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Abstract: This study numerically investigates the effects of the number of bottom openings and the
fin spacing on both the natural convection heat transfer and airflow field of the handheld projector
with various orientations. The horizontally-oriented 120 mm x 53 mm x 19 mm handheld projector,
which had 11 bottom openings and was installed with either 7 plate fins or 13 rows of square pin, was
considered as the primary case. The fin number varied from 6 plates to 13 plates or from 7 pin rows
to 16 pin rows, while the bottom openings varied from 11 to 15 in this study with handheld projector
held at a specified inclination ranging from —90° to 90°. The results showed that the heat transfer
coefficient of a specific surface of the plate-fin array installed in the primary handheld projector
increased from 6 to 7 W/m? K as the heating power increased from 2 W to 7 W. The optimal fin
spacing in the handheld projector possessing 11 bottom openings was 2.875 mm and 3.375 mm for
the plate-fin and pin-fin, respectively, at a heating power of 7 W. Although the velocity magnitude
of the airflow between fins increased as the bottom opening increased, it was not able to offset the
reduction of the airflow velocity resulting from the fin spacing reduction.

Keywords: natural convection; fin array; openings; fin spacing; thermal resistance

1. Introduction

Cooling hot electronic chips in an enclosure under natural convection condition is sometimes
favorable because of numerous advantages that active cooling technique using blowers cannot achieve,
such as noiseless, energy-saving and cost reduction. Handheld projectors, also named pico projectors,
which are devices capable of projecting the information displayed on the mobile phone screen onto a
larger surface to share with audience are highly demanded and consequently are expected to become
a built-in device in every mobile phone in the near future. No matter what type of light source is
used for the light engine in a handheld projector, the light engine generates a considerable amount of
heat [1,2] within the handheld projector. Because maintaining the light engine at a comparatively low
temperature is crucial for excellent and stable display quality, to efficiently dissipate the heat from the
light engine to the ambient is of great importance.

An isolated surface which excludes the interaction between the airflow induced by adjoining
extended surfaces can be considered as the most simplified configuration of a fin array. Numerous heat
transfer correlations on the natural convection of an isolated surface with various inclinations in form
of Nu = CRa" have been proposed [3-8]. To some degree, those heat transfer studies on an isolated
surface formed the foundation of numerous following studies which investigated various effects on
the natural convection heat transfer of a fin array in an infinite, still medium [9-18]. The results of
those studies revealed that the fin material, fin pattern, and the spacing between fins, as well as the
fin thickness affect the thermal performance of the fin array. Because the airflow of free convection
is induced by buoyancy, the orientation of the fin array also plays an important role in heat transfer
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under natural convection condition. In addition, some of those studies proposed empirical correlations
which are applicable to predict the heat transfer coefficient and the optimum fin spacing [13,14,16]
of a fin array in an infinite, still medium. Milnes et al. [19,20] examined the turbulence models to
predict the variation of steady-state heat transfer coefficients throughout the Hypervapotron using
computational fluid dynamics software. Drikakis et al. [21] investigated the formation of spurious
vortical structures in incompressible flow simulations employing Godunov-type methods.

However, the situation which a fin array is arranged in an enclosure, for example, the handheld
projector, is much harsher than the situation stated in the previous paragraph, since the induced
airflow for cooling the fin array is restricted by both the openings position and the dimensions of the
case, and the clearance between the fin array and the shield in the vicinity as well.

Shyu and Chan [22] measured the thermal resistance and the temperature distribution of the
case surface of handheld projectors possessing a fin array. Three different handheld projector designs
having two different types of fin arrays were tested. They also proposed a thermal resistance network
of the handheld projectors to investigate the heat transfer coefficient of those combinations based
on the measured temperature and thermal resistance. In order to enhance the heat transfer of the
handheld projector, Shyu and Tsai [23] installed a piezoelectric fan that had a Mylar blade vibrating
at several specific frequencies at 110 V in the handheld projector. The effects of both the operating
frequency of the piezoelectric fan and the heating power on the vibrating amplitude of the piezoelectric
fan, and the thermal performance of the handheld projector were investigated in this study.

Since it could be expensive and time-consuming to experimentally investigate various effects
of handheld projector on both the airflow field and heat transfer of the handheld projector in detail,
this study aims to numerically investigate the thermal characteristics of a 120 mm x 53 mm x 19 mm
handheld projector equipped with either a plate-fin array or a pin-fin array under natural convection
condition. The effects of both fin dimensions of the plate and pin fin arrays and the openings on
the lower case of the projector, and the handheld projector orientation as well, on the airflow in the
projector and thermal resistance of the projector will be numerically investigated in this study.

2. Computational Methods and Boundary Conditions

A 120 mm X 53 mm X 19 mm acrylic housing having several openings which is similar to a
commercially available handheld projector (DIGI-EYE MP101, Inventec Besta, Taipei, Taiwan) was
employed for the present numerical simulation as shown in Figure 1a,b. The heat-dissipating light
engine in a practical handheld projector was transformed as an assembly of a 10 mm x 10 mm heater
and a 47.5 x 33.5 mm x 12 mm insulation block of 0.687 W/m:-K in thermal conductivity. A heat sink
which is made of Al 6061 and consists of a plate-fin or pin-fin array, a rectangular fin array base and a
heat sink plate extending from the fin array base as shown in Figure 2 tightly attached to the heater.
Please refer to [22,23] for more detailed description of the dimension and material of all parts in the
handheld projector.

The numerical simulation with a handheld projector being centrally located in an 840 mm x
371 mm X 209 mm computational domain as shown in Figure 1b was performed in this study
using commercially available software, COMSOL 5.1. The 3-dimensional numerical simulation was
performed based on the following assumptions and boundary conditions:

e  Both heat transfer and airflow in the simulation are steady.

e Airflow is incompressible and laminar.

e Radiation heat transfer is negligible.

e  All properties of air are functions of temperature obtained from COMSOL database.

e  The thermal conductivity of all solids in the computational domain is constant as listed in Table 1.

e  Ambient temperature is constant at 303 K.

e  Allboundaries of the computational domain in Figure 1b were regarded as walls on which airflow
velocity is zero and the temperature is constant at 303 K.
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Table 1. Thermal conductivity of all solids in the computational domain.

Item Projector Case Heat Sink Heater Insulation Block
Material PMMA Al 6061 Kapton phlogopite
Thermal conductivity 0.22 W/m-K 167 W/m-K 0.12W/m-K 0.687 W/m-K

The set of governing equations including continuity equation, momentum equation and energy
equation of air flow in the computational domain in three-dimensional Cartesian coordinates are listed
as Equations (1)—(3), respectively, subject to the aforementioned assumptions.
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where po, p, \_}, p, #, T, Cp, and k are reference density of air, temperature-dependent density of
air, velocity vector of the airflow, pressure, viscosity, temperature, specific heat, and the thermal
conductivity of air, respectively. In addition, the following heat diffusion equation was simultaneously
employed to compute the temperature distribution in each solid,

VT =Q (4)

where Q is zero for all solids in the computational domain except the heater which dissipates power of gs.
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Figure 1. Schematic diagram of (a) the handheld projector in this study; (b) the computational domain
including the handheld projector, the surrounding air, and its mesh.
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Numerical simulation of the governing equations performed by COMSOL is based on finite
element method that subdivides the entire computational domain into simpler finite elements, and
then uses variational methods to solve the problem by minimizing an associated error function based
on Galerkin method of weighted residuals. The governing equations are transformed into a set of
linear algebraic equations. These equations were solved using SIMPLE algorithm for the pressure
correction processes, and convective and diffusive terms in the governing equations are discretized
by upwind and central difference schemes, respectively. The maximum number of iteration was
200, while approximately 170,000 grids were established in the computational domain. The number
of grid was tested prior to the numerical study, and it was determined while the most accurate
results were obtained based on the comparison between the values obtained from simulation and
the measured values. The comparison of thermal resistance and surface temperature distribution
are shown in Figure 3a,b based on the current number of grid. The feature size of the mesh in
the computational domain ranged from 0.35 mm to 80 mm as revealed in Figure 1b. The residual
reached 2 x 1073~4 x 1073 while finishing computation, which correspond to approximately 2 h of
computation time per case on a Pentium processor (Intel Xeon E3-1230, 4 cores, 3.2 GHz) computer
with 16.0 GB memory.

In order to assure the reliability of the simulation results, the airflow field and the temperature
distribution within the computational domain where a horizontally-oriented handheld projector was
arranged in the center equipped with either a plate-fin array or a pin-fin array as illustrated Figure 2
was first computed at several heating powers ranging from 2 W to 7 W, and then those simulated data
were compared with the experimental results reported in [22]. Note that the horizontally-oriented
handheld projector having either a plate-fin array possessing 7 7 mm-wide, 10 mm-high and 2 mm-thick
rectangular plates as shown in Figure 2a, or a pin-fin array possessing 13 rows of square pin as shown
in Figure 2b, and 11 bottom openings was considered as the primary case.
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Figure 2. The detailed dimensions of the heat sink having (a) a plate-fin array; and (b) the pin-fin array
in the primary handheld projector.

Besides, the thermal resistance of the handheld projector from the heater to the ambient was

defined as
TS - Tg

qs
where T, and g5 are the ambient temperature, 303 K, and the heating power of the heater, respectively,
and T; is the average temperature over the entire heater surface estimated by
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3. Results and Discussion

The comparison of both the thermal resistance and the temperature distribution on the handheld
projector between the data obtained from the numerical simulation of the primary design and the
measured data reported in [22] are presented in Figure 3. It can be seen in Figure 3a that the thermal
resistance of the handheld projector equipped with either fin array becomes lower as the heating
power increases for both measured results and simulation results. Because the airflow velocity through
the pins was less than that through plates in the primary handheld projector, which will be illustrated
in Figure 5, the thermal resistance of the handheld projector having a pin-fin array was higher than the
other as shown in Figure 3a. The maximum deviation of the thermal resistance between the measured
values and the simulation data was approximately 10% at 2 W with a pin-fin array. As the heating
power increases, the deviation between simulation values and the measured values [22] becomes
insignificant as shown in Figure 3a. In addition, the comparison of the temperature at four specific
positions on both the upper and lower cases of the handheld projector between the measured data [22]
and the present simulation data with a heating power of 7 W is also shown in Figure 3b. The surface
temperature distribution on upper and lower cases are depicted as black and red curves, respectively.
The sharp drop in surface temperature between the first two positions and the other two positions was
likely because the hot heat sink plate was right beneath the first two measuring points as illustrated in
Figure 1a, the air in the handheld projector heated by the hot heat sink plate could warm up the top
surface across the tiny spacing, 1.5 mm, between the heat sink plate and the upper case of the handheld
projector via convection and conduction heat transfer. The measured temperature distribution and
the simulated values are in reasonable agreement except the first point, which might result from the
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inaccurate thermal conductivity of the solids listed in Table 1 and the neglected radiation effect in
the simulation.

Because the heater was sandwiched between the insulation block and the heat sink as illustrated in
Figure 1a, the heat generated from the heater, g5, transferred to the surroundings outside the handheld
projector via both the insulation block, q;, having thermal conductivity of 0.687 W/m-K, and the
aluminum heat sink, g;,5. The heat flow through the former path depends mainly on the conduction
across the insulation block and the bottom acrylic case of the handheld projector, while the heat flow
through the latter path is associated with the convection and radiation over the heat sink. Since the
objective of this study is to investigate the effect of the number of the fin and the case openings on
the handheld projector on the thermal resistance of the handheld projector, it is essential to realize
the percentage of the heat generated by the heater is dissipated via the heat sink. For the primary
case of the handheld projector, the simulation results shows that the percentage of the heating power
transferred through the insulation block, g5 /45, and the heat sink, gq;5/4s, is approximately 30% and
70%, respectively, regardless of the type of the fin array and the heating power as shown in Figure 4.
The percentage of the heat transfers to surroundings through the heat sink is able to be increased once
the arrangement of fin array and case openings is improved.
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Figure 3. Comparison of the (a) thermal resistance at different heating powers; and (b) surface
temperature distribution on both top and lower cases at 7 W, between the measured results and the
simulation results.
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Figure 5 shows the temperature distribution on the entire heat sink surface and the airflow
through the fins of the primary case of the handheld projector. The high temperature region around
the second plate in Figure 5a or the third row of the pin fin in Figure 5b on the right denotes the
heater position on the opposite surface of the fin array base. The noticeable temperature gradient on
the heat sink plate shows a temperature difference of approximately 20 K between the hottest area
around the junction of the heat sink plate and the fin array base and the coldest region on the heat sink
plate. Because the clearance between the lower edge of the plates and the bottom openings is only
1.0 mm, the air intake through a few plates was blocked due to the inappropriate arrangement of the
openings and the plate fins, and caused a nonuniform airflow indicated by the arrows between plates
in Figure 5a. However, the air inlet velocity through each opening in Figure 5b is more uniform than
that in Figure 5a, because of the larger clearance between the lower edge of the lowest column of the
pins and the bottom openings, 2.0 mm. In addition, the airflow velocity between two adjacent plates,
which is 4.5 mm apart, in Figure 5a is higher than that between pins in Figure 5b because the more
densely distributed pins, 1.75 mm, impose higher drag on airflow. The lower airflow velocity through
pin-fin array attributes to a higher thermal resistance of the handheld projector having a pin-fin array
as exhibited in Figure 3a.
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Figure 4. The percentage of the heat transfer rate through both the insulation block and the heat sink
of a horizontally-oriented handheld projector at various heating powers.
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Figure 5. The temperature distribution on the entire heat sink surface and on an arbitrary slice, S, as
well as the airflow over the fin array in the primary case which has (a) 7 plates; or (b) 13 rows of pin,
and 11 bottom openings on the horizontally-oriented handheld projector at a heating power of 7 W.

An arbitrary slice, S, which shows both the air temperature between the horizontal heat sink plate
and the upper case of the handheld projector, and the air temperature around the insulation block, is
also presented in Figure 5 with different temperature legend. The simulation results exhibited that
the air within the spacing between the horizontal heat sink plate and the upper case of the handheld
projector was almost stationary because of the tiny spacing, 1.5 mm. Therefore, conduction became
the major heat transfer mode as the hot heat sink plate transferred heat across the thin air layer to the
upper case, resulting in a peak temperature on the upper case surface in Figure 3b.

The heat transfer coefficient of one surface of the plates, which was erected above the heater
and was indicated by a red arrow in the illustration in Figure 6, in the primary handheld projector
at various heating powers was estimated based on its average surface temperature and heat transfer
rate obtained from the simulated results. In addition, the heat transfer coefficient of a surface with
identical surface temperature and dimensions to the aforementioned surface in the plate-fin array
in the study was also estimated using several selected correlations. Those selected correlations are
applicable for the estimation of the heat transfer coefficient of either a vertical, single plate [3,4,6] or a
plate-fin array [9,11,18] in an infinite, still medium. Figure 6 demonstrates the comparison of the heat
transfer coefficient among those data. It shows that the heat transfer coefficients of a single, vertical
plate estimated by the correlations [3,4,6], which are presented as orange curves, were higher than
those of the plate-fin array placed in an infinite medium, which are presented as green curves, because
of the boundary layer interference between two adjoining fins of the plate-fin array. However, the heat
transfer coefficient of the plate-fin array installed in the primary handheld projector, which ranges from
6 W/m?2-K to 7 W/m? K, is even lower than that of the plate-fin array placed in an infinite medium.
The deviation between the value predicted by the correlation [18] and the present data continuously
rises from 10% at 2 W to 26% at 7 W as show in Figure 6. The significant difference is likely because
the case of the handheld projector and the complicated layout in the handheld projector prevent
the warm air around the fin array inside the handheld projector from discharging. Note that the
selected correlations used for estimating the heat transfer coefficient of a plate-fin array is applicable
to the condition that the plate-fin array has to be placed in an infinite, still medium. Such negative
effect on the airflow would be more pronounced as the heating power increases because the air of
extremely high temperature accumulates around the fin array. Therefore, the heat transfer coefficient
of the plate-fin array in the handheld projector increased in a slower rate than those predicted by the
correlations in Figure 6 as the heating power increased. In fact, the heat transfer coefficient estimated
by those correlations can be regarded as the upmost value that the heat transfer coefficient of the
plate-fin array in the handheld projector can achieve. A better thermal design of the handheld projector
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achieves slighter difference in heat transfer coefficient between the value predicted by correlations and
the actual heat transfer coefficient in the handheld projector.
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Figure 6. Comparison of the heat transfer coefficient of the plate fin between the present simulation
results for the case of plate-fin array (blue curve) in the primary handheld projector and the values
estimated by the published correlations for an isolated vertical rectangular plate (orange curves) and a
plate-fin array (green curves) with the same surface temperature as the simulated one.

Subsequently, the effect of number of fin on the thermal resistance of the primary handheld
projector was tested by gradually reducing the transverse spacing between two adjacent plates or
pin rows, S in Figure 2, while keeping both the dimensions and the longitudinal spacing of each
plate and pin indicated in Figure 2 as constants. Note that handheld projector having a fin array of
either 7 plates or 13 rows of square pin was considered as the primary case. Figure 7a shows that the
thermal resistance of the handheld projector having a plate-fin array reduced slightly as the number of
plate increased from 7. However, as the number of plate was 9 and the spacing between plates was
2.875 mm, the thermal resistance of the handheld projector reached a minimum. Once the number of
plate exceeded 9, the thermal resistance rapidly increased as the number of plate increased. The reason
that causes the concave thermal resistance curve is the existence of an optimal spacing for the fin array.
Although heat transfer from each plate decreases with decreasing transverse spacing, the number of
fins that may be placed in a prescribed volume increases. Hence, the optimal spacing maximizes heat
transfer from the array by yielding a maximum for the product of heat transfer coefficient and the total
fin surface area. Figure 7a suggests that the optimal spacing between plates falls around 2.875 mm
in the present plate-fin array of nonuniform temperature as the heating power is 7 W. Based on the
heater temperature that the simulation results yielded at 7 W for the primary handheld projector
having plate-fin array, the optimal fin spacing for the plate-fin array would be 3.3 mm and 4.3 mm,
estimated by the correlation proposed in [11,14], respectively. The larger optimal spacing that the
correlation predicted was because the ambient temperature was defined as the air temperature outside
the projector, 303 K, which caused an overestimated Ra number used in both correlations [11,14]
since the actual air temperature surrounding the fin array would be considerably higher than 303 K.
Similar variation trend of the thermal resistance to the abovementioned case also occurred as the
handheld projector was equipped with a pin-fin array as shown in Figure 7a. The thermal resistance
slightly reduced as the row of pin fin increased from 7 to 9, which yielded a lowest thermal resistance
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with the spacing between pins of 3.375 mm, and then gradually increased as the pin row further
increased. Although the trend of the thermal resistance variation in Figure 7 between two different
handheld projectors was similar, it illustrates in Figure 7 that the thermal resistance of the handheld
projector having a plate-fin array was more sensitive to the transverse spacing between fins. Figure 7a
also reveals that the pin-fin array in a shrouded and narrow environment like the present handheld
projector demanded a larger transverse spacing than that of a plate-fin array to obtain a comparable

thermal resistance, as the natural convection was the major heat transfer mode.
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Figure 7. (a) Number of plates or pin rows vs. thermal resistance of the handheld projector having

11 bottom openings and the transverse spacing between adjacent plates or pin rows (Sy); and (b) number

of bottom openings vs. thermal resistance and the mass flow rate of air entering the handheld projector

having either 7 plates or 13 rows of pin at a heating power of 7 W.

As the number of bottom openings of the primary handheld projector increased by reducing
the spacing between openings, S, in Figure 7b, while keeping the first bottom opening at the fixed
position, the related variation of both the thermal resistance and the total mass flow rate of air entering
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the handheld projector through all bottom openings at a heating power of 7 W were shown in Figure 7b.
=
Note that the mass flow rate of the airflow was estimated by integrating the inner product of (oV') and

the area, Z, over the entire surface of the lower case. It can be observed that the total mass flow rate of
the air through those bottom openings substantially increased as the number of bottom openings began
to increase, and then reached a plateau, irrespectively of the fin type. A significant drop and inflection
of the mass flow rate occurred as the number of bottom openings was 13 on the handheld projector
having a plate-fin array. It suggests that a few openings were blocked because of the inappropriate
arrangement of the plate fin and the bottom openings, similar to the phenomenon revealed in Figure 5.
However, such concave shape of the mass flow rate did not occur in the other handheld projector
having pin-fin array because of the larger clearance between the lower edge of the lowest column of
the pins and the bottom openings as mentioned in Figure 5. Figure 7b also shows that the variation of
the thermal resistance of the handheld projector exactly depends on the variation of air mass flow rate,
regardless of the fin type in the handheld projector.

Figure 8 shows the airflow velocity contour on four different sections in the handheld projector
which has different configurations of the fin array and openings. It can be observed in Figure 8 that
the velocity magnitude of the airflow between fins reduced as the number of fin increased, while the
velocity magnitude of the airflow increased as the number of bottom openings increased, regardless
of the fin type. However, the increase of bottom openings was not able to offset the reduction of the
airflow velocity resulting from the increase of the number of fin as shown in Figure 8a,c,d,f. In addition,
the pink rectangles marked in Figure 8a,c,f reveal that the inappropriate arrangement of the fins and
the bottom openings blocked the air from entering the interfin region and reduced the airflow velocity.
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Figure 8. The airflow velocity contour on four sections in the fin array in the handheld projector at
a heating power of 7 W, with different configurations including (a) 7-Plate, 11-Opening; (b) 7-Plate,
14-Opening; (c) 11-Plate, 14-Opening; (d) 9-Row, 11-Opening; (e) 9-Row, 14-Opening; (f) 13-Row,
14-Opening, units: m/s.

The velocity vector of the airflow within the pink rectangles in Figure 8a,f are enlarged in
Figure 9a,b, respectively. In Figure 9a,b show that the airflow can not flow straight after it passes
through the bottom openings because the fin shading the openings forms a barrier that causes air to
deflect before it enters the passage between fins. Such airflow deflection would reduce the airflow
rate through the passage between fins because the airflow at the inlet has an angle with respect to the
centerline of the passage.
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Figure 9. The enlarged picture to show the velocity vector of the airflow in the pink rectangle in
(a) Figure 8a; and (b) Figure 8f.
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Figure 10 shows the orientation effect on the thermal resistance of the handheld projector
with various combinations of fins and openings, including the primary cases denoted as “7-Plate,
11-Openings” and “13-Row, 11-Openings”, and the improved designs denoted as “7-Plate,
14-Openings” and “9-Row, 14-Openings”, as well. It can be seen in Figure 9 that the thermal resistance
of the handheld projector having either a plate-fin array or a pin-fin array significantly reduced as its
tilted angle increased, and reached a minimum at 8 = 60°. As the tilted angle of the handheld projector
further increased toward 6 = 90°, its thermal resistance increased. Moreover, the thermal resistance
variation was almost symmetric with respect to 8 = 0°. The thermal resistance of the handheld projector
having a plate-fin array was lower than that having a pin-fin array at a tilted angle less than 30°, while
contrary results revealed at a tilted angle of the handheld projector between 60° and 90°. The reasons
that cause the thermal resistance variation with the orientation of the handheld projector are associated
with the arrangement of airflow direction and the openings on the handheld projector case. The airflow
field will be elucidated in Figures 11 and 12 at various orientations of the handheld projector.

—o-7-Plate, 11-Openings
—-13-Row, 11-Openings
—&-7-Plate, 14-Openings
-=-9-Row, 14-Openings

N\
% /. S

Thermal resistance (K/W)

-90 -60 -30 0 30 60 90
Tilted Angle (%)

Figure 10. The thermal resistance of the handheld projector with various configurations at various
tilted angles at a heating power of 7 W.

Figures 11 and 12 show the airflow velocity around the fin array in the primary handheld projector
with various orientations at a heating power of 7 W. The upper case of the handheld projector, the
location of the bottom openings and the front openings are denoted with UC, BO and FO, respectively,
in these figures for clear illustration. The white blocks, color and the arrows in these figures represent
the fins, velocity magnitude and the airflow direction, respectively. As the orientation of the handheld
projector was 0°, it can be observed in Figures 10 and 11 that the air entered the handheld projector
from every bottom opening and the lower front openings, and then moved upward through the space
between fins, and finally left the handheld projector from both the side openings and front openings
that were close to the upper case. As the tilted angles of the handheld projector were 30° and 60°,
both figures show that not only the front openings, but those side openings close to the upper case
were outlets for the airflow induced by the hot fin array, while the major inlets for the outside air
were still the bottom openings. As the inclination of the handheld projector was 30° and 60°, after the
air crossed the fins, it was accelerated toward the front openings with a maximum velocity around
0.15 m/s and 0.20 m/s, respectively, which was higher than the air velocity (0.08 m/s) within that
region in a horizontal handheld projector. Therefore, this resulted in a lower thermal resistance of
the slightly inclined handheld projector. Because the plate fins hindered the warm air from moving
upward as the orientation of the handheld projector was upright (£90°), the surrounding air flowed
into the handheld projector through each bottom openings was immediately discharged from the same
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openings. Under such circumstance, relatively small amounts of air were allowed to flow through
the space between plates. However, unlike the flow situation when the tilted angle of the handheld
projector was positive, the front openings became the inlets as the tilted angle of the handheld projector
was negative. In addition, the air circulation adjacent to the fin located in the farthest position from
the front openings would be gradually discharged from the nearby side openings, regardless of the
orientation of the handheld projector.

The airflow around the pin-fin array in the primary handheld projector with various orientations
was similar to that in Figure 10. The major difference between the airflow presented in Figures 11
and 12 is that the air was not discharged from the bottom openings as the handheld projector was
held upright, £90°, because the pin fin configuration allowed the warm air to rise through the spacing
between fins, which led to a lower thermal resistance of the handheld projector having a pin-fin array
at £90° as shown in Figure 10.

6=0° uc
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0 0.05 0.1 0.15
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Figure 11. Cont.
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Figure 11. The airflow velocity around the plate-fin array in the primary handheld projector under
various orientations (+£30°, £60°, +90°) at a heating power of 7 W.
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Figure 12. The airflow velocity around the pin-fin array in the primary handheld projector under
various orientations (+£30°, £60°, +90°) at a heating power of 7 W.

4. Conclusions

This study numerically investigates the effects of the number of bottom openings and the fin
spacing on the natural convection heat transfer and airflow field of the handheld projector with various
orientations. The horizontally-oriented 120 mm X 53 mm x 19 mm handheld projector, which had
11 bottom openings and was installed with either 7 plate fins or 13 rows of square pin, was considered
as the primary case. The fin number varied from 6 plates to 13 plates or from 7 rows of pin to 16 rows
of pin, while the number of the bottom openings varied from 11 to 15 in this study with handheld
projector held at a specified inclination ranged from —90° to 90°.

The simulation results showed that the heat transfer coefficient of a given surface of the plate
fins installed in the primary handheld projector slowly increased from 6 to 7 W/m? K as the heating
power increased from 2 W to 7 W. With 11 bottom openings, the optimal fin spacing of the fin array in
the handheld projector possessing 11 bottom openings was 2.875 mm and 3.375 mm for the plate fin
and pin fin, respectively, at the heating power of 7 W. Although the velocity magnitude of the airflow
between fins increased as the number of the bottom openings increased, it was not able to offset the
reduction of the airflow velocity resulting from the reduction of fin spacing. The thermal resistance
of the handheld projector having either a plate-fin array or a pin-fin array significantly reduced as
its tilted angle increased, and reached a minimum at 6 = 60°. The variation of the thermal resistance
of the handheld projector with the alteration of inclination was almost symmetric with respect to
6 = 0°. As the tilted angle of the handheld projector was 30° or 60°, the air was accelerated toward
front openings after it crossed the fins, causing a thermal resistance lower than that of the horizontal
handheld projector.

Acknowledgments: The authors appreciate the financial support from the Ministry of Science and Technology of
Taiwan under the contracts of MOST 104-2221-E-151-037 and MOST 105-2221-E-151-030.

Author Contributions: Mr. Tsuni Chang performed all simulations in this study. Shun-Ching Lee contributed
the numerical model. Jin-Cherng Shyu analyzed the simulation data, wrote the paper, and was responsible for
revising the manuscript according to the reviewers” comments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ahn, B.-L; Park, J.-W.; Yoo, S.; Kim, J.; Leigh, S.-B.; Jang, C.-Y. Savings in Cooling Energy with a Thermal
Management System for LED Lighting in Office Buildings. Energies 2015, 8, 6658—-6671. [CrossRef]

2. Lee, ]J.B.; Kim, H]J.; Kim, D.-K. Experimental Study of Natural Convection Cooling of Vertical Cylinders with
Inclined Plate Fins. Energies 2016, 9, 391. [CrossRef]


http://dx.doi.org/10.3390/en8076658
http://dx.doi.org/10.3390/en9060391

Energies 2017, 10, 266 17 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ostrach, S. An Analysis of Laminar Free-Convection Flow and Heat Transfer about a Flat Plate Parallel to the
Direction of the Generating Body Force; Technical Report; NACA: Cleveland, OH, USA, 1953.

McAdams, W.H. Heat Transmission; McGraw-Hill: New York, NY, USA, 1954.

Fuji, T.; Imura, H. Natural-Convection Heat Transfer from a Plate with Arbitrary Inclination. Int. ]. Heat
Mass Transf. 1972, 15, 755-767. [CrossRef]

Churchill, SW.; Chu, H.H.S. Correlating Equations for Laminar and Turbulent Free Convection from a
Vertical Plate. Int. . Heat Mass Transf. 1975, 18, 1323-1329. [CrossRef]

Lewandowski, W.M.; Radziemska, E. Heat Transfer by Free Convection from an Isothermal Vertical Round
Plate in Unlimited Space. Appl. Energy 2001, 68, 187-201. [CrossRef]

Radziemska, E.; Lewandowski, WM. Heat Transfer by Natural Convection from an Isothermal
Downward-Facing Round Plate in Unlimited Space. Appl. Energy 2001, 68, 347-366. [CrossRef]

Elenbaas, W. Heat dissipation of parallel plates by free convection. Physica 1942, 9, 1-28. [CrossRef]

Leung, C.W,; Probert, S.D.; Shilston, M.]. Heat exchanger: Optimal Separation for Vertical Rectangular Fins
Protruding from A Vertical Rectangular Base. App. Energy 1985, 19, 77-85. [CrossRef]

Van de Pol, D.W.; Tierney, J.K. Free Convection Nusselt Number for Vertical U-Shaped Channels.
J. Heat Transf. 1973, 95, 542-543. [CrossRef]

Bar-Cohen, A. Fin Thickness for an Optimized Natural-Convection Array of Rectangular Fins. ]. Heat Transf.
1979, 101, 564-566. [CrossRef]

Bar-Cohen, A.; Rohsenow, W.M. Thermally Optimum Spacing of Vertical, Natural Convection Cooled,
Parallel Plates. J. Heat Transf. 1984, 106, 116-123. [CrossRef]

Bar-Cohen, A.; Iyengar, M.; Kraus, A.D. Design of Optimum Plate-Fin Natural Convective Heat Sinks.
J. Electron. Packag. 2003, 25, 208-216. [CrossRef]

Yiincii, H.; Anbar, G. An Experimental Investigation on Performance of Rectangular Fins on a Horizontal
Base in Free Convection Heat Transfer. Heat Mass Transf. 1998, 33, 507-514. [CrossRef]

Yazicioglu, B.; Yiincii, H. Optimum Fin Spacing of Rectangular Fins on a Vertical Base in Free Convection
Heat Transfer. Heat Mass Transf. 2007, 44, 11-21. [CrossRef]

Mobedi, M.; Yiincti, H. A Three Dimensional Numerical Study on Natural Convection Heat Transfer from
Short Horizontal Rectangular Fin Array. Heat Mass Transf. 2003, 39, 267-275. [CrossRef]

Tari, I.; Mehrtash, M. Natural Convection Heat Transfer from Inclined Plate-Fin Heat Sinks. Int. |. Heat
Mass Transf. 2013, 56, 574-593. [CrossRef]

Milnes, J.; Drikakis, D. Qualitative assessment of RANS models for Hypervapotron flow and heat transfer.
Fusion Eng. Des. 2009, 84, 1305-1312. [CrossRef]

Milnesa, J.; Burnsb, A.; Drikakis, D. Computational modelling of the HyperVapotron cooling technique.
Fusion Eng. Des. 2012, 87, 1647-1661. [CrossRef]

Drikakis, D.; Smolarkiewicz, PK. On Spurious Vortical Structures. |. Comput. Phys. 2001, 172, 309-325.
[CrossRef]

Shyu, J.-C.; Chan, M.-H. Thermal Performance of Passively Cooled Pico Projector Equipped with a Fin Array.
Appl. Therm. Eng. 2016, 101, 308-321. [CrossRef]

Shyu, J.-C; Tsai, H.-M. Thermal Management of Pico Projector Using a Piezoelectric Fan.
Energy Convers. Manag. 2015, 101, 172-180. [CrossRef]

@ © 2017 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).


http://dx.doi.org/10.1016/0017-9310(72)90118-4
http://dx.doi.org/10.1016/0017-9310(75)90243-4
http://dx.doi.org/10.1016/S0306-2619(00)00053-2
http://dx.doi.org/10.1016/S0306-2619(00)00061-1
http://dx.doi.org/10.1016/S0031-8914(42)90053-3
http://dx.doi.org/10.1016/0306-2619(85)90063-7
http://dx.doi.org/10.1115/1.3450106
http://dx.doi.org/10.1115/1.3451032
http://dx.doi.org/10.1115/1.3246622
http://dx.doi.org/10.1115/1.1568361
http://dx.doi.org/10.1007/s002310050222
http://dx.doi.org/10.1007/s00231-006-0207-6
http://dx.doi.org/10.1007/s00231-002-0360-5
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.08.050
http://dx.doi.org/10.1016/j.fusengdes.2008.12.004
http://dx.doi.org/10.1016/j.fusengdes.2012.06.014
http://dx.doi.org/10.1006/jcph.2001.6825
http://dx.doi.org/10.1016/j.applthermaleng.2016.02.060
http://dx.doi.org/10.1016/j.enconman.2015.05.044
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Computational Methods and Boundary Conditions 
	Results and Discussion 
	Conclusions 

