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Fig. 3 Nondimensional net wall radiative heat flux in a black enclosure
with an anisotropically scattering medium.

ray effect and false scattering. The discrepancies for the case of
o = 0.0 are attributable to ray effect and false scattering. Even in
the case of w = 0.0, the maximum relative error is less than 7%. In
case 2, the number of iteration is less than six.

Conclusions

A finite element formulation based on the original discrete-
ordinate equation is developed for the simulation of radiative heat
transfer in absorbing and scattering media. Two cases of radiative
heat transfer in two-dimensional rectangular enclosure filled with
semitransparent media are examined to verify this new formulation.
The results show that the finite element formulation presented in this
Note has a good accuracy in solving the radiative heat transfer in ab-
sorbing and scattering media. In comparison with the conventional
finite element method for radiative heat transfer, the new finite el-
ement formulation avoids the complex geometrical integration and
can be used to solve the radiative heat transfer in anisotropically
scattering media.
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Laminar Flow Through
a Staggered Tube Bank
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University of Northern British Columbia,
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Nomenclature
Cy = friction coefficient
C, = specific heat, J/kg/K
D = tube diameter, m
fe = average friction factor
Ly = downstream length, m
Ly = tube bank length, m
Ly = upstream length, m
Ny = number of tube rows
Nujy = average Nusselt number
P = pressure, N/m?
Pr = Prandtl number (= uC,/k)
Renax = Reynolds number based on the maximum velocity
(=pVaux D / )
St = longitudinal pitch, m
St = transverse pitch, m
T = temperature, K
Uy = friction velocity, m/s
Vmax = average velocity at minimum flow cross section
y = wall coordinate, m
yt = wall unit or nondimensional wall coordinate (= yu,/v)
Ay = distance measured from the first node to the wall, m
Ayt = the first node’s wall unit (= Ayu,/v)
" = fluid dynamic viscosity, (kg/m) s~
P = fluid density, kg/m?
Subscripts
out = outlet condition
w = tube wall
0o = inlet condition

Introduction

TUDY of flow and heat transfer in tube bundles has a variety of

applications in industry. Considerable effort has been spent on
both experimental investigation and numerical simulation, as sum-
marized in an earlier paper.! The purpose of this study is to establish
that an in-house computational fluid dynamics (CFD) program is ac-
curate by comparing results obtained with the software FLUENT
with solutions obtained in the numerical study recently conducted
by Wang et al.! The solutions for Rey,, = 100 and 300 at a nominal
pitch-to-diameter ratio of 1.5 are compared.

Problem Description

The flow is modeled as two-dimensional axisymmetric. The tube
arrangements and the solution domain are illustrated in Figs. 1a and
2a of Ref. 1. The longitudinal pitch S, of the tube bank is equal
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Fig. 1 Streamlines near the inlet region: a) Repax=100 and
b) Remax = 300.

60 90

Fig. 2 Skin friction coefficient distributions on the first four tubes:
——, FLUENT, row 1; ——-, FLUENT, row 2; ———, FLUENT, row 3;
—+«—+, FLUENT, row 4; - - - -, FLUENT, periodic bc; <, Ref. 1, row 1;
and O, Ref. 1, rows 2—4.

to 1.2990 m, whereas the transverse pitch S; of the tube bank is
equal to 1.50 m. Tube diameter D is equal to 1 m. L,s=4.875 m,
Ly=11.691 m, and Ly =23 m.

The Prandtl number Pr is equal to 0.74. The Reynolds
number Ren,,, based on the maximum velocity, is defined by
Remax = pVimax D/t A uniform velocity and a constant tempera-
ture are used for inlet boundary conditions. The pressure-outlet
condition in FLUENT is employed. The use of a pressure-outlet
boundary condition instead of an outflow condition often results
in a better rate of convergence if backflow occurs during iteration.
Default settings for pressure-outlet boundary conditions are used
(gauge pressure = ON/m?; backflow total temperature = 300 K). It
should be noted that the static-pressure value used here is relative
to the operating pressure set in the Operating Conditions panel. The
outflow boundary condition, another boundary condition option in
FLUENT, is tested in the present study. It has been found that al-
though there is no recirculation through the outflow boundary at
any point during the calculations in the present study, the use of
a pressure-outlet boundary condition instead of an outflow condi-
tion still results in a better rate of convergence. A combination of
symmetry and no-slip tube surfaces is used on the bottom and top
boundaries. The temperature of the tube wall (7,,) is 400 K and the
bulk temperature of the crossflow air (7,) is 300 K.

Quadrilateral cells were used around the tube wall and triangu-
lar cells were used in all other regions. The total number of cells
is 48,304. To evaluate the friction velocity u, accurately, Ay is set
to 0.01 m around all tubes so that the maximum value of Ay™ is
less than 0.5. Solution-adaptive refinement, a feature of FLUENT,
was used to establish the grid independence of the present results,
although the results of the grid-independence tests are not shown
in this Note. Convergence was declared when the maximum scaled
residuals were less than 1 x 1073 for the continuity equation, x-
velocity equation, and y-velocity equation and less than 1 x 1076
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Fig. 3 Average heat transfer results compared with empirical corre-
lations: O, FLUENT; ©, Ref. 1; —, Eq. (1); ——-, Eq. (2); and —--—--,
Eq. (3).

for the energy equation. For Rey,,x = 100, after 675 iterations, the
calculation met the convergence criteria. After 200 more iterations,
the four residuals decreased by 15% but the solution differed be-
tween the two results by a maximum of 0.08% for the skin-friction
coefficient around the first tube.

Results

Streamlines near the inlet region for Rep,x =100 and 300 are
shown in Figs. 1a and 1b, respectively. The plots match well with
Figs. 4b and 5a in Ref. 1. The streamlines after the last tube and
isotherms near the inlet region, not shown here, also match well
with plots in Figs. 4a, 4c, and 5b of Ref. 1.

The C; distributions for Rep,, = 100 are shown in Fig. 2. The
agreement between the present results (FLUENT) and those of Wang
et al.! (in-house CFD code) is remarkably good, the maximum de-
viation being approximately 1.5%. The result obtained using the
periodic boundary condition (a feature of FLUENT) has also been
plotted in Fig. 2 and it matches well with the results for the tubes
in rows 2—4. In particular, the first and second peaks are accurately
located in the same place for all simulations.

The dimensionless pressure distributions along the bottom and
top domain boundaries for the region around the first four tube rows
match well with Fig. 10a of Wang et al.,! although the plot has not
been shown in this note.

In the present study, the average Nusselt number Nuyy is aver-
aged among the surfaces of the first 10 tubes. Simulation results
with the empirical correlations of Zukauskas et al.” and the En-
gineering Sciences Data Unit (ESDU)? are plotted in Fig. 3. The
empirical correlation of Zukauskas et al.? and the empirical corre-
lation of ESDU? have the same value (0.069) for Rem,, = 100, and
the relative errors based on this value are 7.2 and 33.3%, respec-
tively, for the present study and the previous study of Wang et al.!
For Ren,x =300, the empirical correlation coefficient of Zukauskas
et al.> and the empirical correlation coefficient of ESDU? are 0.040
and 0.034, respectively. The relative errors based on 0.040 are 17.5
and 5.0%, respectively, for the present study and the study of Wang
et al.! The relative errors based on 0.034 are 2.9 and 23.5%, respec-
tively, for the present study and the study of Wang et al.!

The Zukauskas et al.? correlations used in Fig. 3 are the 16-row
staggered bundle equations from Table 2 of Ref. 2 with the correction
(equal to 0.979) for 10 rows

N
o - = 0.979(0.71Re, 2 Pro®) W
RemaxPr§

As indicated in Ref. 4, the range of Eq. (1) is 40 < Remax < 1000.
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The ESDU correlations used in Fig. 3 are for a 10-row staggered
bundle from Table 1 of Ref. 3:

N
BM_ — 1.309(1.04Re; 08 P07 2)
Rey. Pr3
Nupy —0.365 p.0.00667
- = 0.273(0.71Re, 0% Pr %) A3)
Renax Pr3

The ranges of Egs. (2) and (3) are 10 < Rep, <300 and
300 < Repax < 20,000, respectively.

Finally, a comparison of the present study prediction of aver-
age friction factor, f., with an empirical correlation is made. Here
f¢ is defined by f, = (Poo — Pou)/(2p VrﬁaXNL), where the number

of tube rows N, was 10. The empirical correlation is Eq. (46) of
Ref. 5:

Rems  (Remn)? | (Remn)®  (Remay)?
)

The range of Eq. (4) is 3 < Rema < 1000. The values obtained
from Eq. (4) for Rey.x = 100 and 300 are 0.445923 and 0.262984,
respectively; and in the present study, the f. values are 0.445925 and
0.262984 for Ren,x = 100 and 300, respectively. The relative error
based on the values obtained from Eq. (4) is smaller than 0.0005%
for both Reynolds numbers.

111 97.3 426 574
f:=0.25 |:0.0683 + i|

Conclusions

The accuracy of the in-house CFD program for predicting a two-
dimensional laminar flow through a staggered tube bank has been
established by comparing the current results obtained with FLUENT
to the solutions obtained in the numerical study recently conducted
by Wang et al.' In particular, the solutions for Rep, =100 and
300 at a nominal pitch-to-diameter ratio of 1.5 are compared. The
solutions obtained with FLUENT, including the contour plots of
isotherms, streamlines, and skin-friction-coefficient distributions,
compared well with previous numerical solutions' obtained by the
in-house CFD program, as did the dimensionless-pressure profiles
along the bottom and top boundaries. Furthermore, the average heat-
transfer coefficients and average friction factors obtained with both
FLUENT and the in-house program match well with established em-
pirical correlations. It can, therefore, be concluded that the in-house
CFD program can be used to obtain flow and temperature fields for
geometries and conditions similar to those of the present problem.
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Thermoeconomical Optimization
of Double-Pipe Heat Exchanger
for Waste Heat Recovery
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Nomenclature

A = area of the double-pipe heat exchanger (DPHE), m?

Aopt = optimum area of the DPHE, m?

ay = fixed parameter used in Eq. (14)
[=pi Cp.i Vi/(pocpo Vo)l

a = fixed parameter used in Eq. (12)
[=P\CeH(Q/L)?/(P,CAAT o))

as = fixed parameter used in Eq. (13)
{=0.023Pr>3k;[4/(ox; )18}

as = fixed parameter used in Eq. (15)
(=0.023Pr2%k,{4b/(cx, )/
(14 (14a0)**1}**/1(1 + ap)*® — 11)

a, = fixed parameter used in Eq. (16)
[=a2a3b"% /(a; + a3b°%)]

as = fixed parameter used in Eq. (17) [=(a; /as)' ]

dg = fixed parameter used in Eq. (18)
{=0.31/[4as/(o; 7)1"*}

az = fixed parameter used in Eq. (19)

(=0.31/{4bas/(x, 7)/[1 + (1 +ap)*°1}*»)
as = fixed parameter used in Eq. (22)
{=ae + bcar/[(1 + ap)®> — 11}

ag = fixed parameter used in Eq. (22)
[=8agai PCe.H (Leg/L)/(mpnmm?p})]
ao = fixed parameter used in Eq. (23) (=P,Ca7)
an = fixed parameter used in Eq. (28) [=4as/(x; )]
ap = fixed parameter used in Eq. (28)
{=4bas/[1+ (1 +a)**]/(cx, 1)}
ap = fixed parameter used in Eq. (36) [=4m; /(x; )]
dis = fixed parameter used in Eq. (36)
{=4bm; /[1+ (1+a0)*1/ (o, )}
ais = fixed parameter used in Eq. (38)
[=512P,CeL Hm} (Leq/L)(1/ar3 + be/aw)/
pmm*p)]
b = fixed parameter used in Eq. (15) (=C,,;/C,,)
C = thermal capacity ratio [=m;C), ; /(m,C,,)]
Cy = area dependent first cost of the DPHE, $/m>
Cg = cost of energy recovered by the DPHE, $/W - hr
CgL = cost of electricity, $/(W - hr)
C; = heat capacity rate of flowing fluid in inner
pipe of DPHE, W/K
Crnax = higher heat capacity rate of flowing fluid
in DPHE, W/K
Chin = lower heat capacity rate of flowing fluid
in DPHE, W/K
C, = heat capacity rate of flowing fluid in the annulus part
of DPHE, W/K
Cpi = specific heat of flowing fluid in inner pipe of DPHE,
J/(kg - K)
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