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Abstract

A numerica study was carried out to predict the behavior of complex flow
and forced convection heat transfer characteristics in a duct with two right- angled
bends for both laminar and turbulent flows. The finite differences method was
employed to solve the Navier — Stokes and energy equations. The therma
boundary conditions at the duct walls are adopted by using an isotherma for
laminar flow and transient heat conducted with convection for turbulent flow. The
equations of vorticity and energy have been solved by using the explicit method.
The computations were performed for step height ratios (H/W=2, 3, and 4), inlet
air velocities (0.12-1.0 m/s) for Reynolds number (568-33334), ambient air
temperature of (30-35C), duct wall thickness of (0.002-0.004 m) and different
duct metal on the behavior of the flow and heat transfer. Generally, the effect of
the step ratio on the bulk temperature and local heat transfer is minor for H/W
equa or greater than 3. Also, it is found that both flow and heat transfer patterns
change drastically from laminar to turbulent flows. Moreover, in the turbulent flow
regime, the maximum heat transfer rates occur at increasing of the inlet air velocity
and the ambient air temperature, also at decrease in the duct width and wall
thickness with aluminum duct. Also, it was found that the bulk temperature tends
to reach a higher vaue at the duct bends (separation and recirculation regions) and
lower values for the local Nusselt number. The numerical results of local Nusselt
number along the duct wall for laminar flow were compared with published
experiment results. The comparison indicates reasonabl e agreement.
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Nomenclature

Cn, C1e,Coe | Constantsin turbulence model Y

C, Specific heat of duct metal at 20°C Jkg.°C
E Energy content of volume element Y

H Sep height m

ke Thermal conductivity of the duct metal W/m.K
k Turbulent kinetic energy /s’
Nu Local Nusselt number Y

Q Heat transfer rate W

Re Reynol ds Number 3,

Ty Bulk temperature °C

Tw Wall temperature °C

To Ambient temperature °C

t Time S

u, v Velocity components in x and y directions | m/s
Uin Velocity of inlet air m/s

V lement Volume m°
X,y Cartesian coordinates m

Greek Symboals

€ Dissipation rate of turbulent kinetic energy  |m’/ kg.s
Mo Density of duct meta kg/m®
St Turbulent cofficient 3,

Sy Se |Cofficients for k, € EZ

m Dynamic viscosity of air N.g/m?
n Kinematics viscosity of air /s
Uy Eddy or turbulent viscosity /s
Ue Effectivekinematics viscosity /s
Ge Effective diffusion coefficient , /s
y Stream functior /s

X Vorticity Us

f Generd dependent variable 3,

S Source term 3,

Dt Time step 3,
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Introduction
The accurate prediction of heat

transfer rates is essentid in the design
of air duct or therma system. Due to
continuing demands on engineers to
develop smaller, more efficient air
conditioning systems, forced flow
separation has been utilized as a
mechanism to enhance convective
heat transfer. Also, the need for more
efficient air ducts or heat exchange
devices has led to the development of
a variety of unconventional interna
flow passages to enhance the heat-
transfer coefficient. One such passage
is the non-straight duct, or the
corrugated-wall channel. Corrugated
ducts such as duct with two right
angled bends are often used as a
passage for the purpose of heat
transfer enhancement, in which flows
are perpendicular to the corrugations
and move in undulating path as they
encounters the successive peaks and
valeys. Also, the flow in a duct,
which has steps or sharp bends, is
often seen in many actual engineering
applications, such as passages of air
conditioning systems, components of
fluid machinery, diffusers, etc[1, 2].

lzumi, R., Oyakawa, K.,
Kaga, S., and Yamashita, H., 1981 [3]
measured experimentally the locd
heat transfer rates along the wall of
channe which has two right-angled
bends. Amano, R, S., 1984 [4]
reported a numerical study on the
flow and heat transfer in the channel
with two right —angled bends. He
investigated numerically the behavior
of the flow and heat transfer for step
ratios, H/W = 1, 2 and 3 and for
Reynolds number ranging from 200 -
2000. Caller, B. D., 2000 [5]

developed the 2-D modeling
of a diffuser with 30 angle

Chakravarthy, S., Bose, T.K., Batten,
P., Palaniswamy, S., Goldberg, U.,
and Peroomian, O., 2000 [6]
presented a study on the flow through
an internal square passage containing
a 180° U-bend. The tube walls are
heated to represent the internal walls
of a turbine- blade-cooling passage.
The flow was observed to separate
around the 90° section and reattach
approximately two diameters
downstream the bend exit.

It can be seen from the
literature review that there are
different methods for analyzing the
flud flow and heat transfer
accomplished by using non straight
ducts or channels, However emphasis
was on a duct or channed with a
corrugated wall or duct which had
steps or bends which induce turbulent
complex flow phenomena such as
separation a  bend corners, flow
reattachment, and flow recirculation
and subsequently may have a
profound influence on the heat
transfer results. In the present study,
full Navier — Stokes and energy
equations are replaced in laminar and
turbulent flows by stream function
and vorticity y - x based on the finite
difference numerical solution using an
explicit scheme which was used to
simulate the fluid flow and heat
transfer in duct with two right angled
bends. Also, the behavior of the
complex flow, the distribution of
temperature, the effects of duct walls
material and thickness used in heat
conduction wall boundary, the bulk
temperature, or energy average fluid
temperature across the duct, and local
Nusselt number variation along the
walls duct are investigated
for different step ratios H/W=2, 3 and
4, for different ambient temperatures,
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duct material, and for different inlet
air velocities.
2-Theory
2-1 The Problem Description

The study of heat transfer by
forced convection is focused on the
fluid flow in a duct with two right-
angled bends shown in Figure 1. The
fluid is considered incompressible
unsteady with 2-D and constant
properties.
2-2 Governing Equations, [7, 8, 9, 10,
17]

The stream-function /
vorticity method has some attractive
features. The pressure makes no
appearance, and, instead of dedling
with the continuity equation and two
momentum equations, there is the
need to solve only two equations to
obtain the stream function and the
vorticity. Some of the boundary
conditions can be rather easily
specified: when an external
irrotational flow lies adjacent to the
caculation domain, the boundary
vorticity can conveniently be et
equal to zero. However, there are
some major disadvantages to the
stream — function / vorticity method.
The vaue of vorticity a a wall is
difficult to specify and it may cause
trouble in getting a converged
solution.

The stream function is defined by

Ty

u=

Ty (D)
v=-
2 @

The Navier Stokes equations in term
of Stream vorticity are:
%1
2 2
™= Ty e

x, Ty Ty fix naﬂzx ﬂxo
ft yfx ™Iy  Sx? qy? p
...(4)
RILIR 2% L 2 L G G
Tt WY=x ™Iy &x2 w25
..(5)
n
G=—
S
Turbulent Model (k-):
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2-3 Genera Form of the Governing
(PDES)

The genera form of the transport
equations for stream function vy,
vorticity x turbulent scales k, e and
temperature T al has the form
[12,13].

RARZTMESIRELL
'rrt() R XY TD(? o WE W
. (8

Where the terms on left sides are
convection terms and the terms on the
right side are diffusion and source
terms. The source term S in the
governing Equation 8 is given in
Tables (1, 2), where (G) is the
generation term which isgiven as.

G=n, &y o Qy”aﬂ?y ﬂ2y03
§'nx'ny,a Koy &2 5
n

G =—t
Sk
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M
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2-4 nitial and Boundary Conditions

In order to begin the
computations, some initial conditions
have to be set at time (t=0.0). These
initial conditions are specified at al
grid points for dimensiond variables
in laminar and turbulent flows. In this
study, the solution is highly
dependent on these initial conditions.
For the laminar flow the initid
conditions are:
x=0.0, T=Tin=21°C
For the turbulent flow the initid
conditions are defined as:
x=k=e=00, T=Tin
The wall vorticity of Woods [7] is:
_3wr Ywar) 1
= 2 w+1

Dn 27709

The boundary conditions are shown
clearly in Figures 2 and 3.
2-5 Relaxation Method

Under-relaxation is a very
useful device for nonlinear problems.
It is often employed, aso in the
present study, to avoid divergence in
the iterative solution of strongly
nonlinear equation 3. Equation 3 is
derived, in which the central finite
difference approximations have been
introduced:

Xw

yge Q-ZY(mnWSE 8 yge Q-ZY(mnWSE 8
smelng gmrlng  emnl; smn-1;
Dé %

+x(mn) =error=0
... (10)

The equation (10) is solved
by substituting in the current values of
y and x where upon the right- hand
side error will be non zero. In order to
solve the equation, the error has to be
subtracted from both sides. Thus, if a
small change Dy ;mny S made to the

center point value y my to do this,
the following equation is obtained:

&2 260 ... (12)
G = - == =-Erro
$ b p2y ™
Or

_ Error ....(12
Dy (mn) — ( )

el 10
0o oy
y (IT+1) can then be calculated from
y (IT) from the previous iteration as:
Y (1) =Y (1) T REDY (mn)
.. (13
Where (RF) isthe relaxation factor.

2-6 Transient Heat Conduction on the
Wall

In the transient problems, the
temperatures change with time as well
as position, the finite difference
solution requires discretization in time
in addition to discretization in space.
This can be done by selecting a
suitable time step Dt and solving for

the unknown nodal temperatures
Heat
t_ransferred 4 Heat N /The change\
into or out generated inthe
of the within the energy
volume volume L content of
element element T thevolume
from all of during Dt element
itssurfaces during Dt
during Dt
~ N /
. /

repeating for each Dt until the solution
a the desired time is obtained [14,
15]. Choosing a small Dt will increase
the accuracy of the solution, but it
will increase the computation time. In
this study, the energy baance on
volume e ement during a time interval
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Dt that is considered from boundary
conditions ABCD and EFGH can be
expressed as.

Dt& All sides Q + DtG dement = DEeIement

Where the rate of heat transfers Q
normally consists of conduction terms
and involves convection for boundary
nodes. Noting that:
DEgement = M C, DT=rm  Vaemenr Cy
DT where:
Because, non heat is generated within
the volume eement during Dt
therefore, Gaemenr 1S €qual zero.
Dividing Equation 10 by Dt gives:
5&|gd&:%£rmvdmen9%
.... (15)

Timr) - Tlwn)

Dt

..... (16)
It appears that the time derivative is
expressed in forward difference form
in the explicit method. In this study,
consider a rectangular duct wall in
which heat condition and convection
are dgnificant in the x- and y-
directions, and consider a unit depth
of Dz=1 in the z-direction. Now
divide the x or y- thick plane of the
duct wall into a rectangular mesh of
nodal points spaced Dx or Dy and
thick a part in the x- and y- directions,
and consider a general boundary node
(m, n). The network of grid point has
two distance coordinate x and y, as
independent variable, and the spacing
of the grid lines is uniform in the x
and y directions. The grid points is
employed for the computation were
177 x 46, 177 x 61, and 177 x 76 for
step ratios HW = 2, 3, and 4
respectively. These numbers  of
meshes are reached after optimization
to have stable solution.

a aIIs'desQ =r mVeiement Cv

3- Discussion
3-1 Results of Laminar Flow

Figure 4 shows the flow field
by stream function for different step
ratios and for U, =0.14 m/s. For the
flow of H/W=2, the separated flow at
the corner B reattaches on the CD
walls. Consequently, a recirculating
region is formed near the concave
corner C. This feature is represented
by a peak stream function values near
the corner C, but it is represented by
the negative velocity profile on the
BC wall. Meanwhile, the separated
flow at the corner B in this duct of
H/W=3 and 4 has reattachments on
the wdl BC, thus creating two
recirculating regions on the BC wall.
The flow aso separates a corner G
and reattaches on the wal GH in
every H/W case, thus causing a
recirculating region beyond the corner
G on thiswall. At the cross section of
the first bend B, there is a similar
trend in stream function contours for
all step ratios.

Temperature  contours  for
T,=35C and U;;=0.14 m/s with
different step ratios are given in
Figure 5. This figure illustrates larger
temperature contour deformation near
the walls BC and near the wall GH as
the H/W=2 than as the H/W=3 and 4.
But, for H/W=4 the temperature
values are larger than that for H/W=2
and 3 near the wdls and near the
concave corner C and F near the
corners B and G. This behavior of
thermal field is due to transfer of
thermal energy from the hot wall with
hot high stream velocity to the air far
from the wall and to the low stream
velocity which has less temperature.
Also, the temperature distribution in
H/W=2 has higher consideration
difference than in H/W=3 and 4
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because the flow reaches faster the
section DH due to the small step ratio
and small duct length.

Local Nusselt numbers were
computed dong the duct walls to
investigate the local heat transfer
characteristics affected by these duct.
The accuracy of the present theory, as
well as the numerical technique was
verified by studying the uniform wall
temperature and transient  heat
conduction in laminar and turbulent
flows  respectively  of forced
convection from a duct with two-right
angled bends and comparing laminar
results with the experimenta data
found in the literature. The computed
loca Nusselt numbers along the duct
wals in the present study are
compared with the experimental data
obtained by Izumi et al. [6] for step
ratio H/W=3 and for Re=300 in
Figure 6. The agreement is relatively
good in the inlet and the redeveloping
flow regions for AB and EF walls but
a discrepancy is observed near the
corners B, C, F, and G. While the
computed results show minimum
vaues a B, F, and at the position one
duct width from the corners C and G,
the experimental data do not show
this trend clearly. The heat transfer
rates must be minimum in
recirculating  regions a  these
positions. These discrepancies may be
in the experimenta wake or due to
error. The heat conduction effect
through the duct metal is not
computed in the present numerical

study.

3-2 Results of Turbulent Flow
Figure 7 show the predicted
distribution of the turbulent flow field
by stream function for different step
ratios, Ui»= 0.5 m/s, and for ambient

temperature To=40C with wall
thickness (0.0007m). For the flow of
H/W=2, flow separated at the corner
B and reattaches on the wall CD, thus
creating a recirculating flow aong the
wall BC. This feature is represented
by peak stream function values near
the concave corner C, also by a peak
velocity a the corner B and the
negative velocity on the wall BC.
Also, these figures illustrate the
separated flow at the corner B in the
duct of (H/W=3 and 4) reattaches on
the BC wall, thus creating two
recirculating regions on the wall BC.
This feature is represented by the
negative velocity profile near the
concave corner C. The separated flow
at the corner B will aso cause a flow
deflection toward the opposite side of
this duct walls. The flow also
separates a the corner G and
reattaches on the wall GH in every
H/W case, thus causing a recirculating
region beyond the corner G on this
wall. As a result the stream function
values reach it's their lower at the
position closer to the corner G, but the
velocity reaches its peak. At the cross
section of the first bend, B, there is a
similar trend in stream lines and
velocity profile for all sepratios.

Figure 8 shows the temperature
distribution for (H/W=2, 3 and 4),
Uin=0.5m/s, wall thickness (0.0007m)
and ambient temperature (To=40C).
It can be seen that the transfer of
thermal energy towards the main
stream is increased with increasing
step ratio due to increase in the
interchange of stream function and
vorticity between the wal and
separated flow with main stream at
high step ratio.

Figure 9 shows the variation in
mean air bulk temperature dong the
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duct for different step ratios, for
(Uir=0.5m/s and To=40°C). This
figure illustrates an increase in mean
air bulk temperature at duct exit and it
increases sharply from the first and
second bends, aso increasing the
step ratios gives the higher air bulk
temperature variation along the duct,
as seen for the H/'W=4 with respect to
the H/W=2 and 3. This is due to
enhancing heat transfer between duct
walls and air in duct, also between
separating flow and main flow,
caused by increasing step ratios.
Figure 10 illustrates an increase in
mean air bulk temperature at bends
and exit of this duct for different inlet
air velocity, To=40C and H/W=3
with  thickness (0.0007m), also
increasing the inlet air velocity value
gives higher air bulk temperature
variation along the duct, as seen in the
(Uin=1.0m/s) flow. This is due to
increasing the transfer of therma
energy at the position of the cornering
flow or reversed corner flow at the
higher inlet air velocity (U.=1.0m/s).
Local Nusselt numbers were
computed along the duct wals to
investigate the local heat transfer
characteristics affected by the duct
bends. Figure 11 shows the behavior
of the local Nusselt number (Nu)
distribution along the upper and lower
duct walls for the different step ratios,
To=40°C, U;=05m/s and wall
thickness (0.0007m). For every step
ratio, the (Nu) number begins with
higher vdlues at A due to the cooler
duct wall and air at the entrance
region of the duct and then reduces
from A to the corner B, aso, the (Nu)
number decreases sharply from the
corner B due to hotter air therefore
the flow separates and it remains
shortly at a nearly constant value up

to the concave corner C where the
(Nu) number becomes minimum due
to a reversed corner flow will cause
heated air. The (Nu) number, then,
increases to its peak value at about a
half duct width to the right of the
corner C because of the flow
impingement from upstream. The
distribution aso shows another
peak in (Nu) number at about one
and a haf duct width down stream
from the corner C attributed to the
flow deflection promoted by the
hotter air at the corner G.

For H/W=3 and 4 the pattern
of the (Nu) number distribution is the
same as that for H/W=2 except that
the distributions along the BC wall for
H/W=2 are more distinguishable than
for H/W=3 and 4. Also the (Nu)
number decreases with increasing step
ratio. At the same time, the (Nu)
number distribution for the EFGH
wall is the same as that for ABCD
wall except that the (Nu) number
decreases sharply from the start E to
the concave corner G and the (Nu)
number increases at duct exit for
increasing step ratio.

Figure 12 shows the effect of
wall thickness of the duct on the (Nu)
Number distributions at the duct
walls, it is clear that increasng
thickness will increase the values of
(Nu) number for upper and lower duct
walls a end duct, as seen for
thickness (0.004m) with respect to the
thickness (0.0007m and 0.002m).
This is due to lowest heat transfer
from ambient temperature to the duct
walls and then to the air flow in duct.

Figure 13 shows higher (Nu)
number values a the upper and
Lower walls of duct made of iron
metal (Fe) when compared with
aluminum metal duct (Al) but the
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same thickness (0.002m and H/W=3)
is used. This figure illustrates that Al-
metal will enhance heat transfer from
both ambient and separation flow to
the main air stream in the duct,
because the vaue of thermd
conducting for Al-meta is higher the
Fe-metal. Also, in each case we can
see similar trends in the distribution
of local (Nu) numbers.

Conclusions

1- The flow patterns and
temperature  distribution  for
laminar and turbulent flows are
strongly affected by the two
bends, the step ratio, inlet air
velocity, wall temperature of this
duct. The heat transfer
characteristics are  correlated
effectively.

2- The effect of the step ratio on
the flow behavior and
temperature pattern for laminar
and turbulent flows are the same
for H/W larger than or equd to 3.

3- Increasing the inlet air
velocity of the laminar and
turbulent flows for dl step ratios
will increase the flow separation
at the first bend, which causes
larger deflection of flow towards
the opposite side of this duct wall.
Also, the recirculating regions
beyond the second bend on this
wall will increase.

4- The effect of step ratio on the
bulk temperature Th and Nusselt
number (Nu) is minor for H/W
larger than or equal to 3 for
laminar and turbulent flows. In
general, increasing step ratio will
increase the duct length, which
causes a higher rae of heat
transfer and then higher values of
Tb at duct exit.

5 Increasing of duct width W
of this duct for turbulent flow will
increase the recirculaing region
and decrease the heat transfer rate
which causes lower Tb values
than when W is smdler, thus
these bends often are used in
large duct systems. Also, they are
simpler than curvature duct.

6- Decreasing of the wall
thickness, and increasing of the
To for H/W=3 will increase the
heat transfer rates between the
ambient air and interior fluid in
this duct. This causes higher Th
values, but (Nu) vaues will
decrease for small thickness, and
they are the same for increasing
To.

7- The aduminum meta of the
duct wadls will increase the heat
transfer rates, which causes the
higher Tb vaues than for iron
metal. Also, the iron meta is in
expensive, thus often is used in
ducting design.
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Figure (1) Typical flow domain (H/W=3).
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Figure (2) Boundary conditionsfor laminar flow at H/W=3.
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Figure (3) Boundary conditionsfor turbulent flow at H/W=3.
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(8) H/W=2, U;=0.14 mV/s, T ,=35°C
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Figure 4 Contours of stream function for laminar flow, (a-H/W =2, b-H/W=3,
and c-H/W=4), for U;,=0.14m/s, and T ,,=35°C.
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Figure (5) Contoursof temperature for laminar flow, (a-H/W =2, b- H/W=3,
and c-H/W=4), U;,=0.14m/s, and for constant wall temperature T,=35°C.
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Figure (6) Comparison of thelocal Nusselt number distribution along the
upper duct wall (a) ABCD and lower duct wall (b) EFGH for laminar flow

between present prediction and experimental [6], for H/W=3 and Re=300.
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(b) H/W=3, U;,=0. 5m/s, T0=40°C
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(C) H/W=4, U;n=0. 5m/s, To=40°C

Figure 7 Effect of step ratios on the stream function for turbulent flow, (a-
H/W=2, b-H/W=3, and c-H/W=4), U;,=0.5 m/s, and for heat conducted wall
boundary.
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(c) H/W=4, U;,=0. 5m/s, To=40°C
Figure 8 Contours of temperaturedistribution for turbulent flow, heat
conducted at wall boundary, (a-H/W=2, b-H/W=3, and C-H/W=4), To=40°C,
and U;,=0.5m/s.
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Figure 9 Variation in air bulk temperature along the Fe- duct for turbulent
flow, U;n=0.5m/s, To= 40 C, and (H/W=2, 3, and 4).
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Figure 10 Variation in air bulk temperature along the Fe-duct for turbulent
flow, H/W=3, To=40°C, and (U;,=1, 0.5, and 0.35m/9).
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Figure 11 L ocal Nusselt number distribution along the upper and lower duct
walls, Uin=0.5m/s, To=40°C, and (H/W=2, 3, and 4).
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Figure 12 L ocal Nusselt number distribution along the upper and lower duct
walls for turbulent flow, H/W=3, T0=40°C, U;,=0.5m/s, and (Thick=0.0007m,
0.002m, and 0.004m).
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Figure 13 L ocal Nusselt number distribution along the upper and lower duct
wallsfor turbulent flow, H/W=3, Uin=0.5m/s, To=40°C, Thick=0.002m, and
(Fe-Metal and Al-Metal).
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