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Abstract

A direct numerical simulation (DNS) is applied to a particle-laden turbulent mixing layer with a chem-
ical reaction, and the effects of particles on turbulence and chemical species� diffusion and reaction in both
zero and finite gravity cases are investigated. Unreactive particles, whose response time, sP, is smaller than
the Kolmogorov time scale, sK [sP/sK = O(10�1)], are uniformly injected into the high-speed side of the
mixing layer. Two reactive chemical species are separately introduced through different sides. The results
show that although laden particles generally depress turbulent intensities, they begin to enhance turbulent
intensities downstream as the particle size decreases provided that the inlet particle volume fraction is fixed.
This is because that the small particles with small particle response time easily accumulate at the circum-
ference of coherent vortices and act to suppress the growth of primitive small-scale coherent vortices
upstream but enhance that of relatively developing large-scale ones downstream. Also, since the small-scale
turbulence, which promotes the chemical reaction, is suppressed by the laden particles in the entire region,
chemical product decreases overall. Furthermore, the presence of finite gravity on the particles acts to
depress the turbulent intensities, but its effects on chemical species� diffusion and reaction are quite small.
� 2005 Elsevier Ltd. All rights reserved.
0301-9322/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijmultiphaseflow.2005.03.006

* Corresponding author. Tel.: +81 4 7182 1181; fax: +81 4 7183 2966.
E-mail address: michioka@crieipi.denken.or.jp (T. Michioka).

1 Present address: Center for Turbulence Research, Stanford University, Stanford, CA 94305-3035, USA.

mailto:michioka@crieipi.denken.or.jp


844 T. Michioka et al. / International Journal of Multiphase Flow 31 (2005) 843–866
Keywords: Two-phase turbulence; Mixing layer; Direct numerical simulation; Chemical reaction; Finite gravity
1. Introduction

Particle-laden turbulent flows with chemical reactions are encountered in atmospheric environ-
ment and in a number of engineering applications such as energy conversion and propulsive de-
vices using solid or liquid fuels. It is therefore of great importance to understand the effects of the
laden particles on turbulence and chemical species� diffusion and reaction in turbulent reacting
flows.

With the advantage of powerful supercomputers, numerical simulations such as direct numeri-
cal simulation (DNS) and large-eddy simulation (LES), have become a viable tool for investigat-
ing particle-laden turbulent flows with chemical reactions (Mashayek, 2000; Glaze and Frankel,
2000; Kurose and Makino, 2003). For simulating the particle-laden turbulent flows with these
methods, the particle–particle interactions and turbulent modulation by particles are significant.
However, in most practical particle-laden turbulent flows, the volume fraction of the dispersed
particle is small, so that particle–particle interactions are often negligible. On the other hand,
the particle mass volume fraction often becomes large owing to a large density ratio of solid
particle to air, so that the modulation of turbulence by particles cannot be neglected and two-
way coupled simulation including momentum exchange between them must be implemented
(Elghobashi, 1991, 1994).

Squires and Eaton (1990), Elghobashi and Truesdell (1993), Boivin et al. (1998) and Sundaram
and Collins (1999) performed the two-way coupled DNS of isotropic turbulence with solid parti-
cles, whose response time, sP, is larger than the Kolmogorov time scale, sK, and found that the
particles with sP P sK reduce the turbulent kinetic energy (turbulent intensities). Yamamoto
et al. (2001) performed two-way coupled LES of the turbulent gas–particle flow in a vertical chan-
nel, and showed that the particles with sP P sK decrease the turbulent intensities. On the other
hand, Druzhinin (2001) performed the two-way coupled DNS of isotropic turbulence under the
condition of sP < sK, and showed that the particles enhance the kinetic energy (turbulent intensi-
ties), which is in contrast to the reduction of turbulent intensities by particles with sPP sK. A simi-
lar result was also obtained by Ahmed and Elghobashi (2000) for two-way coupled DNS of
turbulent homogeneous shear flows with dispersed particles. Thus, it is known that in the homo-
geneous flows, the laden particles with sP P sK and sP < sK tend to depress and enhance the
turbulent intensities, respectively.

However, the above previous studies were performed only for fully developed homogeneous
turbulent flows, and the number of studies for inhomogeneous turbulent flows such as a spatially
developed mixing layer and a jet, in which the physical mechanisms of turbulent modulation may
change with the streamwise distance, is small. Yuu et al. (1996) performed two-way coupled DNS
of a turbulent jet, and showed that the particles with sP P sK decrease the turbulent intensities.
Yang et al. (1990) and Dimas and Kiger (1998) investigated the stability of two-way coupled mix-
ing layers with uniformly distributed particles by linear stability analysis under the condition of
sP P sK, and showed that the presence of the particles enhances the stability of the flows and de-
creases the amplification rate of perturbations in the flow. However, the influence of particles with
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sP < sK on turbulence has not been studied. Furthermore, though effects of laden particles on the
chemical species� diffusion and reaction (Mashayek, 2000; Reveillon and Vervisch, 2000) and the
role of finite gravity (Wang and Maxey, 1993; Meiburg et al., 2000; Ferrante and Elghobashi,
2003) has been investigated in many studies, no one has discussed them in any spatially developing
particle-laden flows in detail.

The purpose of this study is to investigate the effects of laden particles with sP < sK on turbu-
lence and chemical species� diffusion and reaction in a spatially developing turbulent mixing layer.
The influences of finite gravity acting on particles on turbulent modulation and scalar behavior
are also discussed. The direct numerical simulation (DNS) is performed for the particle-laden tur-
bulent mixing layer with a chemical reaction, in both zero and finite gravity conditions. Unreac-
tive particles, whose response time is smaller than the Kolmogorov time scale, sP/sK = O(10�1),
are uniformly injected into the high-speed side, and the particle trajectories are individually pur-
sued in a Lagrangian method. Two chemical species are separately introduced through different
sides, and a second-order, irreversible and isothermal reaction between them is assumed to take
place in the region along the central interface.

The paper is organized as follows. In Section 2, the governing equations for continuous and
dispersed phases and computational details are described. The results are presented in Section
3. The effects of particle response time on turbulence and chemical species� diffusion and reaction
under the zero gravity condition are discussed in Sections 3.1 and 3.2, respectively. The effect of
particle volume fraction is also studied under the zero gravity condition in Section 3.3. In Section
3.4, the effects of finite gravity acting on particles on turbulence and chemical species� diffusion
and reaction are discussed. A summary of the findings of this paper is presented in Section 4.
2. Direct numerical simulation

2.1. Governing equations for continuous phase

The governing equations for particle-laden turbulent flow with a chemical reaction are continu-
ity, momentum (Navier–Stokes, N–S) and mass conservation equations and are written as
oUi

oxi
¼ 0; ð1Þ

oUi

ot
þ oUjUi

oxj
¼ � oP

oxi
þ 1

Re
o2Ui

oxjoxj
þWui ; ð2Þ

oCi

ot
þ oUjCi

oxj
¼ 1

ReSc
o2Ci

oxjoxj
þ x; ð3Þ
where Ui, Ci and P are instantaneous velocity of i component, instantaneous concentration of
chemical species i and instantaneous pressure, respectively. These equations are non-dimensional-
ized using the vertical computational length, L* = 0.05 m, velocity difference between inlet high-
speed side and lower-speed side, DU* = 2.5 m/s, fluid density, q�

f ¼ 1.2 kg/m3, viscosity,
l* = 1.8 · 10�5 Pa s, and initial concentration of species A, C�

A0. When a second-order, irreversible
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and isothermal reaction (A + B! P) is considered, the chemical reaction source term is expressed
as
x ¼
�DaCACB ði ¼ 1; 2 in Eq: (3)Þ
DaCACB ði ¼ 3 in Eq: (3)Þ.

�
ð4Þ
The Reynolds number, Re, Schmidt number, Sc, and Damköhler number, Da, are defined as
Re ¼ q�
fDU

�L�

l� ; ð5Þ

Sc ¼ l�

q�
fD

� ; ð6Þ

Da ¼ k�rL
�C�

A0

DU � ; ð7Þ
where D� is molecular diffusivity of mass and k�r is chemical reaction constant.
Wui in Eq. (2) is the momentum exchange between the continuous and dispersed phases, which

is considered by the particle-source-in-cell (PSI-Cell) method (Crowe et al., 1977) and is expressed
as
Wui ¼ � 1

dc

Xnc mpU
sp

ðUi � Up;iÞ; ð8Þ
where Up,i is the particle velocity of particle number i, dc is the cell volume (dc = D1D2D3, Di is the
width of the computational grid) and nc is the number of solid particles within the volume of the
grid. U is shown later.

2.2. Governing equation for dispersed phase

The solid particles are tracked individually in a Lagrangian manner. It is assumed that the par-
ticle material density is much larger than the fluid density, qP � qF, such that the dominating
forces acting on the particle by the surrounding fluid are the drag and lift, and other forces
(the pressure gradient, added mass, and Basset) can be neglected.

The non-dimensional Lagrangian particle equations are given as,
dxp;i
dt

¼ Up.i; ð9Þ

dUp;i

dt
¼ F D þ F L þ

1

F 2
r

eg; ð10Þ
where FD and FL are the drag and lift forces, respectively. Finite gravity has the magnitude g in
the direction eg. The Froud number is defined as
F r ¼
DU �ffiffiffiffiffiffiffi
L�g

p . ð11Þ
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The drag force, FD, is written as
F D ¼ � 1

sP
ðUP;i � UiÞU. ð12Þ
Here, sP, which is referred to as the particle response time, is defined by
sp ¼
d2
PqPRe
18l

; ð13Þ
where U (Glaze and Frankel, 2000) is given as
U ¼
1þ 3

16
Rep ðRep 6 0.01Þ;

1þ 0.1315Reð0.82�0.05wÞ
p ð0.01 6 Rep 6 20Þ

;

(
ð14Þ
with
w ¼ log10Rep.
Here, Rep is the particle Reynolds number based on the particle diameter, dp, and the relative
velocity between the particle and fluid:
Rep ¼
dPjUp;i � Uijqf

l
Re. ð15Þ
Regarding the lift force, Mei�s expression (Mei, 1992) is employed. This equation is
F L ¼ 0.443JðeÞF S
L. ð16Þ
Here, the superscript �S� means the value given by Saffman�s expression (Saffman, 1965).
F S
L ¼ �6.168

qf

qP

1

d2
p

ðUP � U fÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Re
dU
dy

s
. ð17Þ
The non-dimensional quantity J in Eq. (16) is given by
JðeÞ � 0.6765f1þ tanh½2.5log10ðeþ 0.191Þ�gf0.667þ tanh½6ðe� 0.32Þ�g; ð18Þ

e ¼
ffiffiffiffiffiffiffi
Rea
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¼ 1
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re

qfd
2
p

t
dU
dy

s
. ð19Þ
The validity of this equation was verified by Kurose and Komori (1999) for Rep < 10. The effect of
particle rotation on the fluid force acting on the particles is neglected owing to small Rep (Kurose
and Komori, 1999).

2.3. Computational details

Fig. 1 shows the schematic of the computational domain. The non-dimensional computational
domain was 6 · 1 · 1 in the streamwise (x), vertical (y) and spanwise (z) directions. The origin of
the co-ordinate axes x, y and z was set at the center of the inlet boundary. Solid particles were
injected uniformly into the high-speed side of the mixing layer, and the reactive chemical species



Fig. 1. Schematic of computational domain.
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A and B were provided separately in the high- and low-speed sides. The high- and low-speed free-
stream velocities were Uh = 2.0 and Ul = 1.0, respectively. The Reynolds number, Re, defined by
Eq. (5) was 8333 and the Schmidt number, Sc, defined by Eq. (6) was 1.0 because of an air flow.
The Damköhler number, Da, defined by Eq. (7) was 1.0 under the assumption that the reaction
between the reactive chemical species A and B takes place at a moderately fast reaction rate
(Michioka and Komori, 2004).

The initial random perturbation, ui, was given in the sinusoidal form:
Table
Partic

Run n

RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN
RUN

All va
veloci
uiðx; y; zÞ ¼
X20
n¼1

u00i ðyÞ sinð2pnf 0xþ hiðx; y; z; nf 0ÞÞ; ð20Þ

Uiðx; y; zÞ ¼ Uiðx; y; zÞ þ uiðx; y; zÞ; ð21Þ
where u00i ðyÞ is the rms value of the turbulence intensity, f0 is the basic frequency of 0.2 and hi is the
uniformly distributed random number between 0 and 1. The vertical distributions of the time-
averaged velocity, Ui, and u00i ðyÞ were given by the DNS data of Spalart (1988). Slip boundary
conditions were imposed on the velocity components on the upper and lower walls. Periodic
boundary conditions were imposed on the velocity and scalar component in the spanwise direc-
tion. Convective boundary conditions (oUi=ot þ U � oUi=ox ¼ 0Þ were applied at the exit of the
domain. This condition avoids the problem caused by pressure perturbations being reflected of
the outflow boundary back to the computational domain (Ferziger and Peric, 2002). The detailed
1
le properties (dimensionless)

o. dp sP dP/g sP/sK /v0 vt

I – – – – 0.0 –
II 5.0 · 10�3 0.115 0.046 0.12 2.62 · 10�4 0
III 8.0 · 10�3 0.296 0.073 0.30 2.62 · 10�4 0
IV 1.25 · 10�2 0.725 0.12 0.50 2.62 · 10�4 0
V 5.0 · 10�3 0.115 0.046 0.12 1.68 · 10�5 0
VI 5.0 · 10�3 0.115 0.046 0.12 1.07 · 10�3 0
IIG 5.0 · 10�3 0.115 0.046 0.12 2.62 · 10�4 9.02 · 10�3

IIIG 8.0 · 10�3 0.296 0.073 0.30 2.62 · 10�4 2.32 · 10�2

IVG 1.25 · 10�2 0.725 0.12 0.50 2.62 · 10�4 5.68 · 10�2

riables are nondimensionalized by the representative length (vertical computational length), L* = 0.05 m, the
ty difference, DU* = 2.5 m/s, fluid density, q* = 1.2 kg/m3 and viscosity, l* = 1.8 · 10�5 Pa s.
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particle properties are listed in Table 1. RUNs II–IV have the same particle volume fraction of
/v0 = 2.62 · 10�4 at the inlet of the high-speed side of the mixing layer, and the ratio of the par-
ticle response time to the Kolmogorov time scale, sP/sK, ranges from 0.12 to 0.50 (RUN I is the
particle-free case). RUNs II, V and VI have /v0 ranging from 1.68 · 10�5 to 1.07 · 10�3 with the
same sP/sK of 0.12. For RUNs IIG–IVG, finite gravity was imposed in �y direction provided that
the other conditions are the same as those for RUNs II–IV. The terminal velocities of these par-
ticles for RUNs IIG–IVG, vt, are 9.02 · 10�3, 2.32 · 10�2 and 5.68 · 10�2, respectively. The non-
dimensional density, q�

P=q
�
F, was 1000. The particle–particle interactions are generally neglected

under the condition of solid volume fraction, /v < O(10�3), because the models (Yonemura
et al., 1973; Yamamoto et al., 2001) for particle–particle interactions require very high computa-
tional costs. Though the particle volume fraction for RUN VI is slightly larger than 1.0 · 10�3, we
neglected the particle–particle interactions for comparisons with other cases. The particle response
time, sP, corresponds to the Stokes number, St. The Kolmogorov time scale, sK, and length scale,
g, at x = 3.0 were 0.985, 1.09 · 10�4, respectively (these values were almost constant in the entire
region).

The governing equations of Eqs. (1)–(3) were discretized on a staggard mesh arrangement to
construct a fully consistent and conservative finite-difference formation. The spatial derivatives
in these equations were approximated by a second-order central difference scheme. However, a
flux corrected transport (FCT) scheme (Boris and Book, 1973; Book et al., 1975; Boris and Book,
1976; Michioka et al., 2003) was applied to the convection term in the mass conserved equations,
since the second-order central difference scheme produces a negative concentration. The Frac-
tional step method (Kim and Moin, 1985) was used to solve the N–S equation. The time integra-
tions of Eqs. (2), (3) and (10) were carried out by a second-order Runge–Kutta method. The
numbers of the DNS grid points used here were 300 · 100 · 100 in streamwise, vertical and span-
wise directions. To implement the DNS, the computational grid size must be smaller than the
smallest length scale (Kolmogorv scale, g) and the smallest concentration scale (the Bachelor
scale, gB). In the present DNS, the Bachelor scale is equal to the Kolmogorv length scale because
of Sc = 1. The grid size was smaller than these scales of 1.09 · 10�4, which was estimated using the
power spectrum at x = 3. The time step, Dt, was set to 5.0 · 10�4, which is quite smaller than the
particle response time.

Simulations were run 60,000 time steps (20,000 time steps for initial transients, 40,000 time steps
for statistics). The CPU time required for each case was approximately 216 CPU hours on a
Fujitsu VPP5000 super computer.
3. Results and discussion

3.1. Effect of particle response time on turbulence (zero gravity condition)

First, the effect of particle response time, sP, on turbulence is investigated under the zero gravity
condition. As shown in Table 1, RUNs II–IV have the same particle volume fraction of
/v0 = 2.62 · 10�4 at the inlet of the high-speed side of the mixing layer, and the ratio of the par-
ticle response time to the Kolmogorov time scale, sP/sK, ranges from 0.12 to 0.50 (RUN I is the
particle-free case).
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Fig. 2 shows the instantaneous particle distributions superimposed on spanwise vorticity in
(x,y)-plane for RUNs I–IV. The gray plots represent particles. Since RUN I is the particle-free
case, the gray plots are not shown in Fig. 2(a). As sP/sK decreases, the particle response time,
sP, approaches to the flow vortex time scale and the particles apparently tend to accumulate near
the circumference of coherent spanwise vortices generated around the central interface (Ling
et al., 1998). This is believed to be due to the fact that the particles with smaller sP/sK are easily
shifted by the centrifugal effect of the spanwise vortices (Hishida et al., 1992; Ishima et al., 1993;
Fan et al., 2001). It is also observed in Fig. 2 that for smaller sP/sK the development of coherent
vortices is delayed but the only spanwise coherent vortices become large, particularly in the down-
stream region. The evolution of these spanwise coherent vortices can be quantified by that of time-
averaged momentum thickness. Fig. 3 shows the streamwise distributions of the time-averaged
momentum thickness. The time-averaged momentum thickness, h, is defined as,
Fig. 2. Instantaneous particle distributions superimposed on spanwise vorticity in (x,y)-plane for: (a) RUN I; (b) RUN II;
(c) RUN III and (d) RUN IV. The gray plots represent particles.



Fig. 3. Streamwise distributions of time-averaged momentum thickness, h: ( ) RUNI; ( ) RUN II; ( )
RUN III; ( ) RUN IV.
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h ¼ 1

DU 2

Z þ0.5

�0.5
ðUh � UÞðU � UlÞdy. ð22Þ
In the present mixing layer, since initial conditions of time-averaged velocities in upper- and lower
sides of the mixing layer were given using the DNS data of a boundary layers, the wake appears in
the region of x < 0.6, and the vertical distributions of the time-averaged streamwise velocity were
fully developed downstream of x = 0.6. Because the turbulent statistics at the wake region are dif-
ferent form those at fully developing region, we estimated all statistics in the region of fully devel-
oping mixing layer and omitted them in the region of x < 0.6. Although h of the particle-laden
cases (RUNs II–IV) are generally thin compared to the particle-free case (RUN I), their increase
rates in the downstream region of x > 3 suddenly become large. This behavior is remarkable
for smaller sP/sK, and agrees well with the above observation of the spanwise coherent vortices
(Fig. 2).

Fig. 4 shows the vertical distributions of time-averaged particle volume fraction, /v//v0, and
streamwise velocity, U , for RUNs I–IV at the upstream and downstream stations of x = 0.6
and 5.0. The time-averaged particle volume fraction, /v, is normalized by that of the inlet parti-
cle-laden (upper) side, /v0. The vertical distance, y, is normalized by using the momentum thick-
ness, h, and y0.5, which is the vertical location of ðU � UlÞ=DU ¼ 0.5. Although /v//v0 for all
cases has peaks on the upper side and decreases to zero as approaching the lower side, the effect
of sP/sK on the maximum values and the decreasing rates at the upstream and downstream sta-
tions are significantly different. That is, as sP/sK decreases, the peak value and decreasing rate of
/v//v0 become greater at the upstream station of x = 0.6 but smaller at the downstream station of
x = 5.0. The reason is considered as follows. The particles with smaller sP/sK are easily affected by
the coherent vortices generated around the central interface because of smaller particle response
time. Therefore, although the larger particles monotonically penetrate the coherent vortices, the
small particles are pushed to the upper side by the primitive small-scale coherent vortices in the
upstream region and carried to the lower side by the relatively developing large-scale coherent
vortices in the downstream region where the centrifugal effect becomes strong. Conversely, as dis-
cussed later in detail, the particles with smaller sP/sK clearly affect the flow characteristics. Fur-
thermore, the interesting thing is that in Fig. 4 unlike the behaviors of particle dispersion and
coherent vortices, that of normalized time-averaged streamwise velocity is not changed by the



Fig. 4. Vertical distributions of time-averaged particle volume fraction, /v//v0, and streamwise velocity, U : (a) x = 0.6
and (b) x = 5.0. Symbols as in Fig. 3.
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laden particles. The vertical distributions of U for all cases (RUNs I–IV) almost correspond to
each other.

Fig. 5 shows the streamwise distributions of streamwise, vertical and spanwise turbulent inten-
sities, u2; v2 and w2, respectively, at y = y0.5. The experimental results of particle-free flow ob-
tained by Michioka (2001) are plotted by black circles (�) in these figures. The Reynolds
number in the experiment is 8000, which is almost identical to that of the present DNS
(Re = 8333). The values of u2 and v2 for the particle-free flow (RUN I) obtained by the present
DNS are in good agreement with the experimental values, which indicates the validity of the pres-
ent DNS. It is found that the laden particles consistently depress the turbulent intensities in the
upstream region of the mixing layer, whereas the effect of laden-particles on the turbulent inten-
sities in the downstream region is varied with sP/sK. In the downstream region, u2 and v2 increase
and become larger than those for the particle-free case (RUN I) as sP/sK decreases (see the profiles
of RUNs II and III). These u2 and v2 behaviors are considered to be dominated by the behavior of
the coherent vortices described above (the laden particles delay the development of the coherent
vortices upstream but enhance it downstream). On the other hand, w2 is still depressed in the
downstream region because the number of the ribs in the braid regions is decreased by loaded par-
ticles (the figure is not shown here). Though u2, v2 and w2 behaviors under the condition of
sP/sK > 1 are not discussed in detail and figures are not shown here, we actually conducted a
similar computation for larger particles with sP/sK = 1.85 and found that u2; v2 and w2 became
much smaller than those for the sP/sK = 0.5 case (RUN IV). This trend is similar to the results
of linear stability analysis of the mixing layer, in which particles of sP/sK > 1.0 are uniformly
loaded in both low and high speed sides (Dimas and Kiger, 1998).



Fig. 5. Streamwise distributions of turbulent intensities for: (a) streamwise; (b) vertical and (c) spanwise velocity
fluctuations, u2; v2 and w2, at y = y0.5: ( ) RUN I; ( ) RUN II; ( ) RUN III and ( ) RUN IV;
(d) measurement by Michioka (2001).
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The power spectra of streamwise, vertical and spanwise velocity fluctuations at the downstream
station of x = 5.0, y = y0.5 are shown in Fig. 6. Due to the laden particles, the spanwise turbulent
motions are depressed in the whole-scale regions, but for the streamwise and vertical components,
the large-scale turbulent motions increase and small-scale turbulent motions decrease. Also, it was
observed that in the upstream region, the turbulent motions of all three components are less for
the particle-laden cases than that for the particle-free case (the figures are not shown here). Hence,
it can be said that regardless of the coherent or non-coherent motion, the laden particles tend to
suppress the small-scale turbulent motions and enhance the large-scale turbulent motions in the
mixing layer. Consequently, in the downstream region, the large-scale coherent motions are en-
larged, but the small-scale turbulent fluctuations in the coherent motions disappear. The high
intensities of u2 and v2 in the downstream region are considered to be caused by the large-scale
turbulent motions, which correspond to the spanwise coherent vortices. In addition, since the
small-scale motions are decreased, the coherent spanwise vortices become clear downstream, as
shown in Fig. 2. As a result, the smaller particles laden on the upper side (see Fig. 4(a)) act to
suppress the growth of the primitive small-scale coherent vortices in the upstream region by accu-
mulating only on the upper circumference of the coherent vortices, whereas they contrarily



Fig. 6. Power spectra of: (a) streamwise; (b) vertical and (c) spanwise velocity fluctuations at x = 5.0. Symbols as in
Fig. 3.
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enhance the growth of the relatively developing large-scale coherent vortices in the downstream
region because the downstream large-scale coherent vortices transport the smaller particles to
the lower side (see Fig. 4(b)) and this promotes the amplitude of the vortices.

The above results are different from the previous DNS results (Ahmed and Elghobashi, 2000;
Druzhinin, 2001) for homogeneous flows, in which the turbulence intensities are supposed to be
always enhanced by the comparable laden particles. Druzhinin (2001), who performed the two-
way coupled DNS of isotropic turbulence under the condition of sP < sK, stated that the enhance-
ment of the kinetic energy (turbulent intensities) in the isotropic turbulence is caused by the fact
that the laden particles add energy to fluid. To clarify the difference in the turbulent modulation
mechanism between homogeneous and inhomogeneous flows, the transport equation for the tur-
bulent intensities is introduced. This equation can be derived by multiplying Eq. (2) by uj and is
time-averaged,
Du2i
Dt

¼ P i þPi þ ei þ /i; ð23Þ
where Pi is turbulence production by mean shear, Pi is pressure–strain correlation, ei is energy
dissipation and /i is energy exchange due to the particles drag force. The viscous diffusion was
omitted in Eq. (23) because it is negligibly related to the modification of turbulent intensities.
These terms are expressed as
P i ¼ �2uiuk
oUi

oxk
; ð24Þ

Pi ¼ 2p
oui
oxi

; ð25Þ

ei ¼ � 2

Re
oui
oxk

oui
oxk

; ð26Þ

/i ¼ 2uiWui . ð27Þ
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The energy exchange between fluid and particles, as mentioned before, is often discussed using
the terms, /1, /2 and /3, in Eq. (23), because the turbulent intensities, u2; v2 and w2, are directly
affected through these terms. Fig. 7 shows the streamwise distributions of /1, /2, and /3 at
y = y0.5. Here, the positive and negative values of /i mean that the laden particles act to increase
and decrease the turbulent intensities, respectively. Although /i for all three components mostly
indicate a negative or zero value, /1 for smaller sP/sK tend to increase and become positive as the
streamwise distance from the inlet, x, increases. The trend is most evident for the smallest sP/sK
(RUN II), and is significantly different from that in the isotropic turbulence where /i indicates a
positive value (Druzhinin, 2001). This means that the laden particles with small sP/sK enhance the
streamwise turbulent intensity, u2, downstream, which seems to generally agree with the u2 behav-
ior in Fig. 5 [u2 for the small sP/sK (RUNs II and III) becomes greater than that for the particle-
free case (RUN I)]. However, the profile of /1 cannot explain the behavior of u2 in detail. For the
smallest sP/sK (RUN II), the value of u2 remains lower than that for the particle-free case (RUN I)
in the upstream region of x = 3.0, even though /1 changes its sign from negative to positive at an
early streamwise station less than x = 1.0. Moreover, the profiles of /2 and v2 are not correlated to
each other [while v2 for the smaller sP/sK (RUNs II and III) goes beyond that for the particle-free
case (RUN I) downstream, /2 remains negative]. These facts suggest that unlike in the case of
isotropic turbulence (Druzhinin, 2001), the turbulent modulation owing to laden particles in
the mixing layer cannot be explained solely by the energy exchange between fluid and particles.

Figs. 8 and 9 show the streamwise distributions of the turbulence production by mean shear,
P1, and the pressure-strain correlation, Pi, at y = y0.5. Here, P2 and P3 were not shown because
they are very small compared to P1. Usually, in the mixing layer flows, the mean shear produces
the streamwise turbulent intensity, u2, through P1 and a part of this streamwise turbulent energy is
transferred to the vertical and spanwise turbulent intensities, v2 and w2, throughPi due to the neg-
ative P1 and positive P2 and P3. This energy transfer also occurs in the particle-laden mixing
layer flows. However, the laden particles act to delay the P1 evolution, increase P2, and decrease
Fig. 7. Streamwise distributions of energy exchange between fluid and particles, /1,/2 and /3, at y = y0.5. Symbols as in
Fig. 3.



Fig. 8. Streamwise distributions of turbulent production by mean shear, P1, at y = y0.5. Symbols as in Fig. 3.

Fig. 9. Streamwise distributions of pressure–strain correlation, P1, P2 and P3, at y = y0.5. Symbols as in Fig. 3.
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P3 (these trends are significant for the particles with smaller sP/sK). As a result, the turbulent
intensities in the upstream region decrease, and the streamwise and vertical turbulent intensities
in the downstream region increase, as shown in Fig. 5 (see RUNs II and III). In particular, P2

for the smallest sP/sK (RUN II) becomes much greater than those for other cases in the region
of x > 2.0, which may be the reason for the rapid increase of v2 downstream. Thus, the turbulent
modulation owing to the laden particles in the mixing layer is dominated by the turbulence pro-
duction by mean shear and the pressure–strain correlation, not by the energy exchange between
fluid and particles. Likewise, Ahmed and Elghobashi (2000) previously conducted the two-way
coupled DNS of turbulent homogeneous shear flows with dispersed particles and showed that
the enhancement of the turbulent intensities in the fields is mainly attributed to the energy pro-
duction by the mean shear. However, in the particle-laden mixing layer, since the energy produc-
tion by the mean shear dramatically varies with the streamwise distance, the effect of particles on
the turbulent intensities also dramatically varies with the streamwise distance.
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Fig. 10 shows the streamwise distributions of the energy dissipation, e1, e2 and e3, at y = y0.5.
The absolute values of e1,e2 and e3 for the particle-laden cases (RUNs II–IV) are less than those
for the particle-free case (RUN I), and they monotonically approach zero as sP/sK decreases.
Ahmed and Elghobashi (2000) stated that the modification of ei is proportional to that of turbu-
lence kinetic energy (turbulent intensity). However, such a relation cannot be seen in the present
study (compare Fig. 10 with Fig. 5). This is because the enhancement of u2 and v2 is mainly attrib-
uted to the large-scale motions produced by mean shear, whereas the small-scale structure, by
which e1 and e2 are strongly affected, becomes small as shown in Fig. 6.

3.2. Effect of particle response time on chemical species’ diffusion and reaction (zero gravity
condition)

The effects of particle response time, sP, on chemical species� diffusion and reaction are dis-
cussed using the results of RUNs I–IV under the zero gravity condition.

Fig. 11 shows the streamwise distributions of the amount of chemical product P, PT, normal-
ized by that for the particle-free case (RUN I) at x = 5.0, PT,(x=5). Here, PT is given by integrating
the mean chemical product along the vertical axis
PT ¼
Z 0.5

�0.5
CPðyÞdy. ð28Þ
The values of PT for the particle-laden cases (RUNs II–IV) are found to be less than that for the
particle-free case (RUN I) in the whole region. Also, as sP/sK decreases, the magnitude of PT de-
creases in the upstream region but the increase rate in the downstream region becomes slightly
large. What should be noted here is that, in spite of the remarkable increments of the turbulent
intensities owing to the laden particles in the downstream region [see Fig. 5; a similar trend also
appears for the mean-squared values of concentration fluctuations of chemical species A
(Fig. 12)], the values of PT for the particle-laden cases (RUNs II–IV) do not exceed that for
Fig. 10. Streamwise distributions of energy dissipation, e1, e2 and e3, at y = y0.5. Symbols as in Fig. 3.



Fig. 11. Streamwise distributions of amount of chemical product P, PT, at y = y0.5. Symbols as in Fig. 3.

Fig. 12. Streamwise distributions of mean-squared values of concentration fluctuations of chemical species A, c2A, at
y = y0.5. Symbols as in Fig. 3.
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the particle-free case (RUN I). As mentioned before, the laden particles tend to suppress the
small-scale turbulent motions and enhance the large-scale turbulent motions in the mixing layer.
Therefore, it is considered that since the small-scale turbulence in the coherent vortices, which
promotes a chemical reaction, is suppressed by the laden particles in the whole region, the chem-
ical product is decreased overall (although the figure is not shown here, we conducted the DNS for
other Damköhler numbers and verified that the above behaviors were similarly observed).

Comparison of the streamwise distributions between the turbulent intensities, u2i , (Fig. 5) and
the mean-squared values of concentration fluctuations of chemical species A, c2A, (Fig. 12) shows
that the increment of c2A owing to the laden particles in the downstream region is much more
remarkable than that of u2i . To understand this difference, the transport equation for c2A
Dc2A
Dt

¼
�2vcA

oCA

oy

P c2
A

þ 1

ReSc
o2c2A
oxjoxj

� 2

ReSc
ocA
oxj

ocA
oxj

� o

oxj
ðc2AujÞ þ Da c2ACB þ cAcBCA þ c2AcB
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is considered. Here, P c2
A
is scalar-variance production by mean concentration distribution. Usu-

ally, the c2A behavior is mainly governed by P c2
A
, so that their streamwise distributions at

y = y0.5 are as shown in Fig. 13. Similar to the turbulence production by mean shear, P1, [see
Eq. (23) and Fig. 8], the values of P c2

A
for the particle-laden cases (RUNs II–IV) are smaller than

that for the particle-free case (RUN I) in the upstream region, but they become larger in the
downstream region. Hence, the laden particles are found to have comparable influences on P1

and P c2
A
. The significant difference from the transport equation of u2i is that the transport equation

of c2A does not contain the direct interaction term with the particles. As shown in Fig. 7, in the
upstream region the energy exchange between fluid and particles tends to be totally negative,
which acts to depress u2i for the particle-laden case. On the other hand, since the c2A behavior is
not directly affected by the particles, c2A is not decreased. Thus, whether there exists an interaction
term with the particles or not results in the difference in the modification behavior between the
turbulent intensities and squared values of concentration fluctuations. The other terms in Eq.
(29) were not shown because they are negligibly related to the modification of c2A.

3.3. Effects of particle volume fraction on turbulence and chemical species� diffusion and reaction
(zero gravity condition)

The effects of initial particle volume fraction, /v0, on turbulence and chemical species� diffusion
and reaction are studied under the zero gravity condition using RUNs I, II, V and VI. As listed in
Table 1, the initial particle volume fractions of RUNs II, V and VI range from 1.68 · 10�5 to
1.07 · 10�3 with the same non-dimensional particle response time of sP/sK = 0.12.

Figs. 14 and 15 show the effects of the initial particle volume fraction, /v0, on the turbulent
intensities, u2; v2 and w2 and mean-squared values of concentration fluctuations of chemical spe-
cies A, c2A, at y = y0.5. In general, the deviations of profiles for the particle-laden cases (RUNs II,
V and VI) from those of the particles-free case (RUN I) become significant as /V0 increases.
Although the figures are not shown, same behaviors were observed in the streamwise distributions
of the momentum thickness, h, and amount of the chemical product P, Pt. Namely, these prop-
erties become less in the upstream region, and the increase rates become slightly greater in the
downstream region. The trends of these properties with /V0 are similar to those with the particle
response time, sP/sK (strictly speaking, similar to those with the inverse number of sP/sK), as
Fig. 13. Streamwise distributions of scalar-variance production, P c2
A
, at y = y0.5. Symbols as in Fig. 3.



Fig. 14. Streamwise distributions of turbulent intensities for: (a) streamwise; (b) vertical and (c) spanwise velocity
fluctuations, u2; v2 and w2, at y = y0.5. h: ( ) RUN I; ( ) RUN II; ( ) RUN V and ( ) RUN VI.

Fig. 15. Streamwise distribution of mean-squared values of concentration fluctuations of chemical species A, c2A, at
y = y0.5. Symbols as in Fig. 14.
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mentioned before (see Figs. 5 and 12). It was also observed that more particles tend to gather at
the circumference of coherent vortices generated around the central interface with increasing /v0,
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and that the development of coherent vortices is further delayed and they become large down-
stream (figures are not shown). Therefore, it can be concluded that, for the small particles with
sP/sK = 0.12, which easily accumulate at the circumference of coherent vortices, the increment
of the number of particles encourages the suppression of growth of small-scale turbulent motions
in the upstream region and the enhancement of growth of large-scale turbulent motions (coherent
vortices) in the downstream region of the mixing layer.

3.4. Effect of finite gravity on particles on turbulence and chemical species’ diffusion and reaction

The effects of the finite gravity on particles on turbulence and chemical species� diffusion and
reaction are discussed by comparing the results for the zero gravity condition (RUNs II–IV) with
those for the finite gravity condition (RUNs IIG–IVG) (see Table 1). The initial particle volume
fractions on the high-speed side for all cases are the same (/V0 = 2.62 · 10�4), and their particle
response times are varied (sP/sK = 0.12�0.50). The finite gravity is imposed in y direction. The
terminal velocities of these particles for RUNs IIG–IVG, vt, are 9.02 · 10�3, 2.32 · 10�2 and
5.68 · 10�2, respectively.

Fig. 16 shows the instantaneous particle distributions superimposed on spanwise vorticity
in (x,y)-plane for the finite-gravity-imposed cases (RUNs IIG–IVG). Compared to the zero-
gravity-imposed cases (RUNs II–IV) the particles in the presence of the finite gravity (RUNs
Fig. 16. Instantaneous particle distributions superimposed on spanwise vorticities in (x,y)-plane for: (a) RUN IIG,
(b) RUN IIIG, and (c) RUN IVG in the presence of finite gravity. The gray plots represent particles.
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IIG–IVG) distribute on the lower side as going further downstream, and this effect is significant
for larger sP/sK. It is also found that while the particles with the smallest sP/sK (RUN IIG) accu-
mulate near the circumference of the coherent vortices as they do for the zero-gravity-imposed
case (RUN II) (see Fig. 2), many of the particles with larger sP/sK (RUNs IIIG and IVG) pene-
trate the spanwise coherent vortices owing to the larger terminal velocity. These behaviors are ver-
ified in Fig. 17(a), which shows the vertical distributions of the particle volume fraction, /v//v0, at
the streamwise station of x = 5.0. In spite of the difference in the particle distribution, the time-
averaged streamwise velocities, U , are almost identical irrespective of the presence or absence
of gravity [see Fig. 17(b)]. These facts mean that the presence of the finite gravity affects the par-
ticle behavior, but negligibly affects the time-averaged fluid behavior in the particle-laden mixing
layer.

Fig. 18 shows the streamwise distributions of the streamwise, vertical and spanwise turbulent
intensities, u2; v2 and w2, in the presence of finite gravity at y = y0.5. While u2; v2 and w2 for the
smaller sP/sK (RUNs IIG and IIIG) are almost identical to those for the zero gravity condition
(RUNs II and III), for the largest sP/sK (RUN IVG) they become smaller than those for the zero
gravity condition (RUN IV) particularly in the downstream region. This can be explained by con-
sidering the variations of the turbulent production by mean shear, P1, and the energy exchange
between fluid and particles, /1,/2 and /3. Figs. 19 and 20 show the comparisons of the streamwise
distributions of P1, /1,/2 and /3 at y = y0.5 between the zero- and finite-gravity-imposed cases for
the largest sP/sK (RUNs IV and IVG, sP/sK = 0.50). The profile of P1 for the finite-gravity-
imposed case (RUN IVG) nearly corresponds to the zero-gravity-imposed case (RUN IV), which
indicates that the effect of the presence of gravity on P1 is quite small. On the other hand, the
values of /1, /2 and /3 are found to be markedly decreased by the presence of gravity. Thus,
the particles with larger particle response time tend to depress the turbulent intensities by increas-
ing the energy transfer from fluid to particles in the presence of finite gravity.

The streamwise distributions of the mean-squared values of concentration fluctuations of chem-
ical species A, c2A, at y = y0.5 are shown in Fig. 21. The profiles of c2A for the finite-gravity-imposed
cases (RUNs IIG–IVG) are found to be nearly identical to those for the zero-gravity-imposed
Fig. 17. Vertical distributions of time-averaged: (a) particle volume fraction,/v//v0 and (b) streamwise velocity, U , in
the presence of finite gravity at x = 5.0: ( ) RUN II; ( ) RUN III; ( ) RUN IV; ( ) RUN IIG;
( ) RUN IIIG; ( ) RUN IVG.



Fig. 18. Streamwise distributions of turbulent intensities for: (a) streamwise; (b) vertical and (c) spanwise velocity
fluctuations, u2; v2and w2, in the presence of finite gravity at y = y0.5: ( ) RUN I; ( ) RUN II; ( )
RUN III; ( ) RUN IV; ( ) RUN IIG; ( ) RUN IIIG and ( ) RUN IVG.

Fig. 19. Streamwise distributions of turbulent production by mean shear, P1, in the presence of finite gravity at y0.5:
( ) RUN I; ( ) RUN IV and ( ) RUN IVG.

T. Michioka et al. / International Journal of Multiphase Flow 31 (2005) 843–866 863
cases (RUNs II–IV), even for the largest sP/sK. Also, the amounts of chemical product P, PT, for
finite-gravity-imposed cases were also equal to those for the zero-gravity-imposed cases (the



Fig. 20. Streamwise distributions of energy exchange between fluid and particles, /1, /2 and /3, in the presence of finite
gravity at y = y0.5. Symbols as in Fig. 19.

Fig. 21. Streamwise distributions of mean-squared values of concentration fluctuations of chemical species A, c2A, in the
presence of finite gravity at y = y0.5. Symbols as in Fig. 18.
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figures are not shown here). These results show that the finite gravity acting on the laden particles
has little influence on the behaviors of c2A and PT in the particle-laden mixing layer. The reason for
this is considered to be that the concentration fluctuation of chemical species is not directly af-
fected by the particles themselves, as shown in Eq. (29), unlike the turbulent intensities, in whose
transport equation there exists the fluid-particle energy exchange term.
4. Conclusions

A direct numerical simulation (DNS) was applied to a particle-laden mixing layer with a chem-
ical reaction, and effects of particles on the turbulence, diffusion of chemical species and amount
of chemical product in both zero and finite gravity cases were investigated. The unreactive parti-
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cles, whose response time, sP, was smaller than the Kolmogorov time scale, sK, [sP/sK = O(10�1)],
were uniformly injected into the high-speed side of the mixing layer, and all particle trajectories
were individually pursued in a Lagrangian manner. Two reactive chemical species were separately
introduced through different sides, and a second-order, irreversible and isothermal reaction be-
tween them was assumed to take place in the region along the interface. The main results from
this study can be summarized as follows.

The laden particles generally depress turbulent intensities on the centerline in the mixing layer,
but they begin to enhance the streamwise and vertical turbulent intensities downstream as the par-
ticle response time decreases provided the inlet particle volume fraction is fixed. This modulation is
attributed to the fact that the small particles with small particle response time easily accumulate at
the circumference of coherent vortices generated around the central interface and act to suppress
the growth of primitive small-scale coherent vortices upstream but enhance that of relatively devel-
oping large-scale ones downstream (the increment of particle volume fraction promotes these ef-
fects). Thus, the laden particles with sP/sK = O(10�1) have two effects of depressing or enhancing
turbulent intensities, and this behavior is different from those of particle-laden turbulent homoge-
neous flows, in which a comparable loaded particle always enhances the turbulent intensities.

Due to the laden particles, the mean-squared value of the concentration fluctuation of chemical
species is also depressed in the upstream region, but it is enhanced in the downstream region
regardless of the inlet particle volume fraction and particle response time. This trend is different
from that of the turbulent intensities, which is enhanced only by the smaller particles in the down-
stream region. The difference is caused by the fact that the concentration fluctuation of chemical
species is not directly affected by particles. Moreover, the chemical product is decreased overall,
because the small-scale turbulence in the coherent vortices, which promotes the chemical reaction,
is suppressed by the laden particles in the whole region. Furthermore, the presence of the finite
gravity acts to depress the turbulent intensities in the particle-laden mixing layer, but its effects
on chemical species� diffusion and reaction are quite small.
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