Dependence on the initial conditions of
scalar mixing in the turbulent wake of a
circular cylinder

Cite as: Physics of Fluids 16, 3161 (2004); https://doi.org/10.1063/1.1766033
Submitted: 23 July 2003 . Accepted: 05 May 2004 . Published Online: 07 July 2004

S. Beaulac, and L. Mydlarski

Ay
& &

View Online Export Citation

7
2
1=
LL
G
(o
7
.2
72
>
L
ol

ARTICLES YOU MAY BE INTERESTED IN

Simultaneous velocity-temperature measurements in the heated wake of a cylinder with
implications for the modeling of turbulent passive scalars

Physics of Fluids 23, 055107 (2011); https://doi.org/10.1063/1.3586802

A numerical investigation on the effect of the inflow conditions on the self-similar region of a
round jet
Physics of Fluids 10, 899 (1998); https://doi.org/10.1063/1.869626

Small scale turbulence and the finite Reynolds number effect
Physics of Fluids 29, 020715 (2017); https://doi.org/10.1063/1.4974323

Submit Today!

Physics of Fluids

SPECIAL TOPIC: Flow and Acoustics of Unmanned Vehicles

Physics of Fluids 16, 3161 (2004); https://doi.org/10.1063/1.1766033 16, 3161

© 2004 American Institute of Physics.



https://images.scitation.org/redirect.spark?MID=176720&plid=1517092&setID=379031&channelID=0&CID=553971&banID=520430996&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=fd1c72ecb1f3dc5d3ee9f65b5b770b49ce497fc6&location=
https://doi.org/10.1063/1.1766033
https://doi.org/10.1063/1.1766033
https://aip.scitation.org/author/Beaulac%2C+S
https://aip.scitation.org/author/Mydlarski%2C+L
https://doi.org/10.1063/1.1766033
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.1766033
https://aip.scitation.org/doi/10.1063/1.3586802
https://aip.scitation.org/doi/10.1063/1.3586802
https://doi.org/10.1063/1.3586802
https://aip.scitation.org/doi/10.1063/1.869626
https://aip.scitation.org/doi/10.1063/1.869626
https://doi.org/10.1063/1.869626
https://aip.scitation.org/doi/10.1063/1.4974323
https://doi.org/10.1063/1.4974323

HTML AESTRACT * LINKEES

PHYSICS OF FLUIDS VOLUME 16, NUMBER 8 AUGUST 2004

Dependence on the initial conditions of scalar mixing in the turbulent wake
of a circular cylinder
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Queébec H3A 2K6, Canada
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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 wire@ mandoling The initial length scale of the velocity field is varied
(relative to that of the scalar fieldy 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 founditancrease the decay rate of
scalar variancém), (ii) decrease the integral scale of the scalar fiélg) ( and (iii) increase the
mechanical to thermal time scale ratiovarying the mandoline wire spacing had little effectron

€,, orr. Increasing the width of the mandoline decreased the scalar variance decay rate. Doing so,
however, had negligible effect on the structure of the scalar iedd ¢, 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 flo\200®
American Institute of Physics[DOI: 10.1063/1.1766033

I. INTRODUCTION conditions and angular brackets denote averages. The decay

. ) of the turbulent kinetic energy in grid turbulence is also
The mixing of scalars(e.g., temperature, moisture, given by a power law:

chemical species/pollutant concentration, )etn. turbulent
flows underlies a variety of phenomena, including atmo- (uju;) X=X, "
spheric and oceanic science, pollutant dispersion and CE ( M )
combustion-? A thorough understanding of the turbulent e

scalar field is therefore required to accurately predict the

- o ) ) U; represents the velocity fluctuation a is the mean
transport and mixing of scalars in industrial and environmen-,' P Y B

: g . longitudina) velocity of the flow.B andn are constants«
tal processes. To this end, it is of interest to study how al(s thgel ?/irltua% Zriginlf)cl)r the veIoV(\:Iity field °
turbulent velocity field uniformizes an initially nonuniform The decay exponent of the scaam) Has been shown to
Sca'af field. This Process Is not trl_\/lal_becalﬁﬁ)eour g_nder- vary greatly(i.e., from 0.87 to 3.1 (See Fig. 1 of Warhaft
stand_mg of the velocity field remains mco_mpl_ete dngithe and Lumley for a summary of scalar variance decay laws
coupling of the scalar and v_elocny fields is still unclear. Thefrom different experiments. This variation is significantly
present work serves to eIu0|date_ the latter. larger than that oh, which has been shown to vary from
The most fundamental studies of the decay of scala

fluctuations in a turbulent flow were performed in homoge-i'15 to 1.45 in grid turbulence, with most of the data being

neous, isotropic, grid-generated turbuleic®, (In most consistent withn~1.3* From these results, it can be in-
' pic, gnd-g ' ferred that the ratian/n is nonunique.

szssefér;hi::::ﬁ%yg 9_61(3 ?ﬁlﬂgﬁrggogrmaesngw tﬁzd dtehcz sc(:)a;lar For the particular case of homogeneous, isotropic, grid-
P ' . . per ! Y generated turbulence, the definition of the mechanical to
the (passivé scalar variance is of particular interest and pre- . ;
. . ) thermal time scale ratio,
vious research has shown that it follows a power law:

@

T . <UiUi>/6

6? X=X, | " r=-= , ()

ref

reduces to =m/n using Eqgs(1) and(2), and the budgets of

) ) ) ) turbulent kinetic energy and scalar variance, respectively:
where( #%) is the variance of the scalar fluctuatiofs,; is a

mean reference value of the scatalis the distance down- 1 d{uju;)

stream of the gridy, is a virtual origin for the scalar field > at € (4)
(assumed to be 0 in many wopksand M is the grid mesh

size. A andm are constants for a given set of experimentaland
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1 d(¢92> mandoline downstream locatiofover the range of wire
>t - €0 (5 spacings and downstream locations considered
The difference in the conclusions of W&L and those of

7 is the mechanical time scale, is the thermal time scale, SHT&C was explained by Durbitf. It stems from the fact
1/2(u;u;) is the turbulent kinetic energy per unit mass, thatin W&L, M/M,<1 whereas in STH&CM/M ,>1. (M
= (vI2)((du; lox;+ du;19x) (dui/dx;+ du; 1 9x;)) is the dis-  is the mesh spacing of the turbulence generating grids and
sipation rate of turbulent kinetic energy, an&, My is the mandoline wire spaciny! characterizes the scale
=«((96/9x;)?) is the rate at which scalar fluctuations are of the velocity fluctuations, whileV, characterizes that of
“smeared” by molecular effects. In this work, the latter two the scalar field. Using his Lagrangian dispersion thedfy,
are, respectively, estimatédssuming local isotropy and in- Durbin demonstrated tha depends on the ratio of the ini-
voking Taylor's hypothesjsby e=15v/U%((du/dt)?) and tial length scales of velocity and temperature. For large
€,=3k/U%((360/dt)?). Given thatm/n is nonunique, so too enough values of this ratio, DurBfnshowed that the depen-
will be the mechanical to thermal time scale ratioThe dence ofm on it becomes negligible. The experiments of
variation inr was investigated by Warhaft and Lumfgy, STH&C fell within this range, whereas those of W&L did
Sreenivasan, Tavoularis, Henry, and CorfSiand Durbint?  not.
It is of particular importance to turbulence modeling given The principal objective of this work is to extend the
that r is a relevant parameter in second-order turbulencgesults of Warhaft and Lumiéyand Sreenivasan, Tavoularis,
models and mixing models in probability density function Henry, and Corrsit? to an inhomogeneous flow, viz., the
methods(see, for example, Refs. 13915 wake of a circular cylinder. The scalar variance budget in a

Warhaft and LumleY (herein referred to as W&Lper-  heated wake is given by
formed two sets of experiments that studied the decay of
(passive temperature fluctuations in grid-generated turbu-
lence. In the first set, the scaléemperaturewas injected 1 d<62> 1 (9<v02>
into the turbulence by heating the grid. W&L showed thatthe - =
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 It is clearly more complex than in homogeneous, isotropic
grid might vary the geometry of the thermal field.In the  turbulence due to the presence of turbulent transport and pro-
second set of experiments, using an array of fine, parallefuction of scalar variance.
heated wiregcalled amandoling, they were able to generate A significant amount of research has been undertaken in
temperature fluctuations witth) a decay rate that was inde- homogeneous, isotropic turbulende.g., Refs. 17-29
pendent of their initial intensity andi) an initial scale that However, the scalar mixing process—especially the down-
could be controlled independently of that of the velocity stream evolution of the scalar variance and its dependence on
field. By varying the position of the mandoline downstreaminitial conditions—in inhomogeneous flows has received
of the grid and the spacing between the mandoline wiresnuch less attentiofe.g., Refs. 30 and 3&nd is the focus of
W&L were able to observe significant changes in the decayhis work.
exponenim (from 1.29 to 3.2, implying a nonunique value The traditional method of generating a wake with tem-
of m/n. W&L concluded that the decay rate of the tempera-perature fluctuations has been to haatually electrically
ture fluctuationgwhen generated by a mandoljrie a func-  the cylinder itself(e.g., Refs. 32—38 Beaulac® also per-
tion of the characteristic length of the temperature field, withformed experiments using a heated cylinder, but these results
faster decay rates being related to smaller scales. In particare not presented herein. Such a method does not permit an
lar, they observed an approximately linear dependence béadependent variation of the initial length scale of the veloc-
tween m and k., Where ko is the wavenumber corre- ity and scalar fields, and is analogous to heated-grid-
sponding to the peak of the three-dimensional temperaturkirbulence experiments. The use of a mandoline, however,
spectrum. k,;;x can be considered a characteristic length ofeliminates this limitation. Mandolines have been employed
the scalar field. by previous researchers to generate scalar fluctuations in the

Sreenivasan, Tavoularis, Henry, and CorfSiherein re-  wake of a cylindef*! but their work only studied scaling
ferred to as STH&Cperformed similar experiments to those laws in a heated wake for one mandoline configuration and
of W&L. In grid turbulence, they generated isotropic, pas-did not examine the effect of different scalar field initial
sive thermal fields with scales larger than or equal to the gric¢conditions.
mesh size by heating the bars of the grid. They also gener- The remainder of this paper is organized as follows. The
ated passive temperature fluctuations on scales smaller thapparatus is described in Sec. Il. In Sec. lll, the characteris-
the grid mesh size by means of a mandolifieke with the  tics of the velocity and thermal fields are established. The
work of W&L, the latter mandoline experiments—where theresults are presented in Sec. IV, where they are divided ac-
scalar field is generated independently from the velocitycording to(i) the effect of the velocity integral scale on the
field—are more relevant to the present wpiSTH&C found  scalar field andii) the effect of the scalar injection scale on
the decay exponenn to be independent of the mandoline the scalar field. A discussion of the results is given in Sec. V
wire spacing, the initial intensity of the fluctuations, andand the conclusions are presented in Sec. VI.

aT
27dt 2 ay (v ay

—€yp- (6)
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Ts | strength, but was small enough to prevent the shedding of
vortices (Rg=(U)d,e/ve7<40) and therefore have negli-
gible influence on the flow. i is the kinematic viscosity

i

Mandoline —- evaluated at the fim temperaturdTm=21/2(Tyire
: 9
. +T.)].) Beaulad® showed that the presence of the mando-
'J% line on the flow was small.

lind ! L _
Cylinder T. The longitudinal and transverse velocity components

were measured using a TSI IFA 300 constant temperature
FIG. 1. Physical parameters used to specify a mandoline configuration. NOt-wire anemometefoperated at an overheat ratio of J1id
conjunction with a TSI 1241 X-wire probe. The hot wires
were made of 3.0um diameter tungsten wires with a cop-
Il. APPARATUS per coating(The copper coating is etched away using nitric
acid to reveal the sensing portion of the wiréhe length-
The experiments were conducted in the 08332  to-diameter ratio of the wires was200 and they were sepa-
X 2.74 ¥, low-background-turbulence wind tunnel, located rated by 1 mm. The X-wires are calibrated according to the
in the Aerodynamics Laboratory at McGill University. The effective angle technique proposed by Browne, Antonia, and
wind tunnel is of a standard open-circuit, suction design. TheChua®?> Compensation of the velocity measurements for the
entrance to its plenum chamber begins with aluminum honvariable temperature of the flow was performed by a modi-
eycomb(of 6.35 mm cell size and 152 mm longrhe hon-  fied King's law with temperature-dependent coefficiefits.
eycomb is followed by four screens of stainless steel wire  The temperature field was measured using a cold-wire
mesh(with a wire diameter of 0.229 mm and a mesh size ofthermometer built at the Universiteaval (Quebec, Canada
1.27 mm. An ~9-to-1 area ratio contraction following a and based on a constant-current anemometer cftttiThe
fifth-order polynomial profile joins the plenum secti@87  probe current through the cold-wire sensors was 130
% 3.23 nf) to the test sectiof0.853x1.22 nf). The test sec- The cold-wires were made from Wollaston wire with a 0.63
tion has beveled corners that slowly decrease in size in tham diameter platinum core, soldered to a TSI 1210 single-
downstream direction(resulting in an increasing cross- wire probe, and placed 1 mm away from the X wire. The
sectional areato maintain a zero-pressure-gradient flow. A length-to-diameter ratio of the etched portion of the wires
8.84 m long small-angle diffuser connects the test section twas ~800 [i.e., lie~0.5mm or l;./7~3, where
a 2.13 m diameter axial fan. The rotational speed of the fan is= v/ €)** is the Kolmogorov microscaleGiven our inter-
controlled by a Unico controller to withict1 rpm, ensuring est in both large and small scales of the scalar field, this
the stability of the mean flow. The fan is driven by a 125 hpchoice was a compromise between the competing effects of
AC motor. The experiments described herein were conducted) spatial resolution andii) conduction between the cold
at a free-stream velocity of 10.2 m/s. At this speed, the turwire and its prong4® A complete discussion of this is given
bulence intensity is 0.1% in the inviscid core of the testin Ref. 47.
section, away from the walls. The highest frequency in the flof, exceeds the fre-
The (mechanicgl wake was produced by placing a 25.4 quency response of 0.63m diameter cold wires, as mea-
mm diameter aluminum circular cylinder 50.8 mm from the sured in Refs. 44, 48, and 49. For the flow velocities, Kol-
start of the test section. The cylinder was oriented verticallymogorov scales and wire diameters under consideration, it
and placed on the midplane of the tunnel. The thermal wakéas been argued in Ref. 47 that the measurements are not
was generated by means of a mandolifiEhe mandoline seriously affected. Nevertheless, the present measurements
was developed by Warhaft and Lumfegnd consists of an were corrected for the finite cold-wire frequency response by
array of fine, parallel, heated wires downstream of and oria compensation technique proposed by Lemay and
ented parallel to the cylinder. See Fig. 1 for a schemalic. Bendssa*® This method postprocesses the measured scalar
is constructed from 0.127 mm diameter wires that are heatetime series in the frequency domain while modeling the fre-
using a variable DC power supply rated at 75 V and 15 A,quency response of the cold-wire as a first-order linear sys-
maximum. The output voltage of the power supply is regu-tem. Lastly, the cold-wire time constant and its correspond-
lated to within 0.01%. Small springs are attached to the endmg cutoff frequency[ 7. and f.=1/(277.), respectively
of the wires to prevent sagging, given that they expand whemwere measured before each experiment using the current-
heated. The wires are attached to the wind tunnel walls bynjection technique described in Lemay and Besaf® This
two end mounts that are electrically and thermally insulatednethod measures the response of the cold-wire to an injected
by small ceramic plates. To obtain the best signal-to-noisequare-wave current. From the wire responsesan be de-
ratio, the mandoline is operated at maximum power. Thigermined, given the time constant of the electronfsse
power depends on the resistance of the mandoline, which ihemay and Benas4®). We foundr,=0.027 ms, which cor-
turn depends on the number of wir@s-16 that compose responds td.=5.9 kHz. The frequency response of the wire
the mandoline. As a result, two wire materials were uggd: was measured before each experiment. If found to be abnor-
nichrome(type A) for mandolines consisting of more than 15 mally slow (i.e., a drop inf .—due to fouling, etc.—greater
wires and(ii) stainless steel with an enamel coating for thethan or equal to 10% of its value when newhe cold wire
remaining mandolines. The diameter of the wir@127 was discarded and replaced with a new one.
mm) was chosen such that it provided an acceptable tensile The outputs of the hot-wire anemometer and the cold-
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TABLE I. Flow parametergat x/D=53). D=0.0254 m. 10.4 5 0.6
U.. (m/s) 102 10.2 305
U centerline(M/s) 8.8 10.0 :_ ]
v (m?s) 16.0¢10° : 104
x (m?/s) 22.5¢10°° - 98 [ Jo03 -
<U2> (mZ/SZ) 0.375 E 9.6 E ] 8—'
(e)[=15w/U%((aul at))] (m?/s) 7.24 . 102 —~
€ (m) 0.040 2 94 - : S
Rep(=U..D/v) 1.62x10" 92 | 501
R\ (= (u)[15/(ve)1¥D) 135 N 300
Re(=Urmst/v) 1531 - ]
7l =(v/€)*] (mm) 0.15 88 ¢C R 3.0.1
el = (1% €)*] (mm) 0.20 8 6 -4 -2 0 2 4 6 8

y/D

FIG. 2. The mean velocity and mean temperature profiles across the wake.
. . . O, U, left axis; [, T—T,,, right axis. Solid lines are the best-fit Gaussian
wire thermometer were both high- and low-pass filtef@st  profiles.x/D =53. The mandoline used to generate the temperature profiles
ing Kron-Hite 3382 and 3384 bandpass filjeffhe analog is located ak,/D=2 and is composed of 11 wires, each separated by 2.54

signals were subsequently digitized by means of a Nationanm (0.1 in).

Instruments PC-MIO-16E4 data acquisition board that was

controlled using.ABVIEW. Two types of data files were re- ) , .
corded. Data sets used in the calculation of time series, spec- Flnally, the passive nature of the sgalar fluctuatlons was
tra, and longitudinal autocorrelations were sampled at tWiC&on_ﬂrmed._Tv_vo types of test_s were _Carrle_d duttests com-
the low-pass filter frequenciwhich was set to a frequency paring statistics of the veIO(_:_lty field in an_lsothermal wake to
slightly larger than the Kolmogorov frequencyThese sets tH0Se€ in & heated wake afig) an estimation of the ratio of
consisted of 4.09810° samples for centerline measure- N€_integral scale¢ to the Bolgiano length scaldL,
ments. For off-centerline measurements, 4:096° samples € /L€ (958)° D, whereg is the volumetric thermal ex-
were recorded(All the measurements herein, with the ex- Pansion coefﬂmen_t(CaIculatlon of this ra’glo is analogous to_
ception of the transverse scalar autocorrelations, were mad$timating the ratio of buoyant production of turbulent ki-
at the centerling.Wyngaard's corrections for spatial resolu- netic energy to its dissipation. Because the cylinder is verti-

tion erroP®5 were applied to the spectra. Data used to comC@l In our experiment, no mean temperature gradient exists in

pute means and variances were sampled at a frequeng}e_ direction of the gravitational vector argjfu;=0 by
roughly equal to the inverse of the integral time scale. Thes@€finition. It is for this reason that/L,, is calculated Dif-
sets consisted of 4.096L0° samples for centerline measure- ferences inuins, €, N, 7, € S,(=(u”)/(u%) ?, and

ments and 4.09610° samples for off-centerline measure- Ku(=(u®)/(u?)?) between the heated and unheated flow did
ments. not exceed 1.6%. The velocity spectaf u andv) for the

heated and unheated flows were the same at all s¢aes
within measurement errpr The ratio £/L,, was less than
IIl. FLOW CHARACTERISTICS 2.5x10°% at x/D=89 for the mandoline with the largest
value ofe,. The passive nature of the scalar fluctuations is
The purpose of this section is to characterize the veloCitynerefore clear. Such a result was expected given the small

and temperature fields in the present experiments. Table\Ja|yes of the temperature fluctuations in this flow.
lists the flow parameters. Further details can be found in Ref.

39.
Figure 2 plots the mean longitudinal velocity and mean ARSI i AL B AL BN
temperature profiles across the wake at a downstream loce 10°
tion of x/D=53. The solid lines represent the best-fit Gauss- -
ian profiles to the data. The half width of the hydrodynamic >~ 10°
wake at this downstream position is P4-a value that is wa

104

10?

ool 1 auund Tl \mm*ﬂnm‘ vonnnds ol s

G, (3 %) 7 'y’

consistent with the measurements of Kang and MenéVeau E 10" 10°

and Matsumura and Antoriathat are performed at slightly =

higher and lower Reynolds numbers, respectively. The half =5 g 102
. ; w

width of the thermal wake was slightly larger (BJj—a

result consistent with the results of Antonia and BroWine 108 E il v i 107

and Rehalet al>? Both profiles were measured over a range 10°  10*  10® 107 10" 10°

of 7D in the spanwise direction and found to be independent km/kmn,

of z/D in this range.
Figure 3 plots the power spectra ofand 6 at x/D =53 FIG. 3. The power spectra of longitudinal velocity and temperature at
andy/D=0. The spectra resolved all scales, were free of!2=53 andy/D=0. (Velocity—lower curve, left axis; temperature—
. . . - upper curve, right axis.The mandoline used to generate the temperature
noise, and—like the mean profiles—were found to be Inde'profiles is located at,/D=2 and is composed of 11 wires, each separated

pendent ofz/D. by 2.54 mm(0.1 in).
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IV. RESULTS 60

The Lagrangian dispersion theory of DurBft®in con- 50
junction with the experimental data of W&L and STH&C,
have shown that, in grid-generated turbulence, the decay ex 40
ponent of the scalar fluctuationsn) is principally deter-
mined by the ratio of the initial length scales of the velocity EO 30
and temperature fields. In Sec. |, this parameter was ex/mm]
pressed in terms of the ratio of the grid mesh length to the
mandoline wire spacingM/M ,). Durbin'? chose to express
this parameter in terms of the velocity field integral length
scale at thdscalaj injection point () and the scalar injec-

20

10

0 1 1 L I

tion scalelL,. In the present work, this quantity will be 0 20 40 60 80 100
called theinjection ratioand denoted by, /L ,. Its relation- x/D

ship to '_[he eVO!Ution of the Scalar_ field in the turbulent wakeg|g_ 4. Evolution of the integral length scale ofdownstream of the cyl-
of a cylinder will be studied herein. inder. The solid line corresponds €6=5.9(x/D)*2

¢, is estimated by applying Taylor's hypotheSisnd
integrating the temporal autocorrelation of the longitudinal
velocity fluctuationgalong the centerline at=x,, the man-  constant. For the present flow, Beadfashowed that the
doline location up to its first zerofe.g., Ref. 54, STH&E  tyrbulent kinetic energy¥(u;u;)) field follows a power-law
The scalar field is created g and its integral length scale is  dependencégiven by Eq.(2)] for x/D=50. He found the
not defined there. The scalar injection scale is therefore rejecay exponenh to be 0.72(i.e., approximately half the
lated to the geometry of the scalar injection mechanism—yajue obtained in grid turbulengg The explanation is pre-
i.e., the mandoline width and wire spacing. To compare hisymably that, in the case of the wake, turbulent kinetic en-
theoretical work with the eXperimentS of W&L and STH&C, ergy is produced by the mean Ve|ocity gradients and there-
Durbin'? assumed. ,= 0.2V ,. The appropriate definition of fore reduces the decay rate of the fluctuating kinetic energy
Lg to use in this flow will be discussed in Sec. V. LaStly, notewhen Compared to isotropic grid_generated turbu'eﬁne
that the scalar injection scale differs from the integral scalgyhich no production occuysThe value of the virtual origin
of the scalar field (). is X,/D = 30. Given these observations, the decay rate of the
W&L and STH&C varied the injection ratio by use of a scalar field is studied herein fot/D=50 [viz., 53<x/D
mandoline in grid turbulence. They variéd ¢, by moving <89, which corresponds to 23x—x,)/D=<59].
the mandoline downstream of the grid afiid L , by chang- Becausdi) the objective of the present work is to study
ing the mandoline wire spacing. In Sec. IVA, the effect of the effect of different physical parameters on the scalar decay
varying €, on the scalar field will be studied by moving a rate in an inhomogeneous flow afith Durbin*2 showed that
mandoline of fixed configuration downstream in the wake ofiyy pecame independent éf, for ¢,/L ,=2.5, it is desirable
a cylinder. In Sec. IV B the effect of varying, on the scalar o keep¢, small to observe changes in the downstream evo-
field will be examined by varying the mandoline configura- |ution of the scalar field. This dictatex,/D, which varied
tion while keeping(, constant. from 2 to 20 in the present work. The effect 6§ on the

decay of the scalar field can be observed in Fig. 5, which
A. The effect of the velocity integral scale on the

scalar field

In this section, the effect of the velocity field integral  1¢
length scale is studied while keeping the mandoline configu-
ration constant. The mandoline’s width is set to the cylinder
diameter (v/D=1) and is composed of 11 wire€.e., x/D=20
M,/D=0.1). This provides a good signal-to-noise ratio,
while maintaining flow blockage effects to a minimum and is
consistent with the experiments of \egue et al*! The
downstream evolution of the longitudinal integral length

—

N
o
Ll

A

o x /D=2
o 7] 1
\%

scales is shown in Fig. 4. One observes thatcreases as
(x/D)*? in accordance with the standard scaling arguments I N
(e.g., Tennekes and Lumi&y. Given that(, is the (longitu- x /D=4
dinal) integral length scale measured along the centerline a
X=Xy, a one-to-one relationship exists betweesiD, €, 102
and the injection ratic?,/L, (and increasing,/D corre- 2
sponds to increasing, and€,/L ).

The analysis of Durbitf and the experiments of W&L FIG. 5. The decay of the temperature variance as a function of mandoline

and STH&C only study the range where the decay exponenigownstream positionO, x,/D=2: O, x,/D=4: ¢, x,/D=10; X,
of both velocity and temperatufe andm, respectivelyare  x,/D=20.

0 30 (X_on/D4o 50
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TABLE II. The effect of different mandoline locations on statistics pertaining to the scalar fiéld=1,
M,/D=0.1. ¢(x/D=53)=40 mm; {(x/D=89)=57 mm. Note thatA depends on the heating applied to the

mandoline.
€, (mm) €4 (mm) 01
Xy/D A m [=€(xy/D)] [x/D=53/89 [x/D=53/89 I av
2 0.060 0.25:0.06 8.7 54/78 0.74/0.73 1.21
4 0.074 0.46:0.06 15 45/61 0.89/0.93 1.27
10 0.159 0.55:0.06 17 35/54 1.14/1.06 1.39
20 1.95 0.980.04 26 23/38 1.74/1.50 1.80

plots the scalar variandeas a function of downstream dis- autocorrelation o® up to its first zero. A variation irf o.x IS
tance for four different mandoline positiong,(/D). First,  clearly visible from Fig. 7, which plots the autocorrelation of
one observes that the data indeed follow a power-law decag at x/D =53 for the four mandoline locations under consid-
of the form given by Eq(1). Second, the decay exponents eration. The scalar integral scale data corresponding to Fig. 7
are found to be &decreasingfunction of x,/D, which im-  (as well as data corresponding €9 , at x/D=289) are also
plies a relationship betwean and{,. These data are tabu- given in Table Il. Therein, it is observed théj , decreases
lated in Table II. asXx,/D increases—a result consistent with the notion that
Note that in Fig. 5,X, /D was equal to 30 and was faster decay rateglarger m) are associated with smaller
effectively independent of,. Changingx,, does change the scales(smaller( ). . o
value of m (which is determined by nonlinear least-squares Flgurg 8 substantiates this finding. Lumley and
regression However, it was found thati) the observed _Panofsk;? (p. 31) showed that the wavenumber correspond-
trends inm were independent o, (i.e., the choice of vir- "9 to the peak 0k,E(ky), kmax, is equal to the inverse of
tual origin does not affect the relative rates of decayd (ii) the integral .Ieng'th scaléy . (as;umlng that th.e fqrm of the
the observed variations im over the small variations in agfocorrelan_on Its' anfexpolrebnt![althdecay, \l/lvh|;:h IS & reason-
x09(305x00s35) did not change any of our conclusions, 272 approximation for all bul the smafles separafions

, - k,E (k) is plotted as a function of wavenumber in Fig2®8.
Consequently, the virtual origin of the scalat, (/D) Was  |i'is ghserved that the peak of these curves moves to larger

set to 306 x,/D). wavenumbers as the mandoline is moved downstream. In
Beaulac® showed that the statistics of the scalar field other words, ag, increases, the scalar decay rate increases

[e.g., its decay raten, its skewnessS,, its kurtosisK,, its  and the characteristic length of the scalar field decreases.

probability density function PD(), etc] were independent The decay exponent is plotted as a function of the peak

of the heat inputand therefore the initial scalar fluctuation wayvenumberk,,, in Fig. 9. Like in Fig. 16 of W&L (the

intensity). Becauseam is not a function of the heat input and equivalent figure for grid-generated turbulen®em appears

Only a function Offo, we consider their r6|ati0n3hip. Figure to increase WitH(maX' W&L observed a close-to-linear rela-

6 showsm plotted as a function of,. It suggests tham  tionship, which is not inconsistent with the present data.

increases wittf, . However, the relationship in both cases is not certain due to
To relatem (and {,) to the structure of the scalar field, the |ack of data.

we next consider thélongitudina) integral length scale of As noted by W&L, turbulent flows should have time and

the scalar field{, . The longitudinal integral length scale |ength scale ratios that are connected to each other by the
of the scalar field is obtained by integrating ttengitudina)
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FIG. 7. Longitudinal autocorrelations of the scalar field for different man-
FIG. 6. The scalar decay rate exponent as a function of the velocity fieldloline locations. Solid linex,/D=2; short-dashed linex,/D=4; long-
integral scale measured at the scalar injection location. dashed linex,/D =10; dot-dash linex,/D =20.x/D=53.
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FIG. 8. Scalar spectra multiplied by the wavenumber for different mando-FIG. 10. The relationship between the mechanical to thermal time scale
line downstream positions. Solid lin&,/D=2; short-dashed linex,/D ratio and the scalar decay exponent.
=4, long-dashed linex,/D =10; dot-dash linex,/D=20.x/D=53.

. . 89
mean flow, i.e., faster time scales should be related to smaller | _ f rd(x/D). )
length scales. We therefore study the ratiof the mechani- 2 Jss

cal to thermal t|me. sca!e(sr and 7y), previously defined in Consideration ofr,, should be satisfactory given that the
E.q. (3). Reca_lll that in grid-generated turbglence m/n and decay exponent af is at most half of the smallest value for
given that.n IS constantr andm have a linear, one-to-one ., 44 can therefore be considered as evolving significantly
relat|onsh|p. However, in the present flowsm/n, QUe 0 more slowly than the scalar field itself. Values of, are

the existence of turbulent transport and production in th%ompiled in Table Il and range from 1.21 to 1.80. W&L

scalar yarigpce budget. Il as indi observed values af ranging from 0.6 to 2.4 while STH&C
_Usmg blrect meas_uren;]er{;[qu. (3], as well as f']r:j Irect obtainedr =1.86 for all their mandoline experiments. The
estimates by measuring the decay exponents ahd €, relationship betweenandmiis plotted in Fig. 10. Given that

Beau_laég verified that the time scalt_e ratio was a weak (i) its ordinate is nonzero ani) its does not have a slope
function ofx/D. The latter estimates indicated thrashould equal to 1h=1/0.72~1.4, it is clearly not of the fornr
exhibit a decay exponent of 0.11-0.17. Such a slow evolu—_ m/n. ’

tion fell within the expgrimentql scatter of the direct mea- To conclude the discussion of the effect of the velocity
surerr.\entls.and is consistent with W&!' a_nd STH‘E‘Z(NQI_e integral scale on the scalar field, we plot the time scale ratio
thatr is difficult t03 measure accurg}ely. Geieretal,” Siri- 55 4 function of the ratio of the integral scales of the velocity
vat and Warhr?\f’f, and Zh'ouet al>* measured the same and thermal fields in Fig. 11. The observed increasing rela-
way and obtained experlm_ental error of the same ma_gn'ﬁonship is consistent with the notion that smaller length
tude) Consequently, théspatially) averaged time scale ratio scales should have faster time scales.

I, IS defined as follows:
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1 £ . 18 | __
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FIG. 9. The scalar decay exponent as a function of the wavenumber at thelG. 11. The time scale ratio as a function of the ratio of the integral scales
peak ofk,E,. x/D=53. of the velocity and thermal fields.
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TABLE lIl. The effect of different mandoline configurations on statistics pertaining to the scalar field.
£(xID=53)=40 mm; €(x/D=289)=57 mm. Note thaA depends on the heating applied to the mandoline.

€ yx (mm) €1y
Xy/D w/D M, /D A m (x/D=53/89) (x/D=53/89) [
20 1 0.1 1.95 0.980.04 23/38 1.74/1.50 1.80
20 2 0.4 0.16 0.760.03 24/41 1.67/1.39 1.69
20 1 0.2 0.55 0.950.02 23/40 1.74/1.43 1.75
20 2 0.2 0.82 0.770.02 24/41 1.67/1.39 1.83
20 3 0.2 0.25 0.580.04 24/41 1.67/1.39 1.68
B. The effect of the scalar injection scale on its field mandolines of different widths. It can be observed that the

In the preceding section that studied the effect of thedat"’: arg well fitted byt;’:l powerdlalw anthtr;laF the decay de)fﬁ?'
velocity integral scale on the scalar field, the injection ratio'°N'' M decreases as the mandolin€ wicin 15 Increased. This

€,/L,was varied by changing the integral length scale of thé)ehavior is consistent with the mandoline widthbeing a

velocity field at the injection location¢(,) while keeping the measure (:; tge Zpa?rtr:nject|onh§crz:lg and ctonfhe;qnugntly
scalar injection scalel(;) constant. It was observed that— agrees wit urbns- theory, which Suggests n-
consistent with the experiments of W&L and the theory oféreases with the |nJe_ct|on rat|€>_O/L0 up to a cr|t|ca|_va|ue.
Durbint’—increasing the injection ratiof(/L,) increased (This will be further discussed in the following sectipithe

the decay rate of the scalar figlah) and decreased the char- relationship betwegm andw is.shoyvn.in Fig. 13(Though_
acteristic size of the scalar fluctuation,(, or kr;;x)' only three data points appear in this figure, a linear relation-

: ... ship betweerm and w is also supported by measurements
In the present section, we study the effect of the injection . .
P y J done with the mandoline located at othey/D.)

ratio on the scalar field by attempting to vary the scalar in- tis ol that the width of th doll ffects th
jection scale L) while keeping the integral length scale of IS clear that tne wi of the mandoline afiects the
downstream evolution of the scalar field. In the preceding

the velocity field at the injection locatior? {) constant. X . . . .
W&L adjusted the scalar injection scale by varying thesectlon, such differences were associated with changes in the
structure of the scalar field. It is therefore of interest to ex-

spacing between the mandoline wired f). Doing so, they e the ch reristi fh lar field wh biected t
observed changes in the scalar field and its decay rat%‘;:;gon: i(;wsrac eristics ot the scalar hield when subjected to

STH&C also varied the spacing between the wires of their We beain b lculating the lonaitudinal i ¥ h
heated screen, but the effect on the decay rate of the scalar € begin by calcu ating the longitudinal, mteg_ra .engt
cale of the scalar field,, at x/D=>53. The longitudinal

variance was marginal because their wire spacings were tod . . . }
small compared tof,. That was not the case for W&L autocorrelation of) for the three mandoline widths is shown

where the different wire spacings were larger than the inte" Fig. 14 Changlng the mandoline wicth—and therefor_e the

gral length scale of the velocity field. scalar |nject_|on s_ca_le—_produces very small changes in the
Beaula&® attempted to independently valy, in the aL_JtocorreIanon, |nd_|cat|ng thaﬁgyx is not affected by the

present flow by changin,. This, however, produced no W'dth_ of the mandoline. The independencelg, to changes

significant changes. He found that halving or doublMvg Inwis a'?" sup!o_orted by the fagt thgt the peakkel is

had marginal effects on the scalar field and its downstrean[FI"it'V.GIy Insensitive to changgs W (Fig. 15. .

evolution (see Table lll. Given that(i) ¢ is on the order of . Given that the wake_|s an inhomogeneous flow, Ipngltu—

the wake width in the present flow arfd) the (effective dinal and transverse integral scales may be different.

portion of thg mandoline can only be as wide as the width of

the wake, it is impossible to hawd , larger thanf,. This

can be interpreted as a similar result to that of STH&C, 0.07
where M/M 4(~¢€,/L,) took different values, all of which 0.06! wiDe?
were, however, larger than unity. Therefore(pmtentially 0.05
different method of varyind. , was sought out.
. . . . . = 0.04

Another mandoline parameter exists in this flow with no ¢, wDo3
fixed boundary that does not exist in homogeneous, isotropi(®— .03
turbulence: the mandoline width. (The number of mando- &
line wires is not an independent parameter—it is uniquely Y 0.02 wiD=1
determined byw andM,.) Its effect was therefore investi-
gated(for widths wherew= ¢, yet always contained within
the fully turbulent region of the wake—see BeadfacThe
three chosen widths werg/D =1, 2, and 3. For these mea- 0.01
surements, the mandoline wire spacing was constan 20 30 {(x-x )/|;)40 50
(M,/D=0.2) as wast, (by making all measurements at %
Xg/D=20). FIG. 12. The effect ofv on the decay of¢%). O, w/D=1; O, w/D=2; ¢,

Figure 12 shows the decay of the scalar variance fow/D=3.
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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/D=1; short-dashed liney/D=2; long-dashed
line, w/D=3.x/D=53.

Beaulad® measured the transverse autocorrelations of )
0 (€, ,) using two cold wires separated in the transvesge variance budgets. However, in the case of a turbulent wake,
Y

direction and foundquantitatively and qualitativelyvery the turbulent transport and the mean scalar production terms

similar results to those obtained with the longitudinal inte-play a capital role_ln decoup_llng andm . :
gral length scalest,, decreased as,/D increased and it Lastly, as po!nted out in the precedmg section,
showed no significant dependencewiD. shoult_j be prqportmnal té/¢ , since shorte_r twn_e scale_s are
The fact that the downstream evolution of the scalar ﬁelogsso_mated yv|th smaller length scales. Thl_s still remains true
can be modified without changing its structure is of signifi-"" this section, because bothand ¢, are independent of
cant interest. It is further studied by considering the me—W/D andM,/D (and thereford. ,—see Table Il].
chanical to thermal time scale ratioand how it reacts to
changes in the width of the mandoline. For all three cases,
was again found to be weakly dependentxéb, again sup- We begin by remarking that changing the mandoline po-
porting the use ofr,,. (Its decay exponent was at most sition x, and geometryi.e., L,) in the present experiments
0.13—less than one quarter of the smallest valuendbr  can be interpreted as independently varying different initial
these experiments. conditions of the scalar field. First, changing the mandoline
The values obtained far,, are 1.75, 1.83, and 1.68 for geometry has no effect on the velocity field. However, doing
w/D=1, 2, and 3, respectively. The variationrqf, is small  so influences the scalar field. Therefore, varying the mando-
and within the experimental scatter. There is, certainly, ndine geometry and varying., are directly related. Second,
trend inr,, with w like was observed withm. This may  changingx, undoubtedly changes the velocity field integral
initially seem contradictory given that in previous work, the scale at the injection pointf(). Doing so may also modify
decay ratem and the time scale ratiowere directly linked the one scalar field initial condition that may change when
due to the simplifications in the kinetic energy and scalawarying x ,—namely,L ,/W, whereW is a length scale rep-
resentative of the width of the wakéAn appropriate choice
for W might be the wake half widthHowever, the results of
Sec. IV B of the paper clearly show that thuctureof the

V. DISCUSSION

'e ‘ ] scalar field is independent &f, (though not the scalar field’s
B decay ratg Therefore, even though changirg may modify
0.8 . a scalar field initial condition, the latter has no effect in this
r ] inhomogeneous flow. Consequently, the two sets of experi-
= 0.6 ] ments performed in Secs. IV A and IV B vary different scalar
G ] field parameters independently.
0.4 - It is also of interest to give a physical interpretation of
L 1 our resultsm decreased with increasinvgor decreasing, .
0.2l ] Given a wider thermal waké.e., largerw), it will take the
C ] cold air outside of the wake longer to mix with the hotter air
F L e , 1 at its center. This will consequently retard the decay of the
0'00 5 10 15 20 25 scalar fluctuations and result in a smaller In a similar

t [ms]

FIG. 14. Longitudinal autocorrelations of temperature for the three differen
mandoline widths. Solid linew/D=1; short-dashed linew/D=2; long-

dashed linew/D=3. x/D=53.

fashion, decreasing, (and therefore ;) 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 anan will again be smaller.
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n
o

L L L A L A part—consistent with the work of STH&C and Durbihlf
the scalar injection scalk, in this flow is proportional to
M, then variations in the wire spacing should not result in
changes imor ¢ ,, becauseM ;<. This was observed to
be the case. IE ,~M,, changing the mandoline width while
keepingM , 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 Durbid.

The second premisd_(~w) also gives results that are

'y
o

g
(=]
L S L S A S S B

v b e e b

(kn,) X Ek)/ (e, (%))

> . NN partially consistent with the work of Durbifiin as much as

7 AV m increases with! ,/L,. To further establish the applicabil-

0 Lames®2 il il il Nalald ity of Durbin’s theory? to the present flow given this
10° 10 10°  10? 10 10° 10’ premise, it would be of interest to extend the present results
1"9/ m to even larger injection ratios to observe whether the depen-

FIG. 16. The scalar spectrum multiplied by the wavenumber plotted as agence ofmon Lo~w disappears for IargéolL(,.

function of ky7,/m for different mandoline downstream positions. Solid What IS Inconsistent in bOth cases Is the. observed varia-
line, x,/D=2; short-dashed lines,/D=4; long-dashed linex,/D = 10; tion in m without a corresponding variation in the structure
dot-dash linex,/D =20.x/D=53. of the thermal field(i.e., without observing corresponding

changes i, €4, €4, OF k,;;)). This may result from the
inhomogeneous nature of the flow and the consequently
We now proceed with a comparison of the results of themore complex relationship between the time scale ratio and
preceding section with the experiments of W&L and the budgets of scalar variance and turbulent kinetic energy.
STH&C. Given that both previous works were undertaken inThe results of Sec. IV B indicate that the downstream evolu-
homogeneous, isotropic, grid-generated turbulence, the corion of the scalar field can be modified without changing its
parison should offer insight into the differences between hostructure. Such a result may be of practical interest to the
mogeneous and inhomogeneous flows. In addition, it igvide variety of industrial and environmental flows—which
tempting to interpret the previous results within the contextare generally inhomogeneous—qgiven that it can be employed
of Durbin’s theory!? even though it is not formally appli- to enhance or inhibit the scalar mixing process, as desired.

cable to the present inhomogeneous, anisotropic flGen- Finally, because 4 is independent of the width of the
sequently, any observed differences cannot be interpreted agandoline, it is independent of the number of thermal
criticisms of the theory. sources in the wake. It would therefore be reasonable to ex-

The interpretation of the results of Sec. IV A are rela-trapolate that a mandoline of only one wiiee., a single line
tively straightforward and agree with the work of W&L and sourcg would produce the samg, . This hypothesis is pos-
Durbin'? in homogeneous, isotropic turbulence. Increasingsible given the linearityin 6) of the equation governing the
X,/D cause¥,, and consequently the injection ratfig/L,  passive scalar field. Alternately stateft), should not be af-
to increase. This accelerates the decay of the scalar variandected by the superposition of the other plumes onto the
as it did in W&L and as predicted by Durbii.Similarly to ~ same velocity field. Validation of this hypothesis by mea-
W&L, the faster decay was accompanied by a decrease in tigtirements of the scalar field generated by a single line source
characteristic scale of the scalar field. would be beneficial and is planned.

In their Figs. 20 and 21, W&L align the peak of their
spectra by normalizing the absms(gma\_/enumber by r. In VI. CONCLUSIONS
the present work, such a normalization did not align the
peaks of the spectra, yet a normalizationnbywas successful The downstream evolution of a scalar field was studied
in doing so. Figure 16 plotk;E4(k;) as a function of the in an inhomogeneous flow—the turbulent wake of a circular
(nondimensional wavenumber, normalized byn. Though cylinder. The scalar was injected by means of a mandoline,
the rationale behind such a normalization is not as evident ashich enabled the variation of the scalar field initial condi-
a normalization byr, the peaks appear to aligfiChe x,/D tions. Far enough away from the cylinder, the evolution of
=2 case is the least aligned. It, however, is the case with thboth the velocity and scalar fields followed a power-law be-
smallest value ofm and therefore the largest relative error in havior.
its estimate. Given thatr = m/n in the experiments of W&L, The response of the scalar field to changes in the integral
the present results are consistent with their Figs. 20 and 25cale of the velocity field at the injection point ) was
Nevertheless, the effect of the decoupling betweandmis  similar to what has been observed in grid-generated
clear in other results of Sec. IV. turbulence—ad , was increased, the decay exponent of the

The results of Sec. IVB are qualitatively different to scalar field(m) increased, the scalar field integral scélg
those of Sec. IVA and can be viewed as having twodecreased and the time scale ratimcreased. The peaks of
interpretations—one that is based on the premise that k;E, do not collapse when theaxis is normalized by, but
~M, and the other that is based on the premise that do when normalized byn.
~W. The response of the scalar field to changes in the scalar

In the first case, the independencemfon M, is—in injection scale was more complex. In this flow, changing the
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