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Abstract

Direct numerical simulations of dilute two-phase flows are conducted to study the decay of the fluid and particle
temperatures in isotropic turbulence. Both one-way and two-way coupling between phases are considered. The
effects of the particle response time (7p), the Prandtl number (Pr), the ratio of specific heats (), and the mass
loading ratio (¢,,) on the carrier fluid and particle temperature statistics are studied. The results indicate that the
variance of the fluid and particle temperatures, the dissipation rate of the fluid temperature and the high
wavenumber values of the fluid temperature spectrum are increased as the magnitudes of ¢,, and/or aPr increase.
The decay rate of the fluid and particle temperature variances are similar when the values of aPr are small. For
large oPr values, the variance of the particle temperature is higher than that of the fluid and is strongly dependent
on the initial conditions. The Lagrangian auto-correlation coefficient of the particle temperature (RY) also behaves
differently for different magnitudes of o and Pr. For small values of o, R} decreases as the magnitude of particle
response time increases. For large values of o, RY. increases with increasing 1,. © 2000 Elsevier Science Ltd. All
rights reserved.
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1. Introduction ditional parameters that enter into the problem [4-10].
Prediction of particle-laden turbulent flows is, however,
very important since these flows occur frequently in
nature and in industry. Flows in energy conversion
devices (such as spray combustion) or turbulent dis-
persion of pollutants in atmosphere being two
examples.

Owing to extensive previous studies, much is known
about the particle dispersion and the statistics of the
fluid and particle velocities in two-phase turbulent
flows. However, our knowledge about the thermal
transport between the phases and the particle/fluid
temperature statistics is very limited. This is mainly

One of the most interesting aspects of turbulent fluid
motion is the enhanced diffusion of scalar quantities
suspended in it [1-3]. These scalars may be light tracer
particles or chemical species which are able to follow
the turbulent velocity fluctuations or they may be
heavy particles or droplets which cannot completely
follow the carrier fluid velocity because of their finite
inertia. This aspect of turbulent diffusion, i.e heavy
particle dispersion, is more complicated due to ad-
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due to lack of sufficient experimental data [11-13]. An
approach which provides reliable data and does not
suffer from the difficulties of the ‘Lagrangian particle
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Nomenclature

Cp drag coefficient

d, particle diameter

F;  velocity forcing function

k  magnitude of the Fourier wavenumber

my, particle mass

Nu Nusselt number

N, total number of particles

Pr Prandtl number

p  pressure

RY. auto-correlation coefficient of the particle tem-
perature

Req reference Reynolds number

Re,, particle Reynolds number

Re,; Taylor micro-scale Reynolds number

Sy heat source term

Swm; ith component of the momentum source term

t time

tp the time normalized by the Eulerian integral
time scale

T  fluid temperature

T, particle temperature

u;  ith component of the fluid velocity U

v;  ith component of the particle velocity V

X; Lagrangian coordinates

x; Eulerian coordinates

o ratio of the specific heat of the particle to that
of the fluid

€ dissipation rate of the turbulent kinetic energy

e¢r dissipation rate of the fluid temperature

n  Kolmogorov length scale

p  fluid density

pp, particle density

7« Kolmogorov time scale

7;  Eulerian integral time scale

7,  particle response time

¢,, mass loading ratio

property measurements’ is the method of direct nu-
merical simulation (DNS). In DNS, all the fluctuations
of the carrier fluid is resolved and the particles are
traced in a Lagrangian manner. Therefore, the instan-
taneous fluid and particle fields are ‘fully’ known.
Although DNS has been extensively used for two-
phase flows [14-16], its application to the study of
thermal transport between phases is very limited. In a
recent study, Jaberi [17] examines the temperature stat-
istics in homogeneous two-phase turbulent flows via
DNS. In this study,both the velocity and the tempera-
ture fields are set to be statistically stationary via
forcing of the large scale fluid velocity and temperature
fields. The results of this study are consistent with the
theoretical results of Yarin and Hetsroni [13] and indi-
cate that the stationary value of the particle tempera-
ture intensity is a decreasing function of the particle
time constant P, the Prandtl number Pr, the ratio of
the specific heats, and the flow Reynolds number Re;.
It has also been found that the auto-correlation coef-
ficient of the particle temperature (R%) exhibits beha-
vior different than that of the particle velocity (R?) and
is not significantly dependent on the magnitudes of 7,
Pr and when the values of aPr and/or 7, are small.
For higher values of oPr and/or t,, RY increase notice-
ably with 7,, Pr and «. Additionally, the fluid and par-
ticle statistics have shown to be affected by the
particles, more so for higher particle mass loading
ratio, ¢,,. Selective modification of the turbulence by
small size particles results in significant attenuation of
enstrophy production. Therefore, the magnitude of the

velocity derivative skewness decreases when ¢,
increases. The results also indicate that with increasing
the mass loading, the coupling between the fluid tem-
perature and its dissipation enhances. The ratio of par-
ticle to fluid temperature intensities and the dissipation
of fluid temperature fluctuations decrease as ¢,,
increases.

The previous DNS studies suggest that the response
of particle velocity to fluid velocity and also the modi-
fication of fluid velocity by particles in decaying turbu-
lence are different from those in stationary turbulence.
Similarly, we expect that the statistical behavior of the
fluid and particle temperatures to be dependent on the
flow stationary (or lack thereof). It is, therefore,
instructive to examine the temperature statistics when
the temperature field or more precisely its turbulent
fluctuations decay. A similar study may also be done
in laboratory and experimental assessment of the tem-
perature decay in two-phase grid-generated turbulence
is in order. This work is an extension of that by Jaberi
[17], and consider the response of particle temperature
to the decay of the carrier fluid temperature, and also
the modification of fluid temperature field by particles
for different flow and particle parameters.

2. Governing equations and computational methodology

The transport of the carrier fluid velocity and tem-
perature are treated in the Eulerian frame of reference
and are governed by the continuity, momentum and
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energy equations which include the particle source
terms. By assuming small variations for the fluid vel-
ocity, pressure, temperature, and with the assumption
of constant thermodynamic properties, the normalized
form of the carrier fluid equations are expressed as:

Bu,-
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du;  d(uitt)) ap 1 0%y
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where u; is the fluid velocity in x; direction, p and T
are fluid pressure and temperature respectively, and ¢
represents time. The modification of the carrier fluid
by particles is expressed through the momentum (Sy)
and heat (Sy) source terms. The mathematical defi-
nition and the physical significance of these source
terms are expressed below. To keep the fluid velocity
stationary, in some cases, the low wavenumber spectral
values of velocity spectrum are randomly forced via an
isotropic and solenoidal stochastic forcing function, F;
[17-19]. The forcing function is described in detail by
Eswaran and Pope [19]. All variables in the above
equations are normalized using reference length (L),
velocity (Uyp), temperature (7) and density (p,) scales
(the non-dimensional density is unity). Consequently,
the two important non-dimensional parameters are the
Reynolds number (Rey = Lotoly w is the fluid vis-
cosity) and the Prandtl number (Pr).

The particle equations are derived based on assump-
tions that the particles are fine and heavy, and the mix-
ture is dilute. Therefore, particle collisions are
infrequent and are ignored. The transport properties of
a single spherical particle in non-uniform flows have
been extensively studied in the past [20-22]. For the
range of particle Reynolds numbers considered here, it
is adequate to use the modified Stokes relations for the
particle transport coefficients [23,24]. The acceleration
of particles due to forces other than the drag force and
also the heat transfer by means other than the ‘steady-
state’ convection are ignored. Consequently, the evol-
ution of the particle displacement vector (X;), the vel-
ocity vector (v;), and the temperature (7,) are
governed by the following equations:

dx;
= “4)
dv, _ CpRe,

ar T 24, (1 = vi) ®)

a7, _ Nu
dr 3aPrrp
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where the asterisk (*) refers to the local fluid variables
which are interpolated to the particle position, and « is
the ratio of the specific heat of the particle to constant
pressure specific heat of the fluid. The non-dimensional
particle time constant () is;

_ Reopydy _ oy Reo (6%)2/3 )

[ T T T
where p,, d;, and m;, are the particle density, diameter
and mass, respectively. The magnitude of p, is 1000.
The particle drag coefficient (Cp), the Reynolds num-
ber (Re,) and the Nusselt number (Nu) in modified
Stokes relations are expressed by

24(1 + 0.15Reg687)

Cp = 8
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The volumetric source terms in fluid momentum and
heat equations (Sy; and Sy) are evaluated based on
the discrete particle-source-in-cell (PSIC) model of
Crowe et al. [23] and are expressed as;

1 dVl‘
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_ L [ CoRepmy
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1 dr,
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where the summation is taken over all particles in the
volume AV = (Ax)® (Ax is the grid spacing) centered at
each Eulerian (grid) point. These Eulerian source
terms are obtained from the Lagrangian particle fields
by localized volume averaging. The momentum source
term, Sy; represents the momentum transfer between
the phases due to particle drag force. The heat source
term represents the exchange of the internal energy by
convective heat transfer.

The particles, in general, can exchange mass,
momentum and energy (both internal and kinetic) with
the carrier fluid, resulting in a very complicated two-
way interaction between the phases. For fine, heavy
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and non-evaporative/non-reactive particles in dilute
mixture, the particles affect the carrier fluid (an vice
versa) due to momentum and heat transfer between
the phases. The momentum transfer is due to deform-
ing effect of the drag force on the surrounding fluid el-
ement and also due to direct acceleration (or
deceleration) of the carrier fluid via particle drag force.
The former is neglected in our constant density analy-
sis and the later is represented by Sy. The energy
transfer involves the changes in both the internal
energy and kinetic energy of the fluid and particles.
The variation in fluid turbulent kinetic energy, as
explained in several previous studies, is due to particle
drag and can be quantified by using the momentum
Eq. (2). The fluid internal energy is changed due to
molecular viscous dissipation at small scales and due
to direct energy transfer between the fluid and the par-
ticles via thermal convection and radiation. In the deri-
vation of Egs. (3) and (12), the heat generated by the
viscous dissipation of the turbulent motions and also
that due to particle drag force are neglected. The radi-
ation heat transfer are also neglected as the variations
in temperature are small. Consequently, Sy is the only
heat source term in the carrier fluid temperature Eq.
3).

The transport equations of the fluid mass, momen-
tum and heat (Eqgs. (1)—(3)) are integrated using the
Fourier pseudo-spectral method [25] with triply per-
iodic boundary conditions. Aliasing errors are treated
by truncating the Fourier values outside the shell with
wavenumber Ky = V2N /3 (where N is the number of
grid points in each direction). The explicit second
order accurate Adams—Bashforth scheme is used to
time advance the variables in the Fourier space. All
simulations are conducted within a box containing 96°
collocation points. The magnitudes of the flow
Reynolds and Prandtl numbers vary for different cases
but are selected in such a way that the resolution of
small scales is guaranteed. This is accomplished by
keeping the magnitude of nky.x (17 is the Kolmogorov
length scale) greater than 1.47 [26,18,27].

The particle momentum and heat transfer equations
(Egs. (5) and (6)) and the particle trajectory equation
(Eq. (4)) are integrated using the second order Adams—
Bashforth scheme. In order to evaluate fluid quantities
at the particle locations a fourth-order accurate
Lagrangian interpolation scheme is employed. The
number of particles varies in different simulations but
it is never less than 28°. This number of particles is
enough to calculate the particle statistics with less than
1% error. In the discussion of the results below (({ ))
denotes the Lagrangian average taken over ensembles
of particle or fluid elements. The Eulerian ensemble
average is denoted by ( ) and is conducted over all the
collocation points. The flow Reynolds number (Re;) is
defined, based on the Taylor micro length scale (1) and
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Fig. 1. Temporal variation of (a) the particle and fluid
temperature variances and; (b) their ratio. For all cases,
o = 1 and Pr = 0.7. Solid line denotes ((Téz)) or <((;‘,’ 2))> for
=0.5 and stationary initial condition; dashed line for
== 0.5 and random initial condition; dotted line for :—" =17
and stationary initial condition, and dashed—dotted line for
% =7 and random initial condition. The thick dashed line

represents (77 2).

s
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the turbulence intensity (%(uiu,-)). The ‘prime’ denotes
the mean subtracted quantity and ¢,, is the mass load-
ing ratio.

3. Temperature decay in stationary turbulence

In this section, we investigate one-way and two-way
interactions between phases for decaying temperature
field while the velocity field is stationary. The velocity
is initialized as a random, solenoidal, and three-dimen-
sional (3D) field with zero mean and a Gaussian spec-
tral density function. This field is artificially forced by
the function F; to yield a stationary and ‘self-similar’
turbulent flow. In stationary turbulence, the long time
values of the particle and fluid velocity statistics are
independent of initial conditions and are characterized
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Fig. 2. Temporal variation of (a) the particle and fluid tem-
perature variances and, (b) their ratio. For all cases, 1, = 3.6
and Pr = 0.7. Solid line represents the case with o = 0.25
and stationary initial condition; dashed line for « = 0.25 and
random initial condition; dotted line for « = 4 and stationary
initial condition; dotted—dashed line for « = 4 and random
initial condition.

by the fluid and particle parameters (i.e. 75, ¢,, and
Re;). In all cases considered below, the initial fluid vel-
ocity and temperature fields are similar to those of
Jaberi [17] with Re; =472, (T'?) =0.193 and Pr =
0.7.

3.1. One-way coupling

It has been found in the previous studies [27,28] that
the statistical evolution of decaying temperature field
in single-phase homogeneous turbulent flows is depen-
dent on the initial conditions. This suggests that the
particle temperature statistics might also be dependent
on the initial flow and particle conditions. To examine
this dependency, in Fig. 1(a), the decay of the particle
and fluid temperature variances (((Ti)z)) and (7T ?)) for
different particle inertia and for two different initial
particle conditions are considered. Particles with ‘ran-
dom’ initial condition are randomly distributed in

space and have the same velocity and temperature as
the surrounding fluid. The initial positions, velocities
and temperatures of the particles with ‘stationary’ in-
itial condition are the same as those of the stationary
fields considered in Ref. [17]. For all cases, « = 1 and
Pr = 0.7. Fig. 1(a) shows that after a transient time,
the effects of particle initial condition diminish and
particles with random and stationary initial conditions
adopt the same temperature variance. It is also
observed that regardless of the magnitude of particle
response time, the values of the particle and fluid tem-
perature variances are very close. This indicates that
the response time of the particle temperature (to the
variations in fluid temperature) is smaller than the
time scale associated with the decay of temperature
fluctuations. The difference between the particle and
fluid temperature fields is better ShTszn in Fig. 1(b),
where the temporal variation of <T'7 5 is considered.
The results in this figure indicate that for all cases the
long time values of (((;‘7;> are statistically stationary
and close to unity. However, the early time values de-
viate significantly from unity when particles are heavy
(7p 1s large) and start with sTt,%tionary conditions. After
the early transient time, k) is only dependent on
the particle response time. Particles with small inertia
have slightly lower temperature variance than those of
the fluid, but particles with large inertia have slightly
higher variances.

The results shown in Fig. 2 for « = 0.25 are similar
to thqge in Fig. 1, indicating that the long time values
of (T%) are almost constant, close to unity and inde-
pendent of initial conditions. We, therefore, conclude
that the behavior observed in Fig. 1 is valid for all
values of o as long as o is close to or less than unity.
However, the evolution of the particle statistics is
different for larger « values. Particles with large heat
capacity (large o values)respond slowly to the decay of
carrier fluid temperature fluctuations. Therefore, their
temperature intensity remains higher than that of the
fluid. This is observed in Fig. 2, where it is shown that
for « = 4 the decay rate of the particle temperature
variance is less than that of the carrier fluid and the
long time values of <§§“;) are substantially larger than
unity. Additionally, the effects of initial conditions
become more important as the magnitude of «
increases. Fig. 2 shows that for o = 4 the effects of in-
itial particle temperature remain significant even after
eight eddy turn-over times. This is an important obser-
vation and suggests that in two-phase reacting flows
the reaction rate is strongly dependent on the initial
(inlet) particle temperature conditions when o is large.
A similar behavior is expected for large Prandtl num-
bers. Despite the differences in variances, the shape of
the probability density functions (pdf) of the fluid and
particle temperatures remain close to a normal
(Gaussian) distribution in all cases and at all times.
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Fig. 3. Temporal variation of AT. Dashed lines with filled
symbols represent cases with « = 4, and solid lines with hol-
low symbols represent cases with o = 0.25. Circles, squares,
triangle-up and triangle-down represent 7, =1, 2, 4, 7, re-
spectively.

The variations of AT = rryn j’) with « for several
different values of ? are shown in Fig. 3. This figure
indicates that despite decay of the fluid and particle
temperature fields, in almost all cases AT attains
stationary states at long times. The exception is the
case with z—i =7 and « = 4. In this cases, AT grows
continuously in time. Fig. 3 also shows that by increas-
ing the particle time constant the difference between
the particle and the surrounding fluid temperatures
and the magnitudes of AT are increased (an order of
magnitude increase in AT is observed when o increases
from 0.25 to 4). The results in Fig. 3 are consistent
with those reported in Ref. [17] for stationary tempera-
ture field.

The auto-correlation coefficient of the particle tem-
perature,

(T3 (1) Ty(10 + 7))

RY =
T 1/2
(T2 (T30 +0)) ]

is also dependent on o and 7,. This is demonstrated in
Fig. 4, where the temporal variation of RY. for different
magnitudes of o and t, are considered. For a =4, as
shown in Fig. 4(b), RY increases significantly when 1,
increases. This is expected since heavier particles tend
to keep their ‘identity’ better. Interestingly, for o =
0.25, the trend is reversed and R’ decreases as the par-
ticle time constant increases (Fig. 4(a)). This is in con-
trast with the expectation that the auto-correlation of
particle temperature (and particle velocity) should
increase as particle inertia increases and is explained

R,

R’

Fig. 4. Temporal variation of the auto-correlation coefficient
of the particle temperature. (a) o = 0.25; (b) « =4. For all
cases Pr=0.7.

by considering Eq. (6). For g 0, the particle tem-

perature 1s time invariant and RY. = 1. As the magni-
tude of [" increases, particle temperature decorrelate
more from its previous values and RY. decreases.
Eq. (6) indicates that the effect of particle time
constant on =* (and RY), is twofold. By increasing
the particle tlme constant, RY increases because

9 o L. At the same time, for hlgher values of 1, the

pdatlrtlcle s path deviate more from the path of the sur-
rounding fluid and 6T =T*—-T, (or dr) increases,
which means that R decreases. The variation of 6T
with 7, and « is found (not shown) to be qualitatively
similar to that of the AT in Fig. 3. For o<1, particles
rapidly respond to changes in the surrounding fluid
temperature. Therefore, at early times 67 is signifi-
cantly increased when 1, increases. This means that R
decreases as 1, increases (Fig. 4(a)). For « > 1, particle
temperature and 67 vary slowly and as suggested in
Fig. 3, with increasing 1, the value of 67 is much less
increased than the magnitude of t,. Therefore, with
increasing 7,, R} increases (Fig. 4(b)).
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and 7, = 3.6.

3.2. Two-way coupling

The decay of the particle and fluid temperatures
under two-way coupling condition are studied in this
section. For finite particle mass loading, the fluid vel-
ocity and temperature fields are modified by the par-
ticles which results in modification of the particle
velocity and temperature in a two-way coupling man-
ner. The variation of several fluid and particle tem-
perature statistics with mass loading ratio is considered
in Figs. 5-7. Fig. 5 shows the evolution of (7" ?2) and
AT for different ¢,,. For all cases, « = 1 and Pr =
0.7. The results in Fig. 5(a) indicate that after about
two eddy turn-over times, the fluid temperature var-
iance decay more slowly as ¢,, increases. For 7p < 2,
the values of the particle temperature are close to
those of the surrounding fluid element due to initial
conditions and the fluid temperature field is not notice-
ably affected by the particles. The results for particle
temperature variance are similar. In contrast to (77 2),
the long time values of AT are lower for higher mass
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Fig. 6. Temporal variation of the fluid temperature statistics,
(a) variance; (b) three-dimensional spectral density. For all
cases Pr=0.7.

loading. This is shown in Fig. 5(b) and is consistent
with the results in Ref. [17]. It is also observed in Fig.
5(b) that after a significant initial overshoot, AT
attains a nearly stationary state at long times. For the
case with ¢,, = 0.8 and Sy; = 0, the magnitudes of AT
are between of those for cases with ¢,, = 0.8, Sy #0
and ¢,, = 0, which suggests that both momentum and
thermal coupling affect AT. However, the decay rate of
the fluid (and particle) temperature variance is not sig-
nificantly modified by the thermal coupling and is pri-
marily changed due to modification of turbulent
velocity field (Fig. 5(a)).

It is shown in Section 3.1 that the decay of particle
temperature is dependent on the magnitude of o.

Consequently, the -carrier fluid temperature is
expected to be modified differently by particles as o
varies. The effect of o on the decay of the fluid tem-
perature variance for different mass loading is shown
in Fig. 6(a). It is observed that at early times the rate
of decay of (T’?) increases slightly as o increases.
However, the long time values are independent of o.
Our results (not shown) indicate that the dissipation



1000 F.A. Jaberi, F. Mashayek | Int. J. Heat Mass Transfer 43 (2000) 993—1005

2
<<Tp >>

® ©¢,=0.0 a=4.0
E5-8¢,=0.4 a=0.25
107 [ |m-mo,=0.40=4.0

AAY,=1.1 0=0.25

0.0 2.0 4.0 6.0 80 100
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rate of the fluid temperature, ¢7 is more significantly
dependent on «. The reason is that the large scales of
the fluid temperature field are affected less than the
small scales by the particles. To show this explicitly,
the 3D spectral density function of the fluid tempera-
ture for different values of ¢,, and « are shown in Fig.
6(b). The results in this figure indicate that the high
wavenumber values of the temperature spectra increase
as the magnitude of o increases. This is, of course,
more significant for higher mass loading and explains
the strong dependency of €7 on a. The influence of «
on the low wavenumber values is relatively small.
Therefore, the decay rate of the fluid temperature
variance, as shown in Fig. 6(a) is not significantly
dependent on the magnitude of «. The results in Fig. 6
are also consistent with those in Fig. 5 and suggest
that the thermal coupling is not important as far as
the decay of the large scale fluid temperature field is
concerned. However, the small scale fluid temperature
field is modified due to both thermal and momentum
coupling.

Two-way coupling between the particles and the car-
rier fluid also influences the decay of the particle tem-
perature. Fig. 7(a) shows that the values of ((Té 2))
increase as the magnitudes of « and/or ¢,, increase.
However, the initial decay rate of ((T;z)) is strongly
dependent on « but not so much on ¢,,. The auto-cor-
relation coefficient of the particle temperature also
evolves differently for different magnitudes of o and
¢,,- For the cases with o = 0.25, as shown in Fig. 7(b),
the particle temperature rapidly decorrelate from its
previous values and RY decreases significantly. For
these cases, RP} increases with ¢,,, which is consistent
with the results obtained for the stationary tempera-
ture field [17]. For the cases with o = 4, the behavior is
different. For these cases RY. decorrelate slowly and
have values larger than those for cases with o = 0.25.
Nevertheless, the effect of ¢,, on RPT is similar for fp <
4 and RY increases with ¢,,. At longer times, however,
a reverse trend is observed and the values of the auto-
correlation coefficient decrease as mass loading ratio
increases.

4. Temperature decay in decaying turbulence

In this section, we investigate the general features of
particle and fluid temperature statistics in decaying tur-
bulence. While dispersion of particles in decaying tur-
bulent flows has been extensively studied [15,29-32], to
the best of our knowledge there are no experimental or
numerical investigations that address the decay of the
particle temperature in these flows. With the decay of
turbulence, the associated length scales of the flow
grow. However, for all the cases considered here the
Eulerian integral length scale is less than a quarter of
the box size by the end of simulations (7p~9). The in-
itial velocity and temperature fluctuations of the fluid
are taken from the stationary fields previously
obtained by artificial forcing [17]. In all cases,
Pr=0.7, o =1, and the initial values of Re;, (u’'?),
and (77 ?) are 48, 0.019, and 0.19, respectively. The in-
itial velocity and temperature of the particles are the
same as those of the surrounding fluid element.

The statistics of the particle velocity in decaying tur-
bulence as observed here and by others [15] are similar
to those in stationary turbulence. The statistics of the
decaying temperature field are also qualitatively similar
in stationary and decaying turbulence. The reason for
this similarity is that in decaying turbulence the large
eddies decay much slower than the small eddies.
Hence, if the particle motion is controlled primarily by
the large eddies, turbulence decay would not have a
significant impact on dispersion of small particles. This
would not be true in flows with significant gravi-
tational drift [32]. Because of the mentioned similarity,
we do not consider the results of the one-way coupled
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10°

Fig. 8. Temporal variation of (a) the fluid turbulent energy;
(b) the dissipation rate of the turbulent energy. For all cases
7, =3.6, Pr=0.7and o = 1.

formulation and only discuss some of the important
two-way coupling results.

In Fig. 8, the decay of the turbulence energy, (u’?)
and the total dissipation rate of turbulent energy, ¢ for
different mass loading ratios are shown. It is observed
that for 7p < 6, the turbulent energy and its dissipation
rate decrease as mass loading ratio increases. At long
times, the trend is reversed and both (u’?2) and e show
slightly higher values for higher mass loading. The
reason for the decrease of (1’ ?) during the early stages
of decay, is that the rate of energy ‘dissipation’ by the
particle drag force (¢p) increases as mass loading ratio
increases (not shown). The increase of ¢, is due to in-
itial conditions and yields a net increase in the total
dissipation rate of energy at early times. As a result,
the turbulent energy decays faster for higher mass
loading ratio at early times. This is consistent with the
numerical results of Elghobashi and Truesdell [16] and
the experimental results of Schreck and Kleis [31]. The
initial increase in the rate of dissipation of turbulence

energy with ¢,, is not, however, consistent with the
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Fig. 9. Temporal variation of the fluid temperature statistics,
(a) variance; (b) dissipation rate. For all cases t, =3.6,
Pr=0.7and o = 1.

results of these investigations. This is attributed to the
difference in the initial conditions. It is also important
to mention that in the simulations of Elghobashi and
Truesdell [16] the magnitude of 7, is different in cases
with different mass loading ratio.

The decay of the variance and the dissipation rate of
the fluid temperature as shown in Fig. 9 is somewhat
different from those of the fluid velocity. For #p < 2.5,
the difference between the particle temperature and the
surrounding fluid temperature is small and the rate of
decay of the fluid temperature variance is not affected
by the particles. For ¢p > 2.5, the decay rate decreases
noticeably as mass loading ratio increases. It is also
shown in Fig. 9(a) that at early times the temperature
variance decays much faster when particles are in-
itialized with no temperature fluctuations. This is
understandable, since for this initialization the differ-
ence between the particle and the surrounding fluid
temperatures is significant and the magnitudes of par-
ticle source term, Sy are relatively large. At long
times, the rate of decay of the temperature variance is
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Fig. 10. The three-dimensional spectral density of the fluid
temperature. For all cases 1, = 3.6, Pr=0.7 and o = 1.

independent of initial conditions. The results shown in
Fig. 9(b) for ¢y are qualitatively similar to those for
(T'?) in Fig. 9(a). However, the particles have more
significant effect on the dissipation rate than the var-
iance of the fluid temperature. During the initial transi-
ent time (fp < 2.5), the small scales of the fluid
temperature are affected by the particles and, as shown
in Fig. 9(b), ¢y decreases slightly by increasing the
mass loading ratio. For rp > 2.5, similar to that of
(T ?), the rate of decay of e decreases noticeably with
an increase in ¢,,. Also, the early rate of decay of ey is
dependent on the initial particle conditions and is the
highest when particles start with no temperature fluctu-
ations.

It is important to note that the two-way coupling
effects change the particle dispersion for two different
reasons. First, they enhance the interactions between
the particles and the surrounding fluid. Second, they
modify the structure of the turbulence. An important
feature of the turbulence decay is that during the
course of decay, the turbulence structure (spectra)
changes significantly. Consequently, the particles are
expected to have significant effects on the spectral den-
sity functions of the fluid temperature and velocity at
long times. The results in Fig. 10 indicate that at 7p =
7.4 the high wavenumber spectral values of the tem-
perature are relatively smaller for ¢,, =0 but are sig-
nificant in flows with finite mass loading and increase
as ¢,, increases. These results suggest that the effect of
particles on the flow variables in decaying turbulence
is scale selective and is more than that in stationary
turbulence [17].

To further examine the two-way interactions
between the carrier fluid and the particles, in addition
to cases discussed above we have also considered sev-
eral cases in which the turbulent fluctuations are gener-
ated by the particles. The initial velocity and
temperature of the particles, in these cases are the
same as those considered in Fig. 9. However, the initial

2
<<Tp >>

Fig. 11. Temporal variation of the particle temperature
variance. For all cases 1, = 3.6, Pr=0.7 and « = 1.

velocity and temperature of the fluid have no turbulent
fluctuations. For ¢,, = 0, the particles evolve in a still
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Fig. 12. Temporal variation of the particle temperature auto-
correlation coefficient, (a) the fluid velocity and temperature
fields have no initial turbulent fluctuations; (b) both particles
and the fluid have initial turbulent fluctuations. For all cases
Pr=0.7and = 1.
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Fig. 13. The spectral density of the fluid temperature in cases
with no initial fluid velocity and temperature fluctuations, (a)
¢,, =0.4; (b) ¢, =1.1. For all cases 7, =3.6, Pr=0.7 and
o=1.

fluid. For sufficiently large values of ¢,,, the particles
derive the fluid temperature and velocity fluctuations.
As a result, the variance and the dissipation rate of the
fluid velocity and temperature increase at early times.
However, they decay later on due to viscous dissi-
pation effects. The values of ((v'?)) and ((T}?)) may
increase or decrease with mass loading due to two
different factors. First, they may decrease because for
higher mass loading, more energy is extracted from the
particles by the fluid. Second, they may increase
because the turbulent intensity of the fluid velocity and
temperature are more significant at higher mass load-
ing ratio and particles evolve in more ‘random’ en-
vironment. This means that the rms values (intensity)
of the particle velocity and temperature fluctuations
are higher for higher mass loading. The results shown
in Fig. 11 indicate that the second factor is more im-
portant and the particle temperature intensity increases
as mass loading ratio increases. Additionally, a com-
parison between the results in this figure with those in

Fig. 9(a) (note that for cases considered in Fig. 9(a)
({(T,*))~(T'?)) indicates that the particle temperature
decays much faster at early times when fluid has no in-
itial fluctuations. This is expected since by decreasing
the initial fluid temperature intensity the particle and
fluid temperatures differ more. The long time decay
rate of the particle temperature is, however, decreased
with decreasing (7’ 2) and has the lowest values when
the initial intensity of the fluid velocity and tempera-
ture is zero.

In the cases that the initial carrier fluid velocity and
temperature fluctuations are zero, the auto-correlations
of particle temperature decreases as mass loading ratio
increases. This is shown in Fig. 12(a) and is opposite
of the trend observed in Fig. 12(b) for the cases that
the initial turbulent fluctuations are nonzero. The
reason for the decrease of RY. is that for higher mass
loading, the turbulence is stronger; therefore particles
decorrelate faster in a more random environment. For
the same reason, the values of RY are higher when
fluid has no initial turbulent fluctuations (compare Fig.
12(a) and (b)). Consistently, the long time values
(tp~10) of the particle temperature auto-correlation
coefficient in decaying turbulence (Fig. 12(b)), are finite
and different for different mass loading as opposed to
those in stationary turbulence [17]. These are import-
ant results and suggest that the two-way coupling
effects may be different enough for different fluid and
particle turbulence intensities.

The influence of the particles on different scales of
the carrier fluid temperature is examined in Fig. 13,
where the 3D spectral density function of the fluid
temperature, Er(k) for different mass loading and at
different times are shown. Initially, the fluid velocity
and temperature fields have no turbulent fluctuations
and E7(k) =0 for k # 0. However, Fig. 13 shows that
at tp = 0.53 the spectral values of the fluid temperature
at all wavenumbers (length scales) are significant.
Expectedly, the turbulent fluctuations are intensified
more significantly and the values of Ep(k) are higher
for higher mass loading. At later times, the viscous dis-
sipation effects become dominant and the fluctuations
of the fluid temperature at all length scales decay,
although depending on the mass loading, different
scales decay differently. For ¢,, = 0.4, the large scales
decay slowly as compared to small scales (Fig. 13(a)).
The difference between the decay rate of small and
large scales decrease as the mass loading ratio
increases. This is evident by comparing Fig. 13(a) and
(b). A comparison between these figures also indicates
that for higher mass loading the large scale tempera-
ture fluctuations decay faster; opposite of the trend for
small scales. The results in Fig. 13 together with those
in Figs. 11 and 12 indicate that the particles have sig-
nificant but different effects on different scales of the
fluid temperature field, depending on their mass con-
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tent, spatial distribution and velocity and temperature
values.

5. Summary and conclusion

Data generated by direct numerical simulations
(DNS) are used to study the decay of the particle and
the fluid temperature fluctuations in two-phase isotro-
pic turbulent flows. Both one-way and two-way coup-
ling between the particles and the carrier fluid are
considered under both stationary and decaying turbu-
lent velocity conditions. The important parameters
that characterize the temperature statistics are the par-
ticle response time (1), the ratio of the specific heats
(o), the Prandtl number (Pr), and the mass loading
ratio (¢,,). The influences of these parameters on the
fluid and particle temperature statistics are studied.

In stationary turbulence, the variances (intensities)
of the fluid and particle temperature decay similarly
for small values of aPr. Particles with large «Pr values
respond slowly to the decay of the fluid temperature
fluctuations. Therefore, their temperature intensity
remains higher than that of the fluid. The initial con-
dition effects are also more important for higher values
of aPr. Additionally, the results of our analysis indi-
cate that the decay rates of the fluid and the particle
temperature intensity decrease as mass loading ratio
increases. The effects of thermal coupling on particle
and fluid temperature statistics are less than the effects
of momentum coupling and even for large mass load-
ing, the long time values of the fluid temperature inten-
sity are not significantly dependent on the magnitude
of « and Pr. However, the dissipation rate of the fluid
temperature is noticeably increased when aPr
increases.

In one-way coupling cases (¢,, = 0), the behavior of
the particle temperature statistics in decaying turbu-
lence is similar to that in stationary turbulence. This is
because the particle motion is controlled primarily by
the large eddies. In two-way coupling cases (¢,, # 0),
the effect of initial particle and fluid conditions on the
early time values of turbulence energy and the dissi-
pation rate of turbulence energy is significant. At long
times, both of these variables show slightly higher
values for higher mass loading which is consistent with
the previous numerical and experimental results. Also,
for ¢,, # 0, the evolution of the auto-correlation coef-
ficient of particle temperature, RY. is strongly depen-
dent on the magnitudes of « and/or Pr. For large
values of oPr, with increasing the mass loading and/or
the particle time constant, RY. increases because the
particles correlate more with the carrier fluid due to
momentum coupling, and also because the deviation
between the particle temperature and the fluid tem-
perature decreases due to thermal coupling. For small

values of «Pr, with increasing the mass loading and/or
particle time constant the long time values of RY
decrease. In the cases that the turbulent fluctuations of
the carrier fluid velocity and temperature are initially
zero, the variances of the particle velocity and tem-
perature decay more slowly as the mass loading ratio
increases. However, RY. decreases with mass loading,
opposite of the trend observed for cases in which the
initial turbulence intensities of the fluid velocity and
temperature are non-zero and equal to those of the
particles.
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