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ABSTRACT

The use of surface waviness to increase the natural convective heat transfer rate from horizontal surfaces has
been extensively investigated and the use of waves with a triangular cross-sectional shape has received
significant attention. These studies of the use of triangular shaped waves indicated that the waves do not
always produce as significant an increase in the heat transfer rate as anticipated. Most existing studies of the
effect of triangular surface waves on the heat transfer rate considered arrangements involving continuous
waves, i.e., each wave started where the preceding wave ended However, it may be possible that triangular
surface waves would be more effective in increasing the heat transfer rate if they were spaced, i.e., if there
was a flat section between each pair of waves. This has been numerically investigated in the present study.
Natural convective heat transfer from a horizontal upward facing isothermal heated surface imbedded in a
surrounding adiabatic surface has been considered. The heated surface was covered with a series of parallel
triangular surface waves running longitudinally along the surface with a space between each pair of waves.
Conditions under which laminar, transitional, and turbulent flows exist have been considered. The solution
has been obtained using ANSYS FLUENT®. Results have been obtained for a Prandtl number of 0.74. The
results indicate that using spaced waves produces a higher heat transfer rate than exists with non-spaced
waves.
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1. INTRODUCTION

The use of surface waviness to increase the natural convective heat transfer from horizontal surfaces has
been quite extensively investigated in the past, e.g., see [1-7], and the use of waves with a triangular cross-
sectional shape in this configuration has received quite significant attention. However, the results of the
studies of the use of triangular shaped waves indicate that under some conditions such a wave shape does not
produce as great an increase in the heat transfer rate as would be anticipated. Essentially all existing studies
of the effect of triangular surface waves on the heat transfer rate considered waves that were continuous, i.e.,
each wave started where the preceding wave ended. It may be possible that the triangular surface waves
would be more effective in increasing the heat transfer rate if they were spaced, i.e., if there was a non-wavy
flat section between each pair of waves (see Fig. 1). This possibility has been investigated in the present
numerical study. Natural convective heat transfer from a horizontal upward facing isothermal heated surface
imbedded in a large surrounding flat adiabatic surface has been considered (see Fig. 2). The heated surface
was covered with a series of triangular shaped surface waves running longitudinally along the surface, there
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being, in general, a space between each pair of waves. The parameters defining the wave shape are those
shown in Fig. 3. There were two limiting situations: one where there was no space between the surface
waves and one where the waves were very thin. These two situations are shown in Fig. 4. Conditions under

which laminar flow, transitional flow, and turbulent flow exist have been considered.

This study is part of a broad on-going series of studies of natural convective heat transfer from horizontal
heated surfaces, e.g., see [8-12].

Triangular Surface Waves

NANNANS

Spaced Triangular Surface Waves

Fig. 1 Continuous, i.e., non-spaced, triangular surface waves (top) and spaced surface waves (bottom).

Isothermal Surface -

Adiabatic Adiabatic

Fig. 2 System considered in the present study.

) w

Fig. 3 Geometrical parameters used in defining wave geometry.
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No gap between waves, W =0.1

Waves have no thickness, W =0

Fig. 4 Limiting cases where there is gap between the waves (top) and where the wave width is very small,
i.e., where waves essentially have zero width (bottom).

2. SOLUTION PROCEDURE

The flow has been assumed to be steady, two-dimensional, and symmetrical about the centerline through the
heated surface shown in Fig. 2. The heated wavy surface has been assumed to be at a uniform temperature,
i.e., it has been assumed to be isothermal. The Boussinesq approximation has been used, i.e., the fluid
properties have been assumed to be constant except for the density change with temperature that gives rise to
the buoyancy forces which is assumed to be linearly dependent on the temperature change. Radiant heat
transfer effects have been neglected. The possibility that turbulent flow can develop in the system has been
addressed by using the standard k-epsilon turbulence model with standard wall functions and with account
being taken of buoyancy force effects. The commercial CFD solver ANSYS FLUENT® was used to
numerically solve the governing equations subject to the boundary conditions. Extensive grid independence
and convergence-criteria independence testing was done. To numerically allow for the development of
turbulence, the Reynolds averaged governing equations were solved together with a turbulence model for all
of the conditions considered. This approach has been used quite extensively in the study of forced convective
flows and to some extent in situations involving natural convective flow [13-18]. The results obtained in
these studies indicate that while k-epsilon turbulence models do not give good predictions of when transition
begins in all flow situations, they do appear to provide results of acceptable accuracy for the type of flow
situation being considered here.

3. RESULTS

The solution has the following parameters:

1. the Rayleigh number, Ra, based on the overall width, /, of the heated surface and the difference
between the uniform heated surface temperature, 7y, and the temperature of the undisturbed fluid
well away from the system, 7%, i.e.:

_fel, - T) ()
va

Ra

Rayleigh numbers of between approximately 10°and 10" have been considered in the present study.

2. the number of waves, n, which determines the dimensionless distance between the peaks of adjacent
triangular waves W+ S = (w + s)/I. Therefore, since w + s =1/ n it follows that:

2
W+S=l @
n
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Results have only been obtained for the case where there are ten waves and for this case, W+ S =
0.1. It should be noted that, as shown in Fig. 4, there are two limiting situations: one in which § =0
and W= 0.1 and there is no space between the surface waves; and one in which S=0.1 and W =0.

3. the value of /¥ which can then be used to find the value of S using S=0.1 — W.
the dimensionless wave height, H="#h /1.

5. the Prandtl number, Pr. Results have only been obtained for a Prandtl number of 0.74, which is
effectively the value for air at standard ambient conditions.

The heat transfer rates have been expressed in terms of a Nusselt number, Nu, based on the width, /, of the
heated surface and on the difference between the temperature of the heated surface, 7\, and the temperature
of the undisturbed fluid that is well away from the system, 77, i.e.:

0l
Nu = __or (3)
Ak(T,-T,)
where 5 is the mean heat transfer rate from the heated surface and A is the base area of the heated surface

i.e. is the flat area across the bottom of the surface waves. If a unit depth of the surface is considered, the
base area is given by A =17x 1.

Since constant values of » and Pr have been used in obtaining the results presented here it follows that:
Nu=function (Ra, W, H) “4)

Typical variations of the Nusselt number, Nu, and of the Nusselt number for a smooth non-wavy surface

with the Rayleigh number, Ra, for the case where the dimensionless wave height, H, is 0.05 for various

values of the dimensionless wave width, W, are shown in Figs. 5 to 8. Figs. 5 and 8 give the results for the
two limiting cases of W= 0.1 and W = 0 respectively.

le+5 T T T T T T T T
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1etb 1e+6 1e+7 1e+8 1e+9 1e+10 1e+11 1e+12 1e+13 1e+14

Ra

Fig. 5 Variations of the Nusselt number with Rayleigh number for the case of surface waves with a
dimensionless height of 0.05 and a dimensionless width of 0.1 (no space between waves) and for
the case of a non-wavy surface, i.e., a surface without waves.
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Fig. 6 Variations of the Nusselt number with Rayleigh number for the case of surface waves
with a dimensionless height of 0.05 and a dimensionless width of 0.07 and for the case of
a non-wavy surface, i.e., a surface without waves.
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Fig. 7 Variations of the Nusselt number with Rayleigh number for the case where there are surface waves
with a dimensionless height of 0.05 and a dimensionless width of 0.04 and for the case of
a non-wavy surface, i.e., a surface without waves.
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Fig. 8 Variations of the Nusselt number with Rayleigh number for the case where there are surface waves
with a dimensionless height of 0.05 and a dimensionless width of 0.04 and for the case of a non-wavy
surface, i.¢., a surface without waves.

Similar results for the case where the dimensionless wave height, A, is 0.03 are shown in Figs. 9 to 12, Figs.
9 and 12 again giving the results for the two limiting cases of W= 0.1 and W = 0 respectively.
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Fig. 9 Variations of the Nusselt number with Rayleigh number for the case where there are surface waves
with a dimensionless height of 0.03 and a dimensionless width of 0.1 (no space between waves) and for the
case of a non-wavy surface, i.e., a surface without waves.
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Fig. 10 Variations of the Nusselt number with Rayleigh number for surface waves with a
dimensionless height of 0.03 and a dimensionless width of 0.07 and for the case of a non-wavy surface,
1.e., a surface without waves.
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Fig. 11 Variations of the Nusselt number with Rayleigh number for the case where there are surface waves
with a dimensionless height of 0.03 and a dimensionless width of 0.04 and for the case of a non-wavy
surface, i.e., a surface without waves.

It will be seen from Figs. 5 to 12 that, essentially, in all situations considered the use of the surface waves
leads to an increase in the heat transfer rate relative to that which would exist at the same Rayleigh number
from a waveless surface. It will also be seen from these figures that the relative increase in the heat transfer
rate becomes larger as the Rayleigh number increases and as the dimensionless wave width decreases. This
indicates that using spaced waves produces a larger relative increase in the heat transfer rate than exists with
continuous, i.e., non-spaced waves.
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Fig. 12 Variations of the Nusselt number with Rayleigh number for the case where there are
surface waves with a dimensionless height of 0.03 and a dimensionless width of 0 and for the case
of a non-wavy surface, i.e., a surface without waves.

These conclusions that can be drawn from an examination of Figs. 5 to 12 can be more clearly illustrated by
considering the variation with Rayleigh number of the ratio of the Nusselt number to the Nusselt number that
would exist at the same Rayleigh number with a non-wavy surface, i.e., a surface without waves. Such
variations for H = 0.5 for W values of 0.1, 0.07, 0.04, and 0 are shown in Figs 13 to 16. Also shown in these
figures is the ratio of the actual surface area of the wavy surface to the base area, i.e., the surface area that
would exist with a smooth, non-wavy surface.
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Fig. 13 Variation with Rayleigh number of the ratio of the Nusselt number to the Nusselt number that would

exist at the same Rayleigh number with a non-wavy surface, i.e., a surface without waves, for surface waves

having a dimensionless height of 0.05 and a dimensionless width of 0.1. Also shown is the ratio of the actual
surface area to the base surface area, i.e., the surface area that would exist with a wave-less surface.
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Fig. 14 Variation with Rayleigh number of the ratio of the Nusselt number to the Nusselt number that would
exist at the same Rayleigh number with a non-wavy surface, i.e., a surface without waves, for the case where
the surface waves have a dimensionless height of 0.05 and a dimensionless width of 0.07. Also shown
is the ratio of the actual surface area to the base surface area, i.e., the surface area
that would exist with a wave-less surface.
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Fig. 15 Variation with Rayleigh number of the ratio of the Nusselt number to the Nusselt number that would
exist at the same Rayleigh number with a non-wavy surface, i.e., a surface without waves, for the case where
the surface waves have a dimensionless height of 0.05 and a dimensionless width of 0.04. Also shown
is the ratio of the actual surface area to the base surface area, i.e., the surface area
that would exist with a wave-less surface.
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Fig. 16 Variation with Rayleigh number of the ratio of the Nusselt number to the Nusselt number that would
exist at the same Rayleigh number with a non-wavy surface, i.e., a surface without waves, for the case where
the surface waves have a dimensionless height of 0.05 and a dimensionless width of 0. Also shown
is the ratio of the actual surface area to the base surface area, i.e., the surface area
that would exist with a wave-less surface.

Similar results for the case where H = 0.3 for the same W values are shown in Figs. 17 to 20.
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Fig. 17 Variation with Rayleigh number of the ratio of the Nusselt number to the Nusselt number that would
exist at the same Rayleigh number with a non-wavy surface, i.e., a surface without waves, for the case where
the surface waves have a dimensionless height of 0.03 and a dimensionless width of 0.1. Also shown
is the ratio of the actual surface area to the base surface area, i.e., the surface area
that would exist with a wave-less surface.
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Fig. 18 Variation with Rayleigh number of the ratio of the Nusselt number to the Nusselt number that would
exist at the same Rayleigh number with a non-wavy surface, i.e., a surface without waves, for the case where
the surface waves have a dimensionless height of 0.03 and a dimensionless width of 0.07. Also shown
is the ratio of the actual surface area to the base surface area, i.e., the surface area
that would exist with a wave-less surface.
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Fig. 19 Variation with Rayleigh number of the ratio of the Nusselt number to the Nusselt number that would
exist at the same Rayleigh number with a non-wavy surface, i.e., a surface without waves, for the case where
the surface waves have a dimensionless height of 0.03 and a dimensionless width of 0.04. Also shown
is the ratio of the actual surface area to the base surface area, i.e., the surface area
that would exist with a wave-less surface.
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Fig. 20 Variation with Rayleigh number of the ratio of the Nusselt number to the Nusselt number that would
exist at the same Rayleigh number with a non-wavy surface, i.e., a surface without waves, for the case where
the surface waves have a dimensionless height of 0.03 and a dimensionless width of 0. Also shown
is the ratio of the actual surface area to the base surface area, i.e., the surface area
that would exist with a wave-less surface.
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Fig. 21 Variations with dimensionless width of the ratio of the Nusselt number to the Nusselt number that
would exist at the same Rayleigh number with a non-wavy surface, i.e., a surface without waves, for various
Rayleigh numbers for the case where the surface waves have a dimensionless height of 0.05 Also shown
is the variation of the ratio of the actual surface area to the base surface area, i.e., the surface area
that would exist with a wave-less surface.
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It will be seen from Figs. 13 to 20 that it is only at the higher Rayleigh numbers considered that the Nusselt
number ratio exceeds the surface area ratio. It will also be seen that the Nusselt number ratios relative to the
area ratios are roughly the same in all cases but this means that since the area ratio gets larger as W
decreases, i.e., as the relative space between the waves increases, the actual enhancement of the heat transfer
rate increases as W decreases. This point is illustrated by the results presented in Fig. 21 which shows
variations of the ratio of the Nusselt number to the Nusselt number that would exist at the same Rayleigh
number with a non-wavy surface with W for three of the higher values of Ra considered and for H = 0.5. The
results given in Fig. 21 clearly show, for the Rayleigh number values considered, how the heat transfer
enhancement produced by using a wavy surface increases as the value of ¥ decreases.

4. CONCLUSIONS

The results obtained in the present study indicate that in essentially all of the situations considered the use of
the surface waves leads to an increase in the heat transfer rate relative to that which would exist at the same
Rayleigh number from a wave-less surface. The results also indicate that the relative increase in the heat
transfer rate gets larger as the Rayleigh number increases and as the dimensionless wave width decreases.
This indicates that using spaced waves produces a larger relative increase in the heat transfer rate than exists
when continuous, i.e., non-spaced waves are used.
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NOMENCLATURE

A area of heated surface (m?) S dimensionless distance between
Ao base area of heated surface (m?) waves, s/l (-)
g gravitational acceleration (m?/s) s distance between waves (m)
H dimensionless wave height, 4/l (-) Tt temperature of undisturbed fluid
h height of wave (m) far from surface (K)
k thermal conductivity (W/mK) Tw temperature of heated surface (K)
/ width of heated surface (m) w base width of wave (m)
Nu mean Nusselt number (-) w dimensionless wave base width,
Nuo  Nusselt for waveless surface wil (-)

at same Rayleigh number (-) a thermal diffusivity (m?/s)
n number of waves on surface  (-) p bulk coefficient of thermal
P_r Prandtl number (-) expansion (1/K)
04 mean surface heat transfer rate (W) v kinematic viscosity (m?/s)

Ra Rayleigh number based on / (-)
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