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Re-examining the thermal mixing layer with numerical simulations
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The question of whether a temperature mixing layer evolves in a self-similar manner is of
importance in developing and validating theories about scalar mixing. The simplicity of the flow
encourages the thought that it is self-similar, but several laboratory experiments at moderate Peclet
numbers have found inconsistencies with self-similar behavior. The experimentalists are limited,
however, by the length of the wind tunnels and by difficulties in aligning the virtual origins of the
scalar and velocity fields. Direct numerical simulations virtually eliminate both these problems, and
large-eddy simulations add the ability to study an approximation to the case of an infinite Peclet
number. These two simulation techniques are used in this paper to show that the mixing layer at a
moderate Peclet number very nearly evolves with a single length and time scale, and that behavior
consistent with self-similarity is observed in the case of an infinite Peclet number. In addition, the
results show that direct numerical simulations can accurately reproduce the data from wind tunnel
experiments downstream of a turbulence grid, and that large-eddy simulations are a valuable
research tool for studying the large-scale characteristics of mixing. ©2000 American Institute of
Physics.@S1070-6631~00!00801-1#
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I. INTRODUCTION

A thermal mixing layer is a fundamental flow in whic
transport of an inhomogeneous passive scalar occurs in
caying, homogeneous, isotropic turbulence. It is initiated
establishing a step change in temperature in the direc
perpendicular to a steady flow downstream of a grid;
configuration is shown schematically in Fig. 1, and the co
dinate system and various quantities are defined there
reference. The flow is of interest because, while being r
tively easy to study, it involves physical phenomena, such
mean advection and molecular mixing, which must be
counted for in theories of scalar transport. Scalar mixing l
ers can also involve diffusive interfaces between reac
species, rather than changes in temperature; such flows
valuable for studying nonpremixed turbulent combustion1,2

For these reasons the mixing layer has been the focu
significant experimental study beginning with Watt a
Baines,3 who showed that the spread of the scalar is appro
mately described by a constant turbulent diffusivity. Usi
the data of Fosset al.4 to support theoretical argument
Libby5 reached the same conclusion, and found excel
agreement for the distribution of the mean scalar in terms
a similarity variable. Throughout the early 1980’s, resear
ers wrestled with the apparent paradox that the experim
tally measured mean and rms scalar distributions~and some
higher order moments! very nearly collapse when plotte
against a similarity variable, but the magnitude of the h
flux is not consistent with a self-preserving flow.6–9 Indepen-
dent experiments were conducted by different resea
groups on thermal mixing layers in which the initial tempe

a!Telephone: ~206! 543-7837; fax: ~206! 685-8047; electronic mail:
debk@u.washington.edu
1851070-6631/2000/12(1)/185/8/$17.00
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ture profile was introduced either upstream of the turbule
generating grid via a toaster in the inlet plenum, or at the g
by heating portions of the mesh, or downstream of the g
by means of a mandoline in the flow. The results were in
pendent of the method used to introduce the scalar, and
consensus developed that the flow is not consistent with s
preservation.

The self-similarity debate has not been settled, howe
because~1! the virtual origin of the scalar and velocity field
could not be made to coincide in the laboratory, which co
plicates the determination of the growth rate of the therm
length scale,~2! the number of integral time scales ov
which a fully developed mixing layer can be measured
small, and,~3! a self-similar solution is only expected in th
limit of an infinite Peclet number, which may not be a
proachable in turbulence downstream of a grid in a w
tunnel. In numerical simulations, all three of these proble
can be significantly ameliorated, if not eliminated. With t
advent of massively parallel computers, accurate simulati
of grid turbulence have been performed10 over significant
downstream distances, and the virtual origins of the veloc
and scalar fields can be made to very nearly coincide, as
be reported in this paper. Large-eddy simulations can
used to compute approximations to flows at very high R
nolds numbers, and are well suited for examining se
similarity because the large-scale statistics of interest are
sensitive to the exact form of the subgrid-scale flux model11

In this paper, both direct and large-eddy simulation resu
are examined, and it is concluded that thermal mixing lay
at wind tunnel Peclet numbers are not quite self-preserv
but that characteristics of self-similarity are observed wh
the Peclet number approaches infinity.
© 2000 American Institute of Physics



en
s

cu
an

e
be
bl
o
o

la
ns
in
th
o

er
ye
er

a
nc

x
se
o
r

m
th
ru

5.
ki
v

er
le
x

gth
ed

am
nts
ra-

. In
ble

de
ctly
di-

ld
red
the
tire
nal

-
n.
rm
n-

si-

sti-

se

ced

.
-

ts to
nce

186 Phys. Fluids, Vol. 12, No. 1, January 2000 S. M. de Bruyn Kops and J. J. Riley
II. LABORATORY EXPERIMENTS

Many of the researchers cited in the Introduction pres
results of earlier works in addition to their own, and discu
differences in the various sets of data. From these dis
sions, it is apparent that the experiments of LaRue
Libby,6 LaRue et al.,7 and Ma and Warhaft8 are the most
refined, and are in close agreement with each other. Of th
the experiment of Ma and Warhaft is at a Reynolds num
most suitable for direct numerical simulation on the availa
computers, and, for this reason only, it will form the basis
much of the discussion that follows. Various properties
the laboratory data are given in Table I.

III. DIRECT NUMERICAL SIMULATIONS

Two difficulties posed to experimentalists by the sca
mixing layer problem are those of making the virtual origi
of the scalar and velocity fields coincide and of measur
data far enough downstream so that the flow is free from
effects of developing turbulence. In particular, the ratio
the thermal and mechanical length scales,d/ l , in the wind
tunnel experiments is not quite constant,8 which introduces
error when the data is examined for self-preservation. H
d is defined as the length from the center of the mixing la
to the point where the mean temperature is 0.92 of temp
ture difference across the layer, andl is the longitudinal in-
tegral length scale of the velocity field. Direct numeric
simulations of decaying, homogeneous, isotropic turbule
can be accurate at moderate Reynolds numbers,10 and virtu-
ally eliminate both problems confronting the laboratory e
perimentalists. The direct numerical simulation method u
in this research is the same as that used by de Bruyn K
and Riley10 to accurately simulate the decaying isotropic tu
bulence experiment of Comte-Bellot and Corrsin.12 Briefly, a
massively-parallel, pseudo-spectral code advances the
mentum and scalar transport equations in time, with all
large and small scales fully resolved. The simulations are
in a computational domain with 512351231024 grid points.
The corresponding physical size of the domain is 2
325.1350.3 cm. The domain is large enough that the
netic energy transfer rate from the smallest nonzero wa
number is small throughout the simulation, so that the p
odic boundary conditions employed have negligib
influence on the development of the scalar field; the ma

FIG. 1. Schematic of a thermal mixing layer.
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mum resolved wavenumber times the Kolmogorov len
scale ranges from 1.4 to 5.7. Taylor’s hypothesis is invok
to relate the simulation time to the wind tunnel downstre
distance, so that the numerical and laboratory experime
can be directly compared; temporal averaging in the labo
tory corresponds to spatial averaging in the simulations
this work, the simulations are designed to closely resem
the laboratory experiments of Ma and Warhaft,8 but, unlike
Comte-Bellot and Corrsin, Ma and Warhaft do not provi
energy spectra, and so the simulations cannot be exa
matched to the laboratory data. Velocity field data, in ad
tion to those presented in Ma and Warhaft,8 are given by
Sirivat and Warhaft.13

The scheme of de Bruyn Kops and Riley10 was used to
initialize the flow field. The process yields a velocity fie
with well-developed turbulent structures, and with a desi
kinetic energy spectrum. In the current research, only
length scales of the laboratory data are known, not the en
spectrum. Therefore, an equation for the three-dimensio
kinetic energy spectrum,E(k), is assumed, which approxi
mately matches the spectrum of Comte-Bellot and Corrsi12

This spectrum, obtained by combining the theoretical fo
for the low-wavenumber production range derived by Te
nekes and Lumley,14 the well-knownk25/3 spectrum in the
inertial range, and the form for the high-wavenumber dis
pation range first derived by Corrsin,15 is

E~k!5A exp~Bk24/3!k25/3exp~Ck4/3!. ~1!

The coefficients were adjusted in order to match the e
mated laboratory rms velocity (urms) and integral length (l )
at x/M520 ~Ma and Warhaft report exact values for the
parameters only atx/M5100), whereM is the spacing of
the turbulence generating grid. The simulation was advan
to x/M5200 and the decay lawsl}@(x2x0)/M #m and
urms}@(x2x0)/M #m21 were fitted to the resulting data
Next, the DNS spectrum atx/M5200 was rescaled to ap
proximate the spectrum atx/M520, and the simulation run
again. This process was repeated, with small adjustmen
the initial spectrum and Reynolds number, until converge
was obtained and the laboratory value form was matched, to
the extent practical. It is interesting to note thatx0 computed

TABLE I. Properties of the laboratory experiments.

LaRueet al.
~1981!

Ma and Warhaft
~1986!

x/M5100

U(cm/s) 780 620
u/U 0.014
v/U 0.012
e (cm2/s3) 361
M (cm) 4 2.50
l (cm) 1.66
l (cm) 0.620
h (cm) 0.0549
ReM5UM/n 21010 9394
Rel5urmsl /n 84.8
Rel5urmsl/n 32.7
Test sectionx/M 21–67 62.4–132.4
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FIG. 2. Properties of the velocity and scalar fields. The symbols indicate laboratory data and the lines simulation results.
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from urms differed from that computed froml by a significant
amount during the first few iterations of initializing the fie
and advancing the simulation, but a single value ofx0 was
suitable for both decay laws by the final iteration. The gro
properties of the velocity field are compared with the lab
ratory data in Fig. 2~a!.

The temperature field was initialized with an error fun
tion and allowed to evolve with the velocity field from
x/M525.4 tox/M533.5. The resulting scalar field was r
introduced into the velocity field atx/M525.4, the simula-
tion advanced tox/M533.5, and the process repeated un
the width of the mean field equaled that estimated for
laboratory experiment, and the virtual origin of the sca
field coincided with that of the velocity field. The resultin
scalar field has the desired large-scale properties an
roughly synchronized with the velocity field. The intent is
have a physically reasonable scalar field atx/M562.4, the
location of the first laboratory data. The widths of the sim
lation and laboratory scalar fields are compared in Fig. 2~b!.

The laboratory data6–8 indicate that the mean temper
ture profiles should approximately be error functions a

FIG. 3. Mean thermal mixing layer profiles from DNS.
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should collapse to a single profile when scaled byd, at least
to within the limit of experimental accuracy. The DNS pr
files also collapse to a single error function-like form
shown in Fig. 3. The collapse over the full range fro
x/M525.4 to x/M5231 encourages the thought that t
flow is self-similar.

In Fig. 4 the mean temperature intensity profile,I

5Au2 , for the DNS is shown, whereu is the temperature
fluctuation and the overbar denotes a spatial average.
each downstream location, the profile is normalized byI max,
the peak intensity at that value ofx/M . As with the mean
temperature, collapse to a single profile is very good in
range21,y/d,1. Superimposed on the plot are the a
proximate mean and range~solid line and error bars! of the
data from three laboratory experiments.6–8 The deviation
from perfect collapse exhibited by the laboratory data
somewhat greater than that of the DNS data.

The maximum intensity,I max, versus downstream dis
tance is shown in Fig. 5. In their paper, Ma and Warh
show the effect onI max of a mismatch between the virtua
origins of the temperature and velocity fields, and the D
results exhibit the same behavior at low values ofx/M . The
fact that the DNS temperature field is not completely a

FIG. 4. Temperature fluctuation intensity profiles normalized by their p
values. Symbols are the same as for Fig. 3. The line and the error bars
the approximate mean and range of the laboratory data~Refs. 6–8!.
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justed to the velocity field at the start of the simulation, d
to the method used to initialize the simulation, and eviden
by the heat flux profiles discussed below, may also exp
the rapid decrease inI max in the near field. Downstream o
aboutx/M550, I max decays gently from 0.23 to 0.20, whic
is greater than the 0.19 reported by Ma and Warhaft,
generally less than the approximately 0.22 reported
LaRueet al.7

In Figs. 6 and 7, the DNS and laboratory measureme
of the temperature skewness and kurtosis are prese
where the skewness is defined asSk5u3/I 3 and the kurtosis
as Ku5u4/I 4. In the range21,y/d,1, the agreement be
tween the laboratory and DNS results is excellent; howe
the DNS results have much higher peak values for b
quantities than is observed in the laboratory. The DNS
sults could be in error, but the most common cause of D
inaccuracy is insufficient small-scale resolution; this wou
probably cause low, rather than high, predictions for th
moments of the temperature fluctuations, since the temp
ture fluctuations would tend to be damped by the numer
solution process. Furthermore, poor resolution would lik
affect high order statistics of the velocity field, such as

FIG. 5. Peak temperature fluctuation intensity.

FIG. 6. Temperature skewness profiles. Symbols, line, and error bars ar
same as for Fig. 4.
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velocity derivative skewness and flatness, but values
these quantities in the current simulations are consistent
those observed in numerous laboratory experiments.16,17 If
the DNS results were in error due to the initial condition
they should improve with downstream distance, but this
not the case. Another explanation for the discrepancy
tween the laboratory skewness/kurtosis and the DNS res
is that the precision to which the temperature fluctuations
be measured in the laboratory is much lower than it is in
DNS. Ma and Warhaft report the rms noise in the instrum
tation for measuring temperature to be 1/600 of the temp
ture difference across the layer, and only about 1/40 ofI at
y/d561. In contrast, the numerical precision of the DN
calculations is about 15 orders of magnitude smaller th
DT. It is especially noticeable in Fig. 7 that the scatter of t
laboratory data is much greater on the right~low tempera-
ture! side of the plot, whereas the DNS data is approximat
symmetric. This discussion suggests that the DNS data
Figs. 6 and 7 are more likely correct, and that the laborat

the

FIG. 7. Temperature kurtosis profiles. Symbols, lines, and error bars ar
same as for Fig. 4.

FIG. 8. Thermal flux profiles normalized byI maxAv2 . Symbols, lines, and
error bars are the same as for Fig. 4.
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data are inaccurate where the temperature levels are
low.

Finally, the normalized heat flux profiles,uv/(I maxv
2 1/2

),
from the DNS are shown in Fig. 8 to very closely match t
laboratory profiles forx/M.50. Here,v is the fluctuation of
the transverse component of the velocity. In the near fi
the correlation between the temperature and velocity field
low, but increases rapidly with downstream distance, con
tent with the rapid drop inI max displayed in Fig. 4.

IV. SIMILARITY SOLUTION

Given the relative simplicity of the thermal mixing laye
it is not unreasonable to expect the flow to develop in
self-similar manner, and demonstrating that the flow is s
similar has important implications in turbulence modeling.
fact, a commonly used model for closing the Reynolds av
aged Navier Stokes equations for the flow18,19 does allow a
self-similar solution. Several researchers have explored
issue in depth5–9 with Ma and Warhaft8 and Lumley9 finally
concluding that, while profiles of the mean scalar, sca
variance, and some higher moments of the scalar inten
collapse when plotted in similarity form, the mixing layer
not self-preserving. Ma and Warhaft argue that the flow
not consistent with self-similarity by demonstrating that t
heat flux predicted by the similarity solution, which depen
on the estimated growth rate of the layer width, differs s
nificantly from the laboratory data.

To determine under what conditions a similarity soluti
for the mixing layer can exist, letx5x/M be the nondimen-
sional streamwise coordinate,U(x) be the characteristic scal
of the velocity fluctuations,d(x) be the length scale of th
mean temperature field, and define the similarity variableh
5y/d(x). Since it will not affect the discussion, the chara
teristic scale of the mean temperature (T̄) is taken to be
unity. Then assume the self-similar forms

T̄5F~h!, ~2a!

uu5U~x!G~h!. ~2b!

Substituting~2! into the Reynolds averaged scalar transp
equation, ignoring the molecular diffusion term, shows t
(1/U)(dd/dx) must be constant for similarity to occu
Hence, ifU}xn andd}xm, thenm2n51 must hold if simi-
larity exists. Inclusion of the molecular diffusion term in th
transport equation yields the conditionUd5constant. This
further limits the similarity solution to the case ofn521/2
and m51/2. Self-similar behavior is then not expected f
the cases whereU}xn and nÞ21/2. In particular, this ap-
plies to the cases of nondecaying turbulence and to the
caying turbulence of the experiment of Ma and Warhaft,8 in
which m'0.32 andn'20.68.

The form of the similarity equation for the mean scal
with ( )8 denoting a derivative with respect toh, is

2
]d

]x
hF81UG82

1

PeMd
F950, ~3!

where PeM5ŪM /D is the Peclet number,Ū is the mean
streamwise velocity, andD is the molecular diffusivity. In
ry

,
is
s-

a
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he
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s

s
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order to compute the similarity solution for the heat flux,
was done by Ma and Warhaft, it is necessary to determineG,
which can done by assuming a form forF. Analysis of the
laboratory data suggests

F5
1

2
@erf~h!11#, ~4!

which is the same expression obtained by relatingG to F
through a constant eddy diffusivity and integrating~3!.

Assuming that~4! is an adequate approximation fo
F, using d5Axm, U5Bx(m21), and ~3!, and noting that
G(h→`)50 yields

G5
Am

2BAp
F12

2

PeM

x(122m)

A2m Gexp~2h2!. ~5!

Only when m51/2 is G purely a function ofh, but it is
informative to examine the conditions necessary for thex
dependence ofG to be negligibly small, namely

x(122m)

PeMm
!1, ~6!

assumingA is order unity (A50.48 for the experiment of
Ma and Warhaft!. Clearly, as PeM→`, thex dependence of
G approaches zero for finitex. For finite PeM, the validity of
~6! depends on the magnitude ofm. In decaying, homoge-
neous turbulence at laboratory Reynolds numbers, the c
acteristic length scale of the velocity field is proportional
xm with m,1/2,8,12,20,21and Ma and Warhaft8 show that the
velocity and scalar length scales in the scalar mixing la
grow at approximately the same rate. Therefore, the ex
nent in ~6! is positive and thex-dependence ofG becomes
more significant with increasing downstream distan
LaRue and Libby6 and LaRueet al.7 argue that the failure of
the self-similar solution to match their laboratory data is d
to an offset between the virtual origin of the velocity fie
and the virtual origin of the scalar field, and Ma an
Warhaft8 explore this possibility experimentally by initializ
ing the scalar field with a mandolin downstream of the gr
The implication of arguing that an offset in the virtual orig
is the cause of the difference between the similarity pred
tion and the laboratory data for the heat flux is that, as dow
stream distance increases, the virtual origin error will b
come less significant, and similarity will be observe
Equation~6! suggests that the effects of finite PeM and m
Þ1/2 will cause the deviation between the similarity soluti
and the laboratory data to increase with downstream
tance.

Even if it is assumed thatG is not a function ofx, there
remains the problem of determining the appropriate value
m from the laboratory data becaused/ l is not quite indepen-
dent of downstream distance for the range ofx/M measured.
In computing the heat flux predicted by the similarity sol
tion, Ma and Warhaft8 usem50.32, and note that this valu
results in a 25% difference between the heat flux on
centerline as predicted from similarity analysis, and th
measured. They conclude from this that the flow is not c
sistent with self-similarity. Lumley9 approaches the similar
ity issue by assuming that the flow is not self-preserving, a
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uses a Gram–Charlier expansion to compute the mean s
profile as an error function plus a series of correction ter
He then integrates the heat flux profile to determine
streamwise derivative ofd, for which the corresponding de
cay parameter atx/M5100 ism50.25.8 Insertingm50.25
into ~5! ~with the molecular diffusion term omitted! results in
a prediction of the centerline heat flux about 7% lower th
in the data. Lumley includes several additional terms fr
the Gram–Charlier expansion to correct the prediction
that it very closely agrees with the data. The important po
is that ~5! is sensitive tom, andm is difficult to determine
from the laboratory data.

In the direct numerical simulations,m can be determined
with greater certainty than in the laboratory due to three f
tors. First, the virtual origins of the velocity and scalar fiel
are nearly aligned through the iterative procedure previou
described, so that the residual mismatch in the virtual orig
has a minimal impact on the growth of the layer width. Se
ond,d can be measured over a much larger range ofx/M in
the DNS than in the laboratory, which allows the flow to
observed for* t1

t2 urms/ l dt54.4, wheret1 andt2 are the times

at which the first and last data are measured, compared
about 1.5 for the data of Ma and Warhaft. The third facto
strictly a numerical one; in the DNS,d can be computed a
an almost unlimited number of downstream locations, co
pared with the relatively small number of points that can
collected practicably in the laboratory. The layer growth r
is determined by computing the three parameters neede
fit d5A@(x2x0)/M #m to the data. Since the value ofm is
strongly influenced by the value ofx0 , it is likely thatm will
be more accurately determined when the curve fit involve
large amount of data, i.e., from the DNS data.

As was done for the laboratory data, the predictions
the heat flux from~5! are compared with the DNS data; th
results are shown in Fig. 9 forx/M5231. When molecular
diffusion is taken into account,~5! predicts the measured flu
very closely. If the Peclet number is taken to be infinite,
similarity solution overpredicts the measured values by ab

FIG. 9. Thermal flux profiles, normalized byI max
Av2 , at x/M5231 from

DNS and similarity predictions.
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4.5% on the centerline. The molecular diffusion term in t
~local! scalar transport equation can also be computed
each point in the DNS field, and averaged to yield the dif
sive transport profile; in the DNS, the molecular diffusio
term is 4.7% of the turbulent transport term on average at
centerline atx/M5231. In summary, the DNS data are a
most self-preserving, but molecular diffusion effects are s
ficiently large that the flow is not consistent with self-simil
behavior.

V. LARGE-EDDY SIMULATIONS

The laboratory experiments of the scalar mixing lay
have been limited to moderate Peclet numbers, so that tes
theories based upon the infinite Peclet number against la
ratory data is problematic. As noted above, limited wind tu
nel length and difficulties aligning the virtual origins of th
scalar and velocity fields also complicate the interpretat
of experimental results. Large-eddy simulations, howev
overcome all of these problems, and are well suited for
amining self-similarity because the large-scale statistics
interest are insensitive to the exact form of the subgrid-sc
flux models.11

Chasnov11 used LES to examine a passive field with a
without a mean scalar gradient, and two related simulati
are performed as part of our research to study the mix
layer. The same pseudo-spectral code used for the DN
employed for these simulations, and the transport equat
for momentum and scalar are augmented with a Smago
sky term22 to represent the subgrid-scale fluxes. In the fi
simulation, the velocity field is initialized with an energ
spectrum proportional tok2; the scalar field is initialized
with an error function having ad of 2 grid points. The nu-
merical domain is 25632563512 grid points. The simula-
tion evolves in time with molecular viscosity and diffusivit
of zero and the subgrid-scale viscosity and diffusivity det
mined by the Smagorinsky model. At various times, t
complete three-dimensional kinetic energy spectrum is e
mated by fitting ~1! to the resolved part of the spectru
computed by the LES, andurms is computed from the curve
fit spectrum. From theurms obtained in this manner, the ve
locity decay exponent is determined to ben520.664, which
is very close to the value determined by Chasnov,11 and is
between the value of20.625 found by Comte-Bellot and
Corrsin12 and 20.67 found by Warhaft and Lumley.20 The
growth exponent of the scalar profile width ism50.345.

In the laboratory experiments and DNS, it is convenie
to test for self-similarity by comparing the predicted a
actual profiles of the normalized heat flux. In the LES, this
not convenient because the subgrid-scale portions of the
flux, of the intensity of the scalar fluctuations, and of the r
of the transverse velocity fluctuations all must be model
and products of modeled quantities may contain errors wh
bias conclusions drawn from them. In the LES, howev
* t1

t2 urms/ l dt'70, which is such a long time that sel

preservation can be determined directly by computingm
2n and comparing the result with the value required
similarity ~unity!. Fitting a power law to the LES data fo
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d/urms yieldsm2n51.008. The results of the simulation a
summarized in Fig. 10, wheret* 5t(urms/ l )u t50 , and urms

andd are scaled by their values att* 51.
A second simulation is run with the initial kinetic energ

spectrum proportional tok4. The velocity decay exponent i
this case isn520.718, which is slightly larger in magnitud
than that determined numerically by Chasnov, but is v
close to the theoretical value of25/7.11 The mean scala
profile width grows withm50.285, and the least-squares
to the ratiod/urms yieldsm2n51.004. The results are sum
marized in Fig. 10. The large-eddy simulations indicate t
the evolution of a scalar mixing layer in homogeneous, i
tropic turbulence is consistent with the similarity solutio
determined by omitting the diffusion term in the scalar tra
port equation, i.e.,m2n51, regardless of the rate at whic
the velocity field decays. Both the decay rate ofurms and the
spreading rate of the mean scalar profile remain constan
the length scales in the problem increase and the sma
length scale resolved in the LES becomes a smaller
smaller fraction of the integral length scale.

VI. CONCLUSIONS

The question of whether a temperature mixing lay
evolves in a self-similar manner is of importance in dev
oping and validating theories about scalar mixing. The s
plicity of the flow encourages the thought that it is se
similar, but several laboratory experiments at moder
Peclet numbers have found that the flow is not se
preserving. This conclusion is based on the fact that the
flux computed using the similarity-solution and the observ
growth rate of the mixing layer is not consistent with t
measured heat flux.8

The DNS results are consistent with the laboratory fin
ings that a mixing layer at a moderate Peclet number d

FIG. 10. Width of the mean temperature profile and rms velocity from L
of scalar mixing layer with very high Peclet number. Open and filled a
symbols indicate an initial kinetic energy spectra proportional tok2 andk4,
respectively.
y
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-
es

not evolve in a self-similar manner. In the DNS, the grow
rate of the mixing layer can be determined with greater c
fidence than in the laboratory experiment, and the differe
between the heat flux consistent with similarity and that m
sured is only about 4.5%. For the Reynolds averaged tra
port equations, however, a similarity solution at a moder
Peclet number can only be attained for a specific kine
energy decay rate, which is not observed in the laboratory
the DNS, the molecular diffusive transport of the heat
computed directly, and found to be 4.7% of the turbule
transport, or approximately equal to the mismatch betw
the similarity solution and the measured heat flux. Tw
large-eddy simulations with the molecular diffusivity set
zero and different kinetic energy decay rates indicate that
mixing layer at a very high Peclet number does evolve i
self-similar manner, as expected from similarity analysis
the Reynolds averaged transport equations with the diffus
term omitted.

The results from this research, combined with those
the previously cited laboratory experiments by other
searchers, suggest three conclusions concerning
preservation of the thermal mixing layer:~1! the mixing
layer at a moderate Peclet number is not self-similar due
the effects of molecular diffusion,~2! the mixing layer at a
high Peclet number is self-similar, and~3! the small devia-
tion from self-similarity expected in the laboratory data d
to molecular diffusion is obscured because it is difficult
accurately determine the growth rate of the layer.8 In addi-
tion, the DNS data support the argument presented in ano
paper that isotropic turbulence can be accurately simulate10

and the LES results demonstrate the value of that simula
technique in basic research.
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