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Abstract

In this paper we present the results of the direct numerical simulation (DNS) of mixing of a passive scalar in a spatially
developing free round turbulent jet. The Schmidt number used in the simulations is equal to 1.0 and the Reynolds number,
based on the orifice diameter and velocity is equal to 2.0 x 10°. The primary objective of this paper is to consider the
self-similarity of the jet in the far field. Having considered the self-similarity of the velocity in a previous publication,
we concentrate here on the self-similarity of the concentration of the passive scalar. To this end we have considered
the profiles of the mean concentration and its fluctuations, together with the concentration probability density function
distribution. The results have been compared with various experimental data that have been published in the literature. In
general, the results agree very well with the experimental data. The conclusion is that the mean concentration is self-similar
in the far field. The profiles of the root mean square of the concentration fluctuations are not self-similar. Furthermore, it
is shown that the turbulent Schmidt number is equal to 0.74, which agrees very well with experimental values. (©) 2001
Published by The Japan Society of Fluid Mechanics and Elsevier Science B.V. All rights reserved.

PACS: 47.27.W

Keywords. Jets; Turbulent mixing

1. Introduction

The free round turbulent jet which results when fluid is issued from a circular orifice into free
space, is one of the classical prototypes of turbulent free shear flows. Its simple geometry makes it
an attractive subject for the study of turbulence. Many experimental investigations have been carried
out to document the various turbulence characteristics of the jet flow. As examples we may mention
here Panchapakesan and Lumley (1993) and Hussein et al. (1994). Jet flow has also been a subject
of theoretical study and here attention has been mostly given to similarity theory. The premise of
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this theory is that, when properly scaled, flow variables such as the mean velocity profile can be
expressed in terms of a unique function at each downstream distance along the jet axis. Although
the similarity approach may seem straightforward, its application in particular to jet flow has not
been without controversy, for a recent discussion we refer to Boersma et al. (1998).

Apart from its dynamics, turbulent jet flow has been also widely studied for its mixing properties.
Together with the fluid flow one may also emit a substance from the orifice which is then dispersed
by the turbulence. The substance is usually taken to be passive, which means that it does not con-
tribute to the jet dynamics. It is thus carried along passively by the flow while being dispersed by
the turbulence. Apart from a fundamental interest in the mixing processes within a turbulent jet, a
study of jet mixing is also of much practical importance. For instance, jet flows in combination with
turbulent mixing can be found in many industrial applications, e.g. fuel injectors in combustion en-
gines, propulsion systems for aircraft and spacecraft but also many combustion flames can in essence
be considered as turbulent mixing jets. To improve the efficiency of these processes and devices, it
is important to gain more insight into the mixing of the jet fluid and the surrounding fluid and this
will be the general objective of this paper.

Turbulent mixing in jet flow has been investigated by experimental methods in many studies. As
an example we may mention here Corrsin and Uberoi (1950) who used a hot-wire anemometer
to detect temperature fluctuations. Becker et al. (1967) investigated the concentration field of the
round turbulent free jet. Later, Chevray and Tutu (1978) investigated intermittency in the temperature
transport in a turbulent jet. They found that the turbulent Prandtl number is very different from unity
and that it varies from location to location in the flow. Dowling and Dimotakis (1990) investigated
the similarity of the concentration field at different Reynolds numbers. They found that the mean
concentration profile is self-similar and independent of Reynolds number which they call general
similarity. The root mean square of the fluctuations of the concentration and the probability den-
sity function of the concentration were found to be self-similar with a dependence of the Reynolds
number which they call specific similarity. Scheffer et al. (1994) investigated the role of large-scale
structure in the mixing of a non-reacting turbulent CH, jet. These structures result in instanta-
neous radial concentration profiles that differ considerably from the Gaussian-shaped mean profiles.
They suggest a mixing model in which the dominant mechanism for entrainment is engulfment of
the surrounding fluid by the large-scale vortical structures followed by rapid mixing with the jet
fluid.

From a theoretical point of view mixing in a turbulent jet flow has been mainly treated in terms
of self-similarity theory. The various details of this theory have been described in the papers men-
tioned above in connection with the analysis of experimental data. An overview of self-similarity of
concentration profiles may be found in various textbooks such as Hinze (1975), Townsend (1976)
and Schlichting (1979).

In addition to the experimental and theoretical studies on turbulent jet flow quoted above, it has
recently become feasible to perform numerical simulations of this flow. Most of these numerical
studies have concentrated on the initial phase of jet development where transition process occurs by
which the laminar flow in the region close to the jet orifice turns into a turbulent flow. Examples
of such studies are Brancher et al. (1994), Verzicco and Orlandi (1994) and Danaila et al. (1997).
For the case of a fully developed jet, a numerical simulation study has been carried out by Boersma
et al. (1998). To our knowledge turbulent mixing by a fully developed jet has not been treated by
numerical simulations so far.
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The objective of the present paper is to carry out a direct numerical simulation (DNS) of a
turbulent jet in combination with the mixing of a passive scalar. Point of departure is the simulation
by Boersma et al. (1998) which we extend by adding a transport equation for the mixing of a
passive scalar. Our aim is to simulate the turbulent dispersion process starting from the orifice to
within the similarity region of the jet. The simulations will be extensively compared with available
experimental data. First we want to establish that a realistic DNS of the mixing process in a turbulent
jet is feasible. Furthermore, we aim to use the simulation data to get more information and insight
into the process of turbulent mixing. In particular, we intend to focus on the self-similarity properties
of the various concentration statistics.

The outline of this paper is as follows. First, in Section 2 we will introduce the basic equations
that describe the velocity and concentration distribution in a turbulent jet. In the same section we
will discuss the principles of similarity theory. In Section 3, we will discuss the numerical method
used for our turbulence simulation. Next, in Section 4 the results are compared with experimental
data. Finally, the conclusions are given in Section 5.

2. Equations of motion and their self-similar solution

The velocity field of an incompressible turbulent jet is governed by the Navier—Stokes equations
which read

Voo, (1)
ou 1 )

by . N — 2
6t+v (uu) pr+vV u, (2)

where u is the velocity vector, p the pressure, and p and v are the density and kinematic viscosity
of the fluid, respectively.
The passive scalar ¢ in this flow is governed by the following transport equation:

% + V- (uc) = DV?, (3)
where D is the molecular diffusion coefficient. The ratio of the kinematic viscosity and the molecular
diffusion coefficient (v/D) is denoted as the Schmidt number.

The stationary and axisymmetric turbulent jet can be conveniently described with the help of a
cylindrical coordinate system with z as the axial coordinate directed along the jet axis and » the radial
coordinate. The i, and i, are the axial and radial components of the mean velocity. The equations
for u, and u, can be obtained from (1) and (2) after some manipulation and after application of

the so-called boundary-layer approximation (Hinze, 1975). The result reads

1 oru, Ou.

r or + 0z =0, “)
_ou.  _ou. 10

Mrﬁ MZE = —;57’14,142, (5)

where #u, denotes the covariance of the velocity fluctuations. We have neglected in (5) the con-
tribution of the viscous terms based on the assumption that the Reynolds number is sufficiently
high.
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First we introduce a streamfunction y which is defined by i, = (1/r)0y/or and i, = —(1/r)0Vyoz,
to integrate the continuity equation (5). Let us now consider a similarity solution of (5). This means
that we look for solutions given by

w(r,z) =Uz)f(n), i =2 (z)g(n), n=

r
S 6
where Uy is a scale for the mean velocity, % a scale for the velocity fluctuations and ¥ a length
scale. The U; is usually taken to be equal to the value of the mean velocity on the jet axis. The
length scale & is frequently defined as the radial distance where the mean velocity is equal to half
the centerline velocity. Given the definition of the streamfunction it then follows that

Y(r,z) = UL (2)’F(n) (7)

with f(1) = F'(n)/n.
Substitution of these expressions in (5) and using (4), leads to the following relation:

()5 ()

where we have also used conservation of axial momentum flux which can be derived by integrating
(5) across a plane perpendicular to the jet axis and which leads to the relation U;.#(z) = constant.
Eq. (8) shows that similarity is only possible if

U2 0%(2)

w0 " )

with ¢; a constant. In view of the fact that the only constraint to be satisfied by the solution is
conservation of momentum flux, (8) implies that the constant ¢; must be universal, i.e. independent
of the flow details near the orifice.

To proceed some further assumptions must be made. The most straightforward one is to take
U; =49 in (9) (see e.g. Tennekes and Lumley, 1972). It then follows immediately that

0%(z)
oz
which implies that the length scale is a universal function of z. In other words all jets have in their
similarity region the same spreading rate irrespective of the initial conditions.

The existence of a universal spreading rate has been questioned by George (1989) who argues
that there is no argument to assume that (10) is correct. He then proceeds by assuming U, # %
so that the spreading rate of a jet is not universal. The viewpoint of George seems to be supported
by recent numerical simulations reported by Boersma et al. (1998) to which we refer for further
discussion on the similarity of the mean velocity and also of turbulence statistics. Here, we will
further concentrate on the similarity of the concentration profile.

Under the same assumptions as used for the derivation of (4) and (5) we can also obtain an
equation for the mean concentration profile which reads

_odc _ oc 10

ura-i‘uzé:—;g”urca (11)

where again ¢ is the turbulent flux of the scalar and where the molecular diffusion term has been
neglected based on the assumption of a sufficiently large Reynolds number.

C| (10)
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Let us again look for a similarity solution given by

C(r,z) = C(2)h(n),  wc="U=)E(2)k(n), n=

r
7. (12
where C, is a scale for the mean concentration and % a scale for the concentration fluctuations.
Similar to the velocity scale Uy, C; is taken equal to the mean concentration value at the jet axis.
The Z.(z) is a length scale for the concentration profile which in principle does not have to be
equal to the length scale for the velocity profile.

We first consider the consequences of conservation of concentration flux which can be derived
from (11) by integration across a plane perpendicular to the jet axis and which reads

/0 Curdr = 2%, (13)

where Q, is the source strength of concentration introduced at the orifice. Substitution of the similarity
solution (6) and (12) into (13) leads to the conclusion that similarity can only be satisfied when
Z.(z) ~ Z(z) and without loss of generality we take Z.(z) = #(z). One should realize however,
that this choice means that at » = #(z) the mean concentration is not necessarily equal to half the
centerline concentration. With this result for .#.(z) and with U,.¥ = constant we find from (13) that
Ci(z)Z(z) is also a constant.

Substituting the similarity expressions for mean concentration and the mean velocity profile into
Eq. (11), we find after using the relationships between U,, C; and ¥ derived above, the following
equation:

U% d

d
v inFN= 4,010 (14)

We see that similarity is only possible when

Ut
CauU

C (15)

with ¢, as another universal constant. Integrating (14) we get

Fh 1
=, 16
nk o (16)
where we have used the boundary condition that F(0) = 0. If we assume that U; = % we find that
%/Cy; = ¢, and hence the normalized scalar concentration in the far field is completely independent
of the conditions at the jet nozzle. Previously, we stated that it is very unlikely that U; = %, thus
% # ¢,C,; which implies that the scalar concentration in the far field, like the velocity field, depends
on the conditions at the jet nozzle (see e.g. George, 1989; Boersma et al., 1998).

Finally, we consider the equation for the concentration variance ¢? which in the boundary-layer
approximation reads

oc? dc? 0¢  dctu,

——|—MZE:—ZCM,.5 ~ — % (17)
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where we have again neglected transport by molecular diffusion. The molecular destruction of con-
centration fluctuations y is defined as

X:m<@>, (18)

5xj

where the index j means a sum over all coordinate directions.
Let us again consider under which conditions (17) allows similarity solutions. To this end we
introduce the following expressions:

E=Emn), u.c?=CUn(n). (19)

After substitution of these expressions in (17) and after some manipulation with the relationships
that we have derived above, we find

UL dE F’ ¢ dU; Fm' € &

2 SO TRy L et

UC, dz 1 Cu dz n C; UEC
This result shows that complete similarity of the variance of concentration fluctuations is only possi-
ble when % ~ C,. If we substitute these results in (20) we find that full similarity requires additionally
that d.#/dz = constant. This means that full similarity is only possible when the spreading rate of
the jet is universal. As we have argued above that this result may be questionable, it seems that full
similarity of the concentration variance profile cannot be expected.

(20)

3. Details of the direct numerical simulation

In this section we describe the details of the DNS of the round jet. The numerical procedure has
already been described by Boersma et al. (1998) so that a short summary will suffice here. The
DNS is based on a numerical solution of Eqgs. (1)—(3) formulated in a spherical system. Such a
coordinate system allows for a well-balanced numerical resolution both near the inflow as well as
in the far field of the jet.

In this spherical coordinate system Eqs. (2) and (3) are discretized on a three-dimensional stag-
gered grid with the help of a second-order finite volume method. The singularity at the centerline
of the system is removed by the finite volume method because all the terms in the equations are
multiplied by the Jacobian 7 sin 0 (see e.g. Mohensi and Colonius, 2000). The grid is non-uniform
in the radial direction which allows for accurate calculation near the orifice without using too many
grid points in the far field. The time integration is carried out with a second-order Adams—Bashforth
scheme. For the scalar field, the discretization is done with a monotone difference scheme. The mono-
tone scheme is used to avoid ‘wiggles’ in the concentration field which may cause negative values
or values higher than the source concentration, which are both physically unacceptable. The scheme
has a local accuracy of at least ()(h) and a global accuracy ()(h?), for more details we refer to
Koren (1993) and Zijlema and Wesseling (1998).

Next we consider the boundary conditions. At the inflow boundary we impose a uniform profile
for the velocity (U,) and the concentration (Cy) at the orifice which has a diameter D. Outside
the orifice the velocity and the concentration are set to zero. The pressure on the inflow plane is
left free. At the side or lateral boundaries we use the so-called traction-free boundary condition for
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40D

4D

Fig. 1. A sketch of the computational grid.

the velocity (see Boersma et al., 1998). An advantage of this boundary condition is that a velocity
across the boundary is allowed which is needed to accommodate the entrainment by the jet. For the
concentration on the lateral boundary we set the gradient along the normal on this boundary equal to
zero. At the outflow we use for the velocity and the concentration the so-called convective boundary
conditions (Akselvoll and Moin, 1996).

The domain is a part of the spherical shell (see Fig. 1) with its radius between 51D and 91D
and with a limiting angle of m/40. The grid that we used for our computations consists of 400 x
80 x 96 grid points in the radial (), tangential (0) and the azimuthal (¢) direction, respectively.
This resolution is comparable to the one used by Boersma et al. (1998). In this paper it has been
proven that the resolution is sufficient to resolve all important scales of motions. The Reynolds
number which is defined as Re = DUp/v is 2.0 x 10° and the Schmidt number which is defined as
Sc =v/D is 1. The calculations are performed on a Cray-J90se parallel vector computer. The code
takes 52Mwords of memory and one time step takes approximately 33 CPU seconds.

For the statistical analysis we have stored 40 three-dimensional data fields which are separated in
time by 2D/U,n... The statistics are obtained by averaging in the circumferential direction and in
time.

4. Results and discussion

In this section, the results of the DNS of the velocity field of the turbulent jet, as well of the
passive scalar are presented.

To present the results, we will use a cylindrical coordinate system in the sequel of this paper
because all the experimental studies use such a system. All results are obtained by averaging over
several data fields and over the self-similarity coordinate n =r/(z — zy) or n = r/r;, in the region
20D < z < 37.5D, where now r is the radial distance to the centerline, z is the distance to the
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Table 1
Data of some experiments

Author Re Sc or Pr
Panchapakesan and Lumley (1993) 11,000 —
Hussein et al. (1994) 10° —
Becker et al. (1967) 54,000 38,000
Birch et al. (1978) 16,000 0.70
Lockwood and Moneib (1980) 50,000 0.70
Dahm and Dimotakis (1987) 5000 600-800
Chua and Antonia (1990) 17,700 0.70
Chevray and Tutu (1978) 3.8 x 10° 0.70
Dowling and Dimotakis (1990) 5000 1.0
Present 2000 1.0

0D 35D

Fig. 2. An iso-contour plot of the concentration (15 contour levels equally spaced from 0.07 to 1).

orifice, zy is the distance of the virtual origin to the orifice and 7, denotes the radial distance,
where the local mean axial velocity is equal to half the value of the mean centerline velocity, i.e.
U(r n)= U./2. We do not use the statistics of the last 2.5 diameters of the domain, because of the
possible influences of the outflow boundary condition. In George (1989) it has been discussed that
using § =r/(z — zp) is valid only when the jet spreads linearly.

First, we will show an instantaneous plot of the concentration field of the jet in the axial direction.
Second, we present the results of the statistics of the velocity profiles to show that the velocity field
is in good agreement with experimental data. Then we will discuss the statistics of the concentration.
All the results are compared with experimental data, which are summarized in Table 1. The results
are presented in non-dimensional form. The velocity and concentration are scaled with the entrance
or the centerline value, depending on whether we are interested in the downstream development or
cross-stream profiles, respectively. The axial coordinate is scaled with the jet orifice diameter D and
the radial coordinate with 7, or z — z.

In Fig. 2 an iso-contour plot of the instantaneous concentration distribution in the jet in the axial
direction is shown. The figure shows a laminar flow field close to the inflow plane of the jet. Farther
downstream, the laminar vortex sheet rolls up due to the Kelvin—Helmholtz instability and the flow
becomes turbulent.
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Fig. 3. Scaled centerline velocity U./Up as a function of the distance to the orifice of the jet, obtained from DNS and
from the experiments of Panchapakesan and Lumley (1993), and Hussein et al. (1994).

4.1. Mean velocity and turbulent statistics

In this section the flow field obtained from the DNS will be compared with the experimental
data of Panchapakesan and Lumley (1993) and Hussein et al. (1994). We will show here only a
few results as a more detailed validation of the DNS for the velocity statistics is given by Boersma
et al. (1998).

In Fig. 3 we show the mean centerline velocity as a function of the distance to the orifice. In this
figure we also show the curve fits given in the experimental papers by Hussein et al. (1994), and
Panchapakesan and Lumley (1993). The agreement between the simulation and the curve fits given
in the experimental papers is very good.

Next in Fig. 4 we show the mean velocity profile versus the self-similarity coordinate n=r/[z —z]
together with experimental data obtained by Panchapakesan and Lumley (1993). Fig. 5 shows the
Reynolds shear stress as a function of # again with experimental data obtained by Panchapakesan
and Lumley (1993). Both figures show excellent agreement between DNS and experiment. This
gives us a good starting point to study turbulent mixing in more detail.

4.2. Concentration profiles

In the previous section, we have demonstrated that the simulated velocity field is in very good
agreement with experimental results. In this section, we turn to the turbulent mixing in the far field of
the jet. The statistics of the DNS are again computed in the region 20D < z < 37D. It is assumed that
in this region the statistics are self-similar. First, the mean concentration profiles are presented and
then the rms and the probability density functions of the concentration fluctuations. The results are
compared with experimental data.
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Fig. 4. Mean axial velocity as a function of the self-similarity coordinate #. Solid line DNS, symbols experimental values
of Panchapakesan and Lumley (1993).
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Fig. 5. Reynolds shear stress as a function of the self-similarity coordinate 7. Solid line DNS, symbols experimental values
of Panchapakesan and Lumley (1993).

4.2.1. Mean concentration

In Fig. 6, the mean axial centerline velocity U. and the centerline mean concentration C., scaled
with the values at the orifice, are plotted versus the distance to the orifice. This figure shows that
the values of the concentration and the axial velocity are constant in the initial laminar part of the
jet. After the transition to a turbulent jet, the profiles collapse to a curve proportional to z=!. We
note that the mean concentration decays faster than the mean velocity.
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z/D

Fig. 6. The mean axial velocity at the centerline and the centerline mean concentration as a function of the axial coordinate.
Both curves are normalized with the orifice value.
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Fig. 7. The inverse of the mean axial velocity and mean concentration as a function of the axial coordinate. The straight
lines are fits for the far field. For the velocity x/6.1 and for the scalar x/5.5.

If the spreading of the jet is linear, the reciprocal of the centerline velocity and concentration
should produce straight lines. They are plotted in Fig. 7 and both curves fit very well to a straight
line. In order to know the values of the decay constants x,, k., we have fitted the data shown in
Fig. 7 to the following equations:

U D C D
= =k, d ==k , 21
Uy * [ } a Co § [Z—Zo} ( )
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Fig. 8. (z—z9)C./(CoD) versus the distance to the virtual origin (z—z)/D, obtained from DNS (solid line) and experiments
of Lockwood and Moneib (1980), Dahm and Dimotakis (1987), Becker et al. (1967), Dowling and Dimotakis (1990),
and Birch et al. (1978).

where z, is the virtual origin of the jet and x, and . the mean decay constants for the velocity and
scalar, respectively. We find that for our DNS the decay constant k. (concentration) is 5.5 with a
virtual origin of zy = 0.5D. For the velocity we find x, = 6.1 with a virtual origin zo = 5.5D.

In Fig. 8, we show (z — z,)C,./(DCy), as a function of the distance to the jet orifice. Also plotted
in this figure are the experimental values obtained by Lockwood and Moneib (1980), Dahm and
Dimotakis (1985), Becker et al. (1967), Dowling and Dimotakis (1988), and Birch et al. (1978).
In the experiments (z — z,)C./(DCy), has in general a value between 4 and 6 depending on the
experimental setup. We see that the value that we have computed from our DNS, lies in between
these values. Because the value of (z — z;)C./(DCy) is fairly constant, we may conclude that the
mean concentration shows general similarity. There seems to be no connection between the value
of (z — z9)C./(DCy) and the value of the Reynolds number or Schmidt number. Only the initial
conditions may still have an influence on the value of this constant.

Next in Fig. 9 we show the mean concentration profile obtained from the simulations normalized
with the mean concentration at the centerline as a function of the non-dimensional radial coordinate
n =r/(z — zp). We assume that the mean scalar concentration reaches self-similarity after 20D
from the jet orifice. Therefore, the statistics of the mean concentration have been taken in the region
20D < z < 37D. Fig. 9 also shows the experimental data obtained by Dowling and Dimotakis (1990)
at Re=5000 and at various distances of the orifice of the jet, i.e. 20D, 40D, 60D, 80D. The half-width
value 1, for the mean concentration profile in our simulations, i.e. the value of r/(z — zy) where
C_’/C_’C =0.5, is 0.112. When we assume that the mean concentration profile is Gaussian, i.e.

€D _ exp(-Kor) 22)
Ce
and when we use the value for the half-width given above, we obtain K. = 55.3. If we use a
least-squares fit through the DNS data, we find the best agreement between our results and the
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Fig. 9. The mean concentration profile versus the self-similarity coordinate #, from DNS (line) and the experiment of
Dowling and Dimotakis (1990) (symbols).

Gaussian profile for K. = 56.6. The best least-squares fit through all points of the experimental data
gives K.=59.1. The half-width value #,,, where C=C,/2 is then 0.108. These results seem consistent
and are in good agreement with our data. We, therefore, conclude that the mean concentration is
self-similar and independent of the Reynolds number. This implies that the mean concentration profile
displays general self-similarity along rays that emanate from the virtual origin of the jet. When we
compare the value K. = 55.3 with K, = 76.2 which we found for the axial velocity, it follows
that the concentration field is wider than the velocity field. In other words the concentration field
spreads faster than the velocity field. That the concentration spreads faster than the axial velocity is
associated with the preferential transport of the scalar over momentum. Concluding we can say that
the results of our simulations are in excellent agreement with the experimental data of Dowling and
Dimotakis (1990) and that the mean concentration profiles are self-similar.

4.2.2. Fluctuation of the concentration

In Fig. 10, we show the rms of the concentration fluctuations normalized with the centerline mean
concentration as a function of n =r/(z — zy). In general it is assumed, that rms profiles reach only
self-similarity beyond 20 — 25D. Here, we have computed the statistics from the simulations data
for the region 20D < z < 35D. This may imply that the scaled rms profiles have not yet completely
reached self-similarity. Fig. 10 also shows the experimental data of Dowling and Dimotakis (1990).
They measured at z =20D,40D, 60D and 80D and at Reynolds = 5000. The results of the DNS are
in reasonable agreement with these experimental measurements.

Fig. 11 illustrates the value of the rms of the concentration fluctuations at the centerline of the jet,
normalized with the mean centerline concentration plotted against (z —z,)/D. The peak at z=9D in
the rms profile corresponds to the point where the centerline concentration starts to drop, e.g. Fig. 6.
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Fig. 10. Scaled rms value of the concentration ¢ms/C. as a function of the radial coordinate 5= r/(z — z), obtained from
the DNS (solid line) and experiments of Dowling and Dimotakis (1990) (symbols).
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Fig. 11. Centerline rms scaled with the centerline concentration as a function of the distance to the orifice of the jet,
obtained from DNS (solid line) and experiments of Lockwood and Moneib (1980), Dahm and Dimotakis (1985), Birch
et al. (1978), Becker et al. (1967), and Dowling and Dimotakis (1990).

In Fig. 11 we have also plotted the experimental data of Lockwood and Moneib (1980), Dahm and
Dimotakis (1985), Birch et al. (1978), Becker et al. (1967), and Dowling and Dimotakis (1988).
The plots should approach a horizontal line when c/C. is self-similar. There is considerable
scatter in the results of the simulations, but it is seen that the normalized rms of the scalar fluctu-
ations keeps increasing with the downstream distance like most of the experimental data shown in

Fig. 11.
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Fig. 12. The Reynolds stress and the turbulent concentration flux are plotted against the radial coordinate 1 = r/ry),
obtained from DNS (lines) and experiments of Chevray and Tutu (1978) (pointed line).

Dowling and Dimotakis found that the value of crms/C_’c 1s 0.230 and 0.237 for Re = 5000 and
16,000, respectively. Based on this, they conclude that c,/C has a general self-similar value on
the centerline between 0.23 and 0.24. This is not supported by our DNS and also not by the
other experimental results shown in Fig. 11. At the end of Section 2 we already argued that full
self-similarity of the concentration variance is unlikely from a theoretical point of view and this
seems to be supported by our DNS results and the experimental observations shown in Fig. 11.

4.2.3. Reynolds stress and turbulent concentration flux

In Fig. 12, the turbulent concentration flux #.¢ in radial direction normalized with the mean
velocity times mean concentration at the centerline is plotted as a function of n=r/ry, together with
the Reynolds stress u,z; normalized with the square of the centerline mean velocity. Fig. 12 also
shows the experimental data of Chevray and Tutu (1978) who have investigated a turbulent jet at
Re=3.8x10°. The results of the DNS show a larger Reynolds shear stress and turbulent concentration
flux than the experimental results. Boersma et al. (1998) showed that the similarity profiles of .
can depend on the initial condition. In particular they showed that scaling #,u; with U2d9,,,/0z gives
better results, where 00,,/0z is the decay of the jet half-width. Hill et al. (1976) showed that jets
with laminar initial boundary layers have faster mixing rates, a much more prominent large-scale
structure and a more rapid centerline velocity decay than those with an initially turbulent boundary
layer. This is consistent with the lower values of the experimental data of Chevray and Tutu (1978)
who probably had an initially turbulent boundary layer and therefore a lower decay constant. Scaling
in the way Boersma et al. (1998) did, would therefore improve the agreement between the curves
of the experimental data of Chevray and Tutu (1978) and ours.

The results of the simulations show also that the non-dimensional Reynolds shear stress is smaller
than the turbulent concentration flux. The experimental data support this result. The turbulent flux
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Fig. 13. The turbulent Schmidt number is plotted versus the radial coordinate 1 = r/ry;,, obtained from the DNS (solid
line) and experiments of Chua and Antonia (1990) measured with two different methods (pointed line).

v¢/U.C, is larger than uv/U i because the transport of a scalar is more efficient than the transport
of momentum. The reason for this is that in the momentum equation a pressure gradient is present
which suppresses turbulent transport. Such a term is not present in the scalar transport equations.
This result is consistent with the fact that the turbulent Schmidt number, i.e.

Scr = — (23)

is smaller than unity. The Schmidt number, is plotted in Fig. 13. In this figure we also show the
experimental data of Chua and Antonia (1990) who have used temperature as a tracer so that the
equivalent of the Schmidt number in their case is the Prandtl number. Our results show far less
fluctuations than those of experiment. Chua and Antonia (1990) used two different experimental
methods. With their first method they found that over the range 0.1 < 5 < 1.0 the turbulent Prandtl
number is approximately constant with a value of 0.81. With their second method they found a
value of 0.65. We find from the DNS a turbulent Schmidt number of 0.74 (averaged over the whole
curve). Experimental values between 0.71 and 0.76 are reported by Chevray and Tutu (1978). So
it seems that our result for the turbulent Schmidt number agrees reasonably well with the existing
experimental data.

4.3. Probability density function of the concentration

In this section, we will discuss the probability distribution of the concentration in the jet at three
different places in the self-similarity region. A histogram of the instantaneous concentration divided
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Fig. 14. Probability density function of the scaled concentration, C/C, on the jet centerline at z = 20D,24D,28D, 32D,
obtained from DNS and a Gaussian fit of the DNS and a Gaussian fit of the experimental data of Dowling and Dimotakis
(1990).

by the local mean concentration, C/C, was made by sorting the data into bins. The histogram was
normalized, i.e.

/Oo PDF(C/C)d(C/C) =1, (24)
0

to form a probability density function of the concentration. The independent variable C/C, is chosen
because dividing C by C should remove the effect of the downstream decay of the mean concen-
tration.

Fig. 14 shows the PDF on the jet centerline. This PDF shows some fluctuations due to the few
independent samples especially near the centerline. Still, the distribution of the concentration seems
Gaussian. The various histograms lie around a Gaussian fit, which is also included in the figure. In
Fig. 14 we have also plotted the result of a Gaussian fit through the measured PDFs of Dowling
and Dimotakis (1990) at Re =5000. The curve fitted through the DNS data has a smaller maximum
and is a little wider than the curve of Dowling and Dimotakis (1990).

In Fig. 15, we have plotted the PDF along the ray #n=10.06. We also show a Gaussian curve fitted
through the DNS data together with a Gaussian fit through the experimental data of Dowling and
Dimotakis at Re = 5000. The curve of the experimental data of Dowling and Dimotakis has in this
case a smaller maximum and is a little wider than the curve fitted through the DNS data.

Fig. 16 illustrates the PDF along the ray # = 0.12. Here we see a broadening of the PDF profile
with respect to the two other values of #. The profile deviates from a Gaussian profile so that at
n=0.12 the PDF can no longer be approximated by a Gaussian profile. When # increases, the PDF
changes from a Gaussian shape to a much flatter shape and the probability of zero concentration
increases.
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Fig. 15. Probability density function of the scaled concentration, C/C, along ray 5 = 0.06 at z = 20D,24D,28D, 32D,
obtained from DNS and a Gaussian fit of the DNS and a Gaussian fit of the experimental data of Dowling and Dimotakis
(1990).
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Fig. 16. Probability density function of the scaled concentration, C/C, along ray n = 0.12 at z = 20D, 24D, 28D, 32D,
obtained from DNS and a Gaussian fit.

5. Conclusion

In this paper we have presented some results obtained from the direct numerical simulation of
a passive scalar in a turbulent jet. In general, the results show good agreement with existing ex-
perimental data. It is found that the mean concentration profiles are self-similar in agreement with
experimental data. The variance of the concentration fluctuations is found to be not self-similar. This
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is in contrast with the results of Dowling and Dimotakis (1990) who claim that this variance is
also self-similar. However, other experimental data are consistent with our results and show that the
variance of the concentration fluctuations is not self-similar. Moreover, self similarity is also unlikely
from a theoretical point of view.
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