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Non-gray Radiation in the Entrance Region of a Smooth Tube /Tae beom Seo

Abstract

Non-gray radiation with convection in the entrance region of a smooth tube is numerically
investigated. The fluid is a mixture of carbon dioxide, water vapor, and nitrogen to simulate
combustion products of propane. The flow is assumed to be laminar and hydrodynamically
and thermally developing. The P-1 approximation is used to simplify the radiative transfer
equation and the exponential wide band model is adapted to model the spectral absorption
coefficients of non-gray gas mixture. The bulk mean temperature and Nusselt number vari-
ation along the tube axis are shown for several inlet and wall temperature pairs to show the
effect of temperature on the heat transfer characteristics. Nusselt numbers for simultaneously
developing flow are compared to those for thermally developing flow. In addition, the effect

of the mole fraction of the non-gray gases on convective and radiative Nusselt numbers is

investigated
NOMENCLATURE Re : Reynolds number(= vi)h)
r :coordinate(m)
a :absorption coefficient(m™) s :unit vector along the radiation path
¢, - specific heat at constant pressure T :temperature(K)
(J/kgK) T. : bulk mean temperature(K)

D :diameter(m) u :local axial velocity(m/s)
D, : hydraulic diameter(m) V :mean velocity(m/s)
e, :emissive power(W/m?) v :local radial velocity(m/s)
G :intergrated radiation intensity(W/m2) x* : dimensionless length(= X )
h :heat transfer coefficient{W/m2K) | D, - Re- Pr
i :radiation intensity(W/m? um sr) x :coordinate(m)
k :thermal conductivity(W/mK) Y :mole fraction
N: : the ratio of conduction to radiation o« :integrated band intensity
| (~k-a ) A :wavelength(um)

40T, v kinematic viscosity(m?2/s)
Nu: Nusselt number . _ T—-T,

- 0 :dimensionless temperautre(= )

P : pressure(Pa) Tu—T.
Pr : Prandtl number p :density(kg/m?3)
q :heat flux(W/m?) 17, : optical radius(=a - R)
q. :radiative heat flux vector(W/m?) o :solid angle exponential decay width

R :radius(m)
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Subscripts

Cc . convective

"~

i :i" band
in :inlet
m : mean
: radiative
t :total
w : wall
A :spectral
Introduction

In order to design a high temperature
heat exchanger and to evaluate its perform-
ance, a thorough analysis of heat transfer
characteristics in a heat exchanger element
is required. The analysis 1s complicated be-
cause thermal radiation becomes important.
In these applications, the working fluids are
usually products of combustion consisting
mainly of carbon dioxide, water vapor, and
nitrogen. Carbon dioxide and water vapor
can emit and absorb thermal radiation, and
the absorptivity is a strong function of
wave number and temperature. Therefore,
not only convective heat transfer but also
non-gray radiative heat transfer in the
participating media must be taken into ac-
count in any analysis of a high temperature
heat exchahgcr tube element. In addition,
the length to diameter ratios of typical
tubes are short enough so that entrance ef-
fects become important. Hence, simul-

taneously developing flow and heat transfer

B ol 14 X]{Solar Energy} Vol. 15, No. 3, 1995

with convective and radiative heat transfer
should be used to model heat transfer in a
high temperature heat exchanger.

Echigo et al.[l] analyzed two-dimensional
combined convective and radiative heat
transfer with fully developed laminar flow
of a gray gas in a pipe. DeSoto [2]. con-
sidered the interaction of radiation with
conduction and convection in a non-iso-

thermal, non-gray gas(CO,) in a circular

tube with isothermal black walls; the flow
was hydrodynamically fully developed and
thermally developing. The exponential wide
band model [3] was used to represent the
temperature and frequency dependence of
the spectral absorption coefficients. Im and
Ahluwalia {4-6] studied combined convective
and radiative heat transfer in a rectangular
and a circular duct with a non-gray gas.
They considered simultaneously developing
turbulent flow and heat transfer of a mix-
ture of carbon dioxide, water vapor, and
particles. Using the moment method [7],
they simplified the radiative transfer
equation. The exponential wide band model
and the Mie theory were used to calculate
the spectral properties of a non-gray gas
and scattering particles. Soufiani and Taine
[8] considered non-gray radiation using a
statistical narrow band model [9]. They ap-
plied this model to coupled radiation and
convection in a laminar flow of a water
vapor and air mixture between two parallel,
isothermal walls but only showed the water
vapor results. The Curtis-Godson approxi-

mation [10] was used to compensate for the
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effect of the non-isothermal temperature
'_ field. Yang and Ebadian [11] investigated
combined convection and radiation in the
thermal entrance region of a parallel plate
‘duct with axial heat conduction and radi-
ation of very low Peclet number flow (Pe =
10~100). The weighted sum of gray gas
model [12] was used to approximate the
non-gray carbon dioxide gas. The moment
“method was applied to solve the radiative
transfer equation. Hirano et al. [13] numeri-
cally analyzed heat transfer for fully devel-
oped laminar flow of a gray gas and a
non-gray gas (CO,) between infinite parallel

plates using a finite difference technigeu.
The exponential wide band model was used
for non-gray band radiation. In another
paper [14], Hirano et al. studied enhance-
ment of radiative heat transfer by the use
of a radiating plate between infinite parallel
plates. A mixture of carbon dioxide, water
vapor and nitrogen was used to simulate
products of combustion. It was shown that
by installing a solid plate in the gas flow,
the heat transfer enhancement was 80% for
carbon dioxide and 36% for combustion
gas. Schuler and Campo [15] numerically
analyzed combined convective and radiative
heat transfer of a turbulent gray flow for
the thermally developing region of a circu-
lar pipe using the P-1 approximation and
the method of lines [18]. Yang and Ebadian
[16] and macGrath et al. [17] calculated
combined heat transfer of a gray gas in sev-
eral different geometries. The method of

lines, which i1s an explicit finite difference
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scheme, was used to solve the governing
equations in [15-17].

From this literature review, it was found
that useful information for high temperature
heat transfer is sparse, and that simul-
taneously developing non-gray gas laminar
flows in a cylindrical geometry have not
been investigated. Hence, in the present
study, non gray radiation and convection in
simultaneously develping flow and heat
transfer in a smooth tube is considered. The
continuity, momentum, energy, and radiat-
ive transfer equations are solved numerically
using a finite difference technique. The
exponential wide band model is used to ob-
tain the spectral absorption coefficient of
the gas mixture and the P-1 approximation
is used to simplify the radiative transfer

equation.
Numerical Modeling

Combined convection and non-gray radi-
ation in the entrance region of laminar flow
in a smooth circular tube is numerically
modeled. It is assumed that the gas is in-
compressible and its physical properties are
constant and the axial diffusion and radi-
ation of heat are negligible compared to the
radial diffusion and radiation. Viscous en-
ergy dissipation is neglected. The gas 1s
assumed to be non gray medium which
absorbs and emits radiation, but does not

scatter.

Governing equations

B kol id A][Solar Energy} Vol. 15, No. 3, 1995
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Based on these assumptions, the equations G, = L,,i dow (10)
governing this flow are as follows:

is the radiation intensity integrated over all

Continuity : directions, and

r_af{ )+ = (1) |
€ =T " 1 11
Momentum : o - (1)

Ju 6u__ 1 dP
v6r+ 0x

p dx
+v{—-( ) ﬂ- 03}

is the emissive power

Radiation model
Energy : In order to apply the P-1 approximation
peu%— %1 - i—ar( ) -V - q (3) to non-gray radiation, the participating
bands were divided into a number of

B o sub-bands, and the absorption coefficient of
The appropriate boundary conditions are :

. ou dT

each sub-band was assumed constant. The

atr=0:75~- a % T T 0 4) radiation intensity for each sub-band is
atr=R:u=0,T=T, (5) calculated using the following equation(7] :
at x=0:u=u, T=T, (6)
0G;
) _ S =36~ ) (12
The quantity ¢, in Eq. (3) is the radiation ‘
flux vector which is defined as follows:
where
qr = [wfoisdAdw (7) N
G = [;"GdA - (13)

where 1; is the radiation intensity and s is

. .. . . : : : I t . )
the unit vector. The radiation intensity can is the direction and band-integrated inten

be obtained from the radiative transfer sity.

: , The radiative boundary condition at the
equation [10]:

wall is given by [4]:
di,

1. + a;_ij_ = a.;_i;'b (8) aGm 3 Ew _
ds or 3 ai 2 — & NG, 4e,.) (14)

Integration Eq.(8) over all directions,

-V - qu = az(Gz - 4ebA) (9)

From the radiation intensity calculated by
Eq. (12), the divergence of the radiative

where heat flux can be written as follows :
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i=1

-V - g =Ya(G — 4ey) (15)

The spectral absorption coefficients of
carbon dioxide and water vapor are
ditermined from the exponential wide band
parameters(the integrated band intensity, the
exponential decay width, and the mean
line-width-to-spacing parameter) [3]. In the
present study, the 2.7, 4.3, and 15um bands
for carbon dioxide and the 2.7, 6.3um, and
rotational bands from water vapor are con-
sidered because these bands are important
from 4 heat transfer point of view
corupared to othere small bands(2.0, 9.4,
and 10.4um bands for carbon dioxide and
1.38 and 1.87um for water vapor). The
exponential wide band model was developed
from experimental data to obtain band ab-

spectral
calculations are made(approximate because

sorption. When  approximate
‘the model shape is an idealization of the
true band shape), the spectral-integrated
band absorption (A,) is little different from
the four-region expression for band absorp-
tion (A). According to the chart of the
ratio of A/A, in Edwards and Balakrishnan

[20], the maximum discrepancy is about
40%. Fortunately, the chart also shows that

the spectral calculations for the bands con- .

sidered in the present study had only
1—-3% discrepancies except the rotational
band of water vapor. The discrepancy of
the rotational band of water vapor was
about 10%. If the adjusted parameters
recommended by Edwards and Balakrishnan

[20] are used to compensate for the discrep-
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ancy, the exponential wide band model can
be successfully applied to engineering
problems without significant error.

Since the bands of carbon dioxide and
water vapor overlap, the influence of band
overlapping must be taken into account.
The absorption coefficients of overlapped
bands are simply calculated by adding the
absorption coefficients of each band [3].

Method of solution

In order to solve the governing equations,
a finite difference technique, which employs
an implicit scheme based on the SIMPLEST
algorithm [21], was used.

Total, convective, and radiative heat
fluxes transferred from the wall are given as

follows :

. 1
=R Ax

[ [spuc,Trdr | +a — opuc, Trdr| J 16)

qc = _k(% r=R (17)
q =q — q (18)

From these heat fluxes, total, convective
and radiative Nusselt numbers can be
difined as:

N 9D Nu 4N 19)
‘.= - 'l.lr
YRR -y
q.*D
= 20
Nu =T - T (20)
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Table 1. Comparison of the results for different grid sizes

No. of grids x=0.Im x = (.5m

(r X x) Nu, Nu, Nu, Nu,

20 X 100 15.84 22.02 8.518 18.89

40 x 100 16.08 21.85 8.655 18.75

60 x 100 16.12 21.82 8.688 18.72

40 X 50 15.86 21.83 8.645 18.74

40 x 150 16.07 21.86 8.651 18.75
Ny = Q.- D 1) the results with T, = 900K at progressively
- kT, — T refined grids as summarized in Table 1. The

Results have been obtained for the flow
of the products of combustion of natural
gas and propane in a 0.1 m diameter

smooth tube. Hence, numerical analysis of

Nusselt numbers, Nu. and Nu, from a 20
(the radial direction) X 100(the axial direc-

tion) grid are about 2% and 1% different

combined convective and radiative heat

transfer has been performed for carbon di-
oxide, water vapor, and nitrogen mixtures.
In order to simulate stoichiometric combus-
tion of propance, mole fractions of each

gas component were selected as follows : Yo,
= 0.10, Yu,0 =0.15, and Yy, = 0.75.(Combus-

tion of four representative natural gases will
be discussed below.) An inlet temperature
of 1,200K, wall temperatures of 900, 600,
‘and 300K, and Re =2,000 were used. The
fluid properties for each run were evaluated
at 1,050K, 900K, and 750K, respectively;
the Prandtl number ranged from 0.78 to 0.
- 80. |

The domain was divided into 40 radial

and

100 axial control volumes

spaced
non-uniformly. A fine grid was used near
the wall and close to the inlet of the tube.

Grid sensitivity was examined by comparing

B o4 A [Solar Energy] Vol. 15, No. 3, 1995

from those from a 60Xx100 grid, respect-
ively. Nu, and Nu, using a 40X100 gnd are
less than a 0.5% different from those with
a 60x100 grid. The 40x50 gnd was not
used because accurate information close to
the inlet of the tube could not be obtained.
all
calculations were performed with the 40X
100 gnd.

Pure convection heat transfer in simul-

Based on these results, subsequent

taneously developing flow and combined
heat transfer with gray radiation in a
thermally developing flow were calculated,
and these results were compared to the
results in the pien literature as a validation
of the code. All

coefficients (a) were set to zero for pure

sub-band absorption

convection and constant for gray radiation,
respectively. The Nusselt number for pure
convection was compared to the results in
Shah and London {22]. The two results are
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almost identical. The bulk mean tempera-
ture, the heat fluxes, and the temperature
profiles for combined heat transfer with

gray radiation were compared with the
results(z, = 1.0 and N; =0.01) of Echigo et

al. [1]. The differences between these two

results were indistinguishable.
Results

For flow in a circular tube, the bulk
mean temperature variation and Nusselt
number variation for three different wall
temperatures are shown in Figs. 1 and 2,
respectively. In order to visualize the effect
of radiation heat transfer, the bulk mean

temperature and the temperature profile for

pure convection are also presented in Fig.

1. Because of radiation, the bulk mean tem-

perature with combined heat transfer grows

1.0

(Tm'Tw) /(Tln.Tw)
o
L

| T,=1200K
i |

0.0

x*

Fig 1. Bulk mean tempertature variation(Re=2,
000, D=0.Im, Yec,=0.10, Yn,0=0.1535,

Yn~,=0.75)
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0.000 0.002 0.004 0.006 0.008 0.010

much faster than that with pure convection.
In addition, the bulk mean temperature for

T, = 900K decreases more rapidly than the

others because radiation at high tempera-
ture is more dominant than in other cases.
Nusselt number variation along the tube
length is shown in Fig.2 compared to the
pure convection case. Because the convec-
tive Nusselt numbers for the three different
wall temperatures are not much different

from each other, the convective résult for T,

= 600K is shown in the graph. The convec-
tive Nusselt numbers with combined heat
transfer are greater than those with pure
convection, because of radiation coming
from the hot gas near the center line. In
other words, radiation from the center re-
gion makes the gas temperature near the
wall higher than that of the pure convection

case so that the temperature gradient at the

lm L] L LI ¥ L) LI L) ] LI L] L Ll T T ¥ &
TWS
L *]
= —
z T T e e o
QL —— ~ )
2 10 e
- i ST w ]
g.. [ Tin.—.l,MK ~ - -\:.
[ T, =900K pure convection/ T
" T, ,=600K - ]
T, s=300K
total
— - — radiative
----- convective
1 i 1 [ 3 1 a1l 1 I A L. 1. 111
0.0001 0.001 , 0.01

x¥

Fig 2. Local Nusselt number variation(Re=2,

000, D=0.Im, Yco,=0.10, Yn,0=0.15,
YnN,=0.75)
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wall 1s steeper than it would be in pure
convection. It was found that the difference
in convective nusselt Numbers between the
combined heat transfer and pure convection
case at x* =0.009 is about 13%. However,
the difference between the convective
Nusselt numbers for the three different wall
temperatures i1s only about 1%. The radiat-
ive Nusselt numbers decrease as the differ-
ence between the inlet and the wall tem-
perature increases ; the radiative heat trans-
fer is dominant when the temperature dif-
ference is small and the temperature level is
high. Therefore, the total Nusselt number at
T, =900K i1s the largest among the three
cases, although the absolute quantity of
heat transfer is the smallest.

Nusselt numbers for thermall and
simultanesusly developing flow are

o
=
Z
=
Z
=ﬂ
4
total
[ — - — -radiative
[ = = = - - convective
A:thermally developing
: B:simuitaneously develop}ng
0.0001 0.001 0.01

x*

Fig 3. Nusselt number comparison of
thermally and simultaneously developing
flows(Re=2,000, D=0.lm, Tin=1,200K,
T.,=900K, Yco0,=0.10, YH,0=0.15,

75)
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compared in Fig.3. Both convective and
Nusselt

taneously developing flow are greater than

radiative numbers for simul-
those for thermally developing flow. At x*
= 0.005, convective, radiative, and total
Nusselt

developing flow are about 19%, 9%, and

numbers for  simultaneously
11% greater than those for thermally
developing flow, respectively. At x* = 0.009,
the difference decreases to 15%, 7%, and
9%, respectively. In order to simplify the
flow calculation, thermally developing flow
is often assumed. However, as seen from
these results this assumption can introduce

significant errors.
lw_ L L] T rrrry T L) LANL IRL I I

Nut

- mole fraction (CO,-H,0-N,-0,)
" A:0.10-0.20-0.70-0.00
| B:0.10-0.15-0.75-0.00
C:0.06-0.08-0.73-0.13
D:0.04-0.06-0.76-0.14

i _I._l__lll

l [l L 'l L4 4L A A
0.0001 0.001 0.01

x*

Fig 4. Total Nusselt number comparison for

several gas mixture(Re=2,000, D=0m,
Tin=9OOK)
Mixture A represents stoichiometnc
combustion products of natural gas 1
and 2. Mixture B represents stoichio-
metric combustion products of natural
gas 3, 4, and propane. Mixtures C and
D represent combustion products of
propane with 100% excess air and natu-
ral gases 2-4 with 200% excess air re-
spectively.
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Table 2. Mole fractions of typical natural gases

constituent natural gas 1 natural gas 2 natural gas 3 natural gas 4
methane 0.939 0.601 0.674 - 0.543
ethane 0.036 0.148 0.168 0.163
propane 0.012 0.134 0.158 0.162
butane 0.013 0.042 0.000 0.074
nitrogen 0.000 0.075 0.000 0.058

Total Nusselt numbers for several differ-
ent gas mixtures are compared in Fig. 4.
Since propane and natural gases are used as
fuel by a number of industries, their com-
bustion products were used as the non-gray
working fluids in the study. Four kinds of
natural gases are considered [24], and their
combinations appear in Table 2. Mixture A
represents the stoichiometric combustion
products of natural gas 1. Mixture B is the
stoichiometric products of an approximate
average of natural gases 2, 3, and 4, and
mixture C represents stoichiometric combus-
tion of propane. The mixtures D and E
represent the combustion products of pro-
pane with 100% excess air and the natural
gases 2-4 with 200% excess air. Again, the
Prandtl number ranged from 0.77 to 0.82.
The total Nusselt numbers for the non-gray
gas mixtures are much larger than those for
the pure convection case. As the total mole
fraction of the radiating gases (CO, H,0)
decreases, the total Nusselt numbers de-
crease. Although the total mole fraction of
the radiating gases is only 0.10 in mixture
E, the total Nusselt number is more than

twice the pure convection Nusselt number.
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Thus, even a small amount of radiating
gases can change the overall heat transfer
characteristics dramatically.

The bulk mean temperature variations
calculated with the gray Planck mean ab-
sorption coefficients are shown in Fig.5.
Three different Planck mean absorption
coefficients are used. The first Planck mean
absorption coefficient is evaluated at the in-

let temperature. The second Planck mean

1200

———L—-mm1mwahshﬁmumdﬁdmn.
- = ~ - gray Planck mean
absorption coefficient
T, =1,200K

T, =(0.5x(T, 4T, H°%
T, <900K

1100 |- W

T, (X)

= L
“ b Y
lm — Y - - /a(rm) . —
- ~ ~
i ~ ~ -~ 9
% - -

0.0 0.5 1.0 1.5
X(m)

Fig 5. Bulk -mean temperature comparison for
non-gray absorption coefficients and gray
Planck mean absorption coefficients(Re=2,
000, D=0.Im, Y«o,=0.10, Ywn,0=0.15,
Yn,=0.75)
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absorption coefficient is calculated at a upon the mole fraction or non-gray

gases, and a small amount of radiating

weighted average temperature given by:

T..=| it er T?"]* (23)

The third Planck mean absorption coef-
ficient is evaluated at the wall temperature.
None of these three gray Planck mean ab-
sorption  coefficients predicts well the
combined convective and radiative heat
transfer with non-gray gases. As can be
seen, the gray Planck mean absorption coef-
ficient overestimates the non-gray radiation

significantly.
Conclusions

From this study, the following conclusions
are drawn :

1) The bulk mean temperature variation
and the WNusselt numbers for flowing
non-gray gas mixtures are very different
from those of pure convection. The con-
vective Nusselt numbers in combined
heat transfer are greater than those for
pure convection. In addition, radiative
heat transfer becomes dominant when
the temperature difference between the
wall and the inlet is small and the tem-
perature level is high.

2) Both convective and radiative Nusselt
numbers for simultaneously developing
flow are greater than those for thermally
developing flow.

3) The heat transfer characteristics of

non-gray gas mixtures depends strongly"

B ol 2}(Solar Energyl Vol. 15, No. 3, 1995

gases can change the heat transfer sig-
nificantly.

4) A gray analysis using a gray Planck
mean absorption coefficient overestimates

radiative heat transfer significantly.
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in the Entrance Region of a Smooth Tube
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Abstract

Non-gray radiation with convection in the entrance region of a smooth tube is numerically
investigated. The fluid is a mixture of carbon dioxide, water vapor, and nitrogen to simulate
combustion products of propane. The flow is assumed to be laminar and hydrodynamically
and thermally developing. The P-1 approximation is used to simplify the radiative transfer
equation and the exponential wide band model is adapted to model the spectral absorption
coefficients of non-gray gas mixture. The bulk mean temperature and Nusselt number vari-
ation along the tube axis are shown for several inlet and wall temperature pairs to show the
effect of temperature on the heat transfer characteristics. Nusselt numbers for simultaneously
developing flow are compared to those for thermally developing flow. In addition, the effect
of the mole fraction of the non-gray gases on convective and radiative Nusselt numbers is

investigated
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