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Abstract—The effects of both the interphase convective interaction and radiative energy transfer on the
spectra of temperature fluctuations are considered for homogeneous and isotropic turbulence in high-
temperature, two-phase flow. The analysis is carried out for two kinds of small particles (with low Reynolds
number), mainly scattering sapphire particles (Al,O,), and strongly absorbing coal particles. The radiative
properties of the particles was calculated using Mie theory. Particles may modify the temperature spectrum
of the carrier fluid by smoothing the intensity of temperature fluctuations. This effect is increased with a
decrease of particle relaxation time and with an increase in particle concentration. At high temperatures,
the presence of absorbing and scattering particles greatly increases the total dissipation rate due to two
mechanisms : i.€. interphase convective interaction and radiative transfer. As a result, radiation modifies
the spectrum of temperature fluctuations significantly, and increases the suppression of temperature fluc-
tuations by the particles. Effects of radiation are different in various regions of wave space and depends as
well on the radiative properties of particles and their concentration.

INTRODUCTION

For many years engineers and scientists have been
interested in gas—solid suspension flows. In recent
years, applications such as solid propellant rockets,
air pollution problems, and many metallurgy, energy
productions and chemical processes in industry have
stimulated interest in the study of turbulent gas—par-
ticle mixtures and demonstrated the need for a better
fundamental knowledge of the details of the flow.
The addition of particulate matter to turbulent flows
increases the complexity of phenomena and com-
plicates theoretical treatment [1, 2]. Theoretical analy-
ses based on the theory of turbulence spectra have
been done previously [3—6]. The main conclusion is
that the presence of particles, with a low particle Reyn-
olds number, tends to suppress turbulence of the car-
rier fluid. Additional complexity arises in cases where
radiation is important. The first computations of the
smoothing of geophysical or astrophysical tem-
perature fluctuations by radiative transfer [7-9}
clearly demonstrated the existence of a radiative dis-
sipation mechanism for the turbulent temperature
variance in the planetary boundary layer. More details
have been provided by Coantic and Simonin [10].
Knowledge of thermal fluctuation spectra is often
required for better understanding and modeling of
turbulent flows (second-order closure for exampie).
High-temperature systems usually include radiating
gases such as CO, and H,0, and radiative transfer in
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these systems acts as a dissipative process, especially
for large-sized structures where the optical thickness
becomes large. Attention was paid in the literature to
the influence of turbulence on radiation since this is
important for simulating radiation from turbulent
flames. Both theoretical and experimental studies have
shown that the emitted radiation from the flame may
be significantly increased by temperature fluctuations
[11-16]. Comparatively little attention has been paid
to the effects of radiation on temperature fluctuations
in high-temperature media. Recently Soufiani [17, 18]
considered the temperature fluctuation spectrum for
high-temperature radiating gases (CO,, H,O). But
cases in which a gas carries a significant amount of
emitting, absorbing and scattering particles have not
been considered. The latter can modify the spectrum
of temperature fluctuations even without radiation {5,
19]. This can occur in many applications, such as
combustion of solid or liquid fuels, metal powder pro-
duction by sprays, high-temperature thermochemical
treatment of sulphide raw materials in nonferrous
metallurgy, amongst others.

This research is aimed at determining the effects
of radiation and interphase convective interaction on
temperature fluctuation spectra of the carrier fluid
for various particle concentrations. This problem is
solved in a spectral space; the solution is then given
for idealized homogeneous—isotropic turbulence with
appropriate spectral transfer assumptions. The analy-
sis is carried out for small temperature fluctuations
in such a way that the blackbody intensity may be
linearized around the mean temperature. Calculations
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NOMENCLATURE
A 2Nu, A} ®/R; v velocity vector of particulate phase.
ay heat diffusivity
B, Plan.ck s function Greek symbols
¢ specific heat . . .
. o monochromatic absorption coefficient
E spectral function of turbulent
. of gas phase
temperature fluctuations . .
S B mass particle concentration
h radiative source term . .
. . L ¥ single scattering albedo
I, intensity of radiation Lo
k wave number & turbulent dissipation rate
AP conductivity of the fluid phase
k wave vector . o .
. . v viscosity ; frequency of radiation
K, monochromatic absorption cross-
P . . 0o Stefan—Boltzmann constant
section of particle cloud . .
. . T particle relaxation time for heat
K monochromatic scattering cross- . .
P . . {1 volume particle concentration
section of particle cloud o solid anele
P,(r,n’,n) scattering phase function gie.
r radius vector
R,  radius of particle Subscripts
T temperature f refers to fluid
u velocity vector of fluid phase p refers to particle.
have been made for two kinds of particles: mainly  Carrier phase
scattering particles of sapphire (Al,0;) and strongly 5
absorbing particles of coal 9T; + oTr\ _ 20 T —A(T—T)+h; 1
: Gl 5, LR or t— 1y >
EQUATIONS FOR THE TEMPERATURE SPECTRA  Dispersed phase
IN TWO-PHASE FLOWS
oT, 0T,
In the following analysis we assume that: Ocopp (7 v o | ATe—T)- 2

—

. the turbulence is homogeneous and isotropic;

2. the particles are small (i.e. their Reynolds number
is low) so that the particle Nusselt number
Nu, = 2;

3, the volume particle concentration @ is small and
fluctuations of particle concentration are ignored;

4. since the distance between particles is substantially
larger than the particle size, particle collisions are
ignored ;

5. the fluctuating component T; of the carrier fluid
temperature is small compared with the mean tem-
perature T;. The same assumption has been made
for particle temperature T,. These assumptions
enable us to do a linear decomposition of the black-
body intensity I,, with T” (see discussion by Sou-
fiani [18]);

6. the particles are monodisperse;

7. the mean temperatures of both phases are approxi-
mately equal, T; ~ T,, since particle sizes are small;

8. the variances of particle fluctuating temperatures
are caused mainly by the convective interphase
interaction (small particles) ; and

9. the fluid and particle properties are constant.

With these assumptions the energy equations for
both phases can be written as simple equations for
temperatures:

The radiative heating (or cooling) rate is expressed
as an integral over the electromagnetic wave fre-
quencies v, and direction n, of the variations in the
monochromatic specific intensity /,(r,n) :

h= j J‘ KZ {Iv(r’ n) - [(1 "—’YV) BV(T) +vasv]} dw dV.
0 Jo
3
The value K is the monochromatic extinction cross-
section of a gas—particle mixture:

KZ = af+ Kap + Ksp Vv = Ksp/KE' (4)

The scattering source function J,, can be written in
the usual form:

1

Jsv =E

j P,(r,n’,n) L(r,n") dw. &)

In turbulent flows it is customary to separate the

variables into their average and fluctuating
components, i.e.
Tf= Tf“*'n ll=l'l+ll',

T,=T,+T, v=v+V h=h+H.

Classical manipulation of equations (1) and (2) leads
to equations for mean values and fluctuating com-
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ponents. Having done that, we get equations for the
fluctuating components as follows :

oTt 59Tt . o OTt  oT;
a VY Yy TV
PT, 1, ,
=3 —Z‘C:ﬂ(rr—TL)-i-h, 6)
ot + a T Va Vo _rp(rf_T;’)’
9]

where 1, = R?p,c,/3a,pecr is the particle relaxation
time for heat. In these equations, #’, which interacts
with the fluctuating temperature field, represents the
radiative heating rate due to fluctuating temperatures,
through the Planck function or radiative properties of
the phases.

Introducing the additional assumption that a
characteristic scale of variations of mean parameters
is much larger than a turbulent scales, we can neglect
the third terms on the Lh.s. of equations (6) and (7).
Furthermore, we use a formalism similar to that of
Coantic and Simonin [10] to obtain the equation for
the temperature spectrum. Equations (6) and (7) are
then written in a simpler form:

oT, 0T, FT 1 ,

o TV T s cfﬂ(rf—T;)-f'h (®)
oT, | 0T, 1
2 TV -—TP(TF—T;), )]

where B is the mass particle concentration (kg/kg).
The three-dimensional Fourier transform,

Y& = en)? f

R

exp(—ik -)¥(r)dr

of equations (8) and (9) leads to:

UMD _ ath, @ Tk, —aok Ttk
l ' 2, ~
~ 2 BTy -N@ T, (10)
Cr Tp
T, (k, 1 » i L.
—%t—) = —ik¥(k,) @ T, (k, )+ T_(T;_ ),
P

(11)

where N(k) is the relative spectral radiative dissipation
rate introduced and derived by Coantic and Simonin
[10]:

N(R) = r Ny N,(k) = ;%ﬁv(k)m(k),

and:
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4n dB,
P
Mo =

K _ [k

% tan (Kz

x 1=» « |1 LAY
K k) AW

l—yvftan“ (E
1—y,

Kk,
k o Ky 1 ﬁtan*‘ _k_
12 % [

o, = 3{cos 8, (12)

and Kk is the turbulent wave vector, and k is the wave
number.

Multiplying equation (10) by the complex-con-
jugate T/(—k, £) and equation (11) by T5(—k, t), aver-
aging and integrating over a spherical shell of radius
k, the equations for the turbulent temperature spectra
are finally obtained as follows:

—1

a—Er'g;’_t) —Fi(k, ) = —2aok*E(k, t)
- Tl i_‘;ﬁ [Eelk, ) — Erp(k, )] - 2N(R) Erlk, 1) (13)
aEp(;:C, 1) —F, (k)= %[Efp(k, N—E, k0], (14)

where E, E, are the three-dimensional spectral func-
tions of the turbulent temperature fluctuations for the
carrier and the dispersed phases, respectively ; and F,
F, represent the transfer terms related to the con-
vection of temperature fluctuations. The spectral func-
tion Ey,(k, ¢) is an interrelative spectral function which
is expressed as:

TiT,(—k, H)e* " dk.

Efp(k9 t) = J (15)

k(R)

The additional equation for E;, can be obtained by
multiplying equation (10) by T, (—k, #) and equation
(11) by T%(—k, ¢), averaging, integrating and adding
the equations. Having done this we get:

aEf 1 ¢
a—tp _Ffp = ‘aOkZEfp— T_p "c_iﬂ(El’p_Ep)

1
+ (B~ Ep) —NK)Ep,  (16)

which, except for the radiation, agrees with the resuit
found by Derevich [5]. Thus, within the framework of
our assumptions, equations (13), (14) and (16)
describe the dynamics of the spectral functions in the
turbulent two-phase flows with an emitting, absorbing
and scattering medium. In the range of the universal
equilibrium in wave number space, at large enough
wave numbers, the differential terms in equations (13),
(14), and (16) are small compared with others {25]
and the third-order correlations are small, compared
with the second-order correlations. Then from equa-
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tions (14) and (16), the approximate relationship fol-
lows:
T4tk +1,NKk)

Eq

Since at large enough wave numbers the conductive
dissipation rate prevails compared with the radiative
one [18] and the latter equation transforms to the
result by Derevich [5] :

E

= 1+1,a0k>

fp (17)
Substitution of equation (17) into equation (13) leads
to the simple equation:

OEi(k, 1)

o —Fik)

1
— 24,k E(k, z)[1+ g ]

¢ 1+ 1pa0k?

—2N(k)E;(k,©). (18)

It is seen from equation (18) that interphase con-
vective heat transfer acts as an additional dissipative
process dependent on the particle mass concentration
B, ratio of specific heats of phases and particle sizes.
Radiation acts as a dissipative mechanism, just like
thermal molecular conduction expressed in terms of
a.k’. The presence of particles increases the turbulent
dissipation of temperature fluctuations in two-phase
flow, compared with single-phase flow, because the
energy flux from large eddies to smaller ones is
increased.
The dynamic equation (18) is solved by using an
Onsager-type closure presented by Hill [20] :
Fil) = — 2 oG ECR) (19)
where ¢(k) depends only on dynamic conditions and
is assumed to be unmodified by radiation or by par-

ticles:
k 1/27-1
k=5 [8—1/3k—2/3 +b (E) } (20)

where Q is Corrsin—Obukhov’s constant (Q = 0.68)
and b is a parameter which Hill assumes is equal to
2.5. The validation of using of this closure is discussed
by Coantic and Simonin [10] and Soufiani [18].

For steady-state conditions, the solution of equa-
tions (18)—(20) can be written as:

Er(k) = Ei(k) = yk—5%¢ 17 <1 K be! /—«“"EP’)

k?
kaok’2+i~pﬂl o FNK)
X exp —Zf
0

+ 1pa0k"

i dk

@n
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where y is an integration constant. Assuming that,
in the limit k— 0, the inertio-convective form,
Ex(k) = Qye~ Pk, isrecovered. Then yy = y, where
x is the total temperature dissipation rate :

) k2
x = 2J (a0k2+ g ST +N(k)>ET(k) dk.
0 Cr 1+Tpa0k

(22)

Validation of this approach is given by Coantic and
Simonin [10] and Soufiani [18]. In the case without
radiation, equation (21) becomes:

ET(k) = l//8*1/3k—5/’3 |:1 +bk2/351/3 <a0Pr>1/2:|
&

g |
wexpi—2| ak? |14+ 22— |o ' (k)dkb.
exp{ Lao [_.-cfﬁl+r,,aok’2]‘I ®) }

23)

TEMPERATURE SPECTRUM OF THE CARRIER
FLUID

Calculations have been performed for two kinds
of particles: strongly scattering Al,O, particles and
strongly absorbing coal particles. Mie theory is used
for calculations monochromatic extinction, absorp-
tion, scattering cross-sections for single particles as
well as the mean {cos 8 of the phase scattering func-
tion. Since particle concentrations are small, the glo-
bal radiative properties of the particle clouds
are obtained by a simple integration. The complex
refractive index for Al,O, particles was taken from
Rubzov et al. [21]: n = 1.8—ix(0.0158 in wavelength
range A1 =10.3-04 pum; n=178-ix0.00563 in
AL =04-0.6 ym; n=1.75—i%x0.002 in ALl =0.6-
1.1 pm; n=17-ix0.0016 in Al=1.1-1.3 um;
n=155—ix0.00161in A > 1.3 ym.

The complex refractive index for coal particles was
set = 1.9—1x0.24 from data by Blokh [22]. Some
computed radiative properties for both kinds of par-
ticles are shown in Figs. 1 and 2. In the temperature
spectrum computation, the main calculation par-
ameters are the thermodynamic fluid conditions (tem-
perature, composition and phase densities), the vis-
cous dissipation rate of turbulence kinetic energy e,
and the total dissipation rate y, which depends on the
injection rate. Once these parameters are specified,
the three-dimensional spectral function Eq{k) of the
carrier fluid may be computed from either equation
(21) or (23).

The first part of the computation is for the case in
which mainly the dispersed phase is radiating, while
radiation of the carrier fluid is negligible. The spectral
wavelength region 0.3-20 um was divided into 20 sub-
regions and extinction, absorption and scattering
cross-sections were averaged with the Planck’s func-
tion in each interval. Preliminary identification of the
spectral ranges most affected by the different
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Fig. 1. Extinction (1), scattering (2) and mean cosin {cos 8> (3) of the phase scattering function for Al,Q; particles.
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Fig. 2. Extinction (1), scattering (2) and mean cosin {cos 8 (3) of phase scattering function for coal particles.

processes, can be done by comparing the cor-
responding characteristic times as functions of
wave number k. The characteristic time-scale of con-
ductive and particle dissipation and radiative dis-
sipation Sy, S, and Sg, respectively, are:

Sp! = a,k?
k2
S;t=tpp DT (24)
¢ 1+1a0k?
Sz! = N(k)

Calculation results from equation (24) are shown
in Figs. 3 and 4 for Al,O; and coal particles, respec-
tively. A contribution S; ' of the dispersed phase to
the general dissipation rate depends on the particle
concentration, the ratio of specific heat of the phases
and of the particle relaxation time for heat transfer ,,.
In the large-scale region (r,apk’ « 1) of the wave
space, the dissipation rate, caused by the interphase
heat transfer, is increased as k” and is proportional to
the particle concentration. In the small-scale region

(t,ak> > 1) this dissipation tends to the limit
Beyei 'ty ', The contribution S, ' of the dispersed
phase to the general dissipation rate becomes much
more significant when the particle relaxation time for

Sp",S.".S,_'

T T YT T T T Ty

1 10 100 k

Fig. 3. --- Radiative (N(k)), — conductive (ak’) and
—~—— particle dissipation terms for turbulent temperature
- spectrum (Al,O, particles, 7= 1500 K).
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10 10°* 10? k

Fig. 4. --- Radiative (N(k)), — conductive (ak”) and
——— particle dissipation terms for turbulent temperature
spectrum (coal particles, d, = 10 um, T = 1500 K).

heat 7, is smaller than the Kolmogorov’s time-scale,
1, = (ap/e)'”. It is seen that N(k) is preponderant for
small wave numbers (large length scales and optically
thick media) while the conductive dissipation term
S5 becomes predominant compared to N(k) for high
values of k, which correspond to small eddies and
optically thin media. For k — co, N(k) tends to a
constant value. The intersection between the N(k) and
the S5 (k) curves is dependent on temperature, par-
ticle concentration, particle diameter and the radiative
properties of the particle material, and is located near
k ~ 20 for ALO; (mainly scattering particles with
mean y > 0.9) and near k=~ 4.0 for coal particles
(strongly absorbing particles with y < 0.5 in the close
infrared region).

Figure 5 shows the computed spectra of the carrier
phase with Al,O; particles for ¢ = 1 with T = 1500
K, a particle diameter of 10 um, at various particle
concentrations. Calculations accounting for radiation
and not accounting for radiation are displayed on this
figure. The presence of particles in a flow without
radiation modifies the spectral structure between
10~ %, and k,, where k4 designates the Kolmogorov
wave number. This modification is caused by inter-
phase heat transfer of fluctuating motions and is

Ex(k)
st—x/sk—ola
1.6 7
] 1
1.0
3 1 — loading 0.0kg/Xk
0.5 7 2 - ¢ o.5f</g "
b 3 - 3.0kg/kg !
] Al;0y particles \\ \
] 4
0.0 3 >
0™ 10~ 1 10 i0?* 10* k
Fig. 5. Compensated thermal turbulence spectra --- with

and ——— without radiation and d, = 10 ym.

Nk 7 s 4
) e 3
13 L e — - — = 2
3 1
10 -l_E
) vy 1 - loading 0.5kg/kg
10 3 ,f’/ 2 - 1.5
1,0 3 - 2’5
1077 4 - 45
10 - rrmrrerr eI —r—
1 10 100 1000 k

Fig. 6. Radiative dissipation terms N(k) for turbulent tem-
perature spectrum with d, = 10 yum and various AL,O; par-
ticle loadings.

found to increase with increasing particle loading. It
is observed that radiation does not affect the large-
scale region of turbulence (the small k region), since
the spectrum is dominated by production and transfer
mechanisms in this region. However, radiation rad-
ically modifies the spectral structure between 10~ %k,
and k4. The inversion of curves with radiation can be
explained by the results in Fig. 6, which shows the
radiative dissipation term N(k) at various particle con-
centrations. In the small-scale region (large wave num-
bers) the optical thickness Kzk~—' (k' may be
regarded as a characteristic size of turbulent eddies)
is significantly smaller than unity and N(k) is pro-
portional to K; = f, as follows from the asymptotic
regime of equation (12). In the large-scales region
(small wave numbers), the optical thickness Kzk~' of
turbulent eddies is much larger than unity. In this case
radiation of the inside parts of the volume of a large
eddy is screened by its external layers and N(k) is
inversely proportional to optical thickness Kgk™'
(proportional to particle concentration since Ks o f8).
This also follows from the asymptotic regime of equa-
tion (12).

Figure 7 shows computed spectra for various par-
ticle sizes. Crossing of the curves can be explained,

&

k

1.6
1.0

0.5

0.0 +——

LERELERAEI| T

TTTTTy

1 10 10* 10° k

T T T T

Fig. 7. Compensated thermal turbulence spectra with radi-
ation at Al,O, particle concentration = 1.0 kg/kg.
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Ex(k)
QK
1.5 4
1.0 3
0.5 ] | = pm00
E 2 - B=0.5
] 3 - g=1.0
0.0 Sr—rrrrmr— T
10®* 107 1 10 10 10° x
Fig. 8. Compensated thermal turbulence spectra --- with
and ——- without radiation (coal particles, d, = 10 ym).

because extinction cross-sections Ky of the particle
clouds are inversely proportional to particle sizes.

Computed turbulent thermal spectra of the carrier
fluid with coal particles at T = 1500 K and at ¢ = 100
are shown in Fig. 8. It is seen that radiation of the
coal particles modifies the thermal spectra much more
than the sapphire particles. Noncompensated thermal
turbulent spectra, with all mechanisms (conduction,
interphase convective heat transfer, radiation) for
both particles kinds (7= 1500 K, ¢ = 100) are shown
in Fig. 9. Temperature turbulent fluctuations are
decreased with an increase in the parameter fic/c;. In
the case of lightly radiating particles, visible deviation
from the —5/3 low occurs at k =~ 10%. However, in the
case of strongly absorbing coal particles, the deviation
starts at k£ = 10. Thus, the presence of particles in the
flow decreases the intensity of turbulent temperature
fluctuations in the convective and the diffusion
regions, and diminishes the k~*?-range in wave num-
ber space. Radiation increases this effect especially at
the small dissipation rate ¢.

In the previous discussion the carrier fluid was like a
nonradiating gas, but in reality, such as in combustion

Ex(k)/x

10
0™
10
10~

0™

LD L) s e 2 1 LNSLEELAL S B 28] St a e s 2 |

1 10 10°* 10 k

Fig. 9. Noncompensated thermal turbulent spectral func-
tions for flows - - - with Al,O, particles and ——— coal particles
(d, = 10 pm).

En(k)
1.2

0.8

0.4

s ls s e by s il

A

0.0 L L e e o L B ALl e e S

10 1 10 10* 10° k

Fig. 10. Compensated thermal turbulence spectra with
radiation (—— coal particles, -—— coal particles + gaseous
combustion products).

media, the gas is radiating. Figure 10 depicts thermal
turbulent spectra when the carrier gas consists of com-
bustion products at 1 bar and T = 1500 K. The mole
fractions of CO, and H,O are 0.08 and 0.14, respec-
tively. The absorption coefficients of the gas as a func-
tion of wave number v are taken from Im and Ahlu-
walia [23]. Extinction and scattering cross-sections of
the gas—particle mixture are calculated by sum-
marizing the absorption coefficients of both phases in
frequency bands. This estimation is not as accurate as
the approach of In and Ahluwalia [23] but this is
not of crucial importance in the present qualitative
analysis. Radiation of gaseous combustion products is
affected by small particle concentrations. At a particle
loading B = 0.5, the radiation of the gas phase is
already negligible (curves 2 coincide), because radi-
ation of the gas is significantly smaller than that of
coal particles. This was also pointed out by Tabanfar
and Modest [24] : namely, that for an optical thickness
of the particle cloud on the order of unity, particle
radiation is dominant and addition of gas beyond an
optical thickness of order 10 has little effect.

CONCLUDING REMARKS

It has been shown that the presence of particles
with low particle Reynolds numbers may modify the
structure of the temperature spectra of the carrier
fluid, by smoothing the intensity of temperature fluc-
tuations. Such smoothing is caused by interphase heat
transfer, and is increased by a decrease of the particle
relaxation time 7, and by an increase of the parameter
Bey/ce. At high temperatures, the presence of absorb-
ing and scattering particles greatly increases the total
dissipation rate that is caused by both mechanisms;
namely, interphase convective and radiative heat
transfer. As a result, radiation increases the sup-
pression of turbulent temperature fluctuations by par-
ticles. For large single scattering albedo (Al,O;) the
radiation of particles has little effect on the tem-
perature spectra at a large dissipation rate ¢ of tur-
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bulent kinetic energy, but it becomes significant at
small &. In the case of strongly absorbing particles
with a small single scattering albedo (for example coal
particles), radiative effects become significant at large
¢, which is characteristic of combustion systems. When
particle concentration increases (or particles sizes
decrease), the radiative dissipation N(k) increases for
small-sized eddies, and N(k) decreases for large-sized
eddies, as a result of a decrease in the optical pen-
etration length. Finally, it should be pointed out that
the presence of radiating particles in turbulent flows
suppresses temperature fluctuations, and this in turn
influences turbulent heat transfer coefficients.
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