum possible energy increase based on thermodynamics).
It is bound between 0, when no energy is transferred from the surface, and 1, when the surface and gas
molecules are in thermal equilibrium.
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As may be observed in table 1, most subsequent thermal-anemometry-based probes
for the simultaneous measurement of velocity and gas concentration|| are based on the
work of Way and Libby [4]; they consist of two sensors (hot-wires, hot-films) placed
within 50 pm of each other, such that s/dp, < 10 (where s is the separationidistance;
and dj is the diameter of the hottest sensor of the probe) and some thermal interference
between the sensors is therefore likely. However, given that thesdiameter ratio of
these probes is generally large, Corrsin’s [2, 3] earlier suggestion = that simultaneous
velocity and concentration measurements can be achieved using hot-wires with differing
diameters — continues to influence the design of probes used to make §uch measurements.
This suggestion has been reiterated by Harion et al. [5], Soudani et al. [6], and McQuaid
and Wright [7], although it should be noted that, similarly t6»Corrsin [2, 3], their
arguments were (i) primarily theoretical and (ii) limited temnon-interfering probes (i.e.
probes in which the sensing elements were placed far enough apart that their thermal
fields would not interact). Moreover, neither Corrsinn [2, 3] nor McQuaid and Wright [7]
considered the effects of thermal-slip (which maybe signficant in flows of helium). Thus,
the relevance of the suggestions given in the afotemehtioned works to most of the probes
presented in table 1 is not particularly clear and merits further investigation.

In general, there has been relatively little work investigating the design of
thermal-anemometry-based probes capable of simultaneously measuring velocity and
gas concentration. Given a thorough reviewof the designs of such probes (which are all
compiled in table 1), the following can be, inferred:

(i) As stated above, a large diameter ratio may be beneficial [2,3,5-7]. However, large
diameter ratios often require the use of a hot-film, which has a poor frequency
response compared to a hot-wire. |Accordingly, to improve the temporal and spatial
resolution of the thermal—aﬁmometry—based probe, it should ideally be composed of
two hot-wires, like in thefwork of McQuaid and Wright [9], Sirivat and Warhaft [13],
Panchapakesan and Lumley[14], and Sakai et al. [19].

(ii) Probes with separation distances small enough that thermal interference effects are
likely (s/dpei < 10); which herein are referred to as interference probes, appear to
be necessary im, He/air mixtures. For most of these probes, s/dj,; is approximately
1 or 2, but Harion et al. [5] (and related works [6,15-18]), designed a probe in which
s/dpet =310, and in which interference effects were considered to be of secondary
importance due to the large diameter ratio of the sensing elements. Interference
probes do not appear to be necessary in other gas mixtures, as evidenced by the
work ofiMeQuaid and Wright [9] and Sakai et al. [19].

(iii)\Differences in the overheat ratios of the sensors, or, more generally, their
operating temperatures, can be observed for each of the probes listed in table
1. In non-interfering probes, these differences can be used to increase sensitivity
| Note that we consider only the simplest of these probes, which are specifically used to make

simultaneous measurements of a single component of velocity and concentration when the mean flow
direction is known.
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to concentration [7] and/or make simultaneous-velocity and concentration
measurements possible [19]. In COy/air mixtures, a difference in the overheat ratio
is all that is required for making such measurements [19]. When using interference
probes, differences in overheat ratios can be used to control the degree'to which
one sensing element of the probe is affected by the thermal field ofithe other [5, 6].

Although the above statements lend some insight into the design of »thermal-
anemometry-based probes used to simultaneously measure velocity and gas concen-
tration, they do not reveal the necessary or optimal design parametersarequired to con-
struct or operate such probes. Adapting, improving, or even recréating these thermal-
anemometry-based probes for specific experimental situations is theréfore difficult. To
rectify this situation, the present work investigates im,greater detail the design of
thermal-anemometry-based probes capable of simultaneously. measuring velocity and
concentration in turbulent flows.

The remainder of this paper is organized as follows. §3 further develops the theory
underlying the use of thermal anemometry for/making simultaneous velocity and gas
concentration measurements in fluid flows. Then, in'§4, we present the details and results
of an experimental investigation into the design of thermal-anemometry-based probes
capable of making measurements in He/air mixtures. The present work specifically
focuses on such probes since (i) helium is generally an attractive gas for studying flows
of heterogeneous mixtures (as it is inert, non=toxic, and relatively inexpensive), and (ii)
its relatively low density and Schmidt number makes it useful for studying variable-
density flows (as is the case formany of the works cited in table 1 [8,10-12,14-18]) or
differential diffusion. Finally, the conelusions and future work are discussed in §5.

3. Theory 2

Since thermal-anemometry-based probes that use a hot-film have a poor frequency
response, the present work only focuses on probes consisting of a pair of hot-wires.
The theoretical anaysis presented herein therefore begins by considering how two hot-
wires can be used.to make simultaneous velocity and concentration measurements in
any gas mixtare.

3.1. Thermal-anemometry-based probes capable of simultaneously measuring velocity
and concentration in any gas mizture

Following the"approach of Way and Libby [4], we first consider the case in which two
wires are placed side-by-side and far enough apart that their thermal fields do not
interferes’In this situation, both wires follow equation (1) (King’s Law). Accordingly,
the.wire voltages (F1, Es) can be expressed as a function of each other, independent of
the fluid velocity (U):

E; =a(C) + b(C)E}. (6)

Page 6 of 27
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To obtain simultaneous velocity and concentration measurements, a and/or b must be
functions of concentration (C), so that distinct iso-concentration curves fofy B as a
function of E; can be obtained in the F)-FE; plane. Using the definitions, of A and.#
provided in equations (2) and (3), a(C') and b(C') can be expressed as:

OHy — 1\ (Tr2\*"
a(C) = O247T< 02]?2 ) ( Yff) k,’g(RTQ + RL72 + OHQRG’2>

(- () () |

0420,2320,2 P1 K2 dy ’

b(C) — |:(OH2 - 1)/OH2:| (Tf72>017@ (&ﬂ)n
(OH1 — ]_)/OHl Tf71 k’l P1 K12

|:RT,2 + Rpo+ OH2R0,,2:| (0420,1R20,1> (1_2) (%)n
Rpi+ R+ OH Ry1 | \ a0 2R202 by di )

As may be observed from the above equations, b is generally a weak function of

(7)

/

(8)

concentration, and becomes independent of ¢oncentratipn for the specific case in
which the wire temperatures are equal (so that' Ty = Tjo, ki = ko, 11 = po,
p1 = p2). Accordingly, a must therefore‘bera functionof concentration (and non-zero)
to concurrently measure velocity and concentration, which necessitates that:

p2 i\ (d2\"

(m uz) <d1) 7h )
Consequently, simultaneous measurements of velocity and concentration are theoreti-
cally possible if (i) dy # da, or (1) L1 # Tyo.

Although the above analysis is eonsistent with previous work suggesting that
thermal-anemometry-based pr@es capable of simultaneous measurements of velocity
and concentration be designed to have large diameter ratios [2, 3, 5-7], it also
demonstrates that differenees in the wire diameter are not a necessary condition. Like
in the work of Sakaiethal. [19], 1t should be possible to design such probes that consist
of two hot-wires opeérated attwo different overheat ratios. Nevertheless, this depends
significantly on the choice of gas-mixture. Given the focus of the present work on the
design of probes-capable©of making measurements in He/air mixtures (like most of the
probes presénted in table 1), it is worth discussing the theory behind making such
measurementg.in greater detail.

3.2. Thermal-apemometry-based probes capable of simultaneously measuring velocity
and concentration in He/air miztures

The simultaneous measurement of velocity and helium concentration requires an
understanding of thermal slip, which may be caused by rarified gas and/or
accommodation effects, and which can be relevant to He/air mixtures. Rarified gas
effects may be quantified by the Knudsen number (Kn = \/d), which increases with the
concentration of helium (in helium/air mixtures). As the Knudsen number increases,
the flow over a hot-wire may transition from continuum flow to slip flow, resulting
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in a decrease of the expected Nusselt number of the wire [22,23]. Moreover, ghermal
slip can even occur in what is normally considered continuum flow (Kn < 0.01) if
the accommodation coefficient () for the gas on the wire is small [24-26]. Although
accommodation coefficients are near-unity for most common gases (including air) on hot=
wire materials [23,27], they are relatively small for helium, with quoted values ranging
from 0.03 — 0.48 [25-27]. With both high Knudsen numbers and lew’accommodation
coefficients, thermal slip is likely in flows containing helium, and the actual heat transfer
from the hot-wire is expected to be lower than what is predicteddrom equations (1)-(3).
To take into account rarified gas and accommodation effects,?ve suggest that
equations (1)-(3) be replaced with the following equation, derived in Appendix C from
the work of Collis and Williams [22] and Andrews et al. [23]:
OH -1 l Nu,
B = ”( OH )k(amRm) (Br + Righ)§ T Nu,®Kn’

where Nu, is the continuum Nusselt number predicted by the heat transfer correlation

(10)

of Collis and Williams [22], and ® is a function of thg accommodation coefficient
(& = f(a)). However, due to the large uncertainty surrounding values of «, it is
important to note that the above equationimay only. estimate these effects.

Nevertheless, we can use equation (10) tongain further insight into the design of
thermal-anemometry-based probes capable ‘of simultaneously measuring velocity and
concentration in He/air mixtures. In the"present work, we calculated the theoretical
voltages (E7, Fs) of two select configurations of commercially available hot-wires (1.2
pum Pt and 10 gm W; 2.5 pmyW and 2.5 um Pt/Rh) over the range of conditions
corresponding to the experimeéntalndata presented in §4 (1m/s < U < 15m/s,
0 < C <0.06), and plotted the results‘in figures 1 and 2. Given that figures 1 and 2
respectively depict the thedreticalresponse of a probe designed with a (i) large diameter
ratio (dy/dy = 8.3) and (ii) large wire/film temperature differences (7,2 — 111 = 486°C;
To — Ty = 243°C)pwe can assess whether our earlier conclusions — that simultaneous
velocity and concentration measurements are possible if d; # dy or Ty # Tyo — are
valid in He/air mixtures:

To highlight the importance of rarified gas and accommodation effects in He/air
mixtures, both figures'lrand 2 compare the behavior of a hot-wire predicted by equations
(1)-(3) (which do not cerrect for rarified gas and accommodation effects, and from
which equations,(7) and (8) are derived) and equation (10) (which takes into account
rarified gas and accommodation effects). Consistent with the theory presented in §3.1,
equations \(1)-(3) predict distinct iso-concentration curves for the probe depicted in
figure 1 (dgj/d; = 8.3). However, for that same probe, when rarified and accommodation
effeets are taken into account, the iso-concentration curves collapse onto a single line,
such that simultaneous measurement of velocity and concentration is not possible. This
agreesiwell with experimental data presented by Way and Libby [4] for a probe with a
similar diameter ratio (dp/dy = 10), and suggests that Way and Libby [4] were indeed
correct in assuming that thermal slip caused their experimental data to deviate from
theoretical predictions (see equations (4a), (4b), and (5)). In the case of the probe

Page 8 of 27
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Figure 1: Theoretical dependence of E3 on E? using (a) equations (1)-(3), and (b) equation
(10). The first wire is made of platinum (d; = 1.2 um) and the second wire is made of tungsten
(d2 = 10 um). Both are operated at OH = 1.8.

L
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Figure 2: Theoretical dependeénce of E2 on E? using (a) equations (1)-(3), and (b) equation
(10). The first wire is made of tungsten and operated at OH = 1.05 (T,y1 = 34°C; Ty = 27°C)
and the second.wire is. made of platinum-rhodium and operated at OH = 1.8 (T}, 2 = 520°C;
Ty = 270°C). Both are 2:5 ym in diameter.

analyzed in figare 2 (T2 — Ty = 486°C; Ty — Tyy = 243°C), both equations (1)-
(3) and equation (10) demonstrate that the iso-concentration curves all collapse onto
each othergand simultaneous velocity and concentration measurement are, once again,
impossible.

Based on the above analysis, it can be concluded that for the range of helium
concentrations of interest, neither a large diameter ratio (do/d; = 8.3), nor an
Twy = 486°C; Tro —
Tpq1 = 243°C), are sufficient for making simultaneous velocity and concentration

extremely large wire/film temperature difference (73,2 —

measurements, despite what was inferred earlier from equations (7) and (8). Not only
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are the theoretical thermal-anemometry-based probes nearly insensitive to differénces'in
wire/film temperatures, but rarified gas and accommodation effects in He/airmixtures
have a significant effect on these probes, and render imperceptible any changes that could
be attributed to differences in wire diameters. Accordingly, the design recemmendations
put forth by Corrsin [2, 3], Harion et al. [5], Soudani et al. [6], and McQuaid and
Wright [7] do not appear to be well suited to flows containing heliuprmixtures.

3.3. Interference probes in He/air miztures o

It is worth pointing out that the diameter ratio of the hot-wiresiimvestigated in figure 1
was chosen to be as large as realistically possible, and cannot be,ineréased significantly
beyond its current value (since the dimensions of thedwires are limited due to end
conduction effects, spatial resolution requirements, and'GTA specifications). Given the
results presented in figures 1 and 2, and practical constraints for hot-wire designs, it
appears that the only possible way to increase sensitivity to helium concentration is to
bring the wires of the probe close enough together that ome is in the thermal wake of
the other, thus forming an interference probe, liké in the work of Way and Libby [4].
The behavior of such a probe is complex and cannotibe predicted using the equations
presented in the current section, which were derived assuming that the probe wires are
placed sufficiently far apart that their. thermal fields do not interfere. To gain insight
into the physics of interference probespand understand how to design these probes, we
therefore undertake an experimental investigation.

4. Experimental investigation on the design of interference probes capable
of simultaneously measuriu& velocity and helium concentration

4.1. Details of interference probes studied

To study the design of interference probes capable of simultaneously measuring velocity
and helium concentration, we constructed and tested 21 different probes of varying
designs, the details of which are given in table 2. The interference probes were all built
by hand usingsthe techniques described in Hewes [28], and mounted on modified TSI
1240 X-wire probes,cas depicted in figure 3. They are described using abbreviations
pertaining to the upstream wire diameter and material, downstream wire diameter and
material, and separation distance (e.g. 2.5W-2.5W-10, 10W-5W-10, 2.5W-1.2Pt-35,
etc.).

It is important to note that possible designs for these interference probes were
limited by leonstraints on which types of hot-wires could be used (e.g. commercially
availablé®wires, spatial resolution requirements, CTA specifications), and our ability
torconstruct the probe. Creating the probes was very delicate work, as each required
that 1.2 — 10 micron-diameter wires be separated by a distance on the order of tens
of microns. Nevertheless, a large number of probes with different designs have been
investigated, lending insight into the effect that three important parameters of interest

Page 10 of 27
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Table 2: Summary of interference probes designed for the present work. The diameter{(in um)
and wire material (tungsten - W, platinum - Pt, platinum-rhodium - Pt/Rh) of the upstream
and downstream wire is provided, as is the diameter ratio (dup/dgown), Wire separation distance
(s), and range of lengths of the upstream and downstream wires (lup, ldown)-

Upstream Downstream dup/ ddown s (pm) lyp (mm) ldown, (mm)
Wire Wire

2.5 W 2.5 W 1 10, 25, 55 0.7=14 03 —1.2

5 W 5W 1 10, 10 15—-22""7 05

2.5 W 1.2 Pt 2 35 0.9 0.4

5W 2.5 W 2 10, 20 1.1-—22 02—-14
5W 2.5 Pt/Rh 2 10, 10, 10, 15, 15, 2.2 2 0.2 0.5
10 W 5W 2 10, 10, 10, 15, 257 2.3 05-1.0
10 W 2.5 W 4 25, 25, 35 23226 0.5—1.5

Flow

Upstream wire //"

Downstream wire
(approximately 1L0™= 55 um
behind the upstream wire)

A S

Figure 3: Schematic representation of an interference probe mounted on a modified TSI 1240
X-wire probe. Note thatythe prongs are bent, so that the wires cross at an angle of 20 — 30°.
This helps ensure that arlarge potion of the downstream wire is located within the thermal
wake of the upstream wire.

— the diameter ratio, separation distance between the wires, and overheat ratio — have
on the performance of an interference probe.

4.2. Experimental apparatus

The interference probes were calibrated and tested using a commercially produced TSI
Madel 1128B Air Velocity Calibrator, which generates an effectively laminar, uniform,
velocitypprofile at its lem diameter (D) exit nozzle. He/air mixtures were produced far
upstream of this calibration jet by joining a continuous stream of air with a continuous
stream of helium, as depicted in figure 4. The length of tubing following the T-junction
at which the gas flows merge exceeded 400 diameters, and accordingly allowed both
gases to mix fully before reaching the calibration jet. The flow rate of the air was set
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with a needle valve and measured with a 100 slpm mass flow meter (Alicat M-100SLPM-
D), and the flow rate of helium was measured and controlled with a 20 slpmmass flow
controller (Alicat MC-20SLPM-D). An automated, custom-made LabVIEW program
was used to set the flow rate of helium and maintain constant helium goneentrations
during calibrations and experiments. Additional details pertaining toithis apparatus,
including relevant uncertainties, can be found in Hewes [28,29].

Compressed ﬁ
Air Supply

Filters

Pressure Regulator

Valve
Mass Flow Check Needle
Meter Valve Valve
Air
Mass Flow M
e
Controller S / T-junction where air and helium mix
Filter |
/ ; 2% Valve l
Pressure -4 —

Regulator

Compressed p

Helium Tank . \ .
Air Velocity Calibrator

o I

Figure 4: Schematic of the experimental apparatus.
N

The probes presented indtable 2 were calibrated at the exit of the calibration jet,
where the flow is laminar ‘and uniform. Actual experiments were performed in the jet,
at a distance of /D =310 from the jet exit, where the flow is fully turbulent. The
probes were all operated using two channels of a TSI IFA300 Constant Temperature
Anemometer and digitized using a 16-bit National Instrument PCI-6143 data acquisition
board that was controlled by a second custom-made LabVIEW program. During the
experiments, the signals from each of the probe’s wires were band-pass filtered using
a Krohn-Hite 3384 filter, and, if necessary, amplified. Time series of the data were
typically obtained by sampling 3.3 x 107 points at twice the low-pass frequency (20 kHz,
since.the low-pass frequency was generally set to 10 kHz).

4.3 Calibration

Calibrations were generally performed for velocities in the range 1 < U < 13 m/s
and concentrations (in terms of the helium mass fraction) of 0, 0.02, 0.04, and 0.06.
The voltages of both wires were recorded for each velocity and concentration, forming a
calibration map like the one shown in figure 5. As noted in §3, simultaneous velocity and
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concentration measurements are only possible when distinct iso-concentration cutves can
be identified (as is the case for the probe used for figure 5).

0.06 ‘
C=0
C=0.02
0.05 f C=0.04
C=0.06
NZ 0.04 1
- ~
3
o 8
w 0.03
0.02 1
1m/s
0.01 ‘
3 4 5 6 7 8
2 2
Eup [V7] .

Figure 5: Calibration map for an interferen¢e probe consisting of a 10 um diameter tungsten
wire placed 10 pum upstream of a 5 pum diameter, tungsten wire (10W-5W-10). The squared
voltage of the downstream wire is plotted as a function of the squared voltage of the upstream
wire for velocities ranging from 1 to 18um/s and concentrations of 0, 0.02, 0.04, and 0.06 He
mass fraction. Power laws are fit to the data along iso-concentration and iso-velocity lines.

The overheat ratios at which the wires were operated were observed to have a
significant effect on the shapé of the.calibration map. Two examples are presented
demonstrating this. The first involves a probe consisting of a 2.5 ym diameter tungsten
wire placed 35 pm upstream Ohl 1.2 yum diameter platinum wire (2.5W-1.2Pt-35) and
the second involves a probe @¢onsisting of a 10 ym diameter tungsten wire placed 10 pym
upstream of a 5 pm diameter tungsten wire (10W-5W-10). Both probes were calibrated
with:

(i) both wires eperated at overheat ratios of 1.8,

(ii) the upstréam wire-operated at an overheat ratio of 1.8 and the downstream wire
operated an‘overheatiratio of 1.2,

(iii) the upstream.wire operated at an overheat ratio of 1.2 and the downstream wire
operated at an overheat ratio of 1.8, and

(iv)«both wires operated at overheat ratios of 1.2.

As demonstrated in figures 6 and 7, the calibration maps for each combination of
overheatratios are quite different. Similar results were obtained by Harion et al. [5], who
also,studied the effect of overheat ratios (i.e. sensor temperature) on an interference
probe consisting of a hot-wire and hot-film. They found that the choice of sensor
temperatures could be used to design probes in which (i) neither sensor was significantly
influenced by the thermal field of the other, (ii) the hot-film was influenced by the



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MST-112418.R1

Page 14 of 27

Thermal-anemometry-based probes to measure velocity and concentration 14
0.95 - ‘ v 0.22 ¢
® C=0 vV ® C=0
09| = c=001 'y 02| ™ =001 v
¢ =003 o! * =003 oy
085l ¥ C=0.05 o1sl| v c=005 @ " o ]
— ... "Vv
QN [ ]
> 08 et BRA (
c [ J u ¢ 4
E o " v
~ 8 0.75 ey
L ¢*
0.7 ’
' v
065 | OH, =1.8 S OH =18
OH =18 OH, =12
06 ‘ ‘ ‘ lown I ‘ ‘ y down
1 12 14 16 18 2 1 12 4 A6 18 2
E2 [v2 E2 v2
(a) up V] (b) up V]
‘ 0.26 : ‘
e C-0 e CoO v
1| = c=001 v oz | )m  C=001 v
v . \
¢ C=003 » 4.C-0.03 v
v C=0.05 w' v 9C-0.05 w»
0.22
(\1;' 09r vqp N;' f
= v‘ =
W o v:” X u” 3
R ..!" 0.18
1. A 1.
0.7 f OHup 1.2 | 0.16 OHup 1.2
OH =18 OH, =12
own down
: : : 0.14 : : :
0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5
E2 [v2 E2 V2
(c) up [V (d) up V]
N

Figure 6: Comparison of theieffects of the overheat ratio on the calibration map of the 2.5W-
1.2Pt-35 probe. (a) Upstream wire OH = 1.8 and downstream wire OH = 1.8. (b) Upstream
wire OH = 1.8 and downstream wire OH = 1.2. (c) Upstream wire OH = 1.2 and downstream
wire OH = 1.8. (d) Upstream wire OH = 1.2 and downstream wire OH = 1.2.

thermal field of the hot-wire, and (iii) the hot-wire was influenced by the thermal field of
the hot-film. Ina'the current work, it appears that sensitivity to concentration is enhanced
when the (smaller) downstream wire is operated at a low overheat ratio and the (larger)
upstream, wire 18 operated at a high overheat ratio, such that the former is influenced
by #he thermal field of the latter. This is especially apparent for the 2.5W-1.2Pt-
35 probe (figure 6), for which simultaneous velocity and concentration measurements
are onlygpossible when the upstream wire overheat ratio is high and the downstream
wire overheat ratio is low. Consequently, the interference probes used herein were all
operated with the aforementioned combination of overheat ratios. Differences between
the calibration maps of the 2.5W-1.2Pt-35 probe (figure 6) and those of the 10W-5W-10
probe (figure 7) are most likely due to differences in the separation distance between
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Figure 7: Comparison of the effects of the overheat ratio on the calibration map of the 10W-
5W-10 probe. (a) Upstream wiresOH = 1.8 and downstream wire OH = 1.8. (b) Upstream
wire OH = 1.8 and downstream wire OH = 1.2. (c) Upstream wire OH = 1.2 and downstream
wire OH = 1.8. (d) Upstream wire OH = 1.2 and downstream wire OH = 1.2.

the two wires of the probes. Since the wires of the 10W-5W-10 probe are much closer

together, simultaneous velocity and concentration measurements are possible for each

combination of overheat ratios. The effects of separation distance, as well as other design

parameters, are investigated in greater detail in §4.6. However, the data reduction and

validation measurements for the interference probe are presented first.

4.4. Data reduction

To ealeulate the concentration from the output voltages of the anemometers, a two-

dimensional fit of the following form can be applied to the calibration map of the two
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wire voltages of an interference probe (Eyp, Edown):

C = ¢ (In Egp)3 +e(ln B3 ) + c3(In Egp)2 InE3 .+
¢y In Egp(ln E: ) +csln Egp InE3,,,, + ce(ln Eip)z—i— (11)

cr(nE3,,,)  n+csIn B + coln B, + cio

Although polynomial fits were suggested in earlier works [13, 28], analysis of different
curve fits revealed that the fit at low velocities was improved when using logarithms of
the voltages instead. Moreover, as may be observed in figure 5¢whichis.zépresentative
of most calibration maps, the iso-concentration and iso-velocity curves each exhibit
power-law behaviors, which suggests that a fit of the form of equation (11) is more
representative of the relationship between C, E,,, Ejow, thampa two-dimensional
polynomial fit.

The velocity can then be obtained by applying an inversion of equation (1) to the
upstream wire:

B2, — A()] " N ,
- [P 2
The functions A(C) and B(C') in the equation.above are determined by fitting equation
(1) to iso-concentration curves of the upstream wire, as shown in figure 8(a). The values
of A and B obtained from each of the.iso-concentration curves are then plotted as a
function of C, as depicted in figures 8(b) and (¢). Using this process, which resembles
that used when calibrating ashot-wire in non-isothermal flows (described in Bruun [1]
and Berajeklian [30], and employed to make simultaneous velocity and temperature
measurements in Berajeklianfamd Mydlarski [31], for example), one finds that A(C)
and B(C') can be well approxin@ted by second-order polynomial functions of C'.

Assuming that no drift (resulting from changes in the ambient temperature and/or
wire aging [32]) occurs, after'the wires are calibrated, the above data reduction scheme
can be used to infer the veloeity and concentration at each point in the flow from the
measured voltages©ftboth wites (Ey,, Eqouwn). First, equation (11) is used to calculate
C', and then, using that value of C, equation (12) is used to calculate U. The calculated
values of U and-C' deviate from their true values by no more than 1%, as assessed by
applying the data reduction scheme to flows with known conditions.

4.5. Validation measurements

As mentioned earlier, the interference probes listed in table 2 were tested in the turbulent
region of the calibration jet, at a downstream distance of x/D = 10 from the jet exit.
Validation/measurements performed at this location are presented in figures 9 and 10
to demonstrate that an interference probe can be used to accurately measure velocity
and helium concentration in turbulent flows. These results were measured with an
interference probe consisting of a 5 um diameter tungsten wire placed 10 pm upstream
of a 2.5 ym diameter tungsten wire (more specifically, [, = 1.1 mm, lgpun = 0.2 mm,
OH,, = 1.8, OH jou, = 1.2). As may be observed from the one-dimensional longitudinal
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0 2 4 6 8 10 12 14
(a) U [m/s]

3.6 ‘ ‘ 1.45

A V3

0 0.02 0.04 0.0 0 0.02 0.04 0.06

(b) C [He mass fraction] (C) C [He mass fraction]
N

Figure 8: (a) King’s Law fits (E? = A(C) + B(C)U™) of the upstream wire at 0, 0.02, 0.04,
and 0.06 helium mass fractionsin(b) Values of A calculated from the King’s Law fits in (a)
plotted as a function.of O.(c) Values of B calculated from the King’s Law fits in (a) plotted
as a function of C'/Both A and B are fit with second-order polynomials.

spectrum of velogity plotted in figure 9, the velocity measured by an interference probe
agrees well with that measured by a single-normal hot-wire probe (a 5 pm diameter
tungsten wire of the same length as the interference probe), for which the accuracy is
already well established. Moreover, given that the velocity spectra measured by the
two probes are very similar, it can be concluded that the frequency response of the
interference probe is comparable to that a of conventional hot-wire-anemometry probe,
at leastrover the range of frequencies measured, which extended up to 10 kHz. Similar
results were reported by Sirivat and Warhaft [13] for their interference probe, which
also consisted of two hot-wires (although their measurements were performed in grid
turbulence at much lower frequencies).

In figure 10, the concentration spectrum measured in He/air mixtures is compared
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Figure 9: One-dimensional longitudinal velocity spectra measured in a turbulent jet of pure

air with Rep = 4500 using a single-normal hot-wire (-/= - -)'and an interference probe ( ).
107 PR T
N/ ’.~"M'..
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Figure 10: _Concentration spectra measured using an interference probe in a turbulent jet
of He/air (- - - -),"where C' = 0.04 at the jet exit and Rep = 3800, and in a comparable
jet of pure air (——). Note that although this data was measured with the same low pass
frequency (fpp= 10 kHz) and sampled at the same frequency (2f1p) as the velocity data
presented in)figure 9, only measurements at frequencies up to 3200 Hz are depicted in this
figure. Although frp approximates f, (the Kolmogorov frequency), it is much larger than
the analoegous frequency for the scalar field (f,, = Sc?’/‘{fq7 = 0.32f, = 0.32frp) due to
therlow. Schmidt number of helium (Sc = 0.22). Measurements at frequencies in the range
fn. < f < frp essentially consist of electronic noise, and are therefore not depicted.
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with the concentration spectrum measured in pure air under the same nominal flow
conditions. (The latter can be interpreted as the noise spectrum of the congentration
measurements.) Although most interference probes investigated in the present werk
were found to adequately measure mean velocities and concentrationssthe same was
not always true for the fluctuating velocities and concentrations. The interference probe
can exhibit spurious measurements of concentration in flows of puré air, similarly to
what is observed when a cold-wire is operated in turbulent isothermal flows, where
velocity fluctuations are misinterpreted as temperature fluctuations. In figure 10,
the signal-to-noise ratio of the concentration measurements (SNR) is generally high,
approaching two orders of magnitude at the lowest frequeneies. However, as will be
discussed in §4.6, this was not the case for many other interference probes developed
for the present work. Despite designing probes with different diameter ratios, small
separation distances (< 50 um), and different overheat ratios, the SNR remained poor
for certain probe configurations, and it was difficultite accurately measure velocity and
concentration fluctuations in turbulent flows. Theé experimental investigation presented
in §4.6 therefore focuses on determining which design para’meters can be used to create
an interference probe with high SNR.

4.6. Effects of design parameters on the perfermance of an interference probe

The remainder of the probes presented.in table 2 were analyzed similarly to the probe
discussed in §4.5. Measurements were performed in (i) a turbulent jet of He and air,
where C' = 0.04 (Rep = 3800), and (ii) a comparable jet of pure air. The quality of the
measurements from each probé was quantified by calculating the signal-to-noise ratio of
the concentration spectra in th{ limit as the frequency tends to 0 Hz (SNRy):

SNRo = L & () / En (/). (13)

where E.(f) and Fy(f) are respectively the concentration spectrum measured in the
He/air mixture and themeise spectrum measured in pure air. Given that (i) the largest
scales (i.e. the smallestifrequencies) contribute the most to the total scalar variance,
and (ii) the highest frequencies (f,. < f < frp) primarily contain electronic noise (and
thus should yot be taken into account), SNRy was deemed a sensible measure of the
signal-to-noise ratio.

Thewesultsiof the analysis described above are plotted in figure 11. The first, and
most important observation from this data is that the SNR does not improve as the
diameter ratiodncreases. In fact, as can be observed in figure 11(a), the best results
results are obtained when the diameter ratio is equal to 1. Note that this does not suggest
that large SNR is correlated with small diameter ratios, since it is difficult to infer any
trends in the data of figure 11(a) given that other parameters (separation distance, wire
material) vary. The second important observation, gleaned from figure 11(b), is that
in order to have high SNR, the separation distance between two wires should be very
small; when normalized by the diameter of the upstream wire of the probe (which in
the present work was always the hottest wire of the probe, so that d,, = dpet), s/dup
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should be < 2, which agrees well with most previous work on this subject [4, 8§ 10~14.

However, it should be emphasized that a small separation distance is not agsufficient
condition for high SNR, as SNRq varied from 2.8 to 127 when s/d,, <2.
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Figure 11: SNRgrof the interference probes listed in table 2 plotted as a function of the (a)
diameter ratio (dyg/dqewm)s (b) separation distance normalized by the upstream wire diameter
(s/dup), (c) length of the downstream wire (lgown), and (d) overheat ratio of the downstream
wire (OHgown)- Inn(@), (b), and (c) the overheat ratios are kept constant as the parameter of
interest|is varied (1.8 for the upstream wire, and 1.2 or 1.1 for the downstream wire). In (d)
the overheat ratio of the upstream wire is held constant at a value of 1.8.

The relationship between SNR and the separation distance is further complicated
by the fact that it is difficult to accurately measure the separation distance between the
wirestof the probe. This distance is only estimated with an accuracy of +5 um before
the wires of the probe are operated. Furthermore, when the wires are heated, they
deflect away from each other, such that the actual separation distance may be larger
than what is recorded. An example of the effect of heating on the separation distance of
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the wires is shown in figure 12. Although it is not clear why the wires deflect away from
each other, the fact that hot-wires may buckle when operated is known, andthas been
discussed by Perry [33]. To address this issue, the length of the downsStream wireywas
reduced, as shorter wires will buckle less. The positive impact of the reduction of the
downstream wire length is documented in figure 11(c), where it can be observed’ that
SNRy is inversely related to the length of the downstream wire. It should bemoted that
using shorter downstream wires (lyown/ddown < 200) does not appear exacerbate end
conduction effects or cause attenuation of turbulence measuremeénts, as measurements
from such probes were found to agree well with those from a single}mrmal hot-wire
probe (e.g. figure 9).

Figure 12: (a) Interference probesbeforé the two wires are heated. The separation distance
is measured to be < 10um. (b) The same interference probe with both wires heated to
approximately 220°Czaboeve the ambient temperature, depicting a larger separation distance.

One final point must beé'made regarding the design of interference probes. In §4.3,
the choice of the overheat ratio for each wire was shown to have an impact on the
shape of the ealibrationsmap. Further analysis shows that it also has an effect on the
SNR. Figure 11(d) demonstrates that SNR generally increases as the overheat ratio of
the downstream wire is lowered while keeping the overheat ratio of the upstream wire
constant. Thissis due to the fact that the wire is more sensitive to changes in fluid
temperature (resulting from changes in the thermal wake of the upstream wire) when
the overheat tatio (and thus the wire temperature) of the downstream wire is lowered.
In 'seme cases, diminishing returns from the effects of lowering the downstream wire
overheat ratio may occur. This is likely because the voltage measured by the downstream
wirepdecreases as the overheat ratio decreases (in some cases even approaching 0 if
interference effects are too strong [5]), causing the wire to become more sensitive to
electronic noise.
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5. Conclusions and future work

The present work theoretically and experimentally analyzed how thermal-anemometry=
based techniques can be used to simultaneously measure velocity and gas coneentration
in turbulent flows. Historically, the design of thermal-anemometry-based probes ecapable
of making such measurements was based on the work of Corrsin [2,3] (and by extension,
Harion et al. [5], Soudani et al. [6], and McQuaid and Wright [7]),/who proposed using
thermal-anemometry-based sensors of different diameters, and Way and Libby [4], who
proposed having the sensors thermally interfere with each other. Althiough the use of
different diameters may be supported in theory, this theorysdoes not readily extend to
flows containing helium, which is generally a popular gas for studying heterogeneous
mixtures. Moreover, probes containing large diameter ratios are not practical; different
hot-wires and/or hot-films are required, which may/adverselyatfect the spatial and
temporal resolution of the probe.

Herein, it is demonstrated that for a thermalzanemometry-based probe consisting
of two hot-wires, the requirement of different diameters vanishes if the wires are placed
close enough together that one is in the thermal field of the other. In addition to
improving the temporal and spatial reselution of the probe, this greatly simplifies
its design, since only one type of hot-wire is required. Thus, any system capable of
making X-wire measurements can’ besadapted to making simultaneous velocity and
concentration measurements. We shownthat the aforementioned thermal-anemometry-
based probes (i.e. interferenceiprobes) canbe used to make simultaneous measurements
of velocity and helium concentration in turbulent flows and that their performance is
improved when (i) the normalized wire separation distance (s/d,,) is below 2, and (ii)
the downstream wire overheat @tio is low. To ensure the separation distance between
the wires remains sufficiently small while they are operated, a short downstream wire is
also recommended.

It is important to mote that interference probes behave similarly to single-normal
hot-wires; they hawe'eomparable accuracies, frequency responses, spatial resolutions,
and, also, comparable limitations. For example, an interference probe only measures a
single component of velocity, and must be combined with other thermal-anemometry-
based sensors (hot-wires; hot-films) to measure additional components of the velocity
field [10-12,14]. Moreover, for any researchers seeking to use these probes, it should
be emphasized that the design recommendations herein were based on experiments
performed in isothermal He/air mixtures, where 0 < C' < 0.06. At higher helium
concentrations, certain adjustments — perhaps to the wire overheat ratios — may be
necessary t0 ensure that the effects of thermal interference are not too strong (as this
could cause the voltage measured across the downstream wire to approach 0). To use
these probes in other gas mixtures, or in non-isothermal flows, further work is required.
Development of a temperature compensation method for interference probes is currently
underway.

Page 22 of 27



Page 23 of 27 AUTHOR SUBMITTED MANUSCRIPT - MST-112418.R1

1

g Thermal-anemometry-based probes to measure velocity and concentration 23
4

5 Acknowledgments

6

7 This work was graciously funded by the Natural Sciences and Engin€ering Research
g Council (NSERC) of Canada (grant number RGPIN-2018-05848 ).
10

:; Appendix A. Nomenclature

13

14 A, B numerical constants

15 a,b numerical constant -
16 C concentration, He mass fraction

17 C; numerical constants

12 D diameter of jet

20 d diameter of wire

21 E anemometer output voltage

22 E. concentration spectrum

23 E, noise spectrum

24 E, velocity spectrum IS
25 E, wire voltage

26 f frequency

27 fop  low-pass frequency

28 fn maximum frequency of velocity field / Kolmogorov frequency
29 Fne maximum frequency of scalar field

30 h heat transfer coefficient of wire

g; hg heat transfer coefficient of wire at Ts imyperfectly continuous gas
33 I current through wire

34 k thermal conductivity of fluid

35 Kn Knudsen number

36 l length of wire

37 n numerical constant (exponent in King’s Law)

38 Nu Nusselt number

39 Nu, continuum Nusselt number

40 OH  overheat ratio (= R,,/R,) of wire

41 Pr Prandtl number

42 q’ heat flux from wire

43 Ryg  resistancefof wire at 20°C

44 R, cold-resistance of wire

22 Rr, total cable sesistance

47 Ry top-resistance of the Wheatstone bridge of a CTA

48 R, resistance of wire (while being operated)

49 r cylindrical coordinate

50 Re Reynolds number

51 S separation distance

52 Sc Schmidt number

53 T temperature of the fluid

54 Ty film temperature (= L%t of wire

55 Ty extrapolated wire temperature

56 T temperature of wire

57 U velocity of the fluid

>8 X mole fraction of helium

>9 T cylindrical coordinate
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« accommodation coefficient

20 temperature coefficient of resistivity of wire at 20°C
153 slip parameter

vy ratio of specific heats

A temperature jump distance

A mean free path

" dynamic viscosity of fluid

P parameter quantifying accommodation effects
P density of fluid

Other subscripts

1 wire 1
wire 2
air in air

down downstream wire

F hot-film

hot denoting the hottest sensor of a probe

He in helium S
Ts at temperature Tg

Tw at temperature T,

up upstream wire

w hot-wire

Appendix B. Derivation of equation (1)

For a long hot-wire (I/d > 200) operated at a constant temperature, both heat transfer
by radiation and conduction’ can berassumed to be negligible, such that the heat
generated by passing an electh current through the wire is effectively equal to the
heat convected away by the fluid flow:

I*R, & hrdl(L, —T). (B.1)
Given that the temperature of the wire can be related to its resistance by the following
relation [1]:

R =R [I + v (T — To)], (B.2)

and using the convective heat transfer correlation for a long cylinder developed by Collis

and Williams {22]:

7.\ 07
N, (%) = 0.24 4 0.56Re™*, (B.3)
equation (Bi1) can be re-expressed as:
E2 Rw _ Ra T 0.17

To account for assumptions in the derivation of equation (B.4), such as, for example,
end conduction effects, the Reynolds number exponent (0.45) is replaced by a
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variable, denoted as n. Additionally, given that experimentalists typically measure
the anemometer bride voltage (F) (see Hewes et al. [32]) :

_ Rr+Rp+ Ry
= R
equation (B.4) can be re-written as:

o 7Tlk(z%w —~ Ra) (Rr + Ry + Ru)? (5)0”

E

B, (Bi)

oo L g (B.6)
[0.24+0.56<p7) } — A+ BU™ =

If the overheat ratio (OH = R,/R,) is assumed to be constamt, equation (B.6)
can be used to obtain equations (2) and (3). Notedthat all fluid properties are
evaluated at the film temperature of the wire (7). Additionally, in He/air mixtures,
p = (1 = X)pair + Xpre (where X is the mole fraction of helium), and g and k
are respectively evaluated using expressions derivedsby Wilke [34] and Mason and
Saxena [35]. I

Appendix C. Derivation of equation (10)

As per the work of Collis and Williams [22]; Andrews et al. [23], and Kennard [36],
the temperature discontinuity at the, heatedssurface of a hot-wire (temperature 7))
undergoing thermal slip can be expressed as follows:
oT
P

where Ts is the value of the fluid temperature that would occur if 97/0r remained

T, —Ts=—A (C.1)

unchanged up to the wiregurfacepand A is the “temperature jump distance”:

A

Given that the actual ratewef heat transfer from a hot-wire at temperature T,, is assumed

to be equal to the rate of heat transfer from the same wire at temperature Ts in a
perfectly continuous gas, such that:

q” = hw(Tw — T) = hS(TS - T), (C?))
and that_the heat flux (¢”) is also equal to:
oT
"= k| — C.4
! s ( or )TS7 (©4)

the contindum Nusselt number (Nu, = hgd/k) can be expressed in terms of the actual
Nusselt number (Nu = h,d/k) as follows:

NUCAT k
Nu.=Nu(l+ ——F— . C.5
u u( + opd ) (C.5)
Equation (C.5) can be re-arranged to yield:
Nu
e = T Nuekn (C.6)
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where ® = f(a), as seen below:

- (2)(5)(&)-
) ) ()

and assuming Ty is reasonably close to T,, [23,27], can be approximated as. follows:

o= () ) ) () ) o

Since the heat transfer correlation of Collis and Williams [22}is only valid for continuum

flows, when rarified gas and accommodation effects are presentyequations (C.6) and
(C.7 or C.8) must be combined with equation (B.3) to obtain the actual convective heat
transfer correlation for the hot-wire. If equation (Bi6) igire-derived using the actual
heat transfer correlation, this yields equation (10).

To use equation (10) in He/air mixtures;has we have done in §3.2, the
accommodation coefficient in these mixtures must be estimated. Based on the literature,
one can assume that o, = 1 and agg.= 0.48 [27]. However, there is very little
information on values of o in gas-mixtures (and more specifically, He/air mixtures).
Using data provided by Wu and Libby [26], we assume that the slip parameter 3:

=5 R

in He/air mixtures can be expressed as a linear function of its pure components (S,

), as shown below:
Bre), as shown below N

B = BH@C i Bair(l L C) (C]_O)

It should be noted“that Wupand Libby [26] suggested that 5 = X[fpy., where X is
the mole fraction of helimm. However, from inspection of their data, equation (C.10)
appears to be a more appropriate choice. Moreover, the expression suggested by Wu
and Libby [26] predicts that S = 0 in pure air, which yields an unrealistic value of «.
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