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Non-gray Radiation with Turbulent Convection
in the Entrance Region of a Smooth Tube
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NOMENCLATURE G
h
A : area, m? k
a : absorption coefficient, m™*
€1,C»Cx { turbulence model constants Le
Ch : specific heat at constant pressure, J/kgK
D . diameter, m Nu
dp/dx . axial pressure gradient, Pa/m P
e, > black body emissive power, W/ i
F. : the correction factor(the ratio of ¢, to Pr
g-n see Eq.(24)) Pr,
q
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. integrated radiation intensity, W/ i
: heat transfer coefficient, W/m K
: thermal conductivity, W/mK, or turbu-

lent kinetic energy, m?/s?

: mean beam length, m(=3.6 V/A, see

Siegel and Howell(10))

. Nusselt number

. pressure, Pa, or production of turbu-

lent kinetic energy, m?/s®

. Prandtl number
: turbulent Prandtl number
. heat flux, W/ni

x calculated by
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the present numerical model, W/ni
ot . the radiation heat flux evaluated by
the mean beam lengh model, W/m
Q : radiative heat flux vector, W/m
R . radius, m
7, X . cylindrical coordinates
VD
Re . Reynolds nleber<:~~-»-»)
v
T . temperature, K
T, . gas temperature, K
JouTrdr
T, . bulk mean temperature] =——— |K
[y urdr
T. . bulk temperature( = (T, + T...)/2), K
t : nondimensional near-wall temperature
_(L.-Dyz/e
Qu‘// ( Fx:[v)
u, v : velocity components in cylindrical co-
ordinate, m/s
u, . friction velocity( = J7./p ), m/s
u : nondimensional near-wall velocity
{(=v/uc)
V > mean velocity, m/s, or volume, m®
* : dimensionless | Lh( ul )
x . dimensionless length| =—— -
& D, Re- Pr
Y . mole fraction
¥ : nondimensional near-wall displace-
ur
men( 7
v
13 - dissipation of turbulent kinetic energy,
m/s?
vory, : Kinematic viscosity, ni/s
v, . eddy viscosity, m /s
0 . density, kg/m*
ox, 0e . empirical constant for turbulence model
T . shear stress
Subscripts

I convect

A Ej

2]

=

1 ;1" band

in : inlet

1 . laminar

m . mean

out > outlet

r : radiative

t : total

w T wall

1. INTRODUCTION

Different types of high temperature heat ex-
changers(above 500C) are widely used in indus-
try. For example, fire-tube boilers are used to
supply steam, and recuperators and regenera-
tors are used to recover waste heat from high
temperature exhaust gases. In order to
optimally design a high temperature heat ex-
changer and to evaluate its performance, a thor-
ough analysis of the heat transfer characteris-
tics In a heat exchanger element is required.
The working fluids in these applications are
usually products of combustion consisting main-
ly 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 tempera-
ture. Therefore, not only convective heat trans-
fer but also non-gray radiative heat transfer in
the participating media must be considered in
any analysis of a high temperature heat ex-
changer tube element.

Radiative heat transfer has been numerically
studied since the 1960’s. Because a gray analy-
sis is much simpler than a non-gray one, a gray
analysis has been adopted by many researchers.

[

Echigo et al.'"’ analyzed two-dimensional com-
bined convective and radiative heat transfer
with fully developed laminar flow of a gray gas
m a pipe. They showed that the temperature
profiles and the bulk mean temperatures ob-

] approximation
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tended to be lower than those obtained by the
two-dimensional evaluation of radiation for low
values of the Graetz number. Schuler and
Campo® numerically investigated combined
convection and radiation of a turbulent gray
flow for the thermally developing region of a
circular pipe. The radiation contribution was
modeled by the P-1 approximation. Huang and
Lin® studied the interaction of gray radiation
with laminar forced convection in thermally de-
veloping, circular pipe flow with a two-dimen-
sional radiation model which included absorp-
tion, emission, and isotropic scattering. From
their parametric study, they showed that the ax-
ial radiation effect becomes significant at small
conduction-radiation ratios.

Unfortunately, 1t has been known that the
gray analysis overestimated radiation heat
transfer oo much(see Seo et al.”¥ and Hirano
et al.®"). Therefore, the non-gray assumption is
more realistic and accurate than the gray one if
the radiation properties of a medium strongly
depend on the wave number.

Non-gray analyses have also been performed
since the middle of the 1960’s. DeSoto'® consid-
ered the interaction of radiation with conduc-
tion and convection In a non-isothermal, non-
gray gas(CO,) in a circular tube with isother-
mal olack walls; the flow was hydrodynamical-
ly fully developed and thermally developing.
The exponential wide band model'” was used to
represent the temperature and frequency depen-
dence of the spectral absorption coefficients. He
concluded that although the axial radiative com-
ponent was large at the tube entrance, it de-
creased rather abruptly as the flow proceeded
only a short distance(x*=0.0042) into the tube
and, thereafter, its effect was very small
Wassel and Edwards'® calculated the tempera-
ture profile and the convective and radiative
heat fluxes for a fully developed laminar and

1A

turbulent flow of

They developed a table of Nusselt numbers for
Re=16,900, Re=280,650, and laminar flow. Be-
cause they considered a single band and evalu-
ated dimensionless parameters from the single
band, it is difficult to use their table for
multiband gases and/or their mixtures.

Im and Ahluwalia‘® studied combined convec-
tive and radiative heat transfer in a rectangular
duct with a non-gray gas. They considered
simultaneously developing turbulent flow and
heat transfer of a mixture of carbon dioxide,
water vapor, and particles. They used the mo-
ment method, the exponential wide band param-
eters, and the Mie theory"? to solve the radia-
tion transfer equation. In addition, Ahluwalia
and Im"" considered the turbulent non-gray
gas flow in a smooth tube using the same nu-
merical approach as the method used in the
work of Im and Ahluwalia’. Soufiani and
Taine® considered non-gray radiation using a
statistical narrow band model'®. They applied
this model to coupled radiation and convection
In a laminar flow of the mixture of water vapor
and the air between two parallel, isothermal
walls but only showed the pure water vapor

) numerically analyzed

results. Hirano et al.
heat transfer for fully developed laminar flow
of a gray gas and a non-gray gas(CO,) be-
tween Infinite parallel plates using a finite dif-
ference technique. The authors found that the
conventional gray gas analysis overestimated
the radiative heat flux and underestimated the
convective heat flux. The differences between
the gray and non-gray radiative heat fluxes
were 15% at x¥*=0.0014 and 7% at x*=0.
0072, and the differences between the convec-
tive heat flux were 44% and 77 %, respectively.
In another paper, Hirano et al.'* studied en-
hancement of radiative heat transfer by the use
of a radiating plate between infinite parallel
plates. A mixture of carbon dioxide, water

apor and nitrogen was used to simulate prod-
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ucts of combustion. [t was shown that by install-
ing a solid plate in the gas flow, the heat trans-
fer enhancement was 80% for carbon dioxide
and 36% for combustion gas. Seo et al.'¥ inves-
tigated combined convection and non-gray radi-
ation In simultaneously developing laminar flow
and heat transfer in a smooth tube using the ex-
ponential wide band model and the P-1 approxi-
mation. The mixture of carbon dioxide, water
vapor, and nitrogen were used as the working
gas. They found that both convective and radia-
tive Nusselt numbers for simultaneously devel-
oping flow are greater than those for
hydrodynamically fully developed and thermally
developing flow. In addition, it was shown that
a gray analysis could not predict the heat trans-
fer characteristics of non-gray radiation.

From this literature review, it 1s found that
information for combined convection and non-
gray radiation in simultaneously developing tur-
bulent flow and heat transfer is sparse. Because
flows in heat exchanger tube elements are
usually turbulent, information for turbulent
flows 1s required to design heat exchangers
more than that for laminar flows. Although
combined convection and non-gray radiation in
simultaneously developing turbulent flow and
studied by
researchers, these turbulent results are not ap-

heat transfer was several
plicable to other problems which have different
temperautre, composition, and geometry condi-
tions due to the characteristics of non-gray ra-
diation. Therefore, usually an involved numeri-
cal analysis is required whenever we want to
calculate combined convection and radiation in
a smooth tube. In this study, combined convec-
tion and non-gray radiation in simultaneously
developing turbulent flows and heat transfer is
considered. The continuity, momentum, and en-
ergy equations are solved numerically using a fi-
nite difference technique. The bulk mean tem-

perature, and tl

Nusselt numbers are studied for various flow
conditions, temperature differences and gas
component combinations. The exponential wide
band model parameters are used to obtain the
spectral absorption coefficient of the gas mix-
ture. Based on the results from the numerical
model, a simple correlation to predict the radia-
tive heat flux of non-gray turbulent flow in a

smooth tube is suggested.

2. NUMERICAL MODELING

2.1  Governing equations

Combined convectiori and non-gray radiation
of simultaneously deveioping turbulent flow and
heat transfer is numerically Investigated. In
order to derive the governing equations, several
assumptions are made |

1) The gas is incompressible and its physical
properties are constant.

2) Axial diffusion and radiation of heat are
negligible compared to radial diffustion and ra-
diation.

3) Viscous energy dissipation is negligible.

4) The gas absorbs and emits radiation, but
does not scatter.

5) The wall is black. Its temperature is con-
stant and uniform.

6) The inlet temperature and velocity are
uniform,

Based on these assumptions, the governing

equations for a smooth tube are as follows

1
Continuity * ~i(rv)+~qz=0 {1
T or ox
Momentum :
ou  Ju 1 0P
bl 2
v5?+”ax o ox (2
Jlar, o o\ ow), af du
) ar]
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ou ov 1 oP
Y Ve o ar (3)

+7;9;[7(Vé)+v')a(;)]+(%[(v + ,)S”]

Energy :
aT 10 oT 1 _
a} " [T<PT, PT,) ar]—;;v -q (4)

The velocities are time-averaged, and v and Pr,

are the eddy wviscosity and turbulent Prandtl
number, respectively. The turbulent Prandtl
number is set as 0.9 and the turbulent eddy wvis-
cosity will be discussed in section 2.2.

Boundary conditions are ;

ou ov oT
at r=0 e (5)
atx=0:u=u, T=T, (6)

In order to evaluate the radiative heat flux
vector in Eq.(4), the P-1 approximation is used.
The participating bands were divided into a
number of subbands, and the absorption coeffi-
cient of each sub-band was assumed constant‘”.
The radiation intensity for each sub-band is

calculated using the following P-1 equation''® ;

19790 300Gt (7)
r or a, or
where
Al*l
G,= \ GadA (8)

is the direction and band-integrated intensity.
In addition, the exponential wide band model is
used to obtain th

cient.(see Seo et. al.’¥)
2.2 Turbulence Modeling

For closure of the governing equations, many
The «x—¢
model, which is numerically stable and widely

turbulence models are available.

used, is selected to calculate turbulent quanti-
ties.

The eddy viscosity in the governing equations
is presented in terms of the kinetic energy of
turbulence and its dissipation rate®,

kZ
Y= cu— (9
&

The kinetic energy of turbulence and its dissipa-

tion rate are modeled by the following two equa-
tions‘'® :

ok ok 19, Mok
+u

Y T T o o o
3 Y ok
+—(——) (—~~)2—6 (10)
Oy 0x

vﬁ%- de _1 0 ae
or ox ror O'e ar
I ae &

where ¢x=0.09, ¢,=1.44, c,=1.92, gx=1.0,
ce=1.3.

The boundary condition for Egs. (10) and
(11) are as follows"'® :

k 1
= (12)
Uz /Cu
Ur
— 13
& 0.41y (13)

oundary condi-
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tions for the momentum and energy equations,
because the turbulence model in this investiga-
tion is not generally applicable across the turbu-
lent boundary layer®-"'®. The wall functions

are as follows !

I AP
u —Ouln(y Y+5.0 (14)

17 =2.195ln y~ +13.2Pr—5.66 (15)

In addition, the symmetry boundary condi-

tions are given :

ok o€
5;:;:0 at =0 (16)

n order to solve the governing equations, a
commercially available computational fluid dy-
namics code, entitled PHOENICS, is used.
PHOENICS uses a staggered grid formulation
of the finite volume equation, similar to that
outlined by Patankar''®. The continuity, mo-
mentum, energy, turbulent kinetic energy, and
dissipation equations are solved simultaneously.
Uniform grids for the radial direction and non-
uniform grid for the axial direction(20 x 137)
are used and generated using Eq(17)

x=0.1x10"*x 1.05% " (m) 17

where z is the axial location of the center of
the j* control volume from the tube inlet.

To incorporate radiation into the calculations,
a mixture of 12% carbon dioxide, 16% water
vapor, and 72% nitrogen by volume was Investi-
gated to simulate the stoichiometric combustion
products of propane. The diameter of the tube
used for numerical investigation was 0.05m
which is typical for the tube elements of high
temperature wasted heat recovery systems. The

inlet and wall 1

1,200K and 900K, respectively. In addition, four
more different temperatures are used to study
the effect of the inlet and wall temperatures on
combined convection and non-gray radiation.
Total heat fluxes transfereed from the wall

are given as follows :

1
R- &

Q= [f:,oucpTrdT xton T f:puc,Trdrl ,:l

(18

Convective heat flux transferred from the
wall are obtained from the wall function as fol-
low :

(Tu—Duc

g.= o F’TA

(19)

Therefore, radiative heat flux is the difference

between total and convective heat flux.
a=q ¢ (20)
From these heat fluxes, the total, convective,

and radiative Nusselt numbers can be defined

as .

Nom 2D Ny (21)
t k(Tu‘Tm) [ r
q-D
Nuy=—2
ST T (22)
g+ D
Nyy=—2
YT(T-TY (23)

3. EXPERIMENT

In order to verify the numerical modeling, ex-
perimental investigation has been carried out.

temperature flow
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loop has been built. As shown in Fig. 1, the flow
loop consists of four major parts : the combus-
tion system(the primary flow system), the sec-
ondary flow system, the test section, and the ex-
haust duct. The combustion system produces a
high temperature gas flow by burning propane
gas in air. The temperature range of the hot gas
is from 570K to 1470K. A wide range of
flowrates(0.005-0.09kg/s) up to the maximum

rotameter primary flow
T: 300-1,200C
m: 0.005-0.086 kg/s

Fig.1 Schematic of the experimental apparatus

design temperature can be obtained. Through
the secondary flow line, relatively cold air is
supplied to the test section. The variable power
electric preheater was installed to control the
secondary air temperature from ambient up to
770K. Using this preheater and the burners,
many combinations of operating temperatures
can be made in the test section.

The test section, which consisted of a shell
and a tube, was built. A tube was made of a
smooth Inconel tube(D=40.5mm) , and the shell
of the test section was made of an Inconel pipe
which was 1.22m long, 88.9mm OD, 82.6mm ID.
Hot gas flow from the combustion chamber out-
let and electrically heated air flow were direct-
ed into tubeside and shellside of the test section,
respectively. The range of the bulk and wall
temperature was from 540K to 1140K and from
400K to 730K. The experimental apparatus, the
test section, the experimental method, etc. were
described in Seo® in detail.

4. RESULTS

4.1 Verification

To validate the results of the model, pure con-

Table 1. Comparisons of pure convective Nusselt numbers for smooth tubes from various correla-

tions(Re=15,000, Pr=0.807)(Kakac?)

name correlation Nu diff.(%)
(f/2)Re Pr
== 47.3 +8.9
Prandtl IR (2 (Pr—1)
McAdams Nu=0.021Re" *Pr** 42.9 —1.9
. (f/2)Re Pr
= 43.9 +1.8
Petukov and Kirillov Nu 10712777290 (P 1)
(f/2)Re Pr
= 44.3 +2.7
Webb M 0T s (/D «(Pr—D) P
Keys and Crawford Nu=0.022Re" 8 Pr** 43.3 +0.5
the present work 43.1

where diff.(% )= (N AT NVIYA
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vective Nusselt numbers without radiation are
compared in Tabel 1 to the well-known correla-
tions for fully developed Nusselt number In a
smooth tube. As shown in the table, the calcu-
lated convective Nusselt number is reasonably
close to the Nusselt numbers from these correla-
tions except for Prandtl’s correlation.{The dif-
ferences between the calculated Nusselt number
and the correlations are much smaller than the
suggested uncertainty(about 5~6% ) of the cor-
relations.)

In addition, the numerical method was veri-
fied by comparison with experimental data of
Seo'®™ and Edwards et al'*’. In Fig. 2 a compar-
ison of the experimental and numerical results
are shown. It is found from this figure that the
present numerical model can accurately predict
combined convection and non-gray radiation
for a wide range of a Reynolds number (6,000~
55,000) and ratio of wall-to-bulk temperature(
T./T,) (0.6~0.7). Although there are a few
other experimental studies for high temperature
heat transfer reported in the literature, it is im-
possible to compare those results to the present
numerical results, because each experimental
study differs in geometry, temperature condi-
tions, and gas compositions. Non-gray radiation
heat transfer is a nonlinear function of tempera-
ture, partial pressure of participating media,
and geometry. Hence, results which have been
published for certain conditions cannot be ap-
plied to other situations unless every condition

1s 1dentical.
4.2 Results and discussion

For convection with and without radiation in
a smooth tube, the bulk mean temperature and
Nusselt number variations are shown in Figs. 3
and 4, respectively. In Fig.3, in order to show
the effect of the average temperature((T;,+ T.,)
/2) and the temperature difference(7T,,— T,) on

radiation heat tr

2
z
F O experimental data 1
¢ numerical data
10 ps L e s
T,/Ty=07
100 | E
-] r 4
z S 1
L Petukhov-Popov ]
(convection only)
10 L - L
T, /T,=0.8
100 £ 4
L [ ]
z | ) ]
[ 1
10 e | 1 i PSR |
10000 100000
Re
Fig.2 Comparson of the experimental and nu-

merical length-averaged Nusselt num-
bers for smooth tubes Petukhov-Popov
(Kakac, 1987) :

(C/2)RePr

M 1860~ (7= L8P )G A=)

different temperature pairs are used : A) T,.=
1,200K and 7,=900K;B) T,.=1,200K and T,
=600K;C) T,=900K and 7,=600K; D) T,
=900K and T,=300K; E) T,=600K and T,=
300K. All of the bulk mean temperatures for
the five different temperature pairs with com-
bined convection and radiation decrease faster
than those for pure convection.(These are about
5~9% lower than those for pure convection at
x*=0.0027. Refer to Table 2.) However, the
differences between the bulk mean tempera-
tures for the five temperature pairs and the
bulk mean temperature for pure convection are

ninar flow in a
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e A A R S A——
09 b Pure convection .
o
‘s 0.8 |- -
=
= E
[-"E o1k A D
['V' Tin Tw B
I A:1200K, 900K
P B:1200K, 600K C
06 I ¢ 900K, 600K
| D: 900K, 300K
E: 600K, 300K
05 i A 1 1
0.000 0.001 0.002
X*

Fig.3 The bulk mean temperature variation for

the five different inlet and wall tempera-
tures

(Re=15,000, D=0.05,Yc,=0.12, Yyo
=0.16, Yy,=0.72)

100

in w

| A:1,200K, 900K -

| B:1,200K, 600K puxeconve(:tion”~ o
C: S00K, 600K D E]
D: 900K, 300K
E: 600K, 300K
A B
=
R o W E
_'—'—“'~-‘:::\:
- -
——— e D- ~
[————otal E)‘ -~
- = = -convective
—— ~ - radiative
1 PR aaal " el aad
0.00001 0.0001 0.001
x*
Fig.d The total, convective, and radiative

Nusselt number variation for the five dif-
ferent inlet and wall temperatures
(Re=15,000, D=0.05m, Y¢0,=0.12, Yo

=0.16, Yx,=0.72)

Table 2. Comparisons of calculated data for different temperature conditions
(x=1.6m, Yco,=0.12, Yy,0=0.16, D=0.05m, Re=15,000)

Temperature(T.,, T.) 4. diff.(%) Nu, diff.(%)
1,200K, 900K 0.581 —85 51.27 18.8
1,200K, 600K 0.589 -17.3 48.82 13.2

900K, 600K 0.592 -6.8 47.92 111

900K, 300K 0.601 -5.3 45.41 5.3

600K, 300K 0.607 —4.5 44 .45 3.0
pure convection 0.635 43.14

where diff.( %) = (8n— B coni) /Bom. cons O (Nu;— Nu.) /Nu,

smooth tube(refer to Seo et al., ). As could
be expected, we can conclude that the role of ra-
diation heat transfer in turbulent flow becomes
relatively smaller than that in a laminar flow,
and turbulent convection becomes dominant.
Note that the difference between the inlet and
wall temperatures is not as important to radia-

tion as the average

The total, convective, and radiative Nusselt
numbers are shown in Fig.4, and the total
Nusselt number difference between pure convec-
tion and combined convection and radiation is
presented in Table 2. From the table, it 1s seen
that radiation heat transfer is important at high
temperatures although turbulent convection is

ective Nusselt
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numbers for the five cases are not presented,
becasuse those are very close to the pure con-
vection Nusselt number and it is difficult to see
the differences. Although the radiative Nusselt
numbers are very different from each other, the
total Nusselt numbers do not differ much be-
cause convective heat transfer is relatively
strong in turbulent flow. Of the five cases stud-
led, the radiative Nusselt number for T,=1,
200K and T,=900K is the largest and is only
about 16% of the total Nusselt number. The ra-
diative heat transfer role decreases as the
average temperature decreases. The radiative
Nusselt number for T;,=600K and T,=300K is
less than 4% of the total Nusselt number. Thus,

radiation heat transfer could be neglected for
this COnditiOn( Y(j()z: 012, YHZU: 0.16, D: 0.05m ,

1.0 . e
T;,=1.200K
T, =900K
0.9 |- pure convection 1
;x
‘g 0.8 -
=
< A q
E-;
‘g 0T B -
=~ .
~ |l Mole fraction
' (CO,-H,0-N,-0,) o
06 I A: 12-16720
| B: 6-8-73-13
C: 4.6-76-14
05 a i i " 1 A A " 1
0.000 0.001 0.002
x*

Fig.5a The bulk mean temperature variation
for the different gas composition. Mix-
ture A represents the stoichiometric
combustion products of propane. Mix-
ture B and C represent the stoichiomet-
ric combustion products of propane
with 100% and 200% excess air
respectively.(Re=15,000, D=0.05m,

YCOZ:O-lAq 7 — N 1o Vo e Y TN

Re=15,000, T,,=600K, and T,=300K) without
a significant loss in accuracy. However, if the
mole fractions of the participating media in-
creased significantly and/or the tube diameter
increased, radiation heat transfer would be im-
portant with even low temperatures and should
not be ignored. The radiative Nusselt numbers
vary little over a wide range of x*, while the
convective Nusselt number decreases dramati-
cally near the inlet of the tube. The differences
between the total Nusselt numbers appear far
downstream(x*>0.0003) where radiation heat
transfer becomes more important.

In Figs. 5a and b, the bulk mean temperature
variation and the Nusselt number for different

gas mixtures are plotted. Mixture A (Yo, =0.
12, Yuo=0.16, Y»,=0.72, Y, =0.0) is the stoi-

. ~A,B.C
''''' convectuve
| — - - radiative
A
7 105_______.__){___ 1
:____________ B
- Mole fraction Xc
L (CO,H,0-N,-0,)
i o
C: 467614 Tu=900K
1 i L e bdeadode i et an ]
0.00001 .0001 0.001
x*

Fig.bb The total, convective, and radiative
Nusselt number variation for the differ-
ent gas composition. Mixture A repre-
sents the stoichiometric combustion
products of propane. Mixture B and C
represent the stoichiometric combustion
products of propane with 100% and

200% excess air, respectively.(Re=15,
0non N—=NnNEm V. —nN 1_2,
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chiometric combustion products of propane and
mixtures B(Yco,=0.06, Y4,0=0.08, Y, =0.73,

Y5,=0.13) and C(Y0,=0.04, Yp,0=0.06, Yy =
0.76, Yo, =0.14) represent theoretical combus-
tion products of propane with 100% and 200%
excess air, respectively. The bulk mean tempera-
ture variation between different mixtures is not
significant. In addition, the total Nusselt num-
bers are very close to each other even though
the radiative Nusselt numbers are very differ-
ent, again demonstrating that turbulent convec-
tion is dominant. However, the radiative Nusselt
numbers are still more than about 10% of the
total at x*=0.0027,

though 100% and 200% excess air is used.

Nusselt number even

5. CORRELATION

A simple and convenient method is needed to

| Le: mean beam length (m)
I Pooa: partial pressure of CO, (atm)
Pyppo partial pressure of H,O (atm)

0.0 P S A | -

0.0 0.1 0.2
(Poop#Pyyo)le

Fig.6 The ratio of radiative heat flux calculat-
ed by the present simulation to the radia-
tive heat flux evaluated by the mean
beam length model in smooth tubes.(D=
0.05-0.5m, T;,=600-1200K, JT(=T,.—
Tw)=200—600K, Pro,=0.01-0.20atm,
P},Z(J:O_Ol—ﬂ 0%atm, P=1 atm)

calculate the radiation contribution when con-
vection and radiation are present in an intube
turbulent flow. The radiation contribution then
could be used with Eq. (21) and the pure con-
vection Nusselt number to calculate either the
total Nusselt number or heat flux. Hence, the
axially local radiation heat flux{q.) calculated
by the present numerical simulation and the ra-
diation heat flux(g.,) evaluated by the mean
beam length model"® are compared on Fig.6. In
this figure, the ratio q./g.» is presented with
respect to (Peoz+ Pmo)Le. (In this figure, data
points are scattered. The logarithmic-scaled
graph for total emittances of both carbon diox-
ide and water vapor was small so that reading
error might be large for some conditions.) For
the comparisons, combinations of conditions
over a wide range of operating conditions were
used; D=0.05—0.5m, T,=600-1200K, 4T(=
T.—T,)=200—600K, Re=10,000—50,000, P
:=0.01-0.20 atm, Py, =0.01-0.20 atm, P=1
atm. As can be seen, the non-gray radiative
heat flux does correlate simply with the mean
beam length model. Using this figure, the rela-
tionship between ¢, and g, can be formulated
as follow :

Geat™= Qmer * F:’ (24)

where F,=[100(Pco,+Pro)L.] "

for (Pc~oz+PH20)Le > 0.01

or F.=1.0 for (Pco,+ Pne)Le < 0.01

Using this relationship, the non-gray radia-
tion Nusselt number in & smooth tube with tur-
bulent flow can be predicted to within =10%
using the radiative heat flux obtained by the
mean beam length model. For this calculation,
the bulk mean temperature is used as the gas
, calenlated by Eq. (24) is the

temnerature. g
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axially local radiation heat flux for the region x
*>0.0005, and this correlation(Eq.(24)) is not
applicable to radiation heat flux calculation
near the inlet. The downstream temperature
profile is different from that near the inlet, and
the temperature profile near the inlet is very
flat. This means that radiation heat flux near
the inlet can be approximated by the mean
beam legth model without the correction factor
(F.). In other words, g../q.» i1 close to unity
near the inlet.

In order to evaluate the performance of heat
exchangers, the length-averaged Nusselt num-
ber is preferred to the local value. Fortunately,
as was shown in the Fig.4, the radiative Nusselt
number varies little compared to the convective
Nusselt nuber so that the difference between
the local and the length-averaged value is
small. Although this difference increases as ra-
diation becomes weak compared to convection,
it is not a siignificant problem, because the ef-
fect on the total Nusselt number(which is the
sum of the convective and radiative Nusselt
numbers) is still small. From sample calcula-
tions, it 1s found that although the local radia-
tive Nusselt number is used to calculate the
length-averaged total Nusselt number, the dif-
ference is usually less than 2% and the maxi-

mum difference is not greater than 5%.

6. CONCLUSIONS

Combined convection and non-gray radiation
with simultaneously developing turbulent flow
and heat transfer in a smooth tube has been nu-
merically investigated using a finite difference
technique. Based on results obtained, several
conclusions can be drawn.

Radiation heat transfer becomes significant
when average temperature((T,,+ T..)/2) is high
and the temperature difference (T.—7T.) is

large. However,

fer is relatively small min turbulent flow com-
pared to that for laminar flow for the present
operating condition(7T,,=600—1,200K, T,=300
—900K, Re=15,000, D=0.05m, Yc,=0.12

Yy,0=0.16, Yy,=0.72). Radiation heat transfer

becomes important as the average temperature,
mole fractions of participating gases, and the di-
ameter of the tube increase. As found in the
laminar flow investigation, convective Nusselt
numbers are almost independent of radiation
heat transfer, and radiative Nusselt numbers
vary little over a wide range of a*. A simple
correlation to predict the radiative heat flux in
a smooth tube is suggested(see Eqg. (24)) using
the mean beam legth model. From this correla-
tion, the radiative heat flux in turbulent flow in
a smooth tube can be predicted with 10% error,
and the total Nusselt number could be obtained
within 5% error with well-known correlations
for fully developed convection Nusselt number
in smooth tubes.
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