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Abstract:

A numerical study is described for combined forcedvection and radiative heat transfer. The huriidwpposed to be a perfect
gas in a boundary layer approached laminar flowoisfined between two coaxial cylinders. The innginder, covered by a thin
water film, is assumed to be adiabatic, while tienis thermally insulated and dry. The numerivaldel, based on the finite
volume technique is used to solve the one dimenstiblavier-Stokes and energy equations. The radigiart of this study was
solved using the “Ray Tracing” method, associated tie “Statistical Narrow Band Correlated—k” (SNBCKJdel. This study has
been made of the effect of gas radiation and tfieeince of dry surface emissivity are presented.uReshowed that the gas
radiation remains non negligible and acts as aluent factor in the humidification process. Alsagcrieasing the dry surface

emissivity results in a rising of the humid surfaemperature and the evaporated flow rate.

K eywords:Film evaporation, forced convection, thermal radiatnon-grey gas, SNBCK4 model

1. Introduction Different kinds of numerical methods are develojoed

) ) L . order to solve the radiative transfer equation (RTE
Problems involving thermal radiation with ) i
) L ) Furthermore, the discrete ordinate method (DOM) as
combined radiation and forced convection can be

. ) . the Ray Tracing method describes variation of
encountered in several thermal engineering

L , radiation intensity as a function of position amdgla.
applications. Heat exchangers, furnace designmtler _ ) L i
) ) ) The interaction of thermal radiation and free oxeui
insulation, electronic systems, manufacture of pape

, ) convection heat transfer is examined by several
and cooling processes in nuclear reactors are séme ) i
, ) L researchers. The interested readers are referong t
these thermal engineering application. Generall

y[1-5] for detailed reviews. Debbissi et al. [6] bza

speaking, heat transfer resulting from coupled . i ) i
] Y\]/ater evaporation in a vertical channel includihg t
processes cannot be separately calculated in suc . _ .

) effects of wall radiation during water evaporatiora
systems. Because of the strong coupling between

i L o vertical channel heated symmetrically by a uniform
convection and thermal radiation, some significant . L
heat flux density. Sediki et al. [7] also showedtitine
errors may occur.

interaction between mixed convection and radiation
for ascending flows in vertical circular tubes. s
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interactions between hydrodynamic and thermalradiation effect on air humidification process and
development become fairly complicated. Debbissi etevaporation. This has motivated the current study
al. [8], Orfi, et al. [9] and Belhaj Mohamed et[&Q] which aims at investigating the humidification pees
focus their attention on numerical analysis of wate generated by forced convection and thermal radiatio
evaporation in humid air in an externally insulated in a cylindrical annulus formed by a wet adiabatic
channel. A numerical study is carried out by Chid a wall and an isothermal dry one.
Yan [11] to develop the radiation effect on the .

- ) . . 2. Analysis
characteristics of mixed convection fluid flow and
heat transfer in inclined ducts. Their results d¢ati
that radiation effects have a considerable impact o
heat transfer and tend to reduce thermal buoyancy NS paper deals with a numerical investigation of
effects. Ben Nejma et al.[12] and Mazgar et al.[13] combined heat and mass transfers by a steady air
investigate a numerical computation of combined gagorced flow within a duct which is formed by two
radiation and forced convection. A laminar flowaf c0axial and cylinders (graphical abstract). Thetduc
temperature-dependent and non-grey gas in théhner surface is assumed to be adiabatic and wet,
entrance region of the channel is investigatedaBse ~ While the outer one is supposed to be grey,
of its large absorption bands, over-heated watpova impermeable and maintained at a constant
is considered as an emissive and absorbent non grégmperature. The inner cylinder, covered by a thin

gas. A special attention is given to entropy getiena liquid water film, is considered to be a black body
and its dependence on geometrical angsince water absorbs radiationthe infrared.

2.1. Physical model and assumption

thermodynamic parameters. Combined radiation and , »
natural convection in humid air flowing into a veal !
cylinder and between two isothermal vertical plases
conducted by Mazgar et al. [14] and Ben Nejma and
Slimi [15]. It exhibit that the existence of wateapor,
even in small quantities, improves the heat transfe
rate and increases considerably the evacuated flow
rate. The influence of the wall's temperature, the
duct’s dimensions as well as the vapour molar ifsact

on the mean Nusselt nhumber and flow rate is also

_» Wetsurface

& Dn— surface

examined and discussed. Mazgar et al.’s analySis [1 AIR
is distinctive as they evaluate combined gas riamtiat HosPuToCo
and mixed convection in participating media and Fig. 1 Physical description of the system

through a vertical cylindrical annulus. They prdsen  The air flowing across the channel is assumed to be
the impact of boundary conditions and enclosurea perfect gas in a boundary layer approached lamina
dimensions on entropy generation. flow. Furthermore, the buoyancy forces, the axial

Several studies have thoroughly dealt with thediffusion as well as the Soret and Dufour effects a

interaction between heat and mass transfer. Howeveheglected. The air flowing across the channel is
the evaluation of gas radiation contribution iseoft assumed to be a perfect gas in a boundary layer
aver looked, specially for investigating the thefma approached laminar flow. Furthermore, the buoyancy
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forces, the axial diffusion as well as the Sored an

v(zr=R,)=0
Dufour effects are neglected. _ _
u(izr=R,)=0 g
2.2. Mode! equation ac —0 ®
Based on the previous assumptions, the continuity Vs,
equation and the balances for momentum, mass Txr=R;) =Ty

fraction and energy [6-8] are written as follows:

o(av) , 3(Pru) _ g
or 0z

puau+p\/au:—dp+la(rljauj (2)
0z or dx ror or
dc oc _10 dc

it 2" g 3)
puaz”Nar rar[rpDar]

oT oT _ 10 oT
CuUu—+pCVv—=="—"|r1l—
PEl gz TP rar( ar) 4)

(s 10 ac
- div (g, )+ rar(r(c"" -C,. )pDT arj

The saturated vapor pressure is given by Valcoh [24
according to Eq. (9):

|Oglo(va) = 2859-82x |ogm('|') + 248.1073 xT — 314232

)
where the saturated vapor pressure is given in
atmosphere and temperature in degree Kelvin.

These equations are added to the mass flow rate
conservation equation useful to calculate the press
gradient:

RZ
The relevant boundary conditions associated wieh th yiyz) :zﬂj'lw(zlr)rdr:p(pon(pqg ~R)+m(0-2)(10)
problem under consideration can be summarized as Ry

follows:
Inlet conditions:

{V(ZZO,I’)ZO 5)
u(z=0Qr)=U,
c(z=0r) =
( )=G 6)
T(z=0Qr) =T,
Wet surface conditions:
v(zr= Rl) :_7[)@
1-c(zr=R)) 0r| g,
uizr=R)=0 (7)
SRy=__ T,
c(z,r—Fal)—%vsw%la_1
oT
—/]E +oLv(zr=R)+q(r=R,)=0

Dry surface conditions:

16

where the evaporating flow rate is calculated by:
m(0-2z) = 2nR1Ipv(z,r = R)dz (11)
0

Humid air is regarded as a perfect thermo-dependent
gas. The physical properties are related to tertyrera
as follows [15]:

=]

p:ﬁ [( 1= X120 )My, +X120M vapor] (12)

_ XHZOkvapor(T )lea/p?t;r +( 1= X0 Ky (TIM ;Jlrr3 (13)
Xio0M o~ +(1= X0 )M i

vapor airr

k

1.3x10°(1084.7 x T + 11.8xT°)

T +160 (14)
2.20143%10° xT*°
T +13431

kvapor (T ) =

kair(T):
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Cp =T X HZOM 202 1 vaapor(T)
l_(l_ Xi20)M e + Xy ip0M vapur] (15)
@a- XHZO) M i Cp,; (T

l,(l_ X HZO) M ar TX HzolvI

{

vaporJ

CPyapor (T) = 1687 + 0.533889T (16)
Cp,, (T)=968.76 + 0.067783T

1 (17)

X 1-x
H20 + H20

:uvapor (T) luair (T)

#:

"
273.15

3.01472 x107° x

Hugpor (T) = 673
T (18)

T
273.15

2.53928 x107° x

:uajr(T): 122
+

(

L, (T )=4185.(597 -0,56.(T - 273.15)) (20)

1

T
273.15

2.26
)_

D(T)= .
( 1.013.10°

jm(lg)

2.3. Numerical method

The application of the”statistical narrow band
correlated-k (SNBCKY model by Goutiere et al.[18]
to non-grey gas radiation transfer demonstratetttist
model is an efficient narrow-band one for radiative
transfer calculation as well as for low-resolution
spectral intensity prediction. Using the 4-point
Gauss-Legendre quadrature [19], where gas radiativ
properties are represented by four grey gasescht ea
non-overlapping band, the SNBCK model [20-21] can
overcome the difficulties of the SNB model by
extracting the gas absorption coefficients fromdhe
transmissivity given by Malkmus [22]:

()= exp{—

7B

h+ 288 1121
2[1 = 1}}( )
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e

The analytical expression (Eq. 23) of the cumuéativ
function has been derived by Lacis and Oinas [23]:
+b\/;ﬂexp(s

JJe el
(22)

/@ and erf is the
A

Using the cumulative functiomy, the narrow-band
average of any radiative variahje can be calculated
as:

;{1—erf(a—b«/;

g(K)zf \/;

Wherea:%«/m p=1L
2

error function.

welg') @3)

The calculation of the various monochromatic
absorption coefficients is thus reduced to the
resolution of the system:

A=

4
i=1

g(x,) =g'(24)

The different absorption coefficient are generdted
three temperatures (400K, 450K, 500K) and twenty
water vapor mole fraction (0.05, 0.1,..., 1). The
interpolation for intermediate temperatures is éakrc
since the SNB model parameters are available anly f
certain temperatures. Using the SNBCK4 model
allows us to resolve the radiative transfer equaliq.
(25).

The radiative intensity is calculated through tlay R
Tracing method, based on the selection of transfer
directions and their associated weights. As thiefin
volume technique is taken into consideration, we
chose the 1-D radiative analysis (slab problem),
supposing that, the temperature and the massdracti
vary only through radial direction.

dl,‘,fr,ﬁ!:_KLIL

i (r,f))+ K12 (25)
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Wherelf,(r,f)) represents the solution of the following

recurrent relation:

I, = exd— Kl (Q)]I k+1(r, f)) - [1—exd— Kl (Q)]]I D
(26)

| is the optical path shown in Fig. 1 and calculated
with:

@)= )= ) i

(27)
l_,f ‘ Fig.2 Optical path

The scattering effect can be neglected since theyhere the bulk temperature is given by Eq. (32):

medium contains no particles. The surfaces are R
assumed to be diffusely reflective. The radiative J',o(r,z)CP (r,2u(r,2)T(r, 2)rdr
boundary conditions are given as: Te(d =" (32)
1 =R.Q)=12(1(r =R)) (28) I,o(r, 2)C, (r,2)u(r, Z)rdr
(=R, Q)12 [11[ =R Q)G )0 e,2(T,) R

Q050 The finite volume method is applied to solve
The expression of the radiative flux is given asnumerically the set of governing conservation Eq.
follows: (1-4). A uniform 50-nodes grid according to theiahd

4 direction and a Tchebychev's sinusoidal 300-nodes
q = ZJ-ZWIIIV(Q)f(Q)dQAV(Zg) grid according to the axial direction are used. The
P utilization of a sinusoidal grid helped enormouslyt
The radiative source term given by Liu et al. [19]  ensure theconvergenceof the iterative process.

formulated in Eq. (30): i1 )
Az, =1L, co T2 cog I L
o A 2 N, 2N, (33)
div(g,)= ZJZW'KL[IV —I'V(Q)]dQAV (30) 1<i<N
bandsq 77i=1 - Tz
We define the local radiative Nusselt number as R, -R
) Ar = (34)
follow: N,
RZ
jdiv[qr(z,r)]rdr This grid is chosen as a tradeoff between the
Nu, (2z) = 2(R2 - 1) R 31) computational time and the accuracy as shown in
R, [T -Ts(2]k(Ty) Table 1. The present numerical study is checked for

accuracy against numerical results published earlie
@and reported by Liu et al. [19]. The numerical
predictions of heat flux density at the wall arsaoal
compared to those given by Liu et al.,, where water
vapor kept at latm and 1000K is introduced between

For mass transfer, the local Sherwood number i
defined as:
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two black plates maintained at OK and separated by outer one because of the energy consumed to ensure

thickness e. water evaporation. In the first axial zone of then
Tablel Effect of thegrid size on the evaporating flow rate we distinguish the appearance of two fluid behavior
R;=0.1m, R,=0.15m, U=0.1m/s, C=0, Po=1atm, T ;=300K, In fact, in vicinity of the inner wall, where thepor
Tw=500K, £,=€,=1, z=2m migration has forced the media to contribute to
Grid radiative exchanges, the fluid temperatures aratgre

(r:2) 50:100 ~ 50:300  100:300  100:500  \yhen gas radiation is taken into considerations€to

the dry surface, temperature profiles are confodride

m(0-2)

/) both thermal radiation configurations because & ga
without 02738 002716 0.02703  0.02698  transparency. It can also be signaled also that the
radiation minimum temperature valuemigrates from the central
m(0-2) zone of the flow to be stabilized at the inner acef, a

99 revealing sign of reaching the conductive

with 1.34493 1.34528 1.34605 1.34672  effect.Examining the mass fraction fields displays
radiation profiles with high gradients in the vicinity of thener

surfaceand substantially stable profiles closeh® t
Table2 Validation of the SNBCK implementation outer wall. These gradients are less pronouncegths

X as we advance through the duct. Moreover, theltiatt
Liuetal.[19] Present work (SNBCK4 )

the temperature of the inner surface is slightigdain
SNB SNBCK4 Sy S S

absence of gas radiation, this conditions the atddr
e=0.1m -142 -143 -1460 -1456 -14.40 Vvapor pressure and makes mass fraction at its upper

limit, which results in a slightly higher gradients
e=1lm -30.3 -30.6 -31.00 -30.87 -30.81  gccentuating the evaporation process.

To be in a geometrical situation comparable to #iat pry surface emissivity effect
Liu et al., we consider the case of an annularcsouce
with infinite radii. The results are very closest®wn

in Table 2 where the S4 quadrature, adopted as th
numerical method to solve the radiative coupling
problem, can be seen to have reasonable accuracy.

It is worth noting that the effect of wall emissis
very significant as it can be shown by the variaiof
the local radiative Nusselt number through axial
position (Fig. 3). In fact, reducing wall emissyit
favorites gas-gas exchanges to the detriment of
3. Resultsand discussion surface-surface and gas-surface exchanges. We

distinguish therefore a decrease in the radiativesilt

In fig. 2, the variations of temperature, axialogcy number when reducing wall emissivity. As the
and mass fraction are given for different an”marprincipal thermal radiation source is the dry ogén,
sections, in both thermal radiation configuratiomish increasing its wall emissivity will certainly entwn
and without gas radiation. We can be noted a riging  agjative transfers, this results in, a risingra humid

the temperature of the internal cylinder. Thisighle surface temperature, an augmentation in the satlirat
for both thermal radiation situations and is getiega vapor pressure

due to radiative exchanges between surfaces. Tiee in
wall temperature is significantly lower comparedite
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Fig.3 Temperature, axial velocity and massfraction engih(m)
profiles Fig.4 Influence of the emissivity on local radiative Nusselt

increasing the mass fraction of water vapor and
consequently an enhancement

number, wet cylinder temper ature and evapor ating flow

rate profiles
in mass transferof the difference in the wet temperature, using a

Furthermore, we can point at each annulus sectidn a regular interval of emissivity difference. Moreoyer

for both thermal radiation configurations, the retilbn

and for a given annulus section, we notice a

uniformity of the difference between the inner wall
temperature when gas radiation is not taken into
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account and that calculated with gas radiation. TheT temperature (K)
repercussions on mass transfer u axial velocity (m.3)
are imminent; this is clearly visible in the evagted v radial velocity (m.8)
mass profiles which seem to have linear evolutions. w weight parameter
r,z cylindrical coordinates
Greek symbols

A numerical study is developed to estimate heat andV wave number (cif)
mass transfer for a steady and not fully developed€ emissivity
flow in a duct made up of two-coaxial cylinderseth k absorption coefficient ()
inner cylinder covered by a thin water film, is AV spectral resolutionfv =100cm™)
assumed to be adiabatic while the outer one isdQ elementary solid angle
isothermal and dry. A thermal conductivity (W.mAK™)
Basedon the results we can conclude that everisf it | dynamic viscosity (N_s_ﬁ)
not the dominant heat transfer mode, gas radiatiorp  density of the fluid (Kg.r)
remains non negligible and acts as an influenbfaot  x, & n  director cosines
the humidification process.The use of a higher drySubscripts
surface emissivity results in a rising of the humid r radiative exchange
surface temperature and the evaporated flow rate0 ambient
Also, the presence of gas radiation reducesV spectral
nevertheless the wet wall temperature and congéibut Superscripts
to its surface protection. b  black body
i grey gas associated

4. Conclusion
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¢ mass fraction of water vapor References
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