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Dependence on the initial conditions of scalar mixing in the turbulent wake
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Québec H3A 2K6, Canada

~Received 23 July 2003; accepted 5 May 2004; published online 7 July 2004!

The effect of the initial conditions on scalar mixing in the turbulent wake of a circular cylinder is
studied. The scalar under consideration is temperature and it is injected by means of an array of
parallel, heated, fine wires~a mandoline!. The initial length scale of the velocity field is varied
~relative to that of the scalar field! by changing the downstream location of the mandoline. The
initial length scale of the scalar field is modified by changing the number of mandoline wires and
their spacing. In accordance with previous results in homogeneous, isotropic, grid turbulence,
increasing the initial length scale of the velocity field was found to~i! increase the decay rate of
scalar variance~m!, ~ii ! decrease the integral scale of the scalar field (,u), and ~iii ! increase the
mechanical to thermal time scale ratior. Varying the mandoline wire spacing had little effect onm,
,u , or r. Increasing the width of the mandoline decreased the scalar variance decay rate. Doing so,
however, had negligible effect on the structure of the scalar field~i.e., ,u or r!. The independence
of the scalar variance decay rate and the structure of the scalar field—the opposite of what is
observed in grid turbulence—is attributed to the inhomogeneous nature of the flow. ©2004
American Institute of Physics.@DOI: 10.1063/1.1766033#

I. INTRODUCTION

The mixing of scalars~e.g., temperature, moisture,
chemical species/pollutant concentration, etc.! in turbulent
flows underlies a variety of phenomena, including atmo-
spheric and oceanic science, pollutant dispersion and
combustion.1,2 A thorough understanding of the turbulent
scalar field is therefore required to accurately predict the
transport and mixing of scalars in industrial and environmen-
tal processes. To this end, it is of interest to study how a
turbulent velocity field uniformizes an initially nonuniform
scalar field. This process is not trivial because~i! our under-
standing of the velocity field remains incomplete and~ii ! the
coupling of the scalar and velocity fields is still unclear. The
present work serves to elucidate the latter.

The most fundamental studies of the decay of scalar
fluctuations in a turbulent flow were performed in homoge-
neous, isotropic, grid-generated turbulence.3–10 ~In most
cases, the fluid under consideration was air and the scalar
was temperature.3–5,7–10! In such experiments, the decay of
the ~passive! scalar variance is of particular interest and pre-
vious research has shown that it follows a power law:

^u2&

Tre f
2

5AS x2xou

M
D 2m

, ~1!

where^u2& is the variance of the scalar fluctuations,Tre f is a
mean reference value of the scalar,x is the distance down-
stream of the grid,xou

is a virtual origin for the scalar field
~assumed to be 0 in many works!, andM is the grid mesh
size.A and m are constants for a given set of experimental

conditions and angular brackets denote averages. The decay
of the turbulent kinetic energy in grid turbulence is also
given by a power law:
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ui represents the velocity fluctuation andUre f is the mean
~longitudinal! velocity of the flow.B andn are constants.xo

is the virtual origin for the velocity field.
The decay exponent of the scalar~m! has been shown to

vary greatly~i.e., from 0.87 to 3.1!. ~See Fig. 1 of Warhaft
and Lumley9 for a summary of scalar variance decay laws
from different experiments.! This variation is significantly
larger than that ofn, which has been shown to vary from
1.15 to 1.45 in grid turbulence, with most of the data being
consistent withn'1.3.11 From these results, it can be in-
ferred that the ratiom/n is nonunique.

For the particular case of homogeneous, isotropic, grid-
generated turbulence, the definition of the mechanical to
thermal time scale ratior,

r 5
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, ~3!

reduces tor 5m/n using Eqs.~1! and~2!, and the budgets of
turbulent kinetic energy and scalar variance, respectively:
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and
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d^u2&
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52eu . ~5!

t is the mechanical time scale,tu is the thermal time scale,
1/2̂ uiui& is the turbulent kinetic energy per unit mass,e
[(n/2)^(]ui /]xj1]uj /]xi)(]ui /]xj1]uj /]xi)& is the dis-
sipation rate of turbulent kinetic energy, andeu

[k^(]u/]xi)
2& is the rate at which scalar fluctuations are

‘‘smeared’’ by molecular effects. In this work, the latter two
are, respectively, estimated~assuming local isotropy and in-
voking Taylor’s hypothesis! by e515n/U2^(]u/]t)2& and
eu53k/U2^(]u/]t)2&. Given thatm/n is nonunique, so too
will be the mechanical to thermal time scale ratior. The
variation in r was investigated by Warhaft and Lumley,9

Sreenivasan, Tavoularis, Henry, and Corrsin,10 and Durbin.12

It is of particular importance to turbulence modeling given
that r is a relevant parameter in second-order turbulence
models and mixing models in probability density function
methods~see, for example, Refs. 13–15!.

Warhaft and Lumley9 ~herein referred to as W&L! per-
formed two sets of experiments that studied the decay of
~passive! temperature fluctuations in grid-generated turbu-
lence. In the first set, the scalar~temperature! was injected
into the turbulence by heating the grid. W&L showed that the
decay rate of the passive temperature fluctuations generated
in this way was a function of the initial temperature fluctua-
tion intensity ~i.e., a function of the heating applied to the
grid!. The implication is that ‘‘varying the temperature of the
grid might vary the geometry of the thermal field.’’9 In the
second set of experiments, using an array of fine, parallel,
heated wires~called amandoline!, they were able to generate
temperature fluctuations with~i! a decay rate that was inde-
pendent of their initial intensity and~ii ! an initial scale that
could be controlled independently of that of the velocity
field. By varying the position of the mandoline downstream
of the grid and the spacing between the mandoline wires,
W&L were able to observe significant changes in the decay
exponentm ~from 1.29 to 3.20!, implying a nonunique value
of m/n. W&L concluded that the decay rate of the tempera-
ture fluctuations~when generated by a mandoline! is a func-
tion of the characteristic length of the temperature field, with
faster decay rates being related to smaller scales. In particu-
lar, they observed an approximately linear dependence be-
tween m and kmax, where kmax is the wavenumber corre-
sponding to the peak of the three-dimensional temperature
spectrum. (kmax

21 can be considered a characteristic length of
the scalar field.!

Sreenivasan, Tavoularis, Henry, and Corrsin10 ~herein re-
ferred to as STH&C! performed similar experiments to those
of W&L. In grid turbulence, they generated isotropic, pas-
sive thermal fields with scales larger than or equal to the grid
mesh size by heating the bars of the grid. They also gener-
ated passive temperature fluctuations on scales smaller than
the grid mesh size by means of a mandoline.~Like with the
work of W&L, the latter mandoline experiments—where the
scalar field is generated independently from the velocity
field—are more relevant to the present work.! STH&C found
the decay exponentm to be independent of the mandoline
wire spacing, the initial intensity of the fluctuations, and

mandoline downstream location~over the range of wire
spacings and downstream locations considered!.

The difference in the conclusions of W&L and those of
SHT&C was explained by Durbin.12 It stems from the fact
that in W&L, M /M u<1 whereas in STH&C,M /M u.1. ~M
is the mesh spacing of the turbulence generating grids and
M u is the mandoline wire spacing.M characterizes the scale
of the velocity fluctuations, whileM u characterizes that of
the scalar field.! Using his Lagrangian dispersion theory,16

Durbin demonstrated thatm depends on the ratio of the ini-
tial length scales of velocity and temperature. For large
enough values of this ratio, Durbin12 showed that the depen-
dence ofm on it becomes negligible. The experiments of
STH&C fell within this range, whereas those of W&L did
not.

The principal objective of this work is to extend the
results of Warhaft and Lumley9 and Sreenivasan, Tavoularis,
Henry, and Corrsin10 to an inhomogeneous flow, viz., the
wake of a circular cylinder. The scalar variance budget in a
heated wake is given by

1

2

d^u2&
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52eu . ~6!

It is clearly more complex than in homogeneous, isotropic
turbulence due to the presence of turbulent transport and pro-
duction of scalar variance.

A significant amount of research has been undertaken in
homogeneous, isotropic turbulence~e.g., Refs. 17–29!.
However, the scalar mixing process—especially the down-
stream evolution of the scalar variance and its dependence on
initial conditions—in inhomogeneous flows has received
much less attention~e.g., Refs. 30 and 31! and is the focus of
this work.

The traditional method of generating a wake with tem-
perature fluctuations has been to heat~usually electrically!
the cylinder itself~e.g., Refs. 32–38!. Beaulac39 also per-
formed experiments using a heated cylinder, but these results
are not presented herein. Such a method does not permit an
independent variation of the initial length scale of the veloc-
ity and scalar fields, and is analogous to heated-grid-
turbulence experiments. The use of a mandoline, however,
eliminates this limitation. Mandolines have been employed
by previous researchers to generate scalar fluctuations in the
wake of a cylinder,40,41 but their work only studied scaling
laws in a heated wake for one mandoline configuration and
did not examine the effect of different scalar field initial
conditions.

The remainder of this paper is organized as follows. The
apparatus is described in Sec. II. In Sec. III, the characteris-
tics of the velocity and thermal fields are established. The
results are presented in Sec. IV, where they are divided ac-
cording to~i! the effect of the velocity integral scale on the
scalar field and~ii ! the effect of the scalar injection scale on
the scalar field. A discussion of the results is given in Sec. V
and the conclusions are presented in Sec. VI.
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II. APPARATUS

The experiments were conducted in the 0.85331.22
32.74 m3, low-background-turbulence wind tunnel, located
in the Aerodynamics Laboratory at McGill University. The
wind tunnel is of a standard open-circuit, suction design. The
entrance to its plenum chamber begins with aluminum hon-
eycomb~of 6.35 mm cell size and 152 mm long!. The hon-
eycomb is followed by four screens of stainless steel wire
mesh~with a wire diameter of 0.229 mm and a mesh size of
1.27 mm!. An ;9-to-1 area ratio contraction following a
fifth-order polynomial profile joins the plenum section~2.87
33.23 m2! to the test section~0.85331.22 m2!. The test sec-
tion has beveled corners that slowly decrease in size in the
downstream direction~resulting in an increasing cross-
sectional area! to maintain a zero-pressure-gradient flow. A
8.84 m long small-angle diffuser connects the test section to
a 2.13 m diameter axial fan. The rotational speed of the fan is
controlled by a Unico controller to within61 rpm, ensuring
the stability of the mean flow. The fan is driven by a 125 hp
AC motor. The experiments described herein were conducted
at a free-stream velocity of 10.2 m/s. At this speed, the tur-
bulence intensity is 0.1% in the inviscid core of the test
section, away from the walls.

The ~mechanical! wake was produced by placing a 25.4
mm diameter aluminum circular cylinder 50.8 mm from the
start of the test section. The cylinder was oriented vertically
and placed on the midplane of the tunnel. The thermal wake
was generated by means of a mandoline.~The mandoline
was developed by Warhaft and Lumley9 and consists of an
array of fine, parallel, heated wires downstream of and ori-
ented parallel to the cylinder. See Fig. 1 for a schematic.! It
is constructed from 0.127 mm diameter wires that are heated
using a variable DC power supply rated at 75 V and 15 A,
maximum. The output voltage of the power supply is regu-
lated to within 0.01%. Small springs are attached to the ends
of the wires to prevent sagging, given that they expand when
heated. The wires are attached to the wind tunnel walls by
two end mounts that are electrically and thermally insulated
by small ceramic plates. To obtain the best signal-to-noise
ratio, the mandoline is operated at maximum power. This
power depends on the resistance of the mandoline, which in
turn depends on the number of wires~6–16! that compose
the mandoline. As a result, two wire materials were used:~i!
nichrome~type A! for mandolines consisting of more than 15
wires and~ii ! stainless steel with an enamel coating for the
remaining mandolines. The diameter of the wires~0.127
mm! was chosen such that it provided an acceptable tensile

strength, but was small enough to prevent the shedding of
vortices (Red5^U&dwire /neff,40) and therefore have negli-
gible influence on the flow. (neff is the kinematic viscosity
evaluated at the film temperature@Tf ilm[1/2(Twire

1T`)#.) Beaulac39 showed that the presence of the mando-
line on the flow was small.

The longitudinal and transverse velocity components
were measured using a TSI IFA 300 constant temperature
hot-wire anemometer~operated at an overheat ratio of 1.8! in
conjunction with a TSI 1241 X-wire probe. The hot wires
were made of 3.05mm diameter tungsten wires with a cop-
per coating.~The copper coating is etched away using nitric
acid to reveal the sensing portion of the wire.! The length-
to-diameter ratio of the wires was'200 and they were sepa-
rated by 1 mm. The X-wires are calibrated according to the
effective angle technique proposed by Browne, Antonia, and
Chua.42 Compensation of the velocity measurements for the
variable temperature of the flow was performed by a modi-
fied King’s law with temperature-dependent coefficients.43

The temperature field was measured using a cold-wire
thermometer built at the Universite´ Laval ~Québec, Canada!
and based on a constant-current anemometer circuit.44,45The
probe current through the cold-wire sensors was 150mA.
The cold-wires were made from Wollaston wire with a 0.63
mm diameter platinum core, soldered to a TSI 1210 single-
wire probe, and placed 1 mm away from the X wire. The
length-to-diameter ratio of the etched portion of the wires
was '800 @i.e., l wire'0.5 mm or l wire /h'3, where h
[(n3/e)1/4 is the Kolmogorov microscale#. Given our inter-
est in both large and small scales of the scalar field, this
choice was a compromise between the competing effects of
~i! spatial resolution and~ii ! conduction between the cold
wire and its prongs.46 A complete discussion of this is given
in Ref. 47.

The highest frequency in the flowf h exceeds the fre-
quency response of 0.63mm diameter cold wires, as mea-
sured in Refs. 44, 48, and 49. For the flow velocities, Kol-
mogorov scales and wire diameters under consideration, it
has been argued in Ref. 47 that the measurements are not
seriously affected. Nevertheless, the present measurements
were corrected for the finite cold-wire frequency response by
a compensation technique proposed by Lemay and
Benaı¨ssa.45 This method postprocesses the measured scalar
time series in the frequency domain while modeling the fre-
quency response of the cold-wire as a first-order linear sys-
tem. Lastly, the cold-wire time constant and its correspond-
ing cutoff frequency@tc and f c51/(2ptc), respectively#
were measured before each experiment using the current-
injection technique described in Lemay and Benaı¨ssa.45 This
method measures the response of the cold-wire to an injected
square-wave current. From the wire response,tc can be de-
termined, given the time constant of the electronics~see
Lemay and Benaı¨ssa45!. We foundtc50.027 ms, which cor-
responds tof c55.9 kHz. The frequency response of the wire
was measured before each experiment. If found to be abnor-
mally slow ~i.e., a drop inf c—due to fouling, etc.—greater
than or equal to 10% of its value when new!, the cold wire
was discarded and replaced with a new one.

The outputs of the hot-wire anemometer and the cold-

FIG. 1. Physical parameters used to specify a mandoline configuration.
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wire thermometer were both high- and low-pass filtered~us-
ing Kron-Hite 3382 and 3384 bandpass filters!. The analog
signals were subsequently digitized by means of a National
Instruments PC-MIO-16E4 data acquisition board that was
controlled usingLABVIEW . Two types of data files were re-
corded. Data sets used in the calculation of time series, spec-
tra, and longitudinal autocorrelations were sampled at twice
the low-pass filter frequency~which was set to a frequency
slightly larger than the Kolmogorov frequency!. These sets
consisted of 4.0963106 samples for centerline measure-
ments. For off-centerline measurements, 4.0963105 samples
were recorded.~All the measurements herein, with the ex-
ception of the transverse scalar autocorrelations, were made
at the centerline.! Wyngaard’s corrections for spatial resolu-
tion error50,51 were applied to the spectra. Data used to com-
pute means and variances were sampled at a frequency
roughly equal to the inverse of the integral time scale. These
sets consisted of 4.0963105 samples for centerline measure-
ments and 4.0963104 samples for off-centerline measure-
ments.

III. FLOW CHARACTERISTICS

The purpose of this section is to characterize the velocity
and temperature fields in the present experiments. Table I
lists the flow parameters. Further details can be found in Ref.
39.

Figure 2 plots the mean longitudinal velocity and mean
temperature profiles across the wake at a downstream loca-
tion of x/D553. The solid lines represent the best-fit Gauss-
ian profiles to the data. The half width of the hydrodynamic
wake at this downstream position is 2.4D—a value that is
consistent with the measurements of Kang and Meneveau33

and Matsumura and Antonia32 that are performed at slightly
higher and lower Reynolds numbers, respectively. The half
width of the thermal wake was slightly larger (3.1D)—a
result consistent with the results of Antonia and Browne38

and Rehabet al.52 Both profiles were measured over a range
of 7D in the spanwise direction and found to be independent
of z/D in this range.

Figure 3 plots the power spectra ofu andu at x/D553
and y/D50. The spectra resolved all scales, were free of
noise, and—like the mean profiles—were found to be inde-
pendent ofz/D.

Finally, the passive nature of the scalar fluctuations was
confirmed. Two types of tests were carried out:~i! tests com-
paring statistics of the velocity field in an isothermal wake to
those in a heated wake and~ii ! an estimation of the ratio of
the integral scale, to the Bolgiano length scale„Lb

[e5/4/@eu
3/4(gb)3/2#…, whereb is the volumetric thermal ex-

pansion coefficient.~Calculation of this ratio is analogous to
estimating the ratio of buoyant production of turbulent ki-
netic energy to its dissipation. Because the cylinder is verti-
cal in our experiment, no mean temperature gradient exists in
the direction of the gravitational vector andgiuui50 by
definition. It is for this reason that,/Lb is calculated.! Dif-
ferences in urms , ,, l, h, e, Su([^u3&/^u2&3/2), and
Ku([^u4&/^u2&2) between the heated and unheated flow did
not exceed 1.6%. The velocity spectra~of u and v) for the
heated and unheated flows were the same at all scales~to
within measurement error!. The ratio ,/Lb was less than
2.531026 at x/D589 for the mandoline with the largest
value ofeu . The passive nature of the scalar fluctuations is
therefore clear. Such a result was expected given the small
values of the temperature fluctuations in this flow.

FIG. 2. The mean velocity and mean temperature profiles across the wake.
s, U, left axis; h, T2T` , right axis. Solid lines are the best-fit Gaussian
profiles.x/D553. The mandoline used to generate the temperature profiles
is located atxu /D52 and is composed of 11 wires, each separated by 2.54
mm ~0.1 in.!.

TABLE I. Flow parameters~at x/D553). D50.0254 m.

U` (m/s) 10.2
Ucenterline(m/s) 8.8
n ~m2/s! 16.031026

k ~m2/s! 22.531026

^u2& (m2/s2) 0.375
^e&@515n/U2^(]u/]t)2&# (m2/s3) 7.24
, ~m! 0.040
ReD(5U`D/n) 1.623104

Rl„5^u2&@15/(ne)#1/2
… 135

R,(5urms,/n) 1531
h@5(n3/e)1/4# (mm) 0.15
hu@5(k3/e)1/4# (mm) 0.20

FIG. 3. The power spectra of longitudinal velocity and temperature at
x/D553 and y/D50. ~Velocity—lower curve, left axis; temperature—
upper curve, right axis.! The mandoline used to generate the temperature
profiles is located atxu /D52 and is composed of 11 wires, each separated
by 2.54 mm~0.1 in.!.
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IV. RESULTS

The Lagrangian dispersion theory of Durbin,12,16 in con-
junction with the experimental data of W&L and STH&C,
have shown that, in grid-generated turbulence, the decay ex-
ponent of the scalar fluctuations~m! is principally deter-
mined by the ratio of the initial length scales of the velocity
and temperature fields. In Sec. I, this parameter was ex-
pressed in terms of the ratio of the grid mesh length to the
mandoline wire spacing (M /M u). Durbin12 chose to express
this parameter in terms of the velocity field integral length
scale at the~scalar! injection point (,o) and the scalar injec-
tion scaleLu . In the present work, this quantity will be
called theinjection ratioand denoted by,o /Lu . Its relation-
ship to the evolution of the scalar field in the turbulent wake
of a cylinder will be studied herein.

,o is estimated by applying Taylor’s hypothesis53 and
integrating the temporal autocorrelation of the longitudinal
velocity fluctuations~along the centerline atx5xu , the man-
doline location! up to its first zero~e.g., Ref. 54, STH&C!.
The scalar field is created atxu and its integral length scale is
not defined there. The scalar injection scale is therefore re-
lated to the geometry of the scalar injection mechanism—
i.e., the mandoline width and wire spacing. To compare his
theoretical work with the experiments of W&L and STH&C,
Durbin12 assumedLu50.2M u . The appropriate definition of
Lu to use in this flow will be discussed in Sec. V. Lastly, note
that the scalar injection scale differs from the integral scale
of the scalar field (,u).

W&L and STH&C varied the injection ratio by use of a
mandoline in grid turbulence. They varied~i! ,o by moving
the mandoline downstream of the grid and~ii ! Lu by chang-
ing the mandoline wire spacing. In Sec. IV A, the effect of
varying ,o on the scalar field will be studied by moving a
mandoline of fixed configuration downstream in the wake of
a cylinder. In Sec. IV B the effect of varyingLu on the scalar
field will be examined by varying the mandoline configura-
tion while keeping,o constant.

A. The effect of the velocity integral scale on the
scalar field

In this section, the effect of the velocity field integral
length scale is studied while keeping the mandoline configu-
ration constant. The mandoline’s width is set to the cylinder
diameter (w/D51) and is composed of 11 wires~i.e.,
M u /D50.1). This provides a good signal-to-noise ratio,
while maintaining flow blockage effects to a minimum and is
consistent with the experiments of Le´vèque et al.41 The
downstream evolution of the longitudinal integral length
scales is shown in Fig. 4. One observes that, increases as
(x/D)1/2, in accordance with the standard scaling arguments
~e.g., Tennekes and Lumley55!. Given that,o is the~longitu-
dinal! integral length scale measured along the centerline at
x5xu , a one-to-one relationship exists betweenxu /D, ,o ,
and the injection ratio,o /Lu ~and increasingxu /D corre-
sponds to increasing,o and,o /Lu).

The analysis of Durbin12 and the experiments of W&L
and STH&C only study the range where the decay exponents
of both velocity and temperature~n andm, respectively! are

constant. For the present flow, Beaulac39 showed that the

turbulent kinetic energy (12^uiui&) field follows a power-law
dependence@given by Eq.~2!# for x/D>50. He found the
decay exponentn to be 0.72~i.e., approximately half the
value obtained in grid turbulence!.56 The explanation is pre-
sumably that, in the case of the wake, turbulent kinetic en-
ergy is produced by the mean velocity gradients and there-
fore reduces the decay rate of the fluctuating kinetic energy
when compared to isotropic grid-generated turbulence~in
which no production occurs!. The value of the virtual origin
is xo /D530. Given these observations, the decay rate of the
scalar field is studied herein forx/D>50 @viz., 53<x/D
<89, which corresponds to 23<(x2xo)/D<59].

Because~i! the objective of the present work is to study
the effect of different physical parameters on the scalar decay
rate in an inhomogeneous flow and~ii ! Durbin12 showed that
m became independent of,o for ,o /Lu>2.5, it is desirable
to keep,o small to observe changes in the downstream evo-
lution of the scalar field. This dictatedxu /D, which varied
from 2 to 20 in the present work. The effect of,o on the
decay of the scalar field can be observed in Fig. 5, which

FIG. 5. The decay of the temperature variance as a function of mandoline
downstream position.s, xu /D52; h, xu /D54; L, xu /D510; 3,
xu /D520.

FIG. 4. Evolution of the integral length scale ofu downstream of the cyl-
inder. The solid line corresponds to,55.9(x/D)1/2.
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plots the scalar variance57 as a function of downstream dis-
tance for four different mandoline positions (xu /D). First,
one observes that the data indeed follow a power-law decay
of the form given by Eq.~1!. Second, the decay exponents
are found to be a~decreasing! function of xu/D, which im-
plies a relationship betweenm and,o . These data are tabu-
lated in Table II.

Note that in Fig. 5,xou
/D was equal to 30 and was

effectively independent ofxu . Changingxou
does change the

value of m ~which is determined by nonlinear least-squares
regression!. However, it was found that~i! the observed
trends inm were independent ofxou

~i.e., the choice of vir-
tual origin does not affect the relative rates of decay! and~ii !
the observed variations inm over the small variations in
xou

(30&xou
&35) did not change any of our conclusions.

Consequently, the virtual origin of the scalar (xou
/D) was

set to 30(5xo /D).
Beaulac39 showed that the statistics of the scalar field

@e.g., its decay ratem, its skewnessSu , its kurtosisKu , its
probability density function PDF~u!, etc.# were independent
of the heat input~and therefore the initial scalar fluctuation
intensity!. Becausem is not a function of the heat input and
only a function of,o , we consider their relationship. Figure
6 showsm plotted as a function of,o . It suggests thatm
increases with,o .

To relatem ~and,o) to the structure of the scalar field,
we next consider the~longitudinal! integral length scale of
the scalar field,,u,x . The longitudinal integral length scale
of the scalar field is obtained by integrating the~longitudinal!

autocorrelation ofu up to its first zero. A variation in,u,x is
clearly visible from Fig. 7, which plots the autocorrelation of
u at x/D553 for the four mandoline locations under consid-
eration. The scalar integral scale data corresponding to Fig. 7
~as well as data corresponding to,u,x at x/D589) are also
given in Table II. Therein, it is observed that,u,x decreases
as xu /D increases—a result consistent with the notion that
faster decay rates~larger m! are associated with smaller
scales~smaller,u).

Figure 8 substantiates this finding. Lumley and
Panofsky58 ~p. 31! showed that the wavenumber correspond-
ing to the peak ofk1Eu(k1), kmax, is equal to the inverse of
the integral length scale,u,x ~assuming that the form of the
autocorrelation is an exponential decay, which is a reason-
able approximation for all but the smallest separations!.
k1Eu(k1) is plotted as a function of wavenumber in Fig. 8.59

It is observed that the peak of these curves moves to larger
wavenumbers as the mandoline is moved downstream. In
other words, as,o increases, the scalar decay rate increases
and the characteristic length of the scalar field decreases.

The decay exponent is plotted as a function of the peak
wavenumberkmax in Fig. 9. Like in Fig. 16 of W&L ~the
equivalent figure for grid-generated turbulence!,61 m appears
to increase withkmax. W&L observed a close-to-linear rela-
tionship, which is not inconsistent with the present data.
However, the relationship in both cases is not certain due to
the lack of data.

As noted by W&L, turbulent flows should have time and
length scale ratios that are connected to each other by the

TABLE II. The effect of different mandoline locations on statistics pertaining to the scalar field.w/D51,
M u /D50.1. ,(x/D553)540 mm; ,(x/D589)557 mm. Note thatA depends on the heating applied to the
mandoline.

xu /D A m
,o (mm)

@5,(xu /D)#
,u,x (mm)

@x/D553/89#
,/,u,x

@x/D553/89# r av

2 0.060 0.2560.06 8.7 54/78 0.74/0.73 1.21
4 0.074 0.4060.06 15 45/61 0.89/0.93 1.27

10 0.159 0.5560.06 17 35/54 1.14/1.06 1.39
20 1.95 0.9860.04 26 23/38 1.74/1.50 1.80

FIG. 6. The scalar decay rate exponent as a function of the velocity field
integral scale measured at the scalar injection location.

FIG. 7. Longitudinal autocorrelations of the scalar field for different man-
doline locations. Solid line,xu /D52; short-dashed line,xu /D54; long-
dashed line,xu /D510; dot-dash line,xu /D520. x/D553.
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mean flow, i.e., faster time scales should be related to smaller
length scales. We therefore study the ratior of the mechani-
cal to thermal time scales~t and tu), previously defined in
Eq. ~3!. Recall that in grid-generated turbulencer 5m/n and
given thatn is constant,r and m have a linear, one-to-one
relationship. However, in the present flow,rÞm/n, due to
the existence of turbulent transport and production in the
scalar variance budget.

Using direct measurements@Eq. ~3!#, as well as indirect
estimates by measuring the decay exponents ofe and eu ,
Beaulac39 verified that the time scale ratior was a weak
function of x/D. The latter estimates indicated thatr should
exhibit a decay exponent of 0.11–0.17. Such a slow evolu-
tion fell within the experimental scatter of the direct mea-
surements and is consistent with W&L and STH&C.~Note
that r is difficult to measure accurately. Be´guieret al.,62 Siri-
vat and Warhaft,63 and Zhouet al.64 measuredr the same
way and obtained experimental error of the same magni-
tude.! Consequently, the~spatially! averaged time scale ratio
r av is defined as follows:

r av5E
53

89

rd~x/D !. ~7!

Consideration ofr av should be satisfactory given that the
decay exponent ofr is at most half of the smallest value for
m and can therefore be considered as evolving significantly
more slowly than the scalar field itself. Values ofr av are
compiled in Table II and range from 1.21 to 1.80. W&L
observed values ofr ranging from 0.6 to 2.4 while STH&C
obtainedr 51.86 for all their mandoline experiments. The
relationship betweenr andm is plotted in Fig. 10. Given that
~i! its ordinate is nonzero and~ii ! its does not have a slope
equal to 1/n51/0.72'1.4, it is clearly not of the formr
5m/n.

To conclude the discussion of the effect of the velocity
integral scale on the scalar field, we plot the time scale ratio
as a function of the ratio of the integral scales of the velocity
and thermal fields in Fig. 11. The observed increasing rela-
tionship is consistent with the notion that smaller length
scales should have faster time scales.

FIG. 8. Scalar spectra multiplied by the wavenumber for different mando-
line downstream positions. Solid line,xu /D52; short-dashed line,xu /D
54; long-dashed line,xu /D510; dot-dash line,xu /D520. x/D553.

FIG. 9. The scalar decay exponent as a function of the wavenumber at the
peak ofk1Eu . x/D553.

FIG. 10. The relationship between the mechanical to thermal time scale
ratio and the scalar decay exponent.

FIG. 11. The time scale ratio as a function of the ratio of the integral scales
of the velocity and thermal fields.
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B. The effect of the scalar injection scale on its field

In the preceding section that studied the effect of the
velocity integral scale on the scalar field, the injection ratio
,o /Lu was varied by changing the integral length scale of the
velocity field at the injection location (,o) while keeping the
scalar injection scale (Lu) constant. It was observed that—
consistent with the experiments of W&L and the theory of
Durbin12—increasing the injection ratio (,o /Lu) increased
the decay rate of the scalar field~m! and decreased the char-
acteristic size of the scalar fluctuations (,u,x or kmax

21 ).
In the present section, we study the effect of the injection

ratio on the scalar field by attempting to vary the scalar in-
jection scale (Lu) while keeping the integral length scale of
the velocity field at the injection location (,o) constant.

W&L adjusted the scalar injection scale by varying the
spacing between the mandoline wires (M u). Doing so, they
observed changes in the scalar field and its decay rate.
STH&C also varied the spacing between the wires of their
heated screen, but the effect on the decay rate of the scalar
variance was marginal because their wire spacings were too
small compared to,o . That was not the case for W&L,
where the different wire spacings were larger than the inte-
gral length scale of the velocity field.

Beaulac39 attempted to independently varyLu in the
present flow by changingM u . This, however, produced no
significant changes. He found that halving or doublingM u

had marginal effects on the scalar field and its downstream
evolution ~see Table III!. Given that~i! , is on the order of
the wake width in the present flow and~ii ! the ~effective
portion of the! mandoline can only be as wide as the width of
the wake, it is impossible to haveM u larger than,o . This
can be interpreted as a similar result to that of STH&C,
where M /M u(;,o /Lu) took different values, all of which
were, however, larger than unity. Therefore, a~potentially!
different method of varyingLu was sought out.

Another mandoline parameter exists in this flow with no
fixed boundary that does not exist in homogeneous, isotropic
turbulence: the mandoline widthw. ~The number of mando-
line wires is not an independent parameter—it is uniquely
determined byw and M u .) Its effect was therefore investi-
gated~for widths wherew>,o , yet always contained within
the fully turbulent region of the wake—see Beaulac39!. The
three chosen widths werew/D51, 2, and 3. For these mea-
surements, the mandoline wire spacing was constant
(M u /D50.2) as was,o ~by making all measurements at
xu /D520).

Figure 12 shows the decay of the scalar variance for

mandolines of different widths. It can be observed that the
data are well fitted by a power law and that the decay expo-
nent m decreases as the mandoline width is increased. This
behavior is consistent with the mandoline widthw being a
measure of the scalar injection scaleLu and consequently
agrees with Durbin’s12 theory, which suggests thatm in-
creases with the injection ratio,o /Lu up to a critical value.
~This will be further discussed in the following section.! The
relationship betweenm andw is shown in Fig. 13.~Though
only three data points appear in this figure, a linear relation-
ship betweenm and w is also supported by measurements
done with the mandoline located at otherxu /D.)

It is clear that the width of the mandoline affects the
downstream evolution of the scalar field. In the preceding
section, such differences were associated with changes in the
structure of the scalar field. It is therefore of interest to ex-
amine the characteristics of the scalar field when subjected to
variations inw.

We begin by calculating the longitudinal, integral length
scale of the scalar field,u,x at x/D553. The longitudinal
autocorrelation ofu for the three mandoline widths is shown
in Fig. 14. Changing the mandoline width—and therefore the
scalar injection scale—produces very small changes in the
autocorrelation, indicating that,u,x is not affected by the
width of the mandoline. The independence of,u,x to changes
in w is also supported by the fact that the peak ofk1Eu is
relatively insensitive to changes inw ~Fig. 15!.

Given that the wake is an inhomogeneous flow, longitu-
dinal and transverse integral scales may be different.

TABLE III. The effect of different mandoline configurations on statistics pertaining to the scalar field.
,(x/D553)540 mm; ,(x/D589)557 mm. Note thatA depends on the heating applied to the mandoline.

xu /D w/D M u /D A m
,u,x (mm)

(x/D553/89)
,/,u,x

(x/D553/89) r av

20 1 0.1 1.95 0.9860.04 23/38 1.74/1.50 1.80
20 2 0.4 0.16 0.7660.03 24/41 1.67/1.39 1.69
20 1 0.2 0.55 0.9560.02 23/40 1.74/1.43 1.75
20 2 0.2 0.82 0.7760.02 24/41 1.67/1.39 1.83
20 3 0.2 0.25 0.5860.04 24/41 1.67/1.39 1.68

FIG. 12. The effect ofw on the decay of̂u2&. s, w/D51; h, w/D52; L,
w/D53.
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Beaulac39 measured the transverse autocorrelations of
u (,u,y) using two cold wires separated in the transverse~y!
direction and found~quantitatively and qualitatively! very
similar results to those obtained with the longitudinal inte-
gral length scales.,u,y decreased asxu /D increased and it
showed no significant dependence onw/D.

The fact that the downstream evolution of the scalar field
can be modified without changing its structure is of signifi-
cant interest. It is further studied by considering the me-
chanical to thermal time scale ratior and how it reacts to
changes in the width of the mandoline. For all three cases,r
was again found to be weakly dependent onx/D, again sup-
porting the use ofr av . ~Its decay exponent was at most
0.13—less than one quarter of the smallest value ofm for
these experiments.!

The values obtained forr av are 1.75, 1.83, and 1.68 for
w/D51, 2, and 3, respectively. The variation ofr av is small
and within the experimental scatter. There is, certainly, no
trend in r av with w like was observed withm. This may
initially seem contradictory given that in previous work, the
decay ratem and the time scale ratior were directly linked
due to the simplifications in the kinetic energy and scalar

variance budgets. However, in the case of a turbulent wake,
the turbulent transport and the mean scalar production terms
play a capital role in decouplingr andm.

Lastly, as pointed out in the preceding section,r av
should be proportional to,/,u since shorter time scales are
associated with smaller length scales. This still remains true
in this section, because bothr and ,u are independent of
w/D andM u /D ~and thereforeLu—see Table III!.

V. DISCUSSION

We begin by remarking that changing the mandoline po-
sition xu and geometry~i.e., Lu) in the present experiments
can be interpreted as independently varying different initial
conditions of the scalar field. First, changing the mandoline
geometry has no effect on the velocity field. However, doing
so influences the scalar field. Therefore, varying the mando-
line geometry and varyingLu are directly related. Second,
changingxu undoubtedly changes the velocity field integral
scale at the injection point (,o). Doing so may also modify
the one scalar field initial condition that may change when
varying xu—namely,Lu /W, whereW is a length scale rep-
resentative of the width of the wake.~An appropriate choice
for W might be the wake half width.! However, the results of
Sec. IV B of the paper clearly show that thestructureof the
scalar field is independent ofLu ~though not the scalar field’s
decay rate!. Therefore, even though changingxu may modify
a scalar field initial condition, the latter has no effect in this
inhomogeneous flow. Consequently, the two sets of experi-
ments performed in Secs. IV A and IV B vary different scalar
field parameters independently.

It is also of interest to give a physical interpretation of
our results.m decreased with increasingw or decreasingxu .
Given a wider thermal wake~i.e., largerw!, it will take the
cold air outside of the wake longer to mix with the hotter air
at its center. This will consequently retard the decay of the
scalar fluctuations and result in a smallerm. In a similar
fashion, decreasingxu ~and therefore,o) given a fixedw will
reduce the characteristic size of the velocity fluctuations with
respect to the mandoline width. Consequently, the hot and
cold air will not mix as rapidly andm will again be smaller.

FIG. 13. The scalar decay rate as a function of the mandoline width. FIG. 15. Scalar spectra multiplied by the wavenumber for different mando-
line widths. Solid line,w/D51; short-dashed line,w/D52; long-dashed
line, w/D53. x/D553.

FIG. 14. Longitudinal autocorrelations of temperature for the three different
mandoline widths. Solid line,w/D51; short-dashed line,w/D52; long-
dashed line,w/D53. x/D553.
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We now proceed with a comparison of the results of the
preceding section with the experiments of W&L and
STH&C. Given that both previous works were undertaken in
homogeneous, isotropic, grid-generated turbulence, the com-
parison should offer insight into the differences between ho-
mogeneous and inhomogeneous flows. In addition, it is
tempting to interpret the previous results within the context
of Durbin’s theory,12 even though it is not formally appli-
cable to the present inhomogeneous, anisotropic flow.~Con-
sequently, any observed differences cannot be interpreted as
criticisms of the theory.!

The interpretation of the results of Sec. IV A are rela-
tively straightforward and agree with the work of W&L and
Durbin12 in homogeneous, isotropic turbulence. Increasing
xu /D causes,o , and consequently the injection ratio,o /Lu

to increase. This accelerates the decay of the scalar variance,
as it did in W&L and as predicted by Durbin.12 Similarly to
W&L, the faster decay was accompanied by a decrease in the
characteristic scale of the scalar field.

In their Figs. 20 and 21, W&L align the peak of their
spectra by normalizing the abscissa~wavenumber! by r. In
the present work, such a normalization did not align the
peaks of the spectra, yet a normalization bym was successful
in doing so. Figure 16 plotsk1Eu(k1) as a function of the
~nondimensional! wavenumber, normalized bym. Though
the rationale behind such a normalization is not as evident as
a normalization byr, the peaks appear to align.~The xu /D
52 case is the least aligned. It, however, is the case with the
smallest value ofm and therefore the largest relative error in
its estimate.! Given thatr 5m/n in the experiments of W&L,
the present results are consistent with their Figs. 20 and 21.
Nevertheless, the effect of the decoupling betweenr andm is
clear in other results of Sec. IV.

The results of Sec. IV B are qualitatively different to
those of Sec. IV A and can be viewed as having two
interpretations—one that is based on the premise thatLu

;M u and the other that is based on the premise thatLu

;w.
In the first case, the independence ofm on M u is—in

part—consistent with the work of STH&C and Durbin.12 If
the scalar injection scaleLu in this flow is proportional to
M u , then variations in the wire spacing should not result in
changes inm or ,u , becauseM u!,o . This was observed to
be the case. IfLu;M u , changing the mandoline width while
keepingM u constant should, in principle, not cause changes
in m. The opposite was, however, observed in Sec. IV B and
is inconsistent with work of STH&C and Durbin.12

The second premise (Lu;w) also gives results that are
partially consistent with the work of Durbin12 in as much as
m increases with,o /Lu . To further establish the applicabil-
ity of Durbin’s theory12 to the present flow given this
premise, it would be of interest to extend the present results
to even larger injection ratios to observe whether the depen-
dence ofm on Lu;w disappears for large,o /Lu .

What is inconsistent in both cases is the observed varia-
tion in m without a corresponding variation in the structure
of the thermal field~i.e., without observing corresponding
changes inr, ,ux , ,uy , or kmax

21 ). This may result from the
inhomogeneous nature of the flow and the consequently
more complex relationship between the time scale ratio and
the budgets of scalar variance and turbulent kinetic energy.
The results of Sec. IV B indicate that the downstream evolu-
tion of the scalar field can be modified without changing its
structure. Such a result may be of practical interest to the
wide variety of industrial and environmental flows—which
are generally inhomogeneous—given that it can be employed
to enhance or inhibit the scalar mixing process, as desired.

Finally, because,u is independent of the width of the
mandoline, it is independent of the number of thermal
sources in the wake. It would therefore be reasonable to ex-
trapolate that a mandoline of only one wire~i.e., a single line
source! would produce the same,u . This hypothesis is pos-
sible given the linearity~in u! of the equation governing the
passive scalar field. Alternately stated,,u should not be af-
fected by the superposition of the other plumes onto the
same velocity field. Validation of this hypothesis by mea-
surements of the scalar field generated by a single line source
would be beneficial and is planned.

VI. CONCLUSIONS

The downstream evolution of a scalar field was studied
in an inhomogeneous flow—the turbulent wake of a circular
cylinder. The scalar was injected by means of a mandoline,
which enabled the variation of the scalar field initial condi-
tions. Far enough away from the cylinder, the evolution of
both the velocity and scalar fields followed a power-law be-
havior.

The response of the scalar field to changes in the integral
scale of the velocity field at the injection point (,o) was
similar to what has been observed in grid-generated
turbulence—as,o was increased, the decay exponent of the
scalar field~m! increased, the scalar field integral scale,u

decreased and the time scale ratior increased. The peaks of
k1Eu do not collapse when thex axis is normalized byr, but
do when normalized bym.

The response of the scalar field to changes in the scalar
injection scale was more complex. In this flow, changing the

FIG. 16. The scalar spectrum multiplied by the wavenumber plotted as a
function of k1hu /m for different mandoline downstream positions. Solid
line, xu /D52; short-dashed line,xu /D54; long-dashed line,xu /D510;
dot-dash line,xu /D520. x/D553.
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mandoline wire spacingM u , which—by necessity in this
type of flow—was smaller than the integral scale of the ve-
locity field at the mandoline location (,o), resulted in no
significant changes in the structure~r, ,u , or kmax

21 ) or evolu-
tion ~m! of the scalar field. If one assumesLu;M u , then this
result is consistent with the work of STH&C and Durbin12

who showed that for large enough values of the injection
ratio, m lost its dependence on,o /Lu .

Though the scalar field was not dependent onM u , it was
shown to exhibit a clear dependence on the width of the
mandolinew. Increasing the mandoline width caused the de-
cay exponentm to decrease. This result is consistent with
Durbin’s theory,12 if one assumesLu;w. Changingw, how-
ever, had no significant effect on the structure of the scalar
field ~i.e.,,ux , ,uy , or kmax

21 ), nor did it affect the mechanical
to thermal time scale ratior. This result is of particular in-
terest because it shows that the downstream evolution of the
scalar field can be modified without changing the structure of
the flow.

Lastly, the independence ofm and r in this inhomoge-
neous flow is what, in a sense, ‘‘permits’’ the possibility of
changing the downstream evolution of the scalar field with-
out any modification of its structure. In homogeneous, iso-
tropic flows, r and m are directly related to one another (r
5m/n). However, this is not the case in inhomogeneous
flows. Such a result can possibly be put to practical use in the
wide variety of industrial, inhomogeneous flows~e.g., jets,
wakes, etc.! to accelerate or decelerate the scalar mixing pro-
cess, as desired.
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