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Influence of Buoyancy on Convective Heat
Transfer in Helicoidal Pipes

R. C. Xin* and M. A. Ebadiant
Florida International University, Miami, Florida 33199

The combined effects of curvature and buoyancy forces on convective heat transfer in axially vertical
and horizontal helicoidal pipes have been explored in this investigation. Distilled water and ethylene
glycol were used as working fluids. It has been observed that natural convection causes the peripheral
maximum Nusselt number location to shift from the outer coil wall to the bottom of the tube cross section
in the vertical coil. In the horizontal coil, the axial temperature distribution becomes periodically wavy
with the presence of natural convection. The three following heat transfer regimes have been observed
from the local temperature and Nusselt number distributions in the experiment of vertical helicoidal
pipes: 1) a regime in which centrifugal force is dominant, 2) a regime in which both the centrifugal and
buoyancy forces are effective (mixed regime), and 3) a regime in which the buoyancy force is dominant.
Furthermore, it has been found that natural convection enhances heat transfer significantly for high
Prandtl number fluids (e.g., ethylene glycol), but its effect is minor on the average Nusselt number for

low Prandtl number fluids (e.g., water).

Nomenclature

= correlation constant

coil pitch, m

diameter of the coil centerline, m

Dean number, Re(d/D.)"?

pipe diameter, m

gravitational acceleration, m/s>

thermal conductivity, W/(m °C)

length of one turn in the helicoidal pipe, m

Nusselt number, Eq. (7)

peripheral average Nusselt number

input heat flux, W/m?>

Rayleigh number, gBq"d*/(kv®) X Pr

Reynolds number, pU,,d/p

temperature, °C

axial velocity, m/s

dimensionless axial distance

axial distance, m

coefficient of thermal expansion, 1/°C

T,, = mean temperature difference, °C

deviation

= dimensionless axial wall temperature distribution,
Eq. (4)

= fluid dynamic viscosity, kg/(s m)

fluid density, kg/m’

fluid kinematic viscosity, m*/s

peripheral angle

= correlation constant
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Subscripts

b = bulk

= coil
inner wall
= inlet
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value at z location
= peripheral local value

m = mean value
0 = outer wall
out = outlet

w = wall

z
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Introduction

EAT exchangers constructed of curved tubes and coils

are of interest in many industrial applications, including
compact heat exchangers and chemical processes. In addition
to their wide use in industry, curved and helicoidal pipes have
also been applied to the field of biomedical instruments and
diagnostics. It is well known that centrifugal and buoyancy
forces produce secondary flow, which causes a higher stream-
wise pressure gradient, a higher critical Reynolds number for
transition to turbulent flow, and higher average heat and mass
transfer coefficients compared to those for flow in straight
pipes without secondary flow.

A review of the literature indicates that many experimental,
theoretical, and numerical investigations on both fluid flow and
heat transfer inside curved and helicoidal pipes have been con-
ducted. The research on fluid flow inside curved pipes has been
summarized by Berger and Talbot." Many experimental and
theoretical studies on convective heat transfer in circular
curved and helicoidal pipes have also been reported.” ® Man-
lapaz and Churchill” derived the following equation by per-
forming a regression analysis on the available Nusselt number
results for laminar flow in helicoidal pipes with constant heat
flux boundary conditions:
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For turbulent flow with the same boundary condition, Gnielin-
ski’s correlation® is widely used for its generality:
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where the friction factor f is calculated by the equation:

B 03164 i 0.5 &v 0.27
[

The previous correlations have been used as the bases for
an analysis of the effect of the buoyancy force on heat transfer.
For helicoidal pipes, coil pitch introduces another parameter
in addition to the coil-to-tube diameter ratio D ./d. A systematic
experimental investigation of the effect of coil pitch on forced
convection was reported by Austen and Soliman.” Some de-
viations of heat transfer with different coil pitches were dem-
onstrated in their comparison. Since then, several attempts
have been made to predict the axial and secondary flow pat-
terns inside helicoidal pipes both experimentally and numeri-
cally.'” "

Most experimental studies have been concerned with the
effect of curvature. The experimental data available for con-
vective heat transfer in curved pipes have been influenced by
the buoyancy force to varying degrees. In applications where
the heat flux is high, the buoyancy force has a significant effect
on fluid flow and heat transfer in helicoidal pipes. Numerical
investigations examining the combined effects of curvature and
buoyancy on fluid flow and heat transfer have been documented
by many researchers.""">”'® It has been found that the buoyancy
force causes the secondary flow pattern to rotate clockwise and
the peripheral maximum heat transfer rate location to shift from
the outer coil wall to the bottom of the tube cross section in the
vertical coil.” Some effort has been made to establish a heat
transfer regime map and to determine the condition in which
both curvature and the buoyancy force are important.” "> Fu-
tagami and Aoyama'® used DePr®® and Ra as parameters to map
the heat transfer regime, whereas Lee et al.'"* used De and Gr
for a fluid with Pr = 1. In Futagami and Aoyama’s"> map, the
Prandtl number effect was included so that it could be used for
different working fluids.

Few detailed experimental investigations have been con-
ducted on the effect of natural convection on convective heat
transfer in helicoidal pipe. Only Abul-Hamayel and Bell® re-
ported natural convection to be significant in some of their
tests, whereas Cheng and Yuen'® provided flow visualization
pictures of the cross-stream motion. Experimental data with
which to verify the numerical results reported in the literature
are scarce; therefore, the effect of natural convection on heat
transfer inside helicoidal pipes was explored in this investi-
gation.

Experimental System

Experimental Apparatus

Figure 1 presents a schematic representation of the flow
loop, featuring the main components and instrumentation. The
loop consisted of a main storage tank (100-gal capacity); a
14-hp, two-speed circulating pump; two sets of flow meters
(a large and a small rotameter and vortex and turbine flow
meters), an inlet plenum, a test section, an outlet plenum, and
a cooling system. The flow rate was adjusted by means of a
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bypass valve and different valves on the loop, which was mea-
sured with a turbine or vortex flow meter. Two plenums were
installed before and after the test section in the loop system to
dampen the fluid vibration caused by the pump.

To ensure that the working fluid operated under a pressure
higher than atmospheric pressure, an additional control valve
was placed beyond the exit of the test section, thus preventing
air bubble discharges into the test loop. Since air bubbles in
the measurement make the flow entirely different from single-
phase laminar flow, their elimination is imperative. Beyond the
test section, the fluid flowed to a cooling system; it was then
mixed with the fluid inside the main tank for recycling. The
loop was assembled from a brass pipe 2 in. in diameter. No
insulation was placed around the test loop, except for around
the test section.

Test Section

The test section consisted of a five-turn helicoidal pipe made
of a 304 stainless-steel tube with an i.d. of 22.9 mm and an
o.d. of 25.4 mm. The D, was 259.0 mm, which corresponded
to the curvature ratio D./d = 11.3. The b was 62.5 mm (D_/b
= 4.1). Details of the geometry of the test section and ther-
mocouple locations are presented in Fig. 2. Distilled water and
ethylene glycol were used as working fluids, with an inlet bulk
temperature in the range of 20-30°C and a bulk temperature
increase in the range of 10-20°C. The purpose of these re-
strictions was to limit the fluid property variation. The Ra was
limited to a very narrow range for a given De by these restric-
tions. In the current investigation, the test section was oriented
at different angles, which included vertical, inclined, and hor-
izontal positions.

A flow-developing portion of straight pipe (~120d) was po-
sitioned upstream from the helicoidal pipe test section. This
straight portion of pipe provided a well-developed velocity
profile at the coil entrance. A dc heating technique was em-
ployed by passing high dc through the test section. The current
source was a constant voltage/constant current dc arc welder.
During the experiments, the tube wall temperature distribution
was measured along the heated length using E-type thermo-
couples that were attached to the outside of the tube wall by
epoxy. Starting from the entrance of the coil, four thermocou-
ples were installed at the cross sections after every one-quarter
turn except in the third turn, where 72 thermocouples were
installed in nine cross sections at an interval of one-eighth turn.
The inlet and outlet bulk temperatures were also measured
with E-type thermocouples. The inlet temperature was placed
in the flow passage upstream from the hydrodynamic entry
length, whereas the outlet thermocouple was placed after a
specially designed mixing chamber located downstream from
the hydrodynamic exit. It should be mentioned that in another
investigation of the same test section conducted prior to this
experiment, significant effects of the buoyancy force were ob-
served and the fully developed condition was achieved after
two turns. However, fewer thermocouples were positioned on
the test section, which was heated by a rope heater. To inves-
tigate this phenomena more accurately and quantitatively, this
revised experiment was designed. Additional thermocouples
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Fig. 1 Schematic representation of the experimental setup.
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Fig. 2 Schematic representation of the test section.

were installed, especially on the third turn. The heating method
was improved by using dc heating on the tube wall.

Before installation, all thermocouples were calibrated using
a precision thermometer, with an accuracy of =0.1°C. After
installing all thermocouples, the test section was covered with
two layers of one-half-in.-thick fiberglass insulation material.
Prior to testing, the insulated helicoidal pipe with the ther-
mocouples was calibrated again in situ at three fixed temper-
atures between 20-60°C. This recalibration was accomplished
by passing preheated water at a high flow rate through the test
section without electric heating. Under such conditions, read-
ings of all wall temperatures and the inlet and outlet bulk tem-
peratures should be equal or very similar. The criterion of
+0.2°C was set for all readings. If the difference was higher
than that criterion, small corrective differentials, repair, or re-
placement of the thermocouple were realized. All thermocou-
ples were connected to a Hewlett-Packard data acquisition
system and all readings were automatically recorded.

Experimental Uncertainty

Based on the measurements of the different variables, the
major uncertainties were determined. Optimized estimates of
the fluid property uncertainties at 20-25°C were 8p/p =~ 0.25,
6k/k =~ 1.0, and ov/v = 1.0%. The volume flow rate was mea-
sured by a flow meter specified to have =0.1% accuracy and
a rate of repeatability of 0.2% for the turbine and vortex flow
meters. The uncertainty of the mean velocity was estimated to
be approximately 1.52% (8U,,/U,, = 1.52%). The uncertainty
of the pipe diameter measurement (8d/d ) was about 2%. Based
on a comparison of the electric heating power and a calculation
from the bulk temperature increase, the uncertainty of the heat
flux calculation (8¢"/q") was determined to be less than 5%.
All thermocouples were calibrated with an accuracy of
+0.1°C. Thus, it was estimated that &7, — T,) =~ *0.2°C.
According to our experimental data, the minimum and maxi-
mum temperature differences of (7,, — T,) were approximately
0.7 and 7.0°C, respectively. For most experiments, the tem-
perature difference (7, — T,) was higher than 2.0°C. There-
fore, for our experiments, the uncertainties of éRe/Re, 6DelDe,
and 8Nu/Nu were estimated to be less than 2.37, 2.60, and
12.0%, respectively.

Results and Discussion
The effect of natural convection on heat transfer inside hor-
izontal, inclined, and vertical helicoidal pipes has been ex-
plored in this investigation. The peripheral and axial wall tem-
perature distributions along the test section were measured on
the outside of the tube wall. The inside wall temperatures were
calculated from the following equation:

q"r; Vo 1
Ty=Tw ———|nl—)—— 4
e e (24w

All of the results presented are based on the inside wall tem-
peratures. € vs Z is presented to demonstrate the manner in
which the flow and heat transfer develops and whether any
buoyancy effect is present. In all figures, € and Z are defined
as follows:

(Tw - Tb,in)

Z = =
(Tb,out - Tb,in)

0 (5)

z
T
where z denotes the length from the entrance of the helicoidal
pipe and 7T}, and T,;, are the outlet and inlet fluid bulk tem-
peratures, respectively. The peripheral local Nusselt number
distribution is also presented to discuss the effect of natural
convection on the secondary flow pattern. Finally, the results
of the average Nusselt number are discussed.

For the constant heat flux boundary condition, the local Nus-
selt number is defined as

q”d

Ny, = ———————
T KTy — T

(6)

where T, represents the local wall temperature and 7, denotes
the fluid bulk temperature at the same cross section. It is as-
sumed that 7, increases linearly with flow distance. This as-
sumption is appropriate for determining the heat transfer co-
efficient in the fully developed region. In the fully developed
region, the average Nusselt number can be determined by the
following equation:

Nu = q"d/kAT,, (7)
T, in the

where AT,, is defined as the mean value of T,, —
fully developed region.

Vertically Oriented Coil

In the axially vertical coil, the flow entered the test section
at the bottom and moved upward. In this case, the buoyancy
and centrifugal forces were perpendicular to each other at
every cross section.

Axial Wall Temperature Distribution

Figure 3 illustrates the wall temperature distribution along
the vertically oriented coil for water and ethylene glycol flow,
where ¢ is defined in Fig. 2. These figures indicate that after
the second turn the wall temperature distribution apparently
becomes linear as the flow proceeds and is parallel to the fluid
bulk temperature distribution. This indicates that the fluid flow
and heat transfer can be considered fully developed after two
turns.

In the case of pure forced convection, the secondary flow
caused by curvature develops in such a pattern that the fluid
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Fig. 3 Dimensionless axial temperature distributions for the ver-
tically oriented coil.

moves from the inner wall to the outer wall through the core
of the cross section and flows back to the inner wall along the
tube wall. It creates the highest heat transfer coefficient on the
outer wall (¢ = 90 deg) and the lowest heat transfer coefficient
on the inner wall (¢ = 270 deg). Thus, the temperatures on
the outer and inner walls should be the lowest and highest,
respectively, over the tube circumference.

Our experimental data show that when the Dean number is
lower (Fig. 3a), the temperature on the top of the cross section
of the coil (¢ = 180 deg) is higher than that on the inner wall
(¢ = 270 deg), and the temperature on the bottom (¢ = 0 deg)
is lower than that on the outer wall (¥ = 90 deg). This can be
attributed to the fact that the natural convection causes the
secondary flow pattern to rotate clockwise, a phenomenon that
has been predicted by numerous numerical studies'"'*"> and is
clearly evident from the peripheral Nusselt number distribution
discussed in the next section. As the Dean number increases,
the natural convection effect decreases. When the Dean num-
ber is high enough, the inner coil wall temperature becomes
the highest, and the outer coil wall temperature becomes the
lowest. In addition, the temperatures at the top and bottom of
the cross section are in between those at the inner and outer
coil walls and approximately the same as seen in Fig. 3b. This
indicates that the curvature effect dominates the secondary
flow in the high Dean number flow.

Figure 3 shows that for a higher Prandtl number fluid flow,
the overall dimensionless wall temperature distributions are
much higher than those for the lower Prandtl number fluid
flow. This suggests that as the Prandtl number increases, the
peripheral temperature variation becomes stronger for the uni-
form heat flux boundary condition.

Peripheral Nusselt Number Distribution

Demonstrating the effect of natural convection on the pe-
ripheral local heat transfer characteristics, Fig. 4 shows the
peripheral variations of the relative local Nusselt number, Nuy/
Nu, in the fully developed region (Z = 2.5) for the water and
ethylene glycol flows. Nu, is the local peripheral Nusselt num-
ber at the angle of . The relative local Nusselt number dis-
tribution vs ¢ can be correlated by the following function:

Nuy/Nu =1 + A sin(y + i) (®)
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Fig. 4 Peripheral relative Nusselt number distributions for the
vertically oriented coil: a) water flow (Pr = 4.5) and b) ethylene
glycol flow (Pr = 110).

where A and ¢, are correlation constants. The value of A
represents the amplitude of the peripheral variation, whereas
i, represents the shift of the locations of the maximum and
minimum Nusselt number. The values of A and ), for different
cases are provided in Fig. 4.

As indicated in Fig. 4, for a high Dean number flow (water
flow with De = 3357, Ra = 2.17 X 10° and ethylene glycol
flow with De = 420, Ra = 9.16 X 10°, the maximum and
minimum peripheral Nusselt numbers are located at the outer
coil wall (¢ = 90 deg) and the inner coil wall (¢ = 270 deg),
respectively. This suggests that the secondary flow is domi-
nated by centrifugal force. As the Dean number decreases with
a slight change in the Ra, the maximum peripheral Nusselt
number location shifts from ¢ = 90 to 0 deg, whereas the
minimum peripheral Nusselt number location gradually shifts
from ¥ = 270 to 180 deg. This variation is well illustrated by
the variation of the value of 5. For example, for water flow
in the case of De = 76 and Ra = 1.0 X 10’ and in the case of
De = 3357, Ra = 2.17 X 10, iy is approximately equal to 76
and 0 deg, respectively. It can be concluded that the natural
convection existing in the low Dean number flow causes the
rotation of the secondary flow patterns, a conclusion that
agrees well with the numerical predictions.'"'*'>"

A careful examination of the values of A in Fig. 4 demon-
strates that as the De increases, the peripheral variation of the
relative Nusselt number A decreases and then increases. The
increase of the Dean number has two effects. First, the sec-
ondary flow caused by centrifugal force becomes stronger. At
the same time, natural convection is suppressed. For the lower
Dean number flow, in which natural convection is important
to the secondary flow, the second effect overwhelms the first.
For a higher Dean number flow, where centrifugal force dom-
inates the secondary flow, the first effect is significant and the
peripheral variation of the relative Nusselt number becomes
stronger.

As previously mentioned, the Ra was limited to a narrow
range for a given De by a restriction of the experimental con-
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ditions. It is difficult to maintain the same De and Ra for dif-
ferent fluids. However, a careful examination of the results
reveals that for a higher Prandtl number fluid flow (ethylene
glycol), the natural convection effect is present in the lower
De region.

Heat Transfer Regimes

The combined influences of centrifugal and buoyancy forces
have been investigated by several researchers.”””'” Heat trans-
fer inside curved and helicoidal pipes is classified into three
regimes: 1) a regime in which centrifugal force is dominant,
2) a regime in which centrifugal force and buoyancy force are
effective (the composite regime), and 3) a regime in which
buoyancy force is dominant. In a previous numerical study,"
the boundaries between different heat transfer regimes were
defined by comparing the average Nusselt number with that of
pure forced or pure natural convection using a criterion of 2%
variation of the average Nusselt number.

The present experimental results show that although the lo-
cal Nusselt number distributions are significantly affected by
natural convection in such a way that the locations of the high-
est and lowest Nusselt numbers shift, the average is barely
affected. In this study, the heat transfer regime was defined by
the location of the maximum peripheral Nusselt number. If the
maximum peripheral Nusselt number was located in the range
¢ = 15-75 deg, the flow was considered to be in the mixed
regime (2). When ¢ > 75 deg or ¢ < 15 deg, the flow was
considered to be in regime 1 or 3, respectively. In Fig. 5 pres-
ent experimental findings are compared with the heat transfer
regime map based on numerical work." It can be observed
that our results agree fairly well with the previous data. Some
deviations between the experimental and numerical results can
also be seen in Fig. 5. These deviations may result from the
different methods used to define the regime boundaries.

Horizontal and Inclined Coils

For horizontal and inclined coils, the fluid entered the test
section horizontally from the top of the first turn, where Z =
0. The fluid descended in the first half-turn and ascended in
the second half-turn, etc. Since the direction of natural con-
vection is always from the bottom of the test section to the
top, the natural convection is periodically counter and parallel
to the main flow in the coils. Thus, the interaction between
natural convection and the curvature induced secondary flow
changes along the flow direction periodically. As a result, the
flow structure in horizontal or inclined coil is very complex
when the buoyancy force is effective.

Axial Wall Temperature Distribution

Figure 6 illustrates the dimensionless tube wall temperature
distribution along the main flow direction in the horizontal
coil. It can be seen in Figs. 6a and 6b that for the low Dean
number flow, the tube wall temperature is periodically wavy.
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Fig. 6 Dimensionless axial temperature distributions for the hor-
izontally oriented coil.

It is believed that this phenomena is caused by natural con-
vection that periodically occurs along and against the main
flow. At locations ¢y = 0, 90, and 180°C, the temperatures de-
crease in the first half of each turn, where natural convection
opposes the main flow, and increase in the second half of each
turn of the flow direction, where natural convection corre-
sponds to the main flow. For a very low De (Fig. 6a), the
temperature of the outer coil wall at the top of each turn
achieves the highest value of the cross section, where natural
convection occurs in the plane of the cross section and over-
whelms the secondary flow caused by the curvature.

For the higher De flow, the temperature distributions along
the test section become smoother. After two turns, the wall
temperature distributions approach straight lines, and the effect
of the natural convection disappears (Fig. 6¢), similar to the
cases for the vertically oriented coil discussed previously. The
results reveal that the fluctuation of the wall temperature along
the flow direction is stronger for a high Prandtl number fluid
flow (ethylene glycol) than for a low Prandtl number fluid flow
(water), even though the Ra for a higher Prandtl number fluid
is lower than that for the lower Prandtl number fluid. Com-
paring Figs. 6a and 6c¢ indicate that as the Dean number in-
creases, natural convection becomes increasingly suppressed.
The higher the Prandtl number, the more intensive the effect
of natural convection on the temperature distributions.

Peripheral Nusselt Number Distribution

As examples, Fig. 7 depicts some relative peripheral Nusselt
number distributions at different cross sections of the third turn
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Fig. 7 Peripheral relative Nusselt number distributions for the
horizontally oriented coil.

for the water flow. An examination of Figs. 6 and 7 reveals
that the flow and heat transfer behaviors tend to repeat them-
selves along the coil periodically after the second turn (Z >
2.0). Therefore, based on this phenomenon, the concept of pe-
riodically fully developed flow and heat transfer is introduced.
The same distributions at the beginning and at the end of the
third turn (Z = 2.0 and 3.0) indicate that the flow and heat
transfer are fully developed. For low Dean number flow, the
peripheral distribution of the relative Nusselt number at the
top is reversed relative to the other cross sections, and the
locations of the peripheral maximum and minimum Nusselt
numbers are also reversed (Fig. 7a). This indicates that natural
convection overwhelms the secondary flow caused by the cur-
vature at the top of each turn. As the Dean number increases,
the buoyancy effect is suppressed, and the differences among
the peripheral distributions at different cross sections decrease
and then vanish as the De becomes high enough (Fig. 7b).

The same distribution behavior is observed for the ethylene
glycol flow, except that the amplitude of the peripheral vari-
ation of the Nusselt number is larger.

Effect of the Inclination Angle

To examine the effect of the inclination angle, the test sec-
tion with an inclination angle of 60 deg from horizontal was
tested for the ethylene glycol flow. The experimental results
show that the temperature distributions for the inclined coil are
similar to those found in the horizontally oriented coil, the only
difference being that the wavy amplitude along the flow di-
rection for the inclined coil is a little smaller than that for the
horizontal coil. Similar behaviors for the peripheral relative
Nusselt number distributions were observed for the inclined
coil, but with a smaller peripheral variation of amplitude. This
implies that as the inclination angle increases, the effect of
natural convection decreases and is minimized as the inclina-
tion approaches the vertical orientation.

Average Nusselt Number

The average Nusselt numbers of the fully developed and
periodically fully developed regions are plotted in Fig. 8. For
the water flow, our experimental findings are compared to the
empirical correlations [Eqgs. (1) and (2)] provided in Manlapaz
and Churchill” and Gnielinski.® Inasmuch as the experimental
data for fluids with a high Prandtl number do not adequately
apply to these two correlations," the data for the high Prandtl
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Fig. 8 Average Nusselt number and comparison: a) water flow
and b) ethylene glycol flow.

number fluid (glycol) are compared with our previous forced
convection experimental results for ethylene glycol in one-
half-in. helicoidal pipes.'” The comparison indicates that al-
though natural convection exists and has a significant effect
on the wall temperature distributions and the local peripheral
Nusselt numbers, the average Nusselt numbers in the fully de-
veloped and periodically fully developed regions are still sim-
ilar to the results obtained in the case of forced convection. It
can be observed that for high Prandtl number fluid flow (eth-
ylene glycol), the average Nusselt number increases up to 20%
in our experimental range, and for both water and ethylene
glycol flows, the results for the horizontally oriented coil are
slightly lower than those for the vertically oriented coil. It can
be concluded that because of the existence of natural convec-
tion in the low Dean number flow, natural convection enhances
heat transfer within the helicoidal pipe. As the Prandtl number
increases, this enhancement of the heat transfer becomes more
pronounced.

Concluding Remarks

The effect of natural convection on convective heat transfer
in a helicoidal pipe has been investigated in this experimental
investigation. Vertically oriented, inclined, and horizontally
oriented coils were tested. The following conclusions have
been drawn from the experimental results:

1) For the vertically oriented coil, the flow and heat transfer
approach fully developed after two turns, although natural con-
vection causes the location of the peripheral maximum Nusselt
number to shift from the outer wall to the bottom of the cross
section.

2) The relative local peripheral Nusselt number distributions
are well correlated in the form of Eq. (8). The variations of
the values of A and ¢ indicate that natural convection causes
the secondary flow pattern to rotate clockwise for the vertical
coil. The experimental results agree fairly well with the heat
transfer regime map found in the open literature.

3) For the horizontally oriented coil, natural convection
causes the temperature distribution along the coil to become
periodically wavy. The flow and heat transfer can be consid-
ered periodically fully developed after two turns. As the Dean
number increases, natural convection is suppressed, and the
wall temperature distributions along the flow direction become
smoother (i.e., the wavy behaviors of the wall temperature dis-
tributions disappear).
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4) The amplitude of the wavy temperature distributions de-
creases when the inclined coil angle increases from the hori-
zontal orientation, indicating that the effect of natural convec-
tion is diminished. The variation of the local peripheral Nusselt
number along the peripheral angle infers the same conclusion.

5) Although natural convection has a significant effect on
the wall temperature distributions and the local Nusselt num-
ber, the average Nusselt number of the fully developed or the
periodically fully developed flow for the fluid with the lower
Prandtl number (water) is affected only slightly, whereas for
the higher Prandtl number fluid flow (ethylene glycol), the
average Nusselt number increases up to 20% in our experi-
mental range. The higher the Prandtl number, the more signif-
icant is the effect of natural convection on both the local and
the average Nusselt numbers.
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