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Conjugate Forced Convection Heat
Transfer in Tubes with Obstruction

M. Ruhul Amin*
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Introduction

N the design of heat transfer equipment, the knowledge of

the amount of heat transfer and temperature distribution is
very important to prevent thermally induced failure. Since the
first publication of the so-called Graetz problem, there have
been many studies on laminar flow in circular tubes.' Laminar
flow occurs in a tube because of small dimensions, low flow
rates, or highly viscous fluids. Compact heat exchangers rep-
resent the industrial situation where laminar flow is encoun-
tered. Although important, but most often ignored, is the effect
of conjugation, that is, coupling of conduction and convection.
Wall conduction becomes an important factor when the thick-
ness of the pipe cannot be neglected in comparison to pipe
radius. As described by Perelman,” heat transfer problems in-
volving multimaterial solid domains, localized heat generation,
and complex fluid flow behavior including separation and reat-
tachment, can involve conjugation.

In a heat exchanger tube, conduction is present not only
through the tube wall, but also through the deposits accumu-
lated on the wall surface because of fouling. Fouling reduces
the heat transfer rate as a result of an increase in fluid friction
and thermal resistance and, thus, increases both the initial and
operating costs of heat exchangers. The deposits also restrict
the flow passage of the tube. This restriction is often more in
some places than in other places. This study is concerned with
the conjugate heat transfer in a circular tube with an obstruc-
tion. The tube geometry is shown in Fig. 1. In addition to the
wall conduction, the flow is restricted by an obstruction on the
tube wall. A uniform wall temperature is assigned as the
boundary condition because this type of condition is more
prevalent in process industry applications. The fluid enters the
tube with a uniform inlet temperature and a parabolic velocity
profile is assigned as the inlet boundary condition.

Numerical Approach

A finite element method based on Galerkin technique® was
used for the current analysis. Two-dimensional continuity,
Navier- Stokes, and energy equations were solved simultane-
ously. The flow was assumed to be laminar, axisymmetrical
with negligible buoyancy force and viscous dissipation. All of
the physical properties were assumed to be constant. Because
of the conjugate heat transfer at the solid-fluid interface, the
continuity of the temperature and heat flux was satisfied at the
interface. The outside radius of the tube is r, and the tube
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length is equal to 13.33r,. The minimum flow passage caused
by obstruction is located at a distance equal to 3.33r,. At the
entrance and exit of the tube, the inside radius is equal to
0.833r,. At the location of the minimum flow passage, the
inside radius is equal to 0.417r,,.

Results are expressed in terms of dimensionless local heat
flux along the solid-fluid interface, ®, = 2qr,/k(T, — T.,),
Reynolds number, Re = 2Vr,p/u, thermal conductivity ratio, k,
= k,/k;. Where g%, ks, k,, T,, Tin, V, p, and p are local heat flux
along the interface, thermal conductivity of the fluid, thermal
conductivity of the solid, outside wall temperature, fluid inlet
temperature, average fluid velocity at the inlet, fluid density
and fluid viscosity, respectively. The average dimensionless
heat flux ® was determined by integrating ®, along the solid-
fluid interface. The computer code was tested for its accuracy
by comparing the results with other benchmark solutions. A
grid independency test was also conducted. Details of the code
validation tests are documented in Amin.*

Results and Discussion

In this research, the ranges of Reynolds number Re and
solid- fluid thermal conductivity ratio k, considered were 1 X
10°-6 X 10% and 0.03-10.0 respectively. A fluid Prandtl num-
ber Pr of 7.56 was used. Figure 2 shows the streamlines for
cases with k, = 0.3 and Re = 1 X 10% 3 X 107 and 6 X 10>
At low Re values, recirculation past the obstruction is either
too weak to plot, or has not started. However, with the increase
of Re, the recirculation starts and extends all the way up to
and beyond the tube exit for higher values of Re. From the
radial velocity profile (not shown here), it is seen that backflow
(negative velocity) occurs in the tube because of recirculation.
From the radial velocity profile it is also seen that because of
the presence of the obstruction, the parabolic nature of the inlet
fluid turns to elliptic (past the obstruction). For low Re flow,
the flow again becomes fully developed and parabolic at the
exit of the tube. However, for high Re cases, the flow remains
elliptic. A similar trend is observed for all the cases with dif-
ferent values of k,.

Figure 3 shows the nondimensional average heat flux ® for
different cases run for the purpose of this study. As a result of
recirculation at higher values of Re, the average heat flux in-
creases initially, and then decreases with Re increase. This
trend is observed for all values of k,. However, with higher
values of k, (>1), the decrease in @ at higher Re values occurs
later than the cases with lower values of k, (<1). This is be-
cause the retardation of heat transfer rate caused by recircu-
lation flow is smaller than the enhancement of heat transfer
rate caused by the increased value of the tube wall thermal
conductivity k,. From Fig. 3 it can also be seen that for k, =
0.03, the average heat flux is almost independent of Re. This
is because at this value of k,, the entire fluid region is isother-
mal. Temperature gradients exist inside the solid region only.
In this case, the heat transfer resistance due to convection (in
the fluid region) is much lower compared to the corresponding
resistance due to conduction (in the solid region). Therefore,
the average heat transfer rate has very little or no effect on the
flow condition inside the tube. At higher values of k,, the re-
verse, that is, greater dependency of heat transfer rate with
change of Reynolds number, is true, and its effects can be seen
in Fig. 3.
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Fig. 3 Average heat flux distribution for different values of k,.

Figure 4 shows the local nondimensional heat flux ®_ along
the inner wall of the tube with Re = 6 X 107 and for different
values of k,. It can be seen that @, decreases as the fluid travels
in the axial direction. At later locations, as the fluid velocity
increases because of decreased flow area, the local heat trans-
fer rate starts to increase. It reaches its maximum value at the
tip of the obstruction (location of maximum fluid velocity).
Past the obstruction tip, a sharp drop in the heat transfer oc-
curs. This is because of the reduced flow and the creation of
a recirculation zone. Further downstream, ®, slowly arrives at
a stable value. A similar trend is observed for other Re values.
For k, < 1, almost constant heat transfer occurs throughout the
entire length of the tube, except near the tip of the obstruction.
As can be seen in Fig. 4, the local heat transfer rate fluctuates
near the obstruction tip because of increased and decreased
fluid velocity.

It can also be seen from Fig. 4 that past the obstruction tip,
the value of ®, becomes negative in some places. This is be-
cause in the recirculating zone, right after the obstruction tip,
the shear layer prohibits convective exchange between the
heated recirculating fluid and the relatively cooler tube fluid.
On the other hand, the recirculation fluid is being continuously
heated by the tube wall downstream. As a result, just after the
obstruction tip, the recirculating fluid becomes hotter than the
adjacent inner wall of the tube. This leads to heat transfer into,
rather than out of the tube wall. However, further downstream,
the shear layer is disrupted, some of the heated fluid is replaced
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Fig. 4 Local heat flux distribution for different values of k,.

by the cooler tube fluid, and convective exchange takes place.
As such, @, plunges back to positive values. It is interesting
to note that a similar trend is reported by Nigen and Amon’®
for conjugate heat transfer with recirculation flow in grooved
channels.

Conclusions

From the numerical investigation of the present study, it is
observed that because of the presence of an obstruction, the
parabolic nature of the inlet fluid turns to elliptic. For low
Reynolds number flow, the flow again becomes fully devel-
oped and parabolic at the exit of the tube. However, for high
Re flow, the flow remains elliptic. At higher Re values, recir-
culation flow occurs past the obstruction. This recirculation
causes a reversal of the direction of heat flow at certain lo-
cations along the tube wall. From the isotherm plots it is ob-
served that for low values of the thermal conductivity ratio,
the entire fluid region in the tube remains isothermal and the
total heat transfer is less dependent on Re. For the cases with
high values of thermal conductivity ratio, almost the entire
solid wall remains isothermal and the temperature gradients
are in the fluid region. The total heat transfer rate from the
tube increases up to a certain value of the Re increase. Past
this value, the heat transfer decreases with the Re increase.
Near the obstruction, the local heat flux values fluctuate as a
result of recirculation flow. The local temperature of the ob-
structed wall also changes with a big jump near the obstruc-
tion. Because of recirculation, backflow (negative velocity) oc-
curs in the tube. This is more prominent at higher Re values.
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Introduction

EPEATED ribs have been used as the promoters of tur-
bulence to enhance the heat transfer to the flow of cool-
ants in channels. Several publications have addressed the com-
prehensive review of turbine blade cooling and the analysis of
heat transfer and friction characteristics of flow in channels
with two opposite rib-roughened walls. The effects of flow
Reynolds number and rib geometry (rib height e, rib spacing
P, rib angle of attack «, and rib orientation) on heat transfer
and pressure drop in the fully developed region of square,
rectangular, and triangular channels have been investigated.' *
Semiempirical correlations over a wide range of rib geometry
for the friction and heat transfer design calculations are derived
from the law-of-the-wall similarity for flow over rough sur-
faces. A detailed analysis of the application of the similarity
laws in the case of rectangular channels is presented by Han."?
Also, studies of the effect of a number of channel-ribbed walls
on heat and friction characteristics have been reported.>®
Experiments with some nonrectangular rib shapes have been
reported.”® The previously mentioned studies were limited in
the number of rib shapes and were for different conditions (rib
height to channel hydraulic diameter ratio e/D,, and Reynolds
number Re). This study focuses on the effect of different rib
profiles on turbulent channel flow heat transfer and friction
characteristics.

Experimental Setup and Procedure

The test channel is a 5.08 X 5.08 cm square cross section
(Fig. 1a) and is 101.6 cm long. The test channel is made of
10 10.16-cm-long sections of 0.64-cm-thick copper plates, sep-
arated by 0.08-cm-thick balsa wood to reduce both the stream-
wise and circumferential heat conduction effects. Copper ribs
with a height of 0.64 cm (e/D, = 0.125), and equally spaced
at 6.4 cm (P/e = 10), are glued with silicone adhesive onto the
two opposite walls of the channel (Fig. 1b). Rib profiles are
shown in Fig. 1c. The walls are heated individually with elec-
tric strip heaters, which are embedded and flatly placed be-
tween the copper and wood plates to ensure good contact.
Heaters are independently controlled by a transformer and pro-
vide a constant heat flux to the walls. Each section of the walls
has a thermocouple in the center. The test section is enclosed
by 3.81-cm-thick styrofoam insulation.
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Fig. 1 a) Cross section of test channel, b) ribbed wall geometry,
and c¢) cases with varying rib profiles.

Temperatures of the air entering and leaving the test channel
are the average values of the readings recorded by a traversing
probe. When thermal steady state is reached and the temper-
ature of the four sections at any cross section of the channel
is about the same, temperature and pressure data are recorded.
Details are available in Refs. 5 and 6. The same procedure is
repeated for the range of Reynolds numbers and for all rib
configurations.

Data Reduction

Reference 6 may be referred to for the equations to calculate
friction factor f, and the local heat transfer coefficient based
on the area of a smooth channel h. The friction factor and
Nusselt number are normalized by the respective values of the
friction factor f,, and Nusselt number Nu,, for fully developed
smooth pipe turbulent flow.

The maximum uncertainties in the heat transfer coefficient
and friction factor are estimated to be =7 and *8%, respec-
tively, using the uncertainty estimation method of Kline and
McClintock.” The maximum heat loss to the atmosphere is
about 6% of the total heat supplied to the channel walls.

For turbulent flow in square channels, f can be expressed as
a weighted average of the four-sided smooth channel friction
factor f,,, and the four-sided ribbed channel friction factor f,,.
On the basis of the previous assumption, the relationship be-
tween three friction factors, f, f.,, and f,,, is given by

f= 0+ 102 (1

The friction roughness function R(e™), and heat transfer
roughness function G(e*), can be experimentally determined
and correlated by f, and the ribbed wall Stanton number St,,
for fully developed turbulent flow in a square channel with
nonrectangular ribbed walls.

According to Han,” the laws of the wall can also be applied
to fully developed turbulent flow in rectangular channels with
repeated-rib rougheners and with different channel aspect ra-
tios. Thus, the friction and heat transfer similarity laws in



