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Abstract

A numerical study of the interaction between thermal radiation and laminar mixed convection for ascending flows of emitting

and absorbing gases in vertical tubes is presented. The radiative properties of the flowing gases, H2O, CO2 and H2O–CO2 mixtures

are modeled by using the global absorption distribution function model. The temperature-dependent thermophysical properties are

considered when solving the flow field and energy balance equations. Results are presented in terms of velocity and temperature

fields, and of evolution of centerline velocity, friction factor and heat fluxes. The effects of radiation on the regime of reverse flow

occurrence are also examined. It is shown that, for heated gases, radiation tends to reduce the velocity distortion effect of buoyancy.

Radiative transfer delays then significantly the occurrence of reverse flow for heated gases while, for cooled gases, the flow regime is

practically not affected.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Thermal radiation with simultaneous buoyancy and

forced convection is an important issue for applications

such as heat exchangers and cooling processes in nuclear

reactors. In such systems, heat transfer results from

coupled processes, in general, cannot be calculated

separately. When the flowing medium is a radiating

molecular gas, its complex absorption and emission
spectra introduce an important difficulty in the simula-

tion of these flows. Viskanta (1998), in a literature

overview on coupled heat transfer in high temperature

gas flows, pointed out the modeling difficulties and the

resulting non-complete understanding of these coupled

processes. In general, the computational methods for

solving the radiative transfer problem with its spectral

nature, based on directional, spatial and rigorous spec-
tral discretizations still remain prohibitive in terms of

computing time and storage capacity. In view of this
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fact, most of the studies available in the literature on
combined thermal radiation and mixed convection are

based on simplifying assumptions such as gray gases.

For non-radiating fluids in vertical channels and

tubes, in both cases of buoyancy-assisted flow (heated

ascending or cooled descending flows) or opposed flow

(heated descending or cooled ascending flows), much

work, both theoretical and experimental, has been

conducted in mixed convection flows and reviewed by
Jackson et al. (1989), Jeng et al. (1992), Gau et al.

(1992a,b), Wang et al. (1994) and Jones and Ingham

(1994) among others. In general, these investigations

concerned the distortion effect that buoyancy forces

have on the axial velocity and temperature distribution

inside the channel or the transition to turbulent flow at

some point along the duct. In the formulation of the

convective heat transfer problem, two approaches are
pointed out depending on the inclusion or the exclusion

of the axial diffusion term in the governing momentum

and energy equations. Namely, the available investiga-

tions have been performed either (i) by using parabolic

methods which neglect the axial diffusion (Aung and

Worku, 1986a,b; Aung et al., 1991; Habchi and Achaya,
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Nomenclature

aj quadrature weights

Cp specific heat at constant pressure [J kg�1 K�1]

D diameter of the duct [m]

g gravity acceleration [m s�2]

Gr Grashof number¼ gbðTw � T0Þq2R3=l2

h enthalpy per unit mass [J kg�1]

I radiative intensity [Wm�2 s t�1]

k reduced absorption coefficient [m�1 Pa�1]
L0 upstream region length [m]

L downstream region length [m]

Nu Nusselt number

p pressure [Pa]

Pr Prandtl number¼ lCp=k
Pe Peclet number¼RePr
q heat flux per unit area [Wm�2]

r radial coordinate [m]
R radius of the duct [m]

Re Reynolds number¼ umDq=l
Rp integrated radiative power per unit volume

[Wm�1]

s curvilinear abscissa [m]

S cross sectional area [m2]

T temperature [K]

Tb bulk temperature [K]
u axial velocity [m s�1]

uc axial centerline velocity [m s�1]

um mean axial velocity [m s�1]

v transverse velocity [m s�1]

x flow direction [m]

Xl molar fraction of the absorbing species l

Greeks

b thermal expansion coefficient [K�1]

� emissivity

j absorption coefficient [m�1]
k molecular thermal conductivity [Wm�1 K�1]

l viscosity [kgm�1 s�1]

m wave number [m�1]

q density [kgm�3]

s dimensionlesswall shearstress¼�lðou=orÞr¼R=
ðqu2m=2Þ

r Stefan–Boltzmann constant [Wm�2 K�4]

X solid angle

Subscripts

cd conductive

i discretization over x-direction
j discretization of absorption coefficients

o inlet conditions
ref reference

r radiative

tt total

w wall

m monochromatic quantity

Superscript

� equilibrium radiation
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1986; Ingham et al., 1988; Jones and Ingham, 1994) or

(ii) by solving the full elliptic equations (Zeldin and

Schmidt, 1972; Morton et al., 1989; Ingham et al., 1990;

Heggs et al., 1990; Nesreddine et al., 1998).

These studies demonstrate that when the magnitude

of both Reynolds and Peclet numbers are sufficiently

large, the boundary-layer approximation leads to accu-

rate results. The parabolic boundary-layer equations are
solved by using a marching technique up to a point

where either the flow becomes fully developed or flow

reversal is detected near the center of the duct or close to

the wall. When flow reversal occurs, the marching so-

lution procedure may diverge at, or near, the point of

separation because the direction of the flow and of the

marching technique oppose each other. Ingham et al.

(1988) overcame the numerical instability of these flow
reversals by using an iterative method.

The major advantage of parabolizing the equations is

the opportunity to use a marching technique which

saves computing time and storage capacity. This as-

sumption, when applicable, offers a reasonable com-

promise for treating the non-gray two-dimensional
radiative problem with an acceptable accuracy by using

the numerical procedure presented by Sediki et al. (2002)

which transforms the elliptic radiative transfer problem

to a series of parabolic problems.

Concerning radiatively participating fluids in vertical

channels, thermal radiation effects on laminar mixed

convection have not been extensively studied. Besides

neglecting the axial radiation component, the studies
conducted by Yang (1991, 1992) for flows in vertical

circular ducts and by Yan and Li (1997, 2001) for flows

in inclined or vertical square ducts were applied to gray

media. The authors concluded that heat transfer is en-

hanced by the presence of radiation, but the thermal

buoyancy effect is reduced. Despite the numerous stud-

ies related to non-radiating or gray fluids, the effects of

real gas radiation on mixed convection and on the re-
verse flow occurrence regime have not been explored.

This motivates our investigation.

In the present paper, numerical calculations are per-

formed to study the effects of gas radiation, with its

spectral nature, on simultaneously developing hydro-

dynamic and thermal fields for a steady laminar as-
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cending flow in a heated or cooled vertical circular duct.

The flow and energy balance equations are solved si-

multaneously by using an implicit finite-difference

technique with temperature-dependent fluid properties.
To solve the radiative part of the problem, a numerical

procedure, detailed by Sediki et al. (2002), is simulta-

neously used with the parabolic boundary-layer equa-

tions of the flow. The radiative properties of the flowing

gases are modeled by using the absorption distribution

function (ADF) model (Pierrot et al., 1999a,b). A dis-

crete-direction method is applied to solve the geometri-

cal part of radiative transfer (Zhang et al., 1988; Sediki
et al., 2002). In Section 2, we recall briefly the basic

equations, the radiative property model and the nu-

merical methods used to solve them. In Section 3, we

first present radiation effects on mixed convection of

H2O, CO2 and H2O–CO2 laminar flows. Effects on

temperature and velocity profiles, as well as on heat

fluxes and friction factors are presented. Then, we dis-

cuss the effect of thermal radiation on the regime of
reverse flow occurrence.
2. Basic formulation and methods of solution

2.1. Basic equations

We consider an ascending developing steady laminar
axisymmetric flow of a non-scattering H2O, CO2, or

H2O–CO2 mixture in a heated or cooled vertical circular

duct at atmospheric pressure (see Fig. 1). This is for
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Fig. 1. Geometry and boundary conditions.
instance the case of regenerative exchangers used for

energy recuperation from combustion products, or a

vertical linear concentrated solar collector where infra-

red active gases could be used to enhance heat transfer,
or the case of water vapor flows in some nuclear heat

exchangers. The above applications are in general in an

intermediate regime between constant wall temperature

and constant wall flux. We assume here a constant wall

temperature to gain insight on the effects of radiative

transfer on global heat transfer. Two cases will be ex-

amined. The first is the buoyancy-assisted flow which

corresponds to the heated ascending flow (positive Gr).
The second is the buoyancy-opposed flow which corre-

sponds to the cooled ascending flow (negative Gr). We

assume that the gas flow rate is fixed by some metering

device.

In the formulation of heat transfer and fluid flow

without radiation, the usual boundary-layer approxi-

mations are made. If we restrict our considerations to

steady, axially symmetric flows with the x-axis vertically
upwards, the mass, momentum and energy balance

equations, written in cylindrical coordinates, are given

by:

oðqruÞ
ox

þ oðqrvÞ
or

¼ 0; ð1Þ

oðquuÞ
ox

þ oðquvÞ
or

¼ � dp
dx

� qg þ 1

r
o

or
rl

ou
or

� �
; ð2Þ

oðquhÞ
ox

þ oðqvhÞ
or

¼ �u
dp
dx

þ 1

r
o

or
r

k
Cp

oh
or

� �

þ l
ou
or

� �2

�r � qr; ð3Þ

where u and v are the axial and radial velocity compo-

nents, respectively, h, q, l, k and Cp designate the enth-

alpy per unit mass, the temperature-dependent density,

viscosity, thermal conductivity and specific heat at con-

stant pressure, respectively, and qr is the radiative vector

flux.

The boundary conditions for the considered problem

are summarized in Fig. 1. At the wall the no-slip con-
dition, the impermeability of the wall, and the imposed

wall temperature give the following boundary condi-

tions:

uðx;RÞ ¼ 0; vðx;RÞ ¼ 0; ð4Þ

hðx;RÞ ¼ hðTwÞ for x > L0 and

hðx;RÞ ¼ hðT0Þ for x < L0:

The isothermal length allows to account for realistic

radiative inlet conditions with the possibility of pre-

heating or precooling of the gas before the section

x ¼ L0.

At the centerline the following conditions arise from
the symmetry of the problem:
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ouðx; rÞ
or

���
r¼0

¼ 0; vðx; 0Þ ¼ 0 and

ohðx; rÞ
or

����
r¼0

¼ 0:

ð5Þ

For x ¼ 0 we have the inlet conditions:

vð0; rÞ ¼ 0;

uð0; rÞ ¼ 2u0 1

�
� r

R

� �2
�

and hð0; rÞ ¼ hðT0Þ;
ð6Þ

where u0 (or the flow rate) is assumed to be fixed by a

metering device. No flow boundary conditions are re-

quired at the outlet section of the computational domain

since the problem under consideration is assumed par-

abolic in x direction.

The significant temperature difference imposed be-

tween the walls and the gas requires the use of temper-
ature-dependent fluid properties.

The gas mixtures are assumed to obey the perfect gas

law and the thermophysical properties are approximated

by temperature-dependent functions generated from the

data given in Touloukian et al. (1970a,b) for pure gases.

For mixtures, we used the Buddenberg–Wilke approxi-

mation for l and the Mason–Saxena approximation for

k (see Touloukian et al., 1970a,b).
2.2. Gas radiation modeling

Gas radiative properties are represented by the ADF

model (Pierrot et al., 1999a). This global model is lim-

ited to gray walls and is sufficiently accurate for mod-

erate temperature gradients. Comparisons between the

results from the ADF model and from the more elabo-
rated correlated-k band model, applied to the study of

combined forced convection and radiation, have shown

a reasonable accuracy of the ADF model (Sediki et al.,

2002). For each absorbing species, the ADF model pa-

rameters are the reduced absorption coefficients (kj,
j ¼ 1; . . . ;N ) corresponding to values of jm=ðpXlÞ (l
being H2O or CO2), and the corresponding weights aj
satisfying

P
j aj ¼ 1. The parameters used for pure H2O

or pure CO2 are those developed by Pierrot et al.

(1999b).

For H2O, the parameters were tabulated for five XH2O

values but they do not significantly depend on XCO2

when CO2 is the absorbing gas. The chosen reference

conditions were Tref ¼ 1100 K and XH2O;ref or XCO2;ref

equal to 0.1 since the model was first devoted to general

combustion applications. These parameters have been
calculated at atmospheric pressure and different tem-

peratures from the spectroscopic EM2C data bases

(Rivi�eere et al., 1995; Scutaru et al., 1994), with N ¼ 8

(one gas corresponding to the transparency regions and

seven active gases).
Different implementations of the ADF model have

been discussed by Taine and Soufiani (1999) for mix-

tures of absorbing gases. For H2O–CO2 mixtures con-

sidered here, the molar fractions imposed are
XH2O ¼ 0:45 and XCO2

¼ 0:55, which roughly corre-

sponds to the combustion of heavy fuels with pure ox-

ygen. The mixture is treated as a single gas with the

spectral absorption coefficient jm ¼ jm;H2O þ jm;CO2
.

Specific parameters for this mixture, at atmospheric

pressure, were developed for the purpose of the present

study. The same spectroscopic data bases, reference

temperature, and number of gray gases were considered
as for single absorbing species.

The total radiative intensity Iðu; sÞ at s and for the

direction u is written as the sum of the partial intensities:

Iðu; sÞ ¼
XN
j¼1

Ijðu; sÞ: ð7Þ

Each partial intensity Ijðu; sÞ satisfies the radiative

transfer equation:

oIjðu; sÞ
os

¼ kjðsÞXlpðsÞ ajðsÞ
rT 4ðsÞ

p

�
� Ijðu; sÞ

	
: ð8Þ

The divergence of the radiative flux, appearing in the

energy equation, is given by:

r � qrðsÞ ¼
XN¼8

j¼1

kjðsÞXlpðsÞ
Z
4p

ajðsÞ
rT 4ðsÞ

p

�
� Ijðu; sÞ

	
dX:

ð9Þ
For the radiative boundary conditions, the walls are

assumed to emit and reflect isotropically with constant

wall emissivity �w. Although calculations have been

carried out with various emissivities, we limit ourselves
to black walls in this presentation. In addition, the inlet

section (x ¼ 0) is considered for radiative transfer as a

black wall at temperature T0 while the outlet section

(x ¼ L0 þ L) is considered as a perfectly reflecting wall at

Tw. L is chosen sufficiently large so that this last condi-

tion has no incidence on the results near x ¼ L0. For

each value of j, the geometrical part of the radiative

transfer equation is solved by using a discrete-direction
method described in Zhang et al. (1988) and Sediki et al.

(2002).

2.3. Methods of solution

Radiative transfer calculations have been carried out

both with the approximation of a locally one-dimen-

sional temperature field and with the full two-dimen-
sional temperature field. In the first case, the problem is

parabolic and a marching procedure is applied. In the

second case, we use an iterative procedure to reduce the

elliptic problem to a series of parabolic ones. This pro-

cedure is similar to the one developed in Sediki et al.
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(2002) for coupled forced convection and radiation in

circular ducts. Flow and temperature calculations, up to

the outlet section, are first carried out with the radiative

flux divergence obtained from the 1D approximation.
The resulting 2D temperature field is then used to

compute a new radiative field, which enables new par-

abolic calculations of the flow and temperature fields,

and so on, until the convergence of the coupled fields. In

general, only three or four iterations are required for

convergence. For each parabolic calculation, the veloc-

ity and temperature fields are computed by using a

marching implicit finite volume procedure based on the
pressure correction algorithm up to a point where either

the flow becomes fully developed or reverse flow is de-

tected near the center of the duct or adjacent to the cold

wall. 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 provides a higher

accuracy in the regions of pronounced temperature and

velocity gradients. Typically, we use 80 radial points and
20,000 axial ones to compute the flow field. But such a

refined grid is not required for 2D radiation calcula-

tions; numerical tests showed that typically 20� 100

nodes are sufficient. Numerical interpolations and ex-

trapolations are used to convert the results from the

convective grid mesh to the radiative one and vice versa.

Table 1 shows that doubling the convective grid in-

troduces less than 0.3% differences for both conductive
and radiative fluxes. In the same manner, doubling the

radiative grid yields less than 1.5% difference for radia-

tive fluxes in the configuration considered in Section 3.

The convection part of this procedure was first vali-

dated by comparison with the results of Backstron and

McEligot (1970) for laminar forced convection and

temperature-dependent fluid properties. It was then

applied to laminar mixed convection and compared to
the results of previous studies where the boundary-layer

assumption was used (Marner and McMillan, 1970;

Worsoe-Schmidt and Leppert, 1965). The relative dif-

ference, in terms of Nusselt number, between our results

and those from previous investigations do not exceed

2%.

However, neglecting the contributions of axial diffu-

sion of momentum and energy in the system of equa-
Table 1

Conductive (qcd) and radiative (Rp) fluxes obtained with three different conv

x (m) 40� 10,000 80� 20,000

jqcdj jRpj jqcdj
0.5 395.44 508.20 399.76

1.0 193.62 329.73 195.18

1.50 118.06 237.51 119.04

2.0 74.50 159.48 75.17

2.50 47.42 105.13 47.90

3.0 30.33 68.80 30.68

Heated pure H2O flow, T0 ¼ 400 K, Tw ¼ 800 K and Re ¼ 2390 (qcd and Rp
tions is a crucial approximation for the kind of flows

considered in this study. Worsoe-Schmidt and Leppert

(1965) concluded that, for developing flows in circular

ducts, the boundary-layer model is valid for
x=ðR � Re � PrÞ greater than typically 10�3. The range of

validity of this assumption has been also extensively

discussed by El-Shaarawi and Sarhan (1981), Aung and

Worku (1986a) and Jeng et al. (1992) among others.

In this study, we have on one hand checked that for

all the studied configurations presented in Section 3.1,

the neglected axial terms (computed from the numerical

solutions) are negligible in comparison with the corre-
sponding radial ones. On the other hand, we made

specific computer runs to compare our parabolic results

with the available previous calculations using the full

elliptic equations, but with the Boussinesq approxima-

tion.

Specific calculations have been carried out to repro-

duce the local friction factor sRe in the same consider-

ations as Wang et al. (1994), i.e., Pr ¼ 0:71, Pe ¼ 71 and
jGr=Rej ¼ 10. The dimensionless wall shear stress s is

defined as �lðou=orÞr¼R=ðqu2m=2Þ. The local Nusselt

number obtained in the same conditions have been also

compared with the results of Wang et al. (1994) and with

the results of Zeldin and Schmidt (1972), corresponding

to a heated fluid with Re ¼ 500, Pe ¼ 252:5 and

jGr=Rej ¼ 30 (mixed convection) or jGr=Rej ¼ 0 (forced

convection) have also been done. The comparisons show
that, for both friction coefficient and Nusselt number,

the difference between parabolic and elliptic calculations

do not exceed 5% for x=ðR � PeÞP 5:0� 10�3 and that

the differences decrease downstream. These comparisons

indicate that the parabolic model is a reasonable ap-

proach for the prediction of heat transfer and fluid flow

when no flow reversal occurs along the flow.
3. Results and discussion

The considered gases are pure H2O, pure CO2 or

H2O–CO2 mixtures at atmospheric pressure with uni-

form molar fraction throughout the medium. The ve-

locity inlet profile is assumed parabolic and the gas inlet

temperature is constant. The calculations have been
ective grids

160� 40,000

jRpj jqcdj jRpj
510.48 398.70 509.40

346.08 194.83 345.44

238.92 118.87 238.50

160.65 75.11 160.45

106.05 47.89 105.99

69.51 30.69 69.52

are defined in Section 3.1).
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carried out either by including 2D radiative transfer or

for the same flow with the medium considered as

transparent. The Reynolds numbers were chosen suffi-

ciently large (P 200) in order to neglect the effects of
axial diffusion.

The presentation and discussion of the results will be

divided into two subsections. The effects of radiative

transfer on temperature and velocity fields, on friction

coefficient and on heat fluxes are presented in Section

3.1. We compare in this section the results obtained with

and without radiative transfer, but with the same pre-

scribed flow rate and with the same inlet and wall tem-
peratures. The influence of thermal radiation on the

regime of the reverse flow occurrence is discussed in

Section 3.2. In the following, the values of non-dimen-

sional numbers (Re; Pr;Gr; Pe) are specified with gas

thermophysical properties calculated at the inlet tem-

perature T0.

3.1. Radiation effects on the development of velocity and

temperature fields

The flow and heat transfer mechanisms are governed

by a great number of parameters resulting from the

temperature-dependent fluid properties and its complex

absorption spectra. Consequently, the results cannot be

gathered in non-dimensional form. Although, several

computations have been conducted for various gases
and various combinations of these parameters, we limit

ourselves, in this presentation, to some examples to il-

lustrate the interaction between thermal radiation and

mixed convection.

We consider a radiating gas flowing upward a vertical

tube of diameter D ¼ 0:06 m, if not specified elsewhere.

The inlet and wall temperatures are T0 ¼ 400 K and

Tw ¼ 800 K, respectively, if the gas is heated, and
T0 ¼ 800 K and Tw ¼ 400 K in the cooling case. The

inlet region has a length L0 ¼ 0:3 m. For comparison

purposes, calculations have been done for the same gas

considered as transparent with the presence of buoyancy

forces (mixed convection) and without buoyancy forces

(forced convection).

For heating H2O (aiding buoyancy), typical results

for the axial velocity and temperature profiles at differ-
ent locations are presented in Fig. 2. Without radiation

and buoyancy effects, the parabolic velocity shape is

maintained downstream the section x ¼ L0 and the flow

is simply accelerated due to the decrease of the density.

When buoyancy effect is taken into account, the initial

parabolic velocity profile is gradually distorted. Since

the temperature increases near the wall, fluid density

decreases and the flow is accelerated in this region. But
as the flow rate in the duct is constant, the centerline

velocity must correspondingly decrease. After a mini-

mum is reached, the centerline velocity starts increasing

and tends again to a parabolic profile corresponding to a
fully developed isothermal flow. The evolution of the

axial velocity profiles when accounting for radiative

transfer are represented in Fig. 2b. When the flow goes

downstream, the effect of radiation becomes significant
and tends simultaneously to reduce the velocity near the

wall and to increase it in the center of the duct. In fact,

radiative transfer from the wall acts at distance and

leads to a more pronounced heating in the central region

of the duct. The flow is then accelerated in this region

and slightly decelerated near the wall. This behavior

shows that radiation tends to reduce buoyancy effects as

pointed out by Yang (1991, 1992) and Yan and Li (1997,
2001) for gray media. Fig. 2c and d illustrate the evo-

lution of the temperature profiles without and with ra-

diation, respectively. The evolution of the temperature

profile towards the wall temperature is obviously faster

with radiation than without radiation. Even for diame-

ters as small as 0.06 m, radiative transfer is shown to be

more efficient than convective transfer in the conditions

of Fig. 2. The comparison of the temperature profiles
with and without radiation shows the presence of a

preheating zone near the entrance (x ¼ L0) due to the

propagation of radiation into the upstream region. The

axial radiative flux component has a noticeable but

small effect leading to an increase of gas temperature

before x ¼ L0.
Fig. 3 shows the evolution of the local friction factor

computed for coupled mixed convection and radiation
and for mixed convection alone with D ¼ 0:03 and 0.06

m. As the flow goes downstream, radiation tends to

reduce the velocity near the wall and the local friction

factor is strongly decreased. The product sRe tends to

the constant value corresponding to the fully developed

flow much more quickly when radiation is taken into
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account. Due to the axial propagation of radiation, the

flow is slightly preheated and thus accelerated before the

section x ¼ L0. However, the effect of this radiation

preheating on the friction factor remains however very
small (see Fig. 3).

In order to investigate the influence of gas radiative

properties on thermal and velocity fields, the results

obtained for H2O, CO2 and a H2O–CO2 mixture are

compared. Fig. 4 illustrates the evolution of the non-

dimensional axial centerline velocity (ucðxÞ=umðxÞ) for

D ¼ 0:03 m, T0 ¼ 400 K, Tw ¼ 800 K and Gr=Re ¼ 190.

It is seen that for mixed convection alone, the minimum
value of (uc=um) is the same for all gases. This result may

be explained by the findings of Jeng et al. (1992) who
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Fig. 4. Evolution of non-dimensional axial centerline velocity profiles

for heated H2O, CO2 and H2O–CO2 mixture; T0 ¼ 400 K Tw ¼ 800 K

and jGr=Rej ¼ 190.
showed that, at sufficiently high Reynolds numbers and

for fixed inlet flow and wall temperatures, and fixed

Gr=Re ratio, some flow and thermal characteristics be-

come independent of the Reynolds number. Fig. 4 shows
that radiation increases the minimum value of uc=um
and that the magnitude of this effect depends on the

flowing gas and, in particular, on its radiative proper-

ties. Water vapor is the most efficient species for bulk

heating since its spectrum contains wide absorption

bands. On the contrary, CO2 has narrowest bands and

the most intense one (near 4.3 lm) is so strong that

radiative heating remains localized near the wall.
The evolution of axial velocity and temperature

profiles, for a cooled H2O case, are shown in Fig. 5. The

bulk temperature evolves slowly towards the wall tem-

perature compared to the heated case. In fact, although

the total fluxes exchanged in both cases are of the same

order (as will be shown later), the use of similar inlet

Reynolds numbers leads to a higher mass flow rate in

the cooling case due to the temperature-dependent vis-
cosity, and then to a slower evolution of the bulk tem-

perature. The effects of radiation on the velocity field is

also less important than in the heating case. In addition

to the slower temperature evolution, the relative varia-

tions of the density are smaller in the cooling case than

in the heating one, which leads to only a small deceler-

ation as observed in Fig. 5. It can also be noticed from

this figure that this deceleration is more pronounced
near the wall where radiative cooling of the fluid is a

maximum and is added to the cooling by molecular

diffusion.

Fig. 6 shows the axial evolution of the different fluxes

exchanged per unit length for cooled and heated H2O
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flows for D ¼ 0:06 m. This figure shows the radiative

fluxes exchanged by the gas per unit length (i.e., the

radiative power per unit volume integrated over a cross

section RP ¼
R
S r � qr dS), the conductive flux qcdðxÞ ¼

�2pRkðTwÞðoTðx; rÞ=orÞjr¼R and the total flux qttðxÞ ¼
qcdðxÞ þ RP ðxÞ. For comparison purposes, the conduc-

tive fluxes calculated without radiation, accounting or

not for buoyancy effects are also plotted. Without ra-
diation, the aiding buoyancy increases the conductive

flux at the wall while this flux is decreased in the op-

posing buoyancy case. However, radiation enhances

heat transfer for both cases and is more efficient than

conductive transfer. Close to the thermal entrance, the

orders of magnitude of the different fluxes are the same

for heating and cooling cases. However, as the flow goes

downstream, the fluxes decrease more quickly in the
heated case since the bulk temperature evolves more

rapidly towards the wall temperature. One can notice

that radiative heat transfer decreases the conductive

flux. This is mainly a result of smaller absolute differ-

ences between the bulk and wall temperature when ra-

diation is taken into account.

Several calculations have been performed using dif-

ferent values of gas inlet and wall temperatures, as well
as tube diameters and inlet Reynolds numbers in the

domain allowed by the present model (laminar flow

without reversal, see Section 3.2). The general trends

and effects due to radiation, such as the enhancement of

the total heat transfer, the increase in the centerline

velocities for heated flows or, more generally, the re-

duction of gravity effects, are recovered when the

physical parameters are changed.
Fig. 7 shows for instance the evolution of the total

Nusselt numbers (Nu ¼ qttðxÞ=ðjTw � T0j)) obtained with

and without radiation for different values of T0 with

Tw ¼ 400 K for cooled flows, and of Tw with T0 ¼ 400 K
for heated flows. In these calculations, the inlet Rey-

nolds number is kept constant and the tube diameter is

equal to 0.06 m. The Nusselt number computed without

radiation is practically independent of Tw in the heated

case, and on T0 in the cooled case. When radiative

transfer is taken into account, the total Nusselt number
decreases as jTw � T0j decreases since the global tem-

perature level also decreases. Unfortunately, the results

obtained with various physical parameters (Tw, T0, Re,
D, and gas mixture composition) cannot be put in gen-

eral correlation formula since gas thermophysical

properties depend strongly on the temperature, and ra-

diative transfer depends in a highly non-linear manner

on length scales and temperature levels. Although the
results shown in Fig. 7 can be useful for engineering

calculations as first order estimates, their use in other

different conditions should be viewed with caution.

3.2. Radiation effects on the regime of reverse flow

occurrence

As discussed previously, radiation has a strong effect
on centerline velocities in the heating case and smaller

effects near the wall in the cooling case. Therefore, it is

expected that radiative transfer may significantly alter

the regime of reverse flow occurrence. Although the

boundary-layer model was adopted in this study, it is

interesting to investigate qualitatively the effects of ra-

diation on the possibility of flow reversal through the

convergence or the divergence of our numerical proce-
dure.
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Previous works on mixed convection without radia-

tion show that the marching procedure gives a good

estimation of the location of the separation point and of

the bulk temperature up to this point (Jeng et al., 1992).
It was also shown that there is a close relation between

flow reversal and numerical stability of the marching

procedure because information is travelling in the di-

rection opposite to the direction of marching when re-

verse flow occurs (Ingham et al., 1988; Jones and

Ingham, 1994).

In order to check the ability of the marching proce-

dure to predict the regime of reverse flow occurrence, we
consider first a non-radiating fluid in the Boussinesq

approximation and compare the results of available el-

liptic calculations with our marching procedure. Fig. 8a

and b show comparisons between our results and those

of Wang et al. (1994) and Zeldin and Schmidt (1972) for

heating and cooling cases, respectively. The results are

presented in the ðjGr=Rej; PeÞ plane. In our calculations,

for fixed Prandtl and Grashof numbers, we started flow
computations for a sufficiently high Reynolds number

and decreased it gradually until the computations di-

verged. We checked that, just before the procedure di-

vergence, the minimum value of axial velocity becomes

negligibly small.

For the heating case, good agreement with the results

obtained by Wang et al. (1994) is obtained for high

values of Gr=Re. As Gr=Re decreases, the demarcation
value tends to an asymptotic limit that is independent of

Pe. Our parabolic calculations tend to Gr=Re ¼ 63 while

the calculations of Wang et al. (1994) tend to about 48

and Zeldin and Schmidt found Gr=Re ¼ 97 for

Pe ¼ 252:5. The disagreement between the two elliptic
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Fig. 8. Regimes of reverse flow occurrence for heating and cooling

cases, mixed convection without radiation.
calculations shows that the demarcation value of the

separation point may be very sensitive to the numerical

procedure.

For the cooling case, flow reversal occurs near the
wall and generally at smaller values of jGr=Rej, ap-

proximately half of that for the heating case as pointed

out by Wang et al. (1994). Only a qualitative agreement

with the results of Wang et al. (1994) is obtained.

However, here also, an asymptotic value of jGr=Rej has
been found at high Pe values. The elliptic calculations

predict jGr=Rej ¼ 30 for this asymptote while our cal-

culations yield jGr=Rej ¼ 26:1. In summary, for non-
radiating fluids and in the Boussinesq approximation,

the marching procedure is shown to predict qualitatively

the regimes of reverse flow occurrence but only fair

quantitative agreement is obtained especially for cooling

cases at small Pe values (Pe < 50).

In order to investigate radiation effects on reverse

flow occurrence, we limit ourselves to Pe > 100 (i.e., in

the asymptotic regime) and we consider H2O as the
flowing gas.

For real gases with non-gray and temperature-de-

pendent spectra, flow conditions must be specified

through primitive parameters such as tube diameter,

wall and inlet temperatures, and not through non-

dimensional numbers. The tube diameter is chosen be-

tween 0.03 and 0.1 m in such a way that, in the critical

condition, the Peclet number is sufficiently high but the
flows is still laminar. For fixed values of T0, Tw and D
(and thus inlet Grashof number), calculations are star-

ted for sufficiently high Reynolds number, which is then

decreased until the divergence of the numerical proce-

dure.

For heated water vapor, we impose T0 ¼ 400 K while

Tw varies from 400 to 1000 K. Fig. 9 shows the stability

limits for three tube diameters, with and without radi-
ation, in terms of jGr=Rej vs jTw � T0j=T0. The stability

limit for H2O, assumed to be transparent, is found to be

independent of the diameter since the flows are in the

asymptotic limit at high Peclet numbers. It is shown on

Fig. 9 that radiative transfer increases the critical Gr=Re
value by a factor up to 50. As discussed previously, this

is the result of radiative bulk heating of the flow and the

resulting important increase of centerline axial velocity.
The delay of reverse flow occurrence is more and more

important as the optical thickness of the medium in-

creases.

For cooled water vapor, we impose Tw ¼ 400 K while

T0 is varied from 400 to 1000 K. Fig. 10 shows the

critical jGr=Rej values vs jT0 � Twj=T0. Calculations

without radiation show that the critical value decreases

as T0 increases. This is simply the result of viscosity
variations with T0 and of the fact that jGr=Rej scales as
ðT0 � TwÞ=ðlT 2

0 Þ which decreases strongly when T0 in-

creases. The effects of radiation on the stability limits as

shown to be very small for cooled gases. In fact, flow
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reversal occurs in a region adjacent to the wall and of

very small optical thickness. Radiative transfer may

slightly increase or decrease the critical jGr=Rej value
depending on the sign of the radiative power in the re-

gion where the flow is being reversed.
4. Conclusion

The interaction between thermal radiation and mixed

convection in laminar ascending gas flows in vertical

tubes has been studied. Attention was paid to real gas

effects: radiative properties of H2O, CO2 and H2O–CO2

mixtures have been taken into account through the
ADF model, and temperature-dependent thermophysi-

cal properties were considered. In both cases, radiation

enhances heat transfer and speeds up the evolution of

bulk temperature towards wall temperature. In the
heating case, the propagation of radiation towards the

central region of the duct tends to increase the centerline

velocity and decreases the friction factor. This induces a

significant increase of the critical Gr=Re ratio corre-

sponding to reverse flow occurrence. For the cooling

case, reverse flow occurs in a region adjacent to the hot

wall. As this region is optically thin, radiation has a

small effect on the regime of reverse flow occurrence. A
natural extension of this investigation will be the de-

velopment of a fully coupled elliptic model which will be

able to predict more precisely the critical limits of the

reverse flow occurrence in presence of radiation, and to

study radiation effects on recirculating flows.
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