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Abstract This paper addresses the ability to reliably
measure the fluctuating velocity field in variable-viscosity
flows (herein, a propane—air mixture), using hot-wire ane-
mometry. Because the latter is sensitive to both velocity
and concentration fluctuations, the instantaneous concen-
tration field also needs to be inferred experimentally. To
overcome this difficulty, we show that the hot-wire
response becomes insensitive to the concentration of the
field, when a small amount of neon is added to the air. In
this way, velocity measurements can be made indepen-
dently of the concentration field. Although not necessary to
velocity measurements, Rayleigh light-scattering technique
is also used to infer the local (fluctuating) concentration,
and, therefore, the viscosity of the fluid. Velocity and
concentration measurements are performed in a turbulent
propane jet discharging into an air-neon co-flow, for which
the density and viscosity ratios are 1.52 and 1/5.5,
respectively. The Reynolds number (based on injection
diameter and velocity) is 15400. These measurements are
first validated: the axial decay of the mean velocity and
concentration, as well as the lateral mean and RMS profiles
of velocity and concentration, is in full agreement with the
existing literature. The variable-viscosity flow along the
axis of the round jet is then characterized and compared
with a turbulent air jet discharging into still air, for which
the Reynolds number (based on injection diameter and
velocity) is 5400. Both flows have the same initial jet
momentum. As mixing with the viscous co-flow is
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enhanced with increasing downstream position, the vis-
cosity of the fluid increases rapidly for the case of the
propane jet. In comparison with the air jet, the propane jet
exhibits: (1) a lower local Reynolds number based on the
Taylor microscale (by a factor of four); (2) a reduced range
of scales present in the flow; (3) the isotropic form of
the mean energy dissipation rate is first more enhanced
and then drastically diminishes and (4) a progressively
increasing local Schmidt number (from 1.36 to 7.5) for
increasing downstream positions. Therefore, the scalar
spectra exhibit an increasingly prominent Batchelor regime
with @ ~ k' scaling law. The experimental technique
developed herein provides a reliable method for the study
of variable-viscosity flows.

1 Introduction

A variety of engineering applications require mixing of two
fluids at rate as high as possible. In reactive flows,
molecular mixing of the fuel and oxidizer is a necessary
precursor to the chemical reaction. In this context, a correct
understanding of the interaction between the scalar and
velocity fields is crucial, especially in complex fluids and
flows (Nelkin 2000; Shraiman and Siggia 2000). In the case
of the non-premixed combustion regime, both reactants
(fuel and oxidizer) are generally injected through two
distinct channels and merge in the near wake of a splitter
plate separating these channels. This merging is followed
by a non-reacting, isothermal, partially premixed region,
where both reactants are mixed together. In the case of the
lifted flame regime, the mixing layer that develops
upstream of the flame front occurs at a relatively constant,
ambient temperature, so that the chemical reaction can be
considered to be frozen (Fernandez-Tarrazo et al. 2006).
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The non-reacting partially premixed region is crucial to
the stabilization of the flame located just downstream of it.
In particular, a strong vortex/flame interaction is generated
when the flow field in this region is turbulent. Here, the
flame front may be either swept or quenched (Hermanns
et al. 2007), depending on the characteristic time scales of
chemical reactions and the turbulence.

Therefore, the partially premixed region is isothermal,
non-reacting flow and is relevant to the understanding of
non-premixed combustion stabilization. Moreover, the
study of isothermal mixing of reactants is also represen-
tative of any transient process (ignition, re-ignition, sta-
bilization behind holders). To conclude, understanding
isothermal non-reacting flows is an important step in
characterizing non-premixed reactive flows. Although
simpler than the latter, isothermal non-reactive flows
involve fluids with variable density and viscosity. The
focus of this paper is on isothermal flow, where two gases
of different densities and viscosities are mixed.

Some questions pertaining to the mixing of scalars in
turbulent flow have been addressed by numerical simula-
tions, adding a significant insight into the statistics of
the small-scale scalar field (Antonia and Orlandi 2003;
Boersma et al. 1998; Brethouwer et al. 2003; Lubbers et al.
2001). However, most of the simulations treated the mixing
of fluids of the same viscosity, which is not representative
of most industrial applications. Some examples are pro-
pane—air, butane—air and hydrogen—air mixtures, for which
the viscosity ratios are 1/3.4, 1/5.2 and 1/0.15, respectively.

Experimental studies have also furthered our under-
standing of variable density/viscosity flows. Although a
large amount of experimental data exists for separate
measurements of either velocity or concentration in tur-
bulent gaseous flows, simultaneous time-resolved mea-
surements are much less common. Several coupling
techniques have been developed such as high speed Parti-
cle Image Velocimetry/Planar Laser Induced Fluorescence
(Feng et al. 2007; Su and Mungal 2004). However, these
techniques require a complex experimental arrangement
and are limited by the maximum frequency of the pulsed
lasers (~5 kHz) and by their low resolution in space/time.
These limitations are significant in the near-field region of
the flow, where other problems such as the restricted size of
the volume to be investigated, or inhomogeneous seeding,
are common.

Single-point, time-resolved (and seeding-free) coupled
techniques (for the scalar and velocity) are, therefore, more
adapted for the investigation of the near-field region. Dif-
ferent experimental techniques for simultaneous, one-point,
time-resolved scalar and velocity measurements (with or
without seeding) were developed. Several authors (Lemo-
ine et al. 1999; Miller and Dimotakis 1996) addressed the
issue of measuring scalar and velocity fields in liquids.
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Nevertheless, major drawbacks of these techniques can be
argued and include:

e Highly intrusive sensors (Era 1993);

e Techniques limited to inert gaseous mixtures only
(Chassaing 1979; Sakai et al. 2001);

e High cross dependence of concentration/velocity mea-
surements in both non-reactive gaseous mixtures
(Chassaing 1979; Sakai et al. 2001; Way and Libby
1971) and reactive ones (Dibble et al. 1987).

As far as non-intrusive techniques are concerned, only
one attempt has been proposed [by Pitts et al. (1983)] for
local simultaneous time-resolved measurements of con-
centration and velocity, combining one-point Rayleigh
light-scattering (RLS) and hot-wire anemometry (HWA).
Methane and propane jets were studied to validate their
technique. Despite the potential of this approach, the
authors discussed the difficulty to accurately determine the
fluid velocity, due to the sensitivity of the hot wire to both
velocity and concentration. In this work, we propose a new,
more reliable technique inspired by (Pitts et al. 1983),
allowing the velocity field to be measured independently of
the scalar field. The technique we develop herein is based
on the addition of a neutral gas (in a controlled proportion)
to the air.

The paper is organized as follows. In Sect. 2, we first
review the basic principles of HWA and RLS and highlight
the major difficulties encountered when these techniques
are coupled. Then, we present the innovative technique that
we have developed. The experimental setup and measure-
ment conditions are described in Sect. 3. A validation of
our new technique with the existing literature is given in
Sect. 4. A discussion of the main results using our new
technique for a propane jet discharging into a mixture of air
and neon is presented in Sect. 5. The effects of viscosity
gradients are highlighted by comparing our flow with an air
jet discharging into a stagnant air medium at the same
initial jet momentum. Lastly, conclusions are provided in
Sect. 6.

2 Theory of hot-wire anemometry (HWA)
and Rayleigh light scattering (RLS)
in multi-component mixtures

2.1 The “Constant-shift” method

The experimental arrangement of the coupling technique
is the same as that proposed by Pitts et al. (1983). HWA
and RLS are coupled to measure simultaneously scalar
and velocity fluctuations. Figure 1 shows a sketch of the
experimental setup used in the present work. The hot-wire
probe is located at a distance of 800 pm downstream of the
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Fig. 1 Arrangement of HWA and RLS coupling technique. The hot-
wire probe is positioned at 800 um downstream the focused laser
beam (80 pm diameter)

Rayleigh probe volume. This distance cannot be reduced,
because of light interference between the laser beam and
the hot-wire prongs.

The local concentration fluctuation can be directly
determined by RLS. In mono-component gases, the hot
wire is sensitive to the cooling due to the fluid convection
around the probe. Under such conditions, the signal
recorded by the hot-wire anemometer is directly related to
the local, and almost instantaneous, velocity fluctuations.

However, in multi-component gases, the hot wire is
sensitive to both the local velocity and the local fluid
properties, i.e. the local concentration. It is, therefore,
essential to know exactly these local properties at the wire
location, in order to extract the velocity signal from the
hot-wire signal. Pitts et al. (1983) proposed to apply a
constant temporal shift ¢ between the Rayleigh signal and
the hot-wire signal and, therefore, to “translate” the con-
centration signal at the hot-wire point, by taking dt=0Z/
<U>, where 0Z is the spatial separation between the
Rayleigh and the hot-wire probes, and <U> is the axial
mean velocity at the Rayleigh probe location. As only 0Z is
known and the velocity <U> is unknown a priori, the
value of the constant shift cannot be properly chosen.
Consequently, a Taylor hypothesis cannot be formulated,
and the high-order moments velocity statistics cannot be
determined with accuracy because of their very high sen-
sitivity to dz. This a priori problem can be overcome by
adding a precise quantity of an inert gas to the air flow at
constant mass flow rate. Herein, neon is the inert gas
chosen.

2.2 The new HWA method using neon doping

The method we have developed leads to a constant heat
transfer between the resulting mixture at the hot-wire
location, thus eliminating the sensitivity of the hot-wire
signal to the concentration of the mixture.

The thermal equilibrium of a heated cylindrical wire is
given by the following equation:

i’R,, = nl[T,, — T,] Nu, (1)

where i denotes the electric heating current, R,, is the
electrical resistance of the hot wire, [ is the length of the
wire, A is the thermal conductivity of the gas, T,, and T, are
the temperatures of the wire and the air surrounding the
wire, respectively, and ‘Nu’ is the Nusselt number (defined
as Nu = hd/, where d is the wire diameter and 4 is the
convective heat transfer coefficient). The temperature
dependence of R,, may be expressed as follows:

Ry = R,{1+b[T, — T,)} = R,{1 + bT,0}, 2)

where R, is the electrical resistance of the hot wire at
ambient temperature 7,, and o = [T,, — T,)/T, is the
temperature overheat ratio. The constant coefficient b is
0.0019 K~ ! for P/Rh 90/10% used herein. Moreover, the
following relation holds, for the electrical bridge of the
anemometer

i’R,, = E2 R, /[Ry + Ra)’, (3)

our

where R, is the electrical resistance of the probe leg (50 Q),
and R, is the adjustable resistance of the Wheatstone bridge.
Several expressions had been proposed for the Nusselt
number, but no valid expression is available for any fuel-air
mixture (Pitts and McCaffrey 1986). Despite of this remark,
we further use here the following correlation for a binary
gas mixture valid for 0.02 < Re = Ud/v <44 (Wu and
Libby 1971):

NllC _ [Tm/To]O‘”
x {024[Pr /Prs]"*+0.56[Pry /Pro] PR}, (4)

where Pr;/Pr; is the ratio of the Prandtl numbers of the two
investigated gases at the mean film temperature T,

T,=[T,+T,)/2=T,/2[0+2]. (5)
By combining Egs. 1-5, the voltage E,, can be
expressed as

E2

out

= 7lAaT,[(a + 2)/2]0'17{0.24[Pr1/Pr2]0'20
+0.56[Pry/Pra] (U /v |

x {[R} + 2R,R, + R2] /[R,(1 + bT,0)] } (6)

The validity of Eq. 6 is bounded by rare gas effects and
natural convection at very low Re (<0.02) and by vortex
shedding effects at Re = 44. Equation 6 can be refined by
taking into account the rare gas effects. Several studies of
rare gases (Baccaglini et al. 1969; Wu and Libby 1971)
allowed for corrections of Nu, attributed to the thermal slip
parameter f3,ix, defined as

I/Nuoc - I/Nuc = ﬂmix/27 (7)
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where the subscript ¢ refers to a continuum Nusselt number
(i.e. in the absence of rarefied effects), and the subscript co
refers to the Nusselt number for a wire of infinite length, i.e.
with no end losses in the presence of rarefied effects. A
“heuristic mixture rule” has been given for the determination
of the coefficient f,;x for mixtures. This rule is based on
simple molar averaging (Baccaglini et al. 1969):

Prix = ZXiﬁi, (8)
where y; and f; refer, respectively, to the molar fraction
and thermal slip parameter of each component of the gas
mixture. Introducing Egs. 7 and 8 into Eq. 6 provides the
final expression:

EZ

out

= nlia, (2 +2)/207{1/{024Pr/Pra]

+0.56[Pry /Pr2]0‘33[Ud/v]0'45} . /z}f1
x {[R} + 2RyR, + R2] /[R,(1 + bT,x)]}. (9)

By neglecting the Prandtl dependence (the Prandtl
numbers are very close to unity, see Table 1), it follows
from Eq. 9 that for a given HWA system (i.e. for fixed d, [,
R, Ry, R, b) and for a given environment (i.e. 7, is fixed),
E,. only depends on the following parameters: the fluid
velocity U, the physical properties of the fluid (the thermal
conductivity 4, the kinematic viscosity v and the thermal
slip parameter f.,;x) and the overheat ratio «. If the
overheat ratio is kept constant, Eq. 9 can be written as a
function of the previously mentioned parameters governing
the voltage drop across the wire, viz.

B = A1) [Bo 4 BUM ] + 2} (10)

where A, By and B, are constants that could be determined
from Eq.9 in a straightforward manner. Equation 10
shows that the voltage drop across the wire depends non-
linearly on the velocity. Let us now apply these observa-
tions to the particular mixing under study (propane-air),
with different mixing fractions and by adding different
proportions of neon to the air.

Figure 2 (left) shows the computation of Eq. 10 as a
function of the velocity, which ranges between 0 and
15 m s™', for (1) pure Propane, (2) pure Air, (3) a mixture

composed of 30% Air + 70% Neon in mass fractions
(named “oxidizer”) and (4) a mixture composed of 50%
Propane and 50% of “oxidizer” in mass fractions (named
“50%”). The analytical curves are calculated with the
following operating parameters: o = 1.067, [ = 400 pm,
d=25um, R,=414Q, R,=50Q, R,=06.62Q,
b = 0.0019 K~', T, = 296 K. The physical fluid proper-
ties (4, v, B) of each pure gas are evaluated at the film
temperature 7,, & 500 K, using the gases theory (Hir-
schfelder et al. 1966; Warnatz 1981) (the latter being very
nearly equal to the mean temperature between the ambient
and the wire temperature T,, ~ 612 K). These physical
properties are summarized in Tables 1 and 2.

Adding neon to the propane—air mixture results in the
hot-wire response curves that closely follow each other, for
any propane mass fraction varying between 0 and 100%.

Nevertheless, due to the non-linear dependence of Eq. 10
on the velocity, all the curves are not exactly superposed.
Their intersection is at a unique velocity U = 11.5 m s~ .
At this particular point, the error on velocity is exactly zero
whatever the calibration curve considered for the hot-wire
post-treatment. The benefit of adding neon is also illustrated
on the same Fig. 2 (left) by the vertical arrows. The first two
(from left to right) bound on the abscissa the minimum and
maximum velocities of the fluid (20% variations around the
mean value of 1.5 m s_l), whereas the first and the third
arrows bound a much larger domain of velocity (ranging
from 1.5 to 7 m s~ '), thus emphasizing the tremendous
velocity error that would have been made without adding
neon.

We choose the curve corresponding to the mixture
composed of 50% Propane and 50% “oxidizer” as the
reference calibration curve for all the other mixtures that
contain propane (ranging from 0 to 100%). The velocity
corresponding to this 50% reference curve will be con-
sidered in the following as a “calibration” noted Uy,
Furthermore, an analysis of the induced error on the
velocity, when the local and instantaneous fluid composi-
tion is different from that of 50%, is in order.

Figure 2 (right) shows the relative error (U — Uga)/Ucq
on estimating the velocity in this mixture of gases, in the
range 0-15 m s~! while the real concentration of the
propane differs from the value of 50%. Indeed, for a

Table 1 Physical properties of pure gases at the ambient (7 ~ 300 K) and at the film temperature (7' = 500 K)

4 (300/500 K) in W m~' K~!
From (Lide 2007)

v (300/500 K) in m? s~
From (Lide 2007)

Pr (300/500 K) p
From (Lide 2007) From (Baccaglini et al. 1969)

Air 0.0258/0.0385 16.04 x 107%38.94 x 10°° 0.71/0.70 0.85
Propane 0.0180/0.0455 4.60 x 107%12.69 x 107¢ 0.79/0.75 0.85
Neon 0.0498/0.0699 28.66 x 107%/63.38 x 107° 0.70/0.69 0.093
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Fig. 2 Square of voltage drop across the hot wire, obtained from Eq. 9 (left) and corresponding relative error on velocity (U — Ugy)/U.q, (right)

Table 2 Physical properties of gas mixtures at the film temperature
(T ~ 500 K) estimated from (Hirschfelder et al. 1966; Lide 2007)

A (500 K) v (500 K) p
inWm™!K™! inm?s™!
Air—70% Neon 0.0570 60.75 x 107° 0.27
50% (Air-70% 0.0504 4232 x 107° 0.20

Neon)/50% Propane

concentration of 100% propane into the gas mixture,
(Uioo — Uca)/Ugqy 18 less than 5% between 1.4 and
15 m s~ ' (Fig. 2, right). When a fluid particle composed of
0% propane comes around the hot wire, (Upgy, — Uca)/Ucal
reaches 20%. This error corresponds to the lowest velocity
measurements, i.e. for U, = 1.5 m s Obviously, the
error is zero for a velocity measurement in a mixture
composed of 50% mass fraction of propane (dashed-line in
Fig. 2, right).

After this analytical investigation, we turn our attention
to the experimental study of the velocity field with the
HWA, for the four mixtures (1)—(4) already considered for
the analytical study. The corresponding experimental
curves are plotted on Fig. 3 (left). The global shapes of the
curves are quite close to the analytical ones. Nevertheless,
we can note a significant difference between the absolute
level of the experimental and the analytical curves. This
result is attributed to the uncertainties (of fluid physical
properties or of conduction heat transfer) and to Eq. 4 that
is not exactly adapted for propane—(air—neon) mixture.
Figure 3 (right) shows the experimental relative error
on the velocity in this mixture of gases, in the range
0-9.7 m s™', by using the 50% calibration curve for pro-
viding a velocity reference noted <U_,> here (note that we
use the time-averaged values because of the fluctuating
velocity field in the experiment). For 100% mass fraction
of propane, (Uyppq, — <Uca>)/<U, o> varies from +10 to

—12.5% in the range of 1.5-9.7 m s~', which corresponds
to the velocity range of our study (see Table 4). For 0%
mass fraction of propane, (Uyg, — <Uca>)/<U > falls
down from 0 to +2.5% for the same velocity range.

For the propane jet discharging in air-neon surround-
ings, particular values of propane mass fraction are illus-
trative for the mixing on the jet axis. We select seven of
them, and the corresponding errors on mean velocity val-
ues are plotted on Fig. 3 (right), with red diamonds. Each
point is associated to a specific position of measurement.
Consequently, each point corresponds to a specific propane
mass fraction given in Table 4. The errors on the mean
velocity do not exceed —5.5% for the highest velocity
measured in this study, which is <U> = 9.7 m s™'. For
this particular position, the probability density function of
velocity field is Gaussian. The error on the fluctuating
velocity is <5% (lo = 68%), <8% (206 = 95%) and
<15% (36 = 99%), where ¢ refers to the standard devi-
ation of the concentration (provided in Table 4). As far as
the fluctuations around <U> are concerned, these are
limited by

e U =0, in which case they correspond to stagnating
blobs of fluid that are associated to 0% propane (their
origin is in the co-flow), and for which the relative error
is —10%;

e U ~ 10 m s, in which case they correspond to rapid
blobs of fluid associated to 100% propane (their origin
is in the propane jet) and for which the maximum error
is +2.5%.

Therefore, the maximal errors for fluctuating velocity
field range from —10 to +15.5%, with a maximal relative
error of 15%. However, note that this maximal relative
error is reached for the maximal velocity of the flow and
maximal scalar fluctuations (3 standard deviations of the
scalar), which are very rare events.
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Fig. 3 Square of voltage drop across the hot wire obtained exper-
imentally (left), and the corresponding error on velocity (right). The
red points correspond to the relative error made for several conditions

As a conclusion of this part, we have developed a new
technique for measuring velocity fluctuations in a pro-
pane—air mixture, independently of the local concentra-
tion measurement. This technique could a priori be
extended in other different composition mixtures. In Sect.
4, we focus on the further validation of our technique,
and in Sect. 5 we focus on new results. In the following,
we remind some fundamentals of RLS. Although not
anymore indispensable for the velocity measurement,
RLS is, however, necessary for determining the propane
mass fraction in the flow, and, therefore, the local flow
viscosity.

2.3 Fundamentals of Rayleigh light scattering (RLS)
in a propane—(air—neon) mixture

Rayleigh light scattering is used for monitoring concen-
tration fluctuations. It has been proved that it is an excellent
technique for performing quantitative time-space-resolved
measurements in a multi-components turbulent flow (Pitts
and Kashiwagi 1984). The total Rayleigh scattered light
intensity in the perpendicular direction to the light source,
noted / (90°), depends on the known incident intensity /,
passing through an ideal gas with j components in the
following way (Zhao and Hiroyasu 1993):

1(90°) = CNI, > [1,01],

where

Su=1, (12)

where Cis a system calibration constant that accounts for the
optical collection and transmission efficiencies; N = PA,/
RT,(>_N; = N)is the total number of molecules contained in
the probe volume, P and T are, respectively, the standard

(11)
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pressure and the temperature, and A, is the Avogadro
number, and R is the universal gases constant. Finally, g; is
the differential Rayleigh cross section without molecular
anisotropy effects (depolarization), defined as follows:

o; = 4n’[n; — 1]2/[/IW4N02]7 (13)

where n; is the index of refraction of the gas at standard
temperature and pressure, Aw is the laser wavelength (here
equal to 676 nm) and N, is the Loschmidt number
(2.687 x 10" cm™). For a ternary isothermal mixture
composed of propane, neon and air, Eq. 11 can be
transformed to:

(14)

Where Gir, Tneon aNd Gpropane are the observed 90° scattering
cross sections for pure air, pure neon and pure propane,
respectively. For the 676 nm laser wavelength, the respective
theoretical values of the cross sections are 5.3 x 1072 cm ™2
(Sutton and Driscoll 2004), 0.25 x 1072” cm~? (Shardanand
and Prasad Rao 1977) and 72 x 107% cm™? (Sutton and
Driscoll 2004).

Assuming that pressure, temperature and laser intensity
are constant, the molar-conservation equation, viz. Eq. 12,
can be written as

I<9OO) = [aairXair + Oneon Xneon + Opropane Xpropane] CN]o~,

(15)

Strictly mathematically speaking, the system composed of
Eq. 14 and 15 cannot be directly solved. By noting that the
molecular diffusion coefficients of propane into air and of
propane into neon are four times weaker than those of
air into neon (Dgir—c,n, ~ 9.09 x 107, Dreon—ciHy ~
8.24 x 107% and D neon & 3.42 x 107> m? s™") and by
noting that air and neon are mixed in the co-flow before
they meet propane, we conclude that the mass fraction of

Xair + Xneon + Xpropane =1L
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neon present in a blob of oxidizer (‘air-neon’) remains
nearly constant when this particle is mixed with propane
into the turbulent flow, at the first order. Moreover, the very
small 1atio Gpeon/Tpropane = 1/288 and 6,/ 0 propane = 1/21
insures very small contribution of neon in Eq. 14 and,
therefore, in estimating propane mass fraction with RLS.
This is a particular advantage of using neon for RLS
measurement. Therefore, the mixture we investigate here
will be further considered as a binary one and will be noted
as propane—(air—neon). The molecular diffusion coefficient
of this binary mixture will be noted as Dc,u,—oxidizer-
In conclusion, the initial system of 2 equations with 3
unknowns becomes now with only 2 unknowns, therefore
solvable, because neon is practically invisible from the
Rayleigh light-scattering viewpoint. We remind here that the
neon is obviously very present from a thermal viewpoint and
modifies the heat exchanged at the level of the hot wire.

Therefore, a constant equivalent Rayleigh cross section
can be defined for the oxidizer as oix = Guir [1 — Yopd +
Oneonfopt = 1.94 % 10727 cm™2, where Xopt = 0.70 is the
molar fraction of neon optimized for independent mea-
surement of velocity in propane—air—neon mixture. This
assumption allows us writing the following equivalent
system for RLS when neon is added:

1(90°) = [Jmi)ﬂ(1 - Xpropane) + JPTOPaHCXpropane] CNI,, (16)

that leads to a solvable system. The molar fraction of
propane is thus deduced from this system of equations as:

= [I - - Iair—neon]a (17)

where the index ‘(90°)’ has been dropped off for sake of
simplicity. Relation 17 allows for obtaining the molar
fraction of propane, and hence the mass fraction of the
propane, hereafter denoted Y (1 — Y denotes the mass
fraction of air—neon).

The hot wire positioned in the vicinity of the Rayleigh
probe volume does not perturb the Rayleigh signal by light
reflections. Indeed, the measured Rayleigh cross sections
ratios apropane/ O air and Upropane/ 070%neon+30%air aI€ in agree-
ment with the theoretical values (13.6 £ 0.1 and 50.8 & 0.3
respectively). These values are found for twenty different data
sets recorded during the same day. Excellent agreement
between the measured and the predicted values is obtained
(the difference is smaller than 0.7%). Note that adding neon
provides much more SNR (Signal to Noise Ratio) for the
Rayleigh light scattering. This is another interesting advan-
tage of using neon for RLS measurement.

Xpropane Iair—neon]/ [Ipropane

3 Experimental setup and measurements conditions

The flow system consists of an axisymmetric jet of propane
issuing into a slow co-flow of air (Fig. 4). The jet and the

Fig. 4 Axisymmetric jet with co-flow

co-flow diameters are D = 5 mm and D.,.gow = 80 mm,
respectively. The internal convergent is profiled such that
reverse flows are absent. Elements for flow laminarization
are disposed in the annular co-flow ring. Because Rayleigh
light-scattering measurements are extremely sensitive to
the interference with particle scattering (Mie), particular
attention has been paid to eliminate dust particles that
might be present in the flows (of either air or propane). The
co-flow velocity is fixed to 0.1 m s~ ', which is sufficient to
remove particles without altering the mixing jet properties.
The jet is mounted on a 2D displacement system Charly-
Robot with 10 pm precision in position. Flows of both
propane and air-neon are controlled and measured with
Bronkhorst® digital flowmeters. The accuracy of the flow
rate is better than 0.3%.
In this study, two different flow conditions are tested:

e a propane jet discharging into a stagnant 30% air—70%
neon mixture (as discussed in the previous section) with
an initial Reynolds number Rep = UyD/v = 15400,
where U, is the jet nozzle velocity, and v is the
kinematic viscosity of the internal jet and with an
initial momentum flux per unit area M, = p0U02 of
360 kg m~' s7%), where p, is the density of the internal
jet fluid,;

e an air jet discharging into stagnant air at the same initial
jet momentum per unit area, My = 360 kg m~' s72,
and for which Re = 5400.

A sketch of the coupling RLS and HWA experimental
setup is shown on Fig. 5.

A Spectra-Physics Model 171-01 Krypton-ion laser is
operated to produce a 6 W output in the single wavelength
of 676 nm. The intensity profile of the laser-beam waist is
gaussian at the exit of the laser, with a mean diameter of
about 1.9 mm. It is focused by a positive lens of focal
length = 500 mm to a narrow cylinder of 80 um diameter
(checked with a camera). The Rayleigh measurement
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Fig. 5 Schematic of the RLS Signal
and HWA measurement to CAN
—

systems
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volume is about 5 mm long. Two diaphragms 1 and 2 in
Fig. 5 are positioned along the laser beam to limit the light
diffraction phenomena coming from lens and laser beam.
Light scattered from the observation volume is collected
and collimated by an anti-reflection coating 200 mm lens
(f/2) and then refocused by another identical lens toward
the Photo Multiplier Tube (PMT). A 200 pm pinhole is
placed between the second lens and the PMT to limit the
axial dimension of the Rayleigh probe volume. No band-
pass filter is used for a maximum of light scattered intensity
on the photocathode of the PMT. The scattered light is
collected by a Hamamatsu PMT model H6780-20 with a
selected photocathode of 0.15 nA low dark current. The
output signal of the PMT is then amplified by a pream-
plifier Hamamatsu C7319 tuned to a calibrated gain of 10°
and by an analogical amplifier PACIFIC 70-A.

The Rayleigh signal coming from the PMT is first
cleaned from residual Mie scattering particles with a spe-
cific data analysis algorithm in order to select only the
samples free of these undesirable effects. Dark noise is
considerably reduced by our selected photocathode PMT
(dark current less than 0.15 nA). Uncertainties induced by
shot noise are evaluated both theoretically and experi-
mentally, using the methods presented by (Gustavsson and
Segal 2005; Pitts and Kashiwagi 1984; Pollock 1994).

Table 3 summarizes the arrival rate measured by the PMT
and estimated experimentally R;P, the arrival rate calcu-
lated analytically R, and the relative uncertainty due to
electronic shot noise for the experimental case. The results
are given for measurements in pure propane and in pure air,
for the following operating conditions: a laser output of
57 W (ie. 2.9 x 107" photons s™'), the optical system
described previously and a room temperature of 296 K.
Theoretical results agree well with the corresponding
measured data. As expected, the contributions of electronic
shot noise are maximum for the lower concentrations (i.e.
for the lowest intensity of light scattered) but do not exceed
3%.

For the velocity measurements, a Pt/Rh 90/10% hot wire
with a length / =400 pm and d = 2.5 pm diameter is
used. This insures a ratio I/d = 160 (the optimal
ratio ~ 200). The hot-wire probe is driven in constant
temperature mode by a DISA 55M01 anemometer. Voltage
fluctuations are then amplified using a built-on signal
conditioner in order to improve signal to noise ratio. The
physical cut-off frequency for the hot wire has been mea-
sured at 40 kHz with a calibrated square signal, which is
beyond the Kolmogorov frequency in our flow conditions.

The signals (RLS and HWA) are low-pass filtered by an
analog filter SRS 983 at 35 kHz and 50 kHz, respectively.

Table 3 Uncertainties on Rayleigh light-scattering measurements due to the shot noise

Rl RSP Ag,ai(at Fs = 100kHz)
Pure propane 2.55 x 10° photons s~ 1.9 x 10° photons s~ 0.7%
Pure air 1.9 x 10® photons s~ 1.3 x 10® photons s~ 2.8%
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We also checked that the cut-off frequencies of the RLS
measurement system are situated beyond these filtering
frequencies (35 kHz) of the Rayleigh light scattering and
of the hot-wire anemometry (50 kHz). After conditioning,
both signals are sent to a 16 bits National Instrument NI-
9215 acquisition card. For each flow condition, at least
130,000 integral time scales are acquired.

In order to reduce the spatial-filtering effects on the
velocity measurement, the length of the hot-wire probe was
reduced as much as possible (400 pm for the sensitive
length of the hot-wire probe), close to the optimal ratio
~?200 and representing between 3 and 8 Kolmogorov
scales in the propane and 2.5-5 Kolmogorov scales in the
pure air jet.

Spatial-filtering corrections with, e.g., Pao model of
spectrum (Pao 1965) are applied. These are in full agree-
ment with the correction method proposed by (Lavoie et al.
2007), for one-point measurements. However, the full
strength of the method discussed in Lavoie et al. (2007)
resides in a correct accounting for the 2D spatial filtering
(most useful in the case of PIV measurements), which is
not relevant in the case of the one-point measurements we
use here. No correction was used for the Rayleigh mea-
surements. Indeed, the Rayleigh probe volume of 200 pm
is close to the Batchelor scale, which is of about 50 pm at
ZID = 4 and 200 pm at Z/D = 30.

4 Validation of the new HWA technique
and of the concentration measurement

In this section, some results obtained with our new HWA
technique as well as with the RLS are critically compared

12 T : T ; T T
O Airjet, M0=360, with D=De
¢ Propane jet, M0=360, withfb

10 H . = ey eeeees [SPURRN RR
v Propane jet, M0 360, with Deq i 5 ¢

U /<U >

1
0 5 10 15 20 25 30 35
(2:Z, D, or (Z:Z, ,)ID

with classical results. The downstream axial evolution of
the mean velocity and concentration fields are first pre-
sented in Sect. 4.1, then the radial profiles of the mean and
RMS quantities (velocity and scalar) are discussed in Sect.
4.2. The results obtained agree very well with the literature
of variable density/viscosity jets.

4.1 Downstream evolution of the mean velocity
and concentration along the jet axis

The mean axial velocity, on the jet axis, is noted as <U_> (the
subscript ¢ refers to the jet axis centerline). The axial evo-
lution of the inverse of <U.> is plotted in Fig. 6 (left) for a
propane jet discharging into air—-neon mixture and for an air
jet discharging into stagnant air, at My = 360 kg m~' s72.
Two different representations are illustrated:

1. The first one is a representation of Uy/<U.> as a
function of Z/D (the subscript O refers to the initial
conditions). This representation does not take into
account the fluids densities. It shows that this evolution
is hyperbolic but not universal.

2. A second one in which density effects, although small
(PcsHg/ Pair—neon = 1.52), are taken into account. A test
of the longitudinal pseudo-similarity (Chen and Rodi
1980) is pertinent in the pure jet region where forces of
inertia dominate. This pure jet region extends as far as the
dimensionless abscissa Z, = Fr~ " 2(,opr(,pane/pmr,neon)7”4
(ZID) is smaller than 0.53, where the Froude number
Fr = ppropaneU(Jz/gD|pair—neon — ppropane|5 g is the local
gravity (9.81 m? s~ ). For the test conditions presented
in Table 4, Fr = 7400, and, therefore, Z, varies
from 0.04 to 0.31 from Z/D = 4 to Z/D = 30, satisfy-
ing the hypothesis of pure jet region for all the

12 T T : . T
: @ Propane jet, M0=360, with De
v Propane jet, M0=360, with D

0 5 10 15 20 25 30 35
(2:Z,,)ID,, or (2:Z; ,)ID

Fig. 6 Test of pseudo-similarity for the velocity (left) and for the scalar (right) as suggested by (Chen and Rodi 1980)
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Table 4 Characteristics of the propane jet (Rep = 15400, M, = ,z)pmpamUpmpanc2 = 360) and air jet (Rep = 5400, M, = pai,Uairz = 360) at

centerline locations from Z/D = 4-30

2172

7/D <U> <> T L - Re, g <6>is0 <Yi> <yi>> <y>
ms™H (ms)  (us) (mm) (um) (0m)  (m?s7) (m?s~") x107

0

Propane jet (in air-neon) 14.2 1.00 0.463

Air jet (in air) 17.3

4

Propane jet (in air-neon)  9.70 0.72 113 1.1 552 42 43 237 0.75 0.068 0.941

Air jet (in air) 16.4 0.85 248 4.0 343 18 82 90

6

Propane jet (in air-neon)  7.55 1.35 174 1.3 488 60 32 1280 0.63 0.107 1.103

Air jet (in air) 14.7 1.12 302 52 390 24 74 135

10

Propane jet (in air-neon)  4.70 1.12 319 1.5 510 16 39 1722 0.41 0.105 1.596

Air jet (in air) 10.5 1.25 590 5.7 697 54 86 73

15

Propane jet (in air-neon)  3.05 0.72 560 1.7 548 14 62 410 0.26 0.091 1.832

Air jet (in air) 8.0 1.16 1026 8.1 845 60 108 31

20

Propane jet (in air-neon)  2.17 0.51 890 1.8 861 17 104 70 0.20 0.071 2.026

Air jet (in air) 6.70 1.05 1433 9.7 912 60 126 17

25

Propane jet (in air-neon) 1.73 0.40 1130 2.0 970 15 128 37 0.15 0.057 2.157

Air jet (in air) 5.90 0.90 2095 119 1127 60 149 8.5

30

Propane jet (in air-neon) 1.44 0.33 1700 2.3 1200 15 154 19 0.13 0.047 2211

Air jet (in air) 5.0 0.85 3012 15.1 1402 60 181 4.0

conditions explored. The equivalent diameter Doy = D
[/oj/pair_ncm,]”2 is hence used for collapsing the data
(Graham et al. 1974). Here, p; refers to the local density
along the jet axis. When these effects are taken into
account (via a representation of Uy/<U_.> as a function of
Z/D.), the collapse of the inverse of the axial velocity is
almost perfect and in full agreement with those obtained
by (Amielh et al. 1996) and (Chen and Rodi 1980) for
COyfair jet (for which pcq,/pqr & 1.50), and also for
pure air and helium jets. A shift of the origin is here
necessary by considering the virtual origin of the velocity
field, Zy;. These results confirm that the hyperbolic
decreasing in axial variations of the longitudinal velocity
is independent of the initial density ratio for gases
discharging into an environment with similar or different
viscosity (Thring and Newby 1952).

The axial evolution of the mean concentration, <Y.>, is
plotted in Fig. 6 (right). As for the velocity, the mean axial
concentration follows a hyperbolic decreasing law, which
is universal when plotted via a representation of Yy/<¥.>
as a function of Z/D.,. Furthermore, we note that the
concentration decays faster than the mean velocity. This

@ Springer

observation is consistent with the following statement: “the
scalar mixes better than the momentum” as mentioned in,
e.g., (Lubbers et al. 2001). An extrapolation of the axial
evolution until Y,/<¥Y.> =1 gives <¥> =1 at Z/ID = 2.
In order to determine the slopes of the curves on Fig. 6, the
data have been fitted by a least-mean-squares algorithm to
the following equations:

| (8)
<§:> = ky [Zl_)—goj (19)

The virtual origins Zy /D for velocity and Z, /D for con-
centration found for the propane jet are, respectively,
—2.52 and —0.85, which are also consistent with results
already reported for propane jets (Dibble et al. 1987,
Dowling and Dimotakis 1990) and in excellent agreement
with the value Zj /D = —2.9 reported for COy/air jet in
similar conditions (Amielh et al. 1996). We find k, = 6.2
and ky = 5.3. These values are very close to the values of
6.1 and 5.5, respectively, reported in (Lubbers et al. 2001).
The concentration evolution is similar to those for a CO,
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jet and air jet with a dye (Djeridane et al. 1996) and in
excellent agreement with those reported in (Pitts and
Kashiwagi 1984) for a methane round jet.

In Fig. 7, the value of ky = (Z — Zy,) <Y >/[Y,D] is
shown versus the distance to the jet orifice is shown (here,
D is used instead of Dq). Also plotted in this figure are the
experimental values obtained by (Becker et al. 1967; Birch
et al. 1978; Dowling and Dimotakis 1990; Lockwood and
Moneib 1980) and DNS results by (Lubbers et al. 2001).
The factor ky varies between 4 and 6, in very good
agreement with literature data.

As a conclusion, the variations of either <U_.> or <Y_.>
are hyperbolic for both of them when represented as
functions of Z/D. By taking into account the (here, slight)
density variations through a representation as functions of
Z/D.q, these evolutions are both hyperbolic and universal.

4.2 Radial profiles of mean and RMS values
of velocity and concentration

Let us now turn our attention to the radial profiles of
velocity and scalar fields.

Following (Amielh et al. 1996; Ruffin et al. 1994),
density effects do not seriously affect the radial expansion
of the jet, contrary to the axial decay of the mean velocity,
which is affected by the local density. This is most likely
due to the similar radial evolution for both velocity and
concentration, thus hiding the density effects. Therefore,
the real diameter D (and not the equivalent diameter D)
governs the radial spreading of variable density jets.

Figure 8 shows the radial profiles of the mean and

root-mean-square of both velocity (<U> and <u*>'"?
respectively) and scalar (<¥> and <y*>'"?, respectively)
a T T T T L T
Becker et al +
Dahm Dimotakis x
7r Birch et al x
Moneib ]
6 .
(=) o+ X
Qf-'l 5 o g
v 4} 4
g4
st -
& al. present data s J
1 -
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1 L 1 1
20 25 0 35 40
z-z5/D

Fig. 7 Present data ky = (Z — Zy,)Y./(YoD) versus the distance to
the virtual origin (Z — Zy,)/D (filled circles) compared to the data
from Lubbers et al. (2001), Lockwood and Moneib (1980), Dahm and
Dimotakis (1987), Becker et al. (1967), Dowling and Dimotakis
(1990) and Birch et al. (1978). From Lubbers et al. (2001). Note here
the conversion C, — Y., C, — Y, and z, = Z,, to the notations used
in this paper

versus the non-dimensional coordinate n; = r/(Z — Zy;)
(with i = 1 for velocity, i = 2 for the mixture fraction or
concentration), with no consideration of the equivalent
diameter. Mean and RMS quantities are normalized by the
mean values on the jet axis, <U.> and <Y,.> for Z/D = 4,
6 and 15.

All the mean quantities from Z/D = 4-15 collapse on a
unique curve (solid line on Fig. 8, left) that could be fitted
by the following expressions, for the velocity and for the
concentration, respectively:

{v)

<Uc> = exXp [_Kunz] 5 (20)
— -

with K, = 77.4 and Ky = 58.2. The velocity profiles agree
well with the self-similar profiles obtained for an air jet by
either DNS at Rep = 2400 (K, = 76.1) (Boersma et al.
1998), or experimentally at Rep = 11000 (K, = 75.2)
(Panchapakesan and Lumley 1993). Because density
effects are not visible for this representation, the present
results are also in excellent agreement with those from
variable density jets (CO, at Rep = 32000 and He at
Rep = 4000) as reported by (Amielh et al. 1996). The
concentration profile is close to those obtained by the DNS
of (Lubbers et al. 2001) at Rep, = 2000 (Ky = 59.1). Note
that the difference between the coefficients K, and Ky
(K, > Ky) has the significance of a better scalar radial
mixing compared to the momentum radial diffusion. In
addition, normalized mean profiles for both velocity and
scalar reach rapidly self-similarity (obtained at Z/D = 4
only) compared with classical results for constant-viscosity
jets, for which self-similarity for the two-first moments is
not obtained before Z/D = 15. This is most likely due to:

1. the large viscosity variations between propane
(Vpropane ~ 4.63 x 107° m? s_l) and quiescent air—neon
mixture  (Vairneon ~ 24.99 x 107° m? s™!, varneon/
Vpropane = J.5) that accelerate the momentum diffusion
at a more intense level than in a constant-viscosity
flows. Although of smaller importance, large viscosity
gradients would also be present for a propane jet
discharging in stagnant air (v ~ 16.04 x 107%m? s,
Vair/vpropane = 3.4),

2. the high ratio between the thickness of the injection
nozzle and the diameter of the jet (equal to 1/10) that
leads to a large-width initial shear layer between
propane and pure oxidizer, which in turn results in
initially created large vortical structures, thus acceler-

ating mixing and the jet development.

RMS profiles of the velocity and concentration are
presented on Fig. 8§ (right) for the same downstream

@ Springer



780 Exp Fluids (2009) 47:769-787
1 5 . - . . [0 T 1< T —— ey ,
i e D=4 i g e ZD=4 i
0.9 = 2/D=6 i = ZD=6 :
% ! *+ 2/D=15 0.3 * ZID=15 :
0.8 i ] % Z/D=15 Constant shift method + Z/D=15 Constant shift method | !
y i PR, " AL 2. o Z/D=6 Constant shift method 0.25 7 +, o Z/D=6 Constant shift method |
0. ¥ o Z/D=4 Constant shift method : : Z/D=4 Constant shift method | :
A L T ! y ] 5 9] ] T T i
B e e e e M Ry I MNP DS . ol ocicoiiad 30 PSRRI CCTR, R .
N o P
4 G oSN | SRS S i
Y f L
Pood b M 1o 1 ]
__________ e N
: i Cio :
i [t~ i i i h i © |
015 02 0 005 01 015 02 025 03 035
r;’[Z-Zol,I ) rI(Z-ZO_ 1)
0.25
0.2
A co 0.15
>w_u )\-; A
v o~ 0.1
T
0.05 - |
0 1 1 i i i i
0 005 01 015 02 025 03 035

MZ-Z,,)

Fig. 8 Mean and RMS values of velocity (top) and concentration (bottom) at different axial locations: Z/D = 4, 6 and 15, for propane jet with

Mo = 360 discharging into 30% air—70% neon

positions ranging from 4 to 15 diameters. The normalized
peak magnitudes of fluctuating quantities (0.26 and 0.25
for velocity and scalar, respectively, at # = 0.05 and
n = 0.11) are consistent with already published results for
velocity and scalar in a propane jet (Lubbers et al. 2001;
Papanicolaou and List 1988; Schefer and Dibble 1986), or
heavy jets (Chassaing et al. 1994; Richardson and Pitts
1993). All the data collapse and the corresponding least-
squares fits (solid lines) are shown. For the concentration,
the solid line represents a fourth-order polynomial fit:

)
(Ye)

where A = 9.34; a; = 0.18; a, = 0.41; a3 = 8.88; a4 =
—117.6; as = 251.6. These values are very close to the fit
found by (Richardson and Pitts 1993).

The radial profiles of mean and RMS of velocity
obtained with the ‘Constant-shift’ method presented in
Sect. 2.1 are also plotted. Self-similarity is not respected,
and the profiles are inconsistent with literature data. We

= Anlay + an + azn® + asn’ + asn'], (22)

@ Springer

thus emphasize that this method is not consistent with
physical results, and thus underline the utility of the new
method for measuring the fluctuating velocity field, which
is described in this material.

At this stage, the HWA and RLS techniques have been
validated, because all the mean/RMS profiles agree very
well with published data on jets. Moreover, for low-order
statistics (mean and RMS values), we note no major dif-
ference between our variable-viscosity jet and constant-
viscosity jets (described in the literature).

5 Turbulent properties along the axis of a propane
jet discharging into 30% air-70% neon (V,i;_peon/
Vpropane = 5.5) and an air jet (v = constant)
at the same initial jet momentum

In this section, we make use of HWA and RLS measure-
ments in order to provide a deeper characterization of a jet
flow with moderate viscosity effects(Vair—neon/ Ve, = 5.5).
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Turbulent properties along the axis of a propane jet
(Mo = 360 kg m~' s™?) discharging into a stagnant 30%
air-70% neon mixture, and having moderate viscosity
gradients (up to 5.5) are analyzed. The turbulent kinetic
energy, three (isotropic) forms of the mean energy dissi-
pation rate, turbulent length scales and the Reynolds
number based on the Taylor microscale are compared to
the corresponding quantities in an air jet at the same initial
momentum flux per unit area, Mo = 360 kg m~' s™2 The
analysis is performed along the jet axis (the results out of
the axis will be reported elsewhere). Differences observed
are discussed and viscosity effects are highlighted. Finally,
both velocity and scalar spectra are analyzed.

5.1 Characterization of turbulence along the jet axis

The variations of turbulent intensities <u”>'"*/<U_> along
the axis of the jet of propane and air are plotted in Fig. 9,
left. For the air jet, self-similarity (for which turbulent
intensity is to be constant) seems to be reached since
ZID = 12. A very rapid (linear) increase in the axial tur-
bulent intensity up to Z/D = 12 and a very slow increase
beyond this position are observed.

On the contrary, self-similarity for the propane jet dis-
charging into air-neon mixture is likely to be achieved at a
much earlier downstream location (Z/D = 8) than for the
air jet. Moreover, the maximum magnitude is higher than
that for the air jet, and only a slight decrease is noted at the
beginning of the “far-field” region. This intensification of
turbulence in the propane jet is due to strong viscosity
gradients, associating fluid blobs originating from propane,
with fluid blobs coming from the ambient air-neon, much
more viscous.
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The axial turbulent intensities of concentration are pre-
sented on Fig. 9 right side. Axial intensities of the con-
centration fluctuations <y*>'""?/<¥,> increase linearly up
to Z/D ~ 15 before remaining at the constant value 0.37.
Figure (9) shows that, as far as the propane jet is con-
cerned, the boundary between “near-field” and “far-field”
for the velocity (at Z/D = 8) differs from that of the con-
centration (at Z/D ~ 15). The ‘delay’ in attaining the self-
similar state by the concentration field is most likely due to
the increasing Schmidt number for increasing downstream
positions, later discussed in Sect. 5.2. This increasing
Schmidt number is associated with smaller and smaller (in
comparison to the Kolmogorov scale) scales to be created
by mixing.

Before characterizing the different scales of the flow
(integral, Taylor, Kolmogorov), it is essential to first
characterize the mean energy dissipation rate, <¢>, for
which the full expression in constant-viscosity turbulence
is given by (Sreenivasan 1984):

v 6ui 6uj 2
(e) = 5<(6_xj+6_x,> >,

where double indices indicate summation. We insist on the
fact that Eq. 23 only holds in constant-viscosity fluids. In
variable-viscosity flows, it provides only an approximation
of the true mean energy dissipation, when it takes into
account the mean value of the local kinematic viscosity.
Even under these simplified conditions, the experimental
estimation of all the terms in the right-hand-side of Eq. 23
is known to be very difficult. With only one component
measured, the simplest estimate of the mean energy
dissipation rate, standing on local isotropy assumption, is
given by

(23)

0.05 : : a i :
0

Fig. 9 Variation of turbulent intensities along the jet axis, for the velocity field (leff) and propane concentration (right)
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=15 0uy* 24
@h=150( (35) ) 24
where <v.> is the local mean kinematic viscosity at the jet
axis location (determined from the mass fraction <Y.>)
considered, and superscript ‘1’ indicates that this is the first
method we use here. By further assuming the validity of
Taylor’s hypothesis, Eq. 24 becomes:

(o)~ 15%< (%)>

Furthermore, if E;;(k;) is the spectral density of the
longitudinal velocity fluctuations, where the wavenumber
k, is related to frequency f, we can write the equivalent
equation (“method 27)

(25)

+00
<8>i¥o: 15<vt> / k%El 1 (kl) dkla (26)
0
or, equivalently:
) 2 +00
2 T o
2= 15(1grs) v 0/ PEN() . (1)

Equations 25 and 27 are two commonly used methods for
estimating the mean value of <e¢>. Both of them hold for
locally isotropic turbulence. They are strictly equivalent
under the condition that the 1D spectrum covers the whole
range of scales down to Kolmogorov. These two expres-
sions are calculated for both propane and air jets. The
results are plotted on Fig. 10, showing an excellent
agreement among them, thus meaning that the velocity
spectra are well resolved. For the propane jet, the local

—O- Propane jet, M°=360 (method 1)
—O- Propane jet, M0=360 (method 2) H
—m- Propane jet, M o=360 (method 3)

0 5 10 16 20 25 30
2D

viscosity <v.> at the hot-wire location is estimated from
the mean concentration measurement at an upstream
location of 800 um. The values of <v.> are computed by
using the kinetic theory of non-uniform gases (Hirschfelder
et al. 1966). For different axial locations Z/D = 4, 6, 10,
15, 20, 25 and 30, they are equal to 9.41 x 107° m? s,
1.103 x 10° m*s™", 1.596 x 10 m*s™', 1.832 x
107> m®s™", 2026 x 107> m*s™", 2.157 x 10> m*s™",
2211 x 107> m* s™, respectively. The viscosity in the air
jet is taken constant at 16.03 x 107° m” s™'.

A third method to infer the mean energy dissipation rate
stems in using the 1-point energy budget equation. It is
obtained from Navier—Stokes equations written for each
velocity component by multiplying each of them by the
fluctuating velocity itself, averaging and summating the
three transport equations. For the jet axis, the energy dis-
sipation rate is only balanced by two terms: the kinetic
energy decay along the jet axis and the production term
(proportional to the decay of the mean velocity along the
jet axis and with the difference between the variance of
radial velocity fluctuations and the variance of the axial
velocity fluctuations <v>> — <u*>). We do not dispose on
<v*>, but it is reasonable to assume that strong viscosity
gradients present in this flow lead to rapid mixing and
therefore to a better isotropy (Lee et al. 2008), which leads
in turn to negligible differences among variances of the two
velocity components, so to a negligible production term.
Therefore, with the assumption that the production term of
turbulent energy is small enough (along the jet axis), the
mean energy dissipation rate can be written under the same
form as that used in decaying grid turbulence:

s _ _(Uodle?) _ 3(Uc) d(?)

&) = = 28
160 T T T T
H —O— Air jet, M_=360 (method 1)
140 -O- Airjet, M°=360 (method 2) H
§8 i | _m Airjet, M =360 (method 3)
L i e Y
(?U’, ; :
o~
E
R
[
\

Fig. 10 Isotropic estimates of mean energy dissipation rate <e¢>s, (m? s™%) from Eq. 25, 27 and 28, for the propane jet (left) and air jet (right)
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where <¢*>=<u>> + <v>> + <w”>.This is “the method 100 T T T
3”. The quantity d<u”>/dZ in Eq. 28 is deduced from the e g'r Je, Mj=3?\;) =360 1
derivative of the best least-square fitting the axial v ______ r opaneet°_ _________
decreasing law of <u”>.

Figure (10) illustrates the fact that both methods 1 and 2 ’! """""""" I """" FARF'ELD """""""""""
lead to very nearly the same estimate of <¢>, for both air 60 !rF'ELD/ .m.n.mmm.,mmw.wmm,‘,

and propane jet, meaning that the velocity spectra are well
resolved. Figure (10, right) shows that for the air jet the
“method 3” converges to the results given by the other two
methods beyond Z/D ~ 10 (after the “Near-Field” region
emphasized in Fig. 9), most likely because in that part of
the flow, isotropy assumption becomes more realistic.
Actually, the three methods hinge upon isotropy hypothe-
sis: a local isotropy for methods (1) and (2) and a global
isotropy for the third method.

As far as the propane—(air—neon) mixture is concerned,
Fig. (10, left) reveals that (1) the absolute value of the
dissipation rate <¢> for propane jet is very higher than that
for air jet, and that (2) its longitudinal magnitude decreases
faster than that of the air jet. Both points (1) and (2) can be
attributed to the viscosity gradients effects. For the propane
jet, discrepancies among methods 1 (or 2) and 3 are first
attributed to the fact that, in the early stage of the mixing,
the dissipation is not yet independent of viscosity values,
and therefore strong correlations among local viscosity
fluctuations and local velocity fluctuations are very prob-
able, leading to the inadequacy of methods 1 and 2 in the
early stage of this variable-viscosity flow. Therefore, the
most reliable method of inferring <e> is the method 3,
albeit based on a global isotropy assumption. Good
agreement between the three methods is revealed at
ZID = 20, where <e¢> becomes independent of the vis-
cosity.The integral length scales L; are estimated from the
integral time scale Ty, viz.

Ly ={U)T, = (U) .R(r)dr, (29)
/

with

Rie) — (O£ 7) 50)

VPTG )

The Taylor micro-scale Ay = [<U >><u®>/<(@uldt)*>]
and the Kolmogorov micro-scale g = [<vc>3/<8>im]
are provided in Table 4, respectively, for air and propane
jet discharging into 30% air—70% neon, for the same initial
conditions. It is a noteworthy fact that the both integral and
Kolmogorov scales are smaller for the propane jet than
those of the air jet.

Figure 11 shows the variation of the Reynolds number
(based on the Taylor micro-scale, the longitudinal velocity
RMS and the local mean viscosity), R, versus the

172
1/4

N A A
:’)‘ \'\5
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Y * A\ 4 :
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0 5 10 15 20 25 30
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Fig. 11 Evolution of the local Reynolds number R; versus Z/D, for
propane and air jets at the same initial momentum M, = 360

downstream location Z/D. After an initial evolution, R;
becomes nearly constant, at the values of 60 and 15 for air
and propane jets, respectively. It is, therefore, clear that the
local Reynolds number is drastically reduced in the pro-
pane jet by the viscosity gradients, for the same initial jet
momentum flux per unit area.

The ratios Lj/Ax and Li/2; are presented on Fig. 12 for
propane and air jets. For the air jet, these ratios strongly
vary with Z/D for the range where R, is not constant. After
R, becomes constant (equal to 60), L/Ax and LAy are
equal to 80 and 10, respectively. In the propane jet, after R,
becomes constant (equal to 15), these ratios are ~ 18 and
~2, respectively. It is, therefore, clear that the viscosity
gradients have a significant effect on the large scales tur-
bulent structures, inducing a drastic decrease in these
length scales and of their ratio, in comparison with a flow
field with constant viscosity. More generally, the constant-
viscosity flow (air jet) exhibits a wider range of scales than
the variable-viscosity flow (propane jet), for all the
downstream positions. The high viscosity gradients in the
latter case accelerate the kinetic energy dissipation and
reduce the correlation length as well as the range of scales
in the kinetic energy cascade. This property is better
illustrated when investigating turbulence spectra.

5.2 Velocity and scalar spectra along the jet axis

The 1D spectra Ey(k;) for the streamwise velocity,
respectively, consistent with (Antonia and Orlandi 2003):
<u?> = fE 11(k1)dk, are investigated along the jet axis for
Z/D = 15 and 30 for the air jet at My = 360 kg m~' s72)
discharging into quiescent air (Fig. 13, left) and for the
propane jet at My = 360 kg m~' s7) discharging into air—
neon mixture (Fig. 13, right). The spectra are represented
as functions of the streamwise wavenumber k; and
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140 w Propane Jet, M°=360
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Fig. 12 Left: ratios of integral and Kolmogorov scales along the jet axis versus the downstream location Z/D. Right: ratios of integral and Taylor
scales versus the downstream position Z/D. Vertical dash-dotted lines indicate the end of the near-field
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Fig. 13 Normalized velocity spectra E, {(k)IAU? for ZID = 15 and 30 along the jet axis at M, = 360, for air jet at R, = 60 (left) and propane

jet at R, = 15 (right)

normalized by the Kolmogorov velocity Ug = [<e>ig,
<v.>]"* and Kolmogorov micro-scale Ag.

Energy spectra for the air jet along the downstream
position in the near field exhibit a ‘—5/3" scaling range,
with a slightly increasing width from ~0.3 decade at
ZID = 15 to ~0.6 decade at Z/D = 30. Although for the
propane jet such a ‘—5/3’ region is also visible (Fig. 13-
right), the extent of this region decreases from ~0.4 to
~0.2 decade between Z/D = 15 and Z/D = 30. This par-
ticularly narrow ‘—5/3" scaling range in the latter case is
attributed to the reinforced kinetic energy dissipation due
to the viscosity increase. This is related to the fact that the
dissipative length scales for the propane jet are localized at
a wavenumber k; beyond those for the air jet.

@ Springer

Moreover, the number of scales involved in the flow is
drastically diminished, a result also emphasized by (Lee
et al. 2008) for mixing of variable-viscosity fluids. An
analysis of the third-order velocity structure functions
would be more indicated for properly addressing the
question of the intensity of the energy cascade for this
variable-viscosity turbulence. This is the object of future
work.

The normalized scalar spectra q’)(kl)<vc>/[<8s>isoﬁ(]
are illustrated on Fig. 14 for the downstream positions
varying from Z/D = 4-25, where the scalar variance dis-
sipation rate is estimated with <¢g>i,, = —d <y,-2>/dt =6
DC3Hg—oxidizerf [k%d)(kl )] dkh with DC;HS—oxidizer the mole-
cular diffusion coefficient of propane into oxidizer. The
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Fig. 14 Scalar spectra along the jet axis for Z/D = 4 to Z/D = 25 for
the propane jet at M, = 360 discharging into air-neon mixture

spectra are represented as functions of the dimensionless
streamwise wave number kAx = 2nfi<U >Ak.

Considering that the molecular diffusivity variations do
not exceed a few percents, whatever the concentration in a
mixture of gases (Hirschfelder et al. 1966), and since the
Schmidt number is defined as Sc = <v.>/Dc,H,—oxidizer
(where <v.> is the average viscosity), the viscosity varia-
tion involves a Sc variation of the same order, on the jet
axis.

From a quantitative viewpoint, the local kinematic vis-
cosity is increasing by a factor of 5.5 along the jet axis
from Z/D = 4 to Z/D = 30, and, therefore, the local Sc
number is increasing from Sc = 1.36 at Z/D = 4 (calcu-
lated with the propane viscosity and the molecular diffu-
sion coefficient of the propane—air mixture) to Sc = 7.5 at
Z/ID = 30 (calculated with the local viscosity of air-neon
mixture and the molecular diffusion coefficient of the
propane—air mixture).

Batchelor (1959) indicated that the scalar mixing at
Sc > 1 is characterized by a viscous-convective range
where ¢ (k;) follows a kfl power law for the wavenumbers
corresponding to the scales between Kolmogorov
and Batchelor scale Ag, where ig=[<e> /(<v. >

é}Hx—OXidizer)]71/4 = Sc_l/z)tK~

As a consequence, a viscous-convective range with a
~k1_1 slope (Batchelor 1959; Brethouwer et al. 2003;
Chakravarthy and Menon 2001) is more and more present
beyond the Kolmogorov scale of the velocity field (i.e. at
ki4x > 1), as the downstream location is increasing. This
Batchelor regime is not present at the downstream posi-
tions Z/D = 4 and 6. Starting with Z/D = 10, the Batchelor
regime begins to develop and reaches almost one decade at
Z/D = 25 and 30. A wide scaling range with a ‘—5/3’ slope

can also be distinguished for the scalar spectra, in agree-
ment with the Kolmogorov—Obukhov—Corrsin theory,
which does not depend on the local Schmidt number. Note
also that the extent of this restricted scaling range is much
wider than that exhibited by the velocity spectra, a result
that is in full agreement with the results discussed in the
existing literature, e.g. (Shraiman and Siggia 2000).

6 Conclusions

We have developed and validated an innovative reliable
technique for measuring velocity fluctuations indepen-
dently of concentration measurements (by Rayleigh light
scattering), in a turbulent propane jet discharging into
quiescent air. By adding a small amount of neon to the
surrounding air, we showed both analytically and experi-
mentally that the hot-wire response becomes insensitive to
the concentration of the field. As a result, the hot-wire
calibration curve for this propane—(air-neon) mixture is
quasi-unique and is not dependent on the local concentra-
tion. This is the main result reported in this paper.
Advantages of this velocity measurement technique are

e Independence of the velocity and scalar (concentration
of fuel) measurements. Since the hot-wire response is
sensitive to both local concentration and velocity, we
have demonstrated that the velocity can be measured
independently of the Rayleigh signal by replacing a
fraction of air by neon. Velocity fluctuation measure-
ments performed using this technique have a maximal
relative error of 15% over the range 0-10 m s .

e The use of neon is particularly interesting because of its
neutral chemical impact on a reacting flow. It could
therefore be subsequently used for a study of a reacting
flow having similar dynamics as that of the non-
reacting flow.

Although not required to make the velocity measure-
ments, Rayleigh light scattering was used to infer the local
(fluctuating) concentration, and, therefore, the viscosity of
the fluid. It was demonstrated that the propane—(air—neon)
mixture might be considered as a binary fluid for RLS
measurements, to a good approximation.

Velocity and concentration measurements were per-
formed in a turbulent propane jet discharging into an air—
neon co-flow, for which the densities and viscosities ratios
are of 1.52 and 1/5.5, respectively. These measurements
were first validated: the axial decay of the mean velocity
and concentration, as well as the lateral mean and RMS
profiles of velocity and concentration, are in full agreement
with the existing literature.

A further characterization of the variable-viscosity flow
along the axis of the round jet was performed. This
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variable-viscosity flow was compared with a turbulent air
jet discharging into still air. We have chosen to compare
the same flow (round jet) with two different fluids: pure air
and C;Hg-(air—neon). Both flows had the same initial jet
momentum (the same initial Reynolds number being
irrelevant for such variable density/viscosity flows). For the
case of the propane jet, the viscosity of the fluid increases
rapidly with increasing downstream position and exhibits
properties different of those of the classical air jet. Some
particular properties of the propane jet were

e increased values of the turbulence intensity (24%,
compared to 15% for the air jet) and an early self-
similarity, since Z/D = §;

e a higher mean kinetic energy dissipation rate along the
jetaxis (by up to a factor of 13), and a more rapid decay
of this quantity;

e areduction in both the integral and Kolmogorov scales,
as well as of their ratio;

e a reduction (by up to a factor of 4) of the local
Reynolds number (based on the Taylor microscale);

e a diminished width of the ‘—5/3’ scaling range of the
velocity spectra;

e the appearance of a Batchelor regime with a ‘—1’
scaling law (viscous-convective range) on the scalar
spectrum, as the local Schmidt number increased from
1.36 to 7.5 for farther downstream locations.

This work provides more insight into turbulent mixing
with non-constant-viscosity flow fields. The velocity mea-
surement technique proposed herein provides an accurate
means to study turbulent flows with variable viscosity and
could be applied to other gas mixtures. In the combustion
context, the present work provides insight on the micro-
mixing of a fuel-oxidizer mixture to improve non-premixed
combustion modeling.

Note that by adding neon to the air helps in properly
characterizing the velocity field in this new mixture.
However, to obtain the details of the unmodified mixing
(propane—pure air for instance, which has different vis-
cosity variations), analytical work is required by taking into
account the Reynolds number influence on the spectra (or
any other statistics). Models for the spectra are to be
investigated, adapted and eventually used.

We lastly comment on some of the hypotheses used in
inferring the mean energy dissipation rate in variable-vis-
cosity flows. In this paper, this quantity was expressed:

e By the 1-point energy budget, since its physical
significance is based on the rate at which kinetic energy
is destroyed. With the hypothesis that isotropy is locally
respected when mixing is more and more effective (Lee
et al. 2008), the production term in the kinetic energy
balance equation becomes increasingly negligible, and

@ Springer

the expression of the mean energy dissipation rate
reduces to the decay of the total kinetic energy. This
only holds on the jet axis.

e Using classical expressions (Eq. 25) in which the mean
value of the kinematic viscosity is used. This is correct
only if the mean value of the dissipation rate becomes,
somewhere downstream the injection of the two
variable-viscosity streams, independent of the viscosity,
and, therefore, independent of the location where the
estimate of dissipation rate is made. A recent work (Lee
et al. 2008) proves, using DNS, that the energy
dissipation rate does indeed become (rapidly) indepen-
dent of the local viscosity of the flow. This is a
significant result in the context of our work, which
allows us also to express the dissipation rate using
Eq. 25 at some distance downstream the injection.
Further investigations are necessary to a priori clarify
this distance, according to the flow type and mixing.

Finally, we remark that further analysis is necessary to
better understand the physical mechanisms that govern this
variable-viscosity turbulence. The Navier—Stokes equations
describing these particular variable-viscosity flows require the
knowledge of joint velocity-viscosity statistics knowledge,
i.e. joint velocity-scalar statistics. These joint statistics could
be provided, for example, by our technique because of its high
spatial resolution offered by the 800 pm of separation
between the hot wire and the Rayleigh probe volumes.
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