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Abstract

The two-dimensional combined radiative and convective transfer in emitting and absorbing real gases in the en-
trance region of a duct with a jump of wall temperature is studied. The axial propagation of radiation is taken into
account in the analysis. The flow field and the energy equations are solved simultaneously and the radiative properties
of the flowing gases, CO, or H,O, are modeled by using either the narrow-band correlated-k model or the global
absorption distribution function (ADF) model. The results are presented in terms of temperature and radiative power
fields, and of the evolution of bulk temperatures and of heat transfer coefficients. Due to the axial component of the
radiative flux, the gas is preheated or precooled before the change in wall temperature and this induces a persistent
difference between the results of 1-D and 2-D radiation analyses. Some differences between CO, and H,O temperature
and radiative power profiles, due to the different structures of their spectra, are put in evidence. The ADF model, only

suitable for gray walls, is shown to be less accurate when the gas is heated than when it is cooled.

© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Examples of combined radiation, convection and/or
conduction in absorbing and emitting media are found
in applications such as industrial furnaces, combustion
chambers, high-temperature heat exchangers, reentry
applications, etc. The non-gray behavior of gases, the
multidimensional nature of radiative transfer and the
resulting coupling between different volume elements in
the medium are the main fundamental difficulties in-
troduced in the problem of combined heat transfer for
real gases. The interaction of thermal radiation and
forced convection in the thermal entrance region of
circular and non-circular ducts with sudden temperature
jump has been studied by many investigators [1-21] with
various degrees of approximations. Other references in
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the general field may be found in classical textbooks or
review papers (e.g., Refs. [22,23]).

We focus here our attention on studies considering
multidimensional radiative transfer and/or realistic me-
dium radiative properties. Only few researchers [1-7]
have considered a radiation field accounting for the axial
temperature variations in the entrance region, which
induces an axial component of the radiative flux. Under
the assumptions of fully developed laminar velocity
distribution and constant thermophysical properties,
Desoto [1] considered the interaction of two-dimen-
sional radiation with conduction and convection in a
non-isothermal, non-gray gas (CO,) flowing in the en-
trance region of a tube with isothermal black walls by
solving the integro-differential energy equation numeri-
cally. He concluded that although the axial radiative flux
component is large at the tube entrance, it decreases
rather abruptly as the flow proceeds only a short dis-
tance into the tube and its effect thereafter on tempera-
ture distributions is negligible. Using the finite difference
technique, Echigo et al. [2] examined the combined
transfer with a 2-D radiative analysis in a gray gas
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Nomenclature

a; weights in the ADF model

C, specific  heat at constant pressure
(Jkg'K™)

D diameter of the duct (m)

g quadrature points in the CK model

H heat transfer coefficient (Wm=2K™1)

h enthalpy per unit mass (Jkg™')

I radiative intensity (Wm™2st™!)

k reordered absorption coefficient (cm™!)

k* reduced absorption coefficient (cm~! atm~")

/ discrete homogeneous and isothermal col-
umn length (cm)

Iy upstream region length (m)

L downstream region length (m)

)4 pressure (Pa)

Pr Prandtl number = uC, /A

Pe Peclet number = Re Pr

qr radiative flux (Wm™2)

R radius of the duct (m)

Re Reynolds number = uyDp/u

s curvilinear abscissa (m)

T temperature (K)

T bulk temperature (K)

u axial velocity (ms™!)

v transverse velocity (ms™')

X flow direction (m)

X molar fraction of the absorbing species

Greek symbols

Av low-resolution spectral range (cm™!)

€ emissivity

u viscosity (kgm~'s™1)

v wave number (cm™')

o density (kgm™3)

10) heat flux per unit area (Wm~™2)

¢ directional discretization angle

¢ Stefan Boltzmann constant (W m=2K™%)
; quadrature weights

Q solid angle

Subscripts

i discretization over x-direction

j discretization over absorption coefficient
v spectral quantity

g quadrature point

ref reference

o inlet conditions

b bands

Vi related to band Av,

r radiative

tt total

cd conductive

w wall

Superscripts

—Av mean properties over the spectral range Av

0 directional discretization angle
K absorption coefficient (cm™' atm™)
A molecular thermal conductivity (Wm™!

K

° equilibrium radiation

allowing an upstream propagation from the entrance of
the hot tube wall. They compared the results of a two-
dimensional radiative flux to those of a one-dimensional
flux. They concluded that the local Nusselt numbers and
the mixed mean temperatures obtained by the 1-D
analysis are lower than those obtained by 2-D one near
the entrance of the heating section in the region down-
stream the wall temperature jump. Kassemi and Chung
[3] studied the two-dimensional combined convection
and radiation transfer from a gray isotropically scat-
tering fluid in a reflecting channel. They solved numer-
ically the simultaneous non-linear integro-differential
equations for a hydrodynamically fully developed flow
using an element-to-node approach. Kim and Lee [4]
analyzed the two-dimensional radiation in a thermally
developing Poiseuille flow of a gray and anisotropically
scattering fluid between infinite plane parallel plates.
The radiative transfer equation (RTE) was solved by
using the S-N discrete ordinates method. It was found
that the two-dimensional effects are more pronounced

when the channel optical thickness increases and when
the conduction-radiation parameter and the scattering
albedo decrease. A similar problem was analyzed by
Huang and Lin [5]. The divergence of the radiative flux
in a gray emitting and absorbing fluid was obtained by
solving the two-dimensional radiation transfer by using
the finite element node approximation technique. Yang
and Edabian [6] treated the 2-D thermal radiation
combined with forced convection in the entrance region
in ducts for established laminar flow of a gray gas. The
moment’s method was applied to solve the radiation
transfer equation. The authors proposed a criterion that
serves to define the threshold of axial radiation effects at
low-Peclet number.

The radiative properties of a molecular gas vary
generally so strongly and rapidly across the spectrum
and the gray gas approximation is today believed to be
incorrect [22]. Many approximate radiative property
models have been developed to represent molecular
spectra of gases. The most accurate gas radiative prop-
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erty model is the line-by-line (LBL) method, but this
approach is generally not practicable in 2-D or 3-D ge-
ometries and in particular when radiative transfer is
combined with other transfer modes since it requires
large computational times and storage volumes. To
circumvent this drawback, several narrow-band (statis-
tical narrow band (SNB) [24], Correlated-k (CK) [25],
Correlated-k with fictitious gases (CKFG) [26,27]),
wide-band (exponential wide-band (EWB) model due to
Edwards [28]) and global (spectral line-based weighted-
sum-of-gray-gases (SLW) [29], absorption distribution
function (ADF) [30]) gas infrared radiative property
models have been introduced.

Recently, Pierrot et al. [31] and Pierrot [32] have
studied the accuracy of narrow-band and global models
applied to radiative transfer in a plane layer geometry
with prescribed temperature profiles. It was shown that
global models are generally slightly less accurate than
band models, but are much more efficient in terms of
CPU times. Concerning the studies related to combined
radiation and convection cited above, the flowing gases
were generally assumed to be gray [2-7,15-18] even if
sometimes [15-18], the wave number independent ab-
sorption coefficient was deduced from parameters of the
weighted sum of gray gases (WSGG) first introduced by
Hottel (see Ref. [33]). Other authors have considered the
box model [8,9,12,20] or a frequency-dependent ab-
sorption coefficient, issued from the EWB model but
without taking into account the fine structure of gas
absorption spectra [1,13,21]. To our knowledge, the only
attempts to treat radiative transfer in a spectrally cor-
related manner are those of Edwards and co-workers
[10,11], of Kim and Viskanta [14] and of Soufiani and
Taine [19]. The EWB model was used in Refs. [10,11,14]
while a SNB model was considered in Ref. [19] in as-
sociation with the Curtis—-Godson approximation for
combined transfer in a laminar flow between two par-
allel isothermal plates. Unfortunately, the radiation ax-
ial component was neglected in these last studies.

To our knowledge, the effects of the axial radiative
component in combined forced convection and radia-
tion problems has never been analyzed for real gases.
This is the main aim of the present study. We consider
the flow of gaseous H,O or CO; in a circular duct with a
sudden jump of wall temperature. Preheating or preco-
oling the gas before this temperature jump is allowed
through the axial component of the radiative flux.
Comparisons with 1-D radiation will be discussed.

In this paper special attention is devoted to the
treatment of the spectral nature of radiation in real gases
(H,O or CO,) at high temperature. The spectral corre-
lation phenomenon is taken into account through the
CK band model and the ADF global model. The results
of these models are compared in the case of coupled
radiative and convective strongly non-isothermal heat-
ing or cooling laminar gas flows. The choice of CK and

ADF as narrow and global models results from their
formulation in terms of absorption coefficients and then
to their easier implementation in the computation of
coupled problems.

The flow equations and energy balance equation are
solved simultaneously with temperature-dependent fluid
properties. To solve the mass, momentum and energy
equations, an implicit finite difference technique is used.
A discrete-direction method [34-36] is applied to solve
the geometrical part of the radiative transfer problem.

Section 2 is devoted to the parameters of CK and
ADF models and the way to use them in radiative
transfer calculations. In Section 3, we present the basic
equations of the problem and the numerical methods
used to solve them. Comparisons between the results
from 1-D and 2-D radiation analyses are given in Sec-
tion 4 where we present temperature and radiative
power profiles as well as heat transfer coefficients and
the evolution of bulk temperatures. The comparisons
between CK and ADF results are discussed in the same
section.

2. Formulation and parameters of the CK and ADF
models

The high-resolution structure of emission and ab-
sorption spectra of gases generates spectral correlation
effects between emission, transmission and absorption by
consecutive elementary columns. These effects strongly
modify the local intensity field and consequently the
radiative fluxes and the radiative power dissipated at
each point of the medium. Approximate radiative
property models can be classified into two main types:
band models (SNB, CK, CKFG, EWB) and global
models (WSGG, ADF, SLW). In band models, the
spectrum is subdivided into spectral bands and average
radiative properties are determined for each band. In
global models, the entire spectrum is considered as a
whole, but the walls and the particles, if present, must be
assumed to be gray. The use of this last method leads to
small computational times, but it has been considered to
be generally slightly less accurate than band models [31].

In the present study, CK and ADF models are im-
plemented for radiative transfer combined with laminar
forced convection using the same method of solution of
the RTE. The predictions of 1-D and 2-D radiative
transfer from ADF is compared with CK predictions
considered as a convenient and practicable reference in
combined heat transfer problems. In fact, the accuracy
of each model depends on its implementation. However,
for similar numbers of absorption coefficient values in
ADF and of quadrature points in CK, using the same
spectroscopic data bases, and the same solver of the
RTE, CK is more accurate than ADF since both models
are founded on very similar correlation approximations
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and CK is a narrow-band model while ADF is a global
model. Thus, low-resolution spectral correlation effects
are taken into account in CK approach and not neces-
sarily in ADF. The same conclusion was drawn from the
numerical tests of Pierrot et al. [31].

Parameters of CK and ADF models are deduced
from LBL calculations founded on the same high-tem-
perature EM2C spectroscopic data bases [37,38]. In the
following, we provide some details related to CK and
ADF parameters and to the practical way to use them in
radiative transfer calculations. Details on model princi-
ples can be found in the references given below.

The CK model has been developed originally for
atmospheric applications and is described in detail in
Ref. [25]. Here, the radiative intensity /" averaged over
a spectral band of width Av, is approximated by the
seven points Gauss-type quadrature given in Ref. [39],
ie.

™(@s) = ijlg/ (s), (1)

where I, is the partial intensity corresponding to the
quadrature point (or pseudo-wave number) g; and w; is
the associated weight. I, is the solution of the RTE at a
given point s and a given propagation direction #:
oI, (d,s -
B3] 1, (7.5) 4k 2, )
where I° is the Planck function taken at band central
wave number and k,, is the absorption coefficient at
quadrature point g;. The values of k(g,) are the CK
model parameters which have been generated for ap-
plications at atmospheric pressure in the temperature
range 300-2500 K [39]. These parameters have been
obtained for the set of sixteen temperature values, forty
four spectral intervals and a set of 5 Xu,o values for
H,O0, and seventeen spectral intervals for CO, [39].
The ADF model is a global model similar to the
spectral line-based weighted-sum-of-gray-gases model

due to Denison and Webb [29]. The difference appears in
the calculations of weights which are chosen in such a
manner that emission by an isothermal gas is rigorously
predicted by the ADF model [30].

The ADF parameters are the reduced absorption
coefficients k; = k;/(Xp) (X being the molar fraction of
the absorbing species and p the total pressure) for the
gray gases j; j=1,...,N, and the associated weights a;
satisfying > a; = 1. The parameters k; and a; were
calculated at atmospheric pressure in the temperature
range 300-2500 K [32]. For H,O, these parameters were
tabulated for 5 Xu,o values but they do not significantly
depend on Xco, when CO, is the absorbing gas. The
chosen reference conditions were Ty = 1100 K and Xy,0
or Xco, equal to 0.1. This model, called ADF8 (N = 8§),
uses seven non-zero absorption coefficients and one
(equal to zero) corresponding to the transparency re-
gions of the gas.

The total radiative intensity /(i,s) is written in the
ADF model as a sum of partial intensities:

N
1(d,5) =Y Li(i,s). (3)
=1
The partial intensity /;(#, s) satisfies the following RTE:
ol,(id, s . oT*(s R
LD oxepe) a6 p@s]. @

3. Basic formulation and methods of solution
3.1. Basic equations of fluid flow

In the present study, we consider a laminar steady
flow of a non-scattering gas (H,O or CO,) inside a cir-
cular duct with an abrupt change of the wall tempera-
ture at the abscissa x = [, (see Fig. 1). The inlet gas
temperature T, at the section x = 0 is equal to the wall
temperature for x < /;. For a non-radiating gas and in
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Fig. 1. Geometrical and physical conditions.



E. Sediki et al. | International Journal of Heat and Mass Transfer 45 (2002) 5069-5081 5073

the parabolic approximation, the gas remains at 7 until
the section x = /. But for an emitting and absorbing
gas, there is a preheated or precooled zone due to the
action at distance of radiation. This phenomenon is
taken into account in the present study.

Except for radiative transfer, the usual approxima-
tions of a boundary layer flow are made. In fact, we
consider sufficiently large Peclet numbers for which the
axial component of the conductive flux is negligible
[40,41]. The significant temperature difference imposed
between the walls and the gas requires the use of tem-
perature-dependent fluid physical properties.

If we restrict our considerations to axially symmetric
flows, the mass, momentum and energy balance equa-
tions write in cylindrical coordinates:

ox + or 0 (5)
O(puu)  0(puv) dp 10 Ou
ox + or 7_a+r6r "o ) (6)
O(puh) N O(pvh) _ —u@ 10 ri oh
Ox or dx ' ror C, or
+ Qu 2 —divg, (7)
K or ar

where u and v are the axial and transverse velocity
components, respectively. &, p , i, 4 and C, designate the
enthalpy per unit mass, the temperature-dependent
density, viscosity, thermal conductivity and specific heat
at constant pressure, respectively.

The gas (H,O or CO,) obeys the perfect gas law. The
thermophysical properties of these gases are approxi-
mated by temperature-dependence functions generated
from the data given in Ref. [42].

In the case of CK model, the divergence of the ra-
diative flux, appearing in the energy equation, is given
by:

divg, = Z AvawJ

bands b Jj=

kgl (s)] do. (8

ke, b1, (H, 5)

=

In the case of ADF model, it is given by:

divér:i: /4 k; (s)X (s)p(

s) {aj(s) @ —I;(d,s)| dQ.

©)

For both models, the same numerical procedure is used
to compute /;,, and /;. This procedure is explained in the
following subsection.

At the wall the no-slip condition, the impermeability
of the wall, and the imposed wall temperature give the
following boundary conditions:

u(x,R) =0, v(x,R) =0, (10)
h(x,R) = h(Ty,) for x> I, and h(x,R) = h(Ty)
for x < /.

At the centerline the following conditions arise from the
symmetry of the problem:

Wen)| o pr,0)=0 and &
a}" r=0 ar r=0
(11)
For x = 0 we have the starting conditions:
2
v(0,r) =0, u(0,r)= 2u0(1 - <§> ) and
h0,) = h(Ty). (12)

For the radiative intensity, the walls are assumed to emit
and reflect isotropically with a constant emissivity €.
The hypothesis of gray walls is required in the ADF
model but not in CK. It will be assumed in all this study
for comparison purposes. This yields for the CK model
at a wall point:

1) = el (T) + L= [ g

i <0

Wi - u |dQ
(13)

Where_])"w.dn is equal to T; for x < [ and to Ty, for x > /o,
7, i, u are the direction normal to the boundary, the
direction of emission and the direction of incoming ra-
diation respectively. For the ADF model, the radiative
boundary condition writes:

R oT? 1—e, ... 7
I(#) = ewa;(Tyan) 7;““+g — L(u)|i-u|dQ.

T Wi <0

(14)

In addition, the inlet section (x =0) is considered for
radiative transfer as a black wall at temperature 7, while
the outlet section (x = /o + L) is a black wall at 7. L is
chosen sufficiently large so that this last condition has no
incidence on the results near x = /.

3.2. Solution of the radiative transfer equation

The main advantage of CK and ADF approaches, as
compared to SNB models used in Refs. [34-36], is that
the radiative properties are described in terms of ab-
sorption coefficients. The RTE retains thus the same
mathematical form as the spectral equation and will be
compatible with any RTE solver and can be applied
without further approximations to reflecting walls.

We use in this study the discrete-direction method,
developed initially for radiative transfer in axisymmetric
systems using statistical narrow-band models. This
method is adapted here to CK and ADF models which
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Calculation planes

Fig. 2. Spatial and directional discretizations for radiative transfer.

do not require the recourse to approximations such as
the ellipsoid correlation coefficient [34]. The discrete-
direction method is close to the discrete ordinates
method except for (i) the directional integration quadr-
ature: a regular integration with prescribed angular in-
crements and solid angles is used here, (ii) intensity
interpolations are used instead of integrations over
control volumes. We take advantage of the system axi-
symmetry by only doing calculations in the planes
shown schematically in Fig. 2.

We give in this section the modifications introduced
by the use of these models. A detailed description of this
method applied with the SNB or with the WSGG
models are given in Refs. [34-36]. In order to compute
the radiative flux and radiative powers, the method uses
two discretizations: (i) a spatial discretization which
consists in defining the radial and axial grid points where
radiative intensities are calculated, (ii) a directional
discretization of the two angles ¢ and 0 as shown in Fig.
2. The discretization of ¢ is based on the radial dis-
cretization. The calculations are carried out in the planes
parallel to the system axis and tangential to the coaxial
cylinders, defined by the radial discretization.

For each plane and each transfer direction 6, the
radiative intensity at a point M is step by step calculated
by using interpolations between upstream grid points
where the intensities are known.

For the CK model and for a direction 0 as shown for
instance in Fig. 2, the intensity at M is given by:

Ig,.b(ﬁ7 M) = ]g/'b(ii7 P) exp(—kg/,b(E)l)
+[1 = exp(—kg, o (E) I, (T(E)). (15)
This expression is replaced for the ADF model by:

1, M) = 1, P) exp(—k; (E)Xpl)
11 - exp(-K (BN (B)TE. (16)

In both cases, the intensity at point M is obtained from
linear interpolation of the known intensities at the
neighbor grid points. The use of the above equations
and the radiative boundary condition for each direction
inside each plane leads to a system of linear equations
where the unknowns are the intensities leaving the wall
points. After the inversion of this system, the intensities
inside the volume are computed from Eq. (15) or (16).
The volumetric radiative power is then calculated di-
rectly from the intensity field and Eq. (8) or (9).

3.3. Numerical solution procedure

The system of equations described in Section 3.1 is
inherently elliptic if 2-D radiation calculations are used.
The ellipticity is caused by the radiative term which is
characterized by its action at distance. The marching
solution procedure in the axial direction cannot be ap-
plied without the knowledge of the radiative dissipation
field at each point of the system. We propose in this
study a numerical method able to transform the elliptic
problem to a series of parabolic ones where the march-
ing solution can be used.

The proposed method starts first with the prediction
of the temperature and velocity fields using local 1-D
radiative transfer calculations and a marching procedure
along the axial direction. The radiative source term for a
given section i is calculated from a one-dimensional
temperature field assuming 7T(x,r) = T'(x,_1,r), where
x;_ designates the previous section. In practice, the same
numerical procedure explained above for radiative
transfer calculations is used with six discretized axial
sections and a very large spacing between these sections
in comparison with the tube diameter. The results of this
first step will be called 1-D radiation results in the fol-
lowing.

In a second step, an iterative procedure is under-
taken. Two-dimensional radiative powers and fluxes are
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calculated from the 2-D temperature field and then the
flow and energy equations are solved using the marching
procedure and the computed radiative powers as source
terms. Global iterations between these sequences are
performed until convergence of the temperature and
radiation fields. This iterative procedure starts with the
1-D radiation temperature field for the 2-D calculation
of the radiative field. The required number of global
iterations depends on the optical thickness of the me-
dium. For a tube diameter D equal to 2 cm, only two
iterations are required while for D =20 c¢m, an under-
relaxation of the radiative powers is required for con-
vergence and four to five global iterations are required.

For the computation of velocity and temperature
fields, a marching implicit finite volume procedure based
on the pressure correction algorithm [43] is used. Mass,
momentum and energy equations are solved simulta-
neously in order to account for variable fluid properties.
This procedure has been validated by comparison with
the results of Ref. [44] in the case of variable fluid
properties but without radiative transfer.

A constant mesh size is used for the radial direction
and a variable one in the axial direction. This mesh size
increases far from the entrance, which allows a higher
accuracy for the temperature and velocity fields in the
thermal entrance region where steep axial gradients
occur. Typically, we use 80 radial points for D = 20 cm
and 8000 axial ones to compute the flow field along ten
tube diameters. A such refined grid is not required for 2-
D radiation calculations; numerical tests show that
typically 20 x 100 nodes are sufficient for the above
configuration with a H,O flow. Numerical interpola-
tions and extrapolations are used to convert the results
from the convective grid mesh to the radiative one and
vice versa.

4. Results and discussion

Calculations have been carried out for D = 2 and 20
cm, for pure H,O or pure CO, at atmospheric pressure
as radiating gases, and for heated (7, =500 K,
Ty = 1500 K) and cooled (7, = 1500 K, T, = 500 K)
fluid. The velocity inlet profile is parabolic in all cases.
The 2 cm diameter corresponds to a relatively optically
thin medium (especially for H,O). The same calculations
have been done for the same gases considered as trans-
parent. It was found to be sufficient to take an upstream
region length [y equal to 5D for D = 2 c¢cm and equal to
D for D = 20 cm. Echigo et al. [2], limited by numerical
constraints, have chosen /o = 0.45D and L = 1.05D for
convection, and the radiation contribution is considered
in the region from —1.5D to 1.5D around an arbitrary
section x. Baek et al. [7] have selected the same domain
for both convection and radiation with /, = 1.95D and
L =2.55D.

The Reynolds numbers were chosen sufficiently large
(= 500) in order to neglect the effects of axial conduc-
tion. When not specified, the Reynolds number (with
fluid properties taken at Tp) is equal to 2000. The walls
are assumed black in all the calculations presented here.
Although calculations have been carried out with vari-
ous emissivities, we limit ourselves to black walls in this
presentation for the sake of clarity. The presentation
and discussion of the results will be divided in two
subsections. Coupled heat transfer characteristics and
detailed comparisons between 1-D and 2-D radiation
are given in Section 4.1. These results are obtained from
the CK model. A detailed comparison between results
from ADF and CK models is then provided in Section
4.2. Due to the non-linearities, in particular in the en-
ergy equation, and to the complexity of molecular
spectra, the results are presented in terms of dimensional
quantities.

The effects of radiative transfer on the velocity field,
in particular through the temperature field and the
variable fluid properties, are not discussed here.

We use the following convention: the radiative wall
flux is the difference between the absorbed and the
emitted flux, and the radiative power will designate
the volumetric power emitted by the medium minus the
absorbed power, i.e., divg,.

4.1. Coupled transfer characteristics and 2-D versus 1-D
radiation calculations

The wall radiative fluxes for cooling and heating H,O
in the upstream (x < /) and in the downstream (x > /)
regions are shown in Fig. 3a and b for D = 2 and 20 cm,
respectively. The results from both one-dimensional and
two-dimensional radiation analyses are presented. The
1-D wall flux in the upstream region (x < /o) is equal to
zero and is not shown. The 1-D radiative wall flux in the
downstream region is always smaller (in absolute value)
than the 2-D one since it does not take into account wall
to wall radiative transfer. The difference between these
fluxes decreases far from the thermal entrance section
since the radiative wall flux becomes mostly due to gas
to wall transfer. For the thin case (D = 2 cm), the ab-
solute wall radiative flux is greater when the gas is he-
ated than when it is cooled. However, for the thick case
(D = 20 cm), an opposite result is obtained. In fact, al-
though hot bands appear in H,O spectra at high tem-
perature, its total emissivity is higher at 500 K than at
1500 K. But for D =20 cm, as will be seen later, the
difference between the gas bulk temperature and the wall
temperature is much more rapidly reduced for a heated
gas than for a cooled gas at constant inlet Reynolds
number. This explains the higher absolute radiative wall
flux when the gas is cooled for D = 20 cm.

Typical results of radial temperature and radiative
power profiles at different sections are plotted in Figs. 4-6.
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H,O: (a) D =2 cm and (b) D = 20 cm.

Results from calculations using 1-D and 2-D radiation,
as well as results without radiation are presented. Figs.
4-6 correspond to heated H,O, heated CO, and cooled
H,O0, respectively, with D = 20 cm in all cases. Lines 1
and 2 in these figures correspond to x =18 cm and
x =1y =20 cm, respectively. The corresponding tem-
perature profiles are not shown for calculations without
radiation or with 1-D radiation since gas temperature is
still uniform and equal to 7;. Line 2 for 1-D radiative
power corresponds to calculations carried out just after
x=1Iy (x=1I+1x107° m).

It is shown on Fig. 4a that the fluid is preheated
before the section x = /, when 2-D radiation is consid-
ered. This classical result, due to the propagation of
thermal radiation into the region upstream is pointed
out in Refs. [2,5,7]. Due to the relatively high-optical
thickness in this case, the preheating is more important
close to the walls than in the center region. A difference
between the temperatures computed by using 1-D and
2-D radiation takes place and remains noticeable as long
as the difference between wall and bulk fluid tempera-
tures is significant. Although the 1-D radiation over-
estimates the radiative power as seen in Fig. 4b, the
computed bulk temperature is smaller than that ob-
tained with 2-D radiation calculations. Such phenome-
non can be explained by the existence of the preheated
region. The absolute value of the 2-D radiative power is
smaller than the corresponding 1-D one since, on one
hand, the 2-D radiation bulk temperature is higher than
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Fig. 4. Effects of axial radiation on heated H,O flow. Radial
distribution of temperature (a) and of radiative power (b) at
different sections: D =20 cm, Re = 2000, 7T, =500 K and
T, = 1500 K.
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Fig. 5. Effects of axial radiation on heated CO, flow. Radial
distribution of temperature (a) and of radiative power (b) at
different sections: D =20 cm, Re = 2000, T, =500 K and
T, = 1500 K.

the 1-D one and, on the other hand, the axial part of the
radiative flux induces significant energy transfer from
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Fig. 6. Effects of axial radiation on cooled H,O flow. Radial
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downstream to upstream regions. For heated CO,, the
evolution of temperature and radiative power profiles
are plotted in Fig. 5a and b, respectively. The effects of
2-D radiation are similar to those discussed for H,O.
One difference with H,O results is that the maximum of
the absolute radiative power is more pronounced. This is
due to the structure of CO, spectrum which is charac-
terized by strong vibrational bands near 4.3 pm. These
bands become optically thick and prevent efficient
transfer to the center of the duct. In fact, as pointed out
by Echigo et al. [2], in the case of a large optical thick-
ness, the radiation energy cannot travel into the deep
central core even if the wall is kept at high temperature
and emits radiation intensively. Such radiative behavior
modifies also the temperature profile shapes by intro-
ducing pronounced inflexion points in the case of CO,.
The evolution of temperature profiles given in Figs. 4a
and S5a shows that the wall to gas radiative transfer is
globally less efficient for CO, than for H,O. In spite of a
smaller value of 7uC,, where 1 is the mass flow rate, the
temperature level for CO, is lower than the one observed
for H,O.

For cooled H,O, it is shown on Fig. 6 that the ra-
diative power is of the same magnitude than when the
same gas is heated. In fact, its total emissivity is smaller
at high temperature but the difference between wall
temperature and the fluid bulk temperature is much
greater for cooled H,O. This is a simple consequence of
a higher mass flow rate due to viscosity variations with

temperature and the use of a constant Reynolds number.
The 1-D radiation calculations overestimates here also
the absolute radiative power; but in this case, this is only
due to the axial radiative transfer from the upstream
regions to a given section. Another difference with the
heating case is that, in spite of the existence of the pre-
cooling region, the difference between 1-D and 2-D ra-
diation temperature vanishes after about three diameters
in the case of cooled H,O.

Fig. 7 shows the evolution of the bulk temperatures
computed with 1-D and 2-D radiation for heated H,O
or CO, flows and for different values of the Reynolds
number with D = 20 cm. As discussed for Re = 2000, the
difference between 1-D and 2-D radiation calculations
remains noticeable as long as the difference between wall
and bulk fluid temperatures is significant. This result
was observed for all Reynolds numbers and heated ga-
ses. For Re = 500, the preheating of H,O by radiation is
very important and leads to a bulk temperature increase
of about 300 K at the section x = /.

The calculations without radiation presented in Figs.
4a, 5a, 6a and 7 show that, for the conditions of these
figures, radiative transfer is much more efficient than the
conductive one.

Fig. 8a and b shows the evolution of the heat transfer
coefficients in the downstream region for heated and
cooled H,O, respectively, with D = 20 cm. These total,
conductive and radiative transfer coefficients are defined
as:
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Fig. 7. Effects of the Reynolds number on the evolution of bulk
temperature: D =20 cm, 7y = 500 K and 7, = 1500 K. (a)
Heated H,O and (b) heated CO,.
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where the conductive, radiative and total fluxes are given
by:

B 0T (x,r)
q)cd(x) = - or ,-:R’
divg, ds
(pr(x) = %7 QD(((X) = q)cd(x) + QDr(x)~

The radiative flux ¢, (x) corresponds to the radiative
power integrated over a cross-sectional area S. Thus,
2nR¢,(x)dx represents the amount of radiative energy
exchanged between the cylindrical element of width dx
and all its surroundings (wall and other gas elements).
This flux should be used when writing the evolution
equation of the bulk temperature. Contrary to the wall
radiative flux, it does not take into account wall-to-wall
radiative transfer in the case of 2-D radiation calcula-
tions.

Fig. 8a and b show that the total transfer coefficients
computed with radiation are of course higher than the
ones obtained without radiation. The conductive trans-
fer coefficient H. increases when considering radiation

in the case of heated H,O and decreases for cooled H,O.
For the 1-D radiation calculations, the evolution of the
transfer coefficients is similar to that described in Ref.
[19] for H,O flowing inside a plane channel. The radia-
tive transfer coefficient H, computed with 2-D radiation
is greater than that obtained by the 1-D radiation cal-
culation beyond 1.5 diameter distance from the section
x = Iy, though the 1-D radiative power is greater than
that obtained by the 2-D one (see Fig. 4). This result is
explained by the fact that the absolute difference
|Tw — Ty| is lower when 2-D radiation is taken into ac-
count. An opposite result is obtained in the downstream
region close to x = ly; gas-to-gas exchange with the
preheated (or the precooled) zone leads to a smaller
radiative transfer coefficient in this region when the axial
radiative transfer is accounted for.

4.2. Comparison between results from ADF and CK
models

Fig. 9a and b show the radial evolution of the volu-
metric radiative power at different sections for heated
and cooled H,O, respectively, computed from CK and
ADF models with D =20 cm. The radiative power is
slightly overestimated by the ADF model for a gas
hotter than the wall but it is underestimated (in absolute
value) for a heated gas. The difference between the two
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Fig. 9. Comparison between CK and ADF model results.
Radial distribution of radiative power for cooled H,O (T =
1500 K and Ty, = 500 K) (a) and for heated H,O (7, = 500 K
and T, = 1500 K) (b) at different sections: D =20 cm, Re =
2000.
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models is larger when gaseous absorption is the domi-
nant phenomenon. This is due to the less accurate pre-
diction of absorption by the ADF model. This result is
in agreement with the results of Ref. [31] where the
underestimation of absorption by a cold gas in the ADF
model is analyzed in terms of the correlation assumption
used in this model. Let us recall that the correlation
assumption in the ADF model has been built to yield
accurate predictions of the total emissivity of uniform
columns.

Fig. 10 presents the evolution of bulk temperatures
for heated and cooled H,O calculated by using CK and
ADF with a diameter equal to 20 or 2 cm. The predic-
tion of bulk temperature when using ADF model is as
expected significantly better for cooled H,O than for
heated H,O. For an optically thin (D =2 cm) heated
gas, although the relative difference between the radia-
tive fluxes from both models is the same as for 20 cm,
the effect on bulk temperature is smaller. This is due to
the predominance of the conduction mode in this case
(for D=2 cm, ¢4 =~ 2¢,).

For heated H,O, it is worth noticing that the differ-
ences observed for radiative powers calculated from
both models are not due to the bulk temperature vari-
ation. In fact, although the difference |7, — 7,y| com-
puted by using CK model is smaller than that computed
by using ADF model, the result of radiative power cal-
culations are opposite (|PS¥| > |P#PF|). Thus, there is a
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Fig. 10. Comparisons between CK and ADF model results.
Evolution of bulk temperature for heated (7, = 500 K and
T = 1500 K) and cooled (7, = 1500 K and T, = 500 K) H,O:
(a) D=20 cm and (b) D =2 cm.
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balance effect which leads to errors on the bulk tem-
perature smaller than the ones on the radiative fluxes.

Fig. 11 shows the evolution of bulk temperatures
computed by using the ADF and CK models for D equal
to 20 cm or to 2 cm in the case of heated and cooled
CO,. The previous tendencies are observed again, but
for a diameter equal to 20 cm, the difference between
model results is more pronounced when CO, is heated.
The relative error, [T — TAPF|/|TEX — Ty, induced by
ADF reaches 12%.

We turn now to the comparison of the CPU times
required by both models.

As pointed out in Refs. [31,32], the computing times
for absorption coefficient based models depend on the
number of discretized pseudo-spectral locations for
which the RTE is solved (for fixed spatial and direc-
tional discretizations).

Concerning the CK model, the CPU required time in
the case of CO, is smaller than that corresponding to
H,O due to the transparency regions of CO,. The ratio
between the two CPU times is about 2.5 for one radia-
tion calculation.

The ratio between CK and ADF CPU times required
for a 2-D radiation calculation coupled to convection
for H,O is about 30. This ratio is close to the one found
in Refs. [31,32] for pure radiation calculations. The CPU
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times required for the flow calculations in the applica-
tions considered here are very small.

For applications involving H,O-CO, mixtures with
non-uniform ratio of molar fractions, the ADF CPU
time increases less rapidly since the overlapping between
H,0 and CO, spectra occurs only for a few narrow
bands [30].

5. Conclusion

The coupled radiation-laminar forced convection
problem in the entrance region of a duct was studied
numerically for strongly non-isothermal real gases. The
test problem consisted of a flowing gas (H,O or CO,)
inside a tube with a sudden jump of wall temperature.
The axial component of the radiative flux was taken into
account and its effects on the evolution of temperature
profiles was analyzed. A detailed comparison between
the results from a band model (CK) and a global model
(ADF), employed to represent the molecular radiative
properties, is provided. The main conclusions of this
study can be summarized as follows:

e The length of the preheated or precooled zone for
H,O0 and CO, flows is typically one half diameter up-
stream the section corresponding to the change of
wall temperature. The spectral nature of gas radiative
properties led to different temperature and radiative
power profiles for H,O and CO,, with a radiation
blocking effect in the case of CO, due to the intense
bands near 4.3 pm. Such effects cannot be predicted
by using a gray gas approach.

e Contrary to the conclusions of some authors, we
found that the effects of the radiative axial component
remain noticeable as long as the difference between
wall and fluid bulk temperatures is significant. This
is mainly due to the preheating or precooling effect
which is very important for low-Reynolds numbers
and relatively thick media. As a result of the same ef-
fect, we found that although the 1-D radiation analy-
sis overestimates the radiative power, the absolute
difference between wall and bulk temperatures is
smaller when 2-D radiation is considered.

e Comparisons between ADF and CK results showed
that ADF results are less accurate when the gas is
heated than when it is cooled. Only small discrepan-
cies are observed in temperature and radiative fields
when H,O or CO; is cooled while, as a result of a less
accurate prediction of absorption by the ADF model,
differences up to 12% on the bulk temperatures
(scaled by |T, — Ty|) are observed for the studied
heated gases. Although the ADF model consumes
less computer times, it remains limited to gray walls
and, in more general applications, also to gray partic-
ipating particles.
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