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Abstract.    One of the key issues affecting the promotion of solar water heaters in Taiwan is the severe 
impact of typhoon each year. An experimental study was conducted to investigate the wind uplift 
characteristic of a solar collector model with and without a guide plate. The guide plate with different 
lengths and orientations with respect to wind direction was adopted. It is found that the wind uplift of a solar 
collector is associated with the tilt angle of the flat panel as expected. A cavity formed between the guide 
plate and the flat panel has a significant effect on the distributions of streamwsie and lateral pressure. 
Reduction in uplift is essentially coupled with the projected area of a guide plate on the lower surface of the 
tilt flat panel. 
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1. Introduction 
 

Under the incentive programs of the government, solar water heaters (SWHs) in Taiwan have 
been promoted within the last two decades (Chang et al. 2006, 2008, 2009). A growing number of 
SWHs have been installed on the flat roof of buildings each year. Furthermore, most previous 
studies on SWHs have focused on the thermal efficiency of various types of solar collectors 
(Kalogirou 2004). Only limited works have been done on the aerodynamic characteristics of solar 
collectors and their supporting structure (Kopp et al. 2002, Radu et al. 1986, Wood et al. 2001). 
However, typhoons are among the natural hazards that incur costly impact on residential 
construction (Oaulotto et al. 2006, Li et al. 2008, Li et al. 2009). In summer, tens of typhoons may 
occur over the western North Pacific and South China Sea each year, and some affect Taiwan (Lee 
2009, Chang et al. 2010). The safety of SWHs under severe wind load during typhoon season 
should be addressed. In particular, glasses of solar collectors are broken mainly due to strong wind 
uplift and its resultant large deflection. Therefore, a good estimation of resistance to wind uplift 
and reduction in aerodynamic loads of solar collectors is prerequisite to prevent such damage. A 
previous experimental study was conducted by Chung et al. (2008) to investigate the wind uplift of 
lifted solar collector models with and without a guide plate. At a tilt angle of 25o, the localized 
load of a solar collector is significant near the front edge. Reduction of wind uplift with is 
observed with a guide plate and effects of the incremental height of a solar collector are less 
significant. Note that Reynolds number independence is also observed. Furthermore, Taiwan is 
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situated between 22oN and 25oN and the tilt angle of most solar collectors ranges from 15o to 30o. 
The optimum geometry of a guide plate on uplift reduction of a solar collector model should also 
be addressed. In the present study, the effects of tilt angle of a solar collector and the geometry of a 
guide plate are investigated. A thin film of the mixture (titanium dioxide, oil, oleic acid and 
kerosene) is also applied on the upper and lower surface of the tilted flat panel to visualize the 
surface flow pattern. 
 
 
2. Experimental setup 

 
The experiments were conducted in the low-speed wind tunnel at the Aerospace Science and 

Technology Research Center, National Cheng Kung University (ASTRC/ NCKU). The tunnel is a 
closed-loop type. The facility consists of a 450 HP fan (Flakt, FAC-6-280-10-12), an auxiliary 
compressor for pneumatically controllable blade pitch and the tunnel. There are a honeycomb and 
five screens, and the contraction ratio is nine. The constant-area test section is 1.2 m x 1.8 m and 
2.7 m long. The maximum speed is up to 70 m/s, which is evaluated by the differential pressure 
between the inlet and the exit of contraction section (Chung 1996). As mentioned above, Chung et 
al. (2008) indicated Reynolds number independence for the present test configuration. Thus 
experiments were conducted at 40 m/s only. It also noted the turbulence intensity of freestream 
flow was about 0.3%. 

For the baseline case, a 60% scaled commercial system (a flat panel of 0.6 m x 1.2 m and a 
cylinder, 0.27 m in diameter and 0.7 m in length) was fabricated. There is no artificial roughness 
on the flat panel and cylinder. The lower surface of the flat panel, in which the tilt angles α are 
15o, 20o, 25o and 30o, faces the flow direction. This is considered to be the worst case in terms of 
wind load on a solar collector. Note that the turbulence intensity of incoming flow at low elevation 
on rooftops might be up to 20-30 percents (Cao et al. 2009). A preliminary study by Chou (2009) 
indicated the uplift force for a solar collector model decreased with increasing turbulence intensity 
(14%). Since the main objective of the present study is to examine the strong winds on a solar 
collector, the effect of a steady wind is of first consideration instead of a simulated atmospheric 
boundary layer. It is also noted that the blockage ratio effect was not corrected. For a real flow 
simulation with the present test configuration, smaller scaled model tests and full scale model tests 
in an environmental wind tunnel will be conducted in the future. 
For the longitudinal pressure measurements, 26 pressure taps were drilled along the centerline of 
the upper and lower surfaces of the flat panel. There were no taps on the cylinder. For the lateral 
pressure measurements (x/c = 0.5), 14 holes were drilled. Tubes were employed to connect the U-
tube liquid manometers for evaluating the pressure distributions under different test conditions. 
Uncertainty of the pressure data was estimated to be 10 Pa. The pressure data were non-
dimensionalized by the values of static pressure and dynamic pressure of incoming flow, in which 
Cp = (p - p∞)/q∞. It is also noted that peak pressure and peak load on the solar collectors are the 
important information. The dynamic pressure measurements will be conducted in the future study. 
For the wind uplift measurements, four load cells ( 1960 N) were installed under the front and 
rear edges of supporting structure, as shown in Fig. 1b. The load cells were calibrated statically. 
The uplift coefficient is given as 

 
CL1 = L/(q∞S)  or  CL2 = L/(q∞Sp) 
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where L is the uplift force, S and Sp are the surface area and projected area of the flat panel. 
Furthermore, three solid guide plates (0.70 m in width and 0.005 m in thickness) were fabricated for 
reduction of wind uplift. The height h was 0.35 m (G1), 0.175 m (G2) and 0.1 m (G3), respectively. 
The guide plate was connected to the junction of the flat panel and the cylinder with two 
orientation angles (η = 45o and 90o) with respect to the wind direction, respectively, as shown in 
Fig. 1. 
 
 
3. Results and discussion 

 
3.1 Surface pressure distributions 
 
For a solar collector model with α = 25o, Chung et al. (2008) indicated that the local loads were 

significant near the front edge. Reduction in uplift force was observed with a guide plate (G1). For 
the present study, two more guide plates with different sizes (G2 and G3) were adopted in order to 
understand further the effects of the guide plate installment on the reduction in uplift force. As 
shown in Fig. 2 (α = 25o and V = 40 m/s), the pressure coefficients (G2 plate η = -45o and 0o) on 
the lower surface of the flat panel Cpl are roughly the same as those of the baseline case. A slightly 
higher positive action is observed near the front edge (x/c ≈ 0.3) at η = 45o, and an uniform 
negative pressure action is found when the guide plate is normal to the wind direction (η = 90o). 
On the upper surface of the flat panel, more flattened pressure coefficients Cpu (that is, less suction 
near the front edge) can be readily observed at η = 90o. According to the above observations, the 
guide plate at η = -45o and 0o has a minor influence on Cpl and Cpu, respectively. Thus for the other 
test cases  (α = 15o, 20o and 30o), the guide plates are set up only at 45o and 90o 

The streamwise distributions of differential pressure coefficient ΔCp, (pl-pu)/q∞ for the baseline 
cases (without guide plate) are shown in Fig. 3. Positive pressure action can be seen near the front 
edge for α = 20o, 25o, and 30o. Then minima are observed in the region of x/c = 0.3-0.4 followed 

 
 

 

(a) Baseline model 
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Fig. 1 Continued 

 

(b) Baseline model with a guide plate 

Fig. 1 Test configuration 
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Fig. 2 Streamwise pressure distributions with G2 plate, α = 25o and V = 40 m/s 
 
 
by flattened ΔCp distributions at further downstream locations except to the end of panel. For α = 
15o, ΔCp near the front edge is smaller in comparison with those for the other cases. This implies 
that the uplift force is primarily influenced by the flowfield near the front edge of the tilt flat panel. 
With a guide plate, ΔCp for α = 25o is shown in Fig. 4. Roughly flattened distributions of differential 
pressure coefficient can be seen in the upstream region with the G1 plate at η = 90o. With G2 and G3 
plates (decreasing length), the regions of flattened ΔCp are reduced. The location of peak ΔCp moves 
downstream, where x/c  0.25, 0.32 and 0.59 for G3, G2 and G1 plates, respectively. This might 
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correspond to the change of the impingement location of the shear layer from the tip of a guide plate 
on the lower surface of the flat panel. For η = 45o, ΔCp is considerably higher than that for η = 90o 
for each tested guide plate. For the test cases at α = 15o, 20o and 30o, similar trends are also 
observed. Thus, it is postulated that reduction in local loads near the front edge of a tilt flat panel is 
attributed to the decrement of the projected area of a guide plate. 
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Fig. 3 Streamwise distributions of differential pressure (baseline case) 
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Fig. 4 Streamwise distributions of differential pressure coefficient with guide plates, α = 25o 
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Fig. 5 Spanwise differential pressure distributions (baseline case) 
 
 
The spanwise (or lateral) pressure distributions are also of interest. These data provide 

information indicating the three-dimensional effect or corner vortices. In particular, the present 
experimental program is only for an isolated solar collector model. Investigation on the spanwise 
pressure distributions would be crucial for the future study of solar collectors in parallel. For the 
baseline cases, the spanwise differential pressure distributions ΔCps, (pl,s-pu,s)/q∞, are shown in Fig. 5. 
The inverted U-shaped distributions near the centerline can be seen for all the test cases. This clearly 
indicates the footprints of corner vortices. With a guide plate, ΔCps for α = 25o is shown in Fig. 6. As 
can be seen, the pressure variation in the spanwise direction is diminished with the G1 plate at η = 
90o. For other test cases, decrease in ΔCps is also observed. This indicates that the guide plates tend to 
reduce the strength of corner vortices. Furthermore, uniformity of spanwise pressure for a tilt flat 
panel with a guide plate is also considered to be associated with corner vortices. In Fig. 7, the 
normalized spanwise differential pressure fluctuation coefficient C*ps’ corresponds to the deviation 
of Cps’ from the baseline cases, which is defined as (Cps’,baseline-Cps’)/ Cps’,baseline. The data are plotted 
versus the projected area ratio of each guide plate on the tilt flat panel. 
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Fig. 6 Spanwise differential pressure distributions, α = 25o 
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Fig. 7 Dependence of spanwise pressure on A* 

 

              

(a) Baseline case and (b) with G1 guide plate at  = 90o 
Fig. 8 Schematic drawing of oil flow patterns (lower surface) 

 
 
Although the data are a little scattered, it can be concluded that C*ps’ increases with larger 

projected area ratio. This is attributed to the attenuation of corner vortices, which also implies the 
reduction in uplift load of a tilt flat panel with a guide plate. Furthermore, the oil-flow 
visualization technique is used to visualize the surface flow pattern, which can be used to compare 
with the surface pressure measurements. A thin film of the mixture (titanium dioxide, oil, oleic 
acid and kerosene) is applied on the upper and lower surface of the flat panel. A schematic 
drawing of the flow pattern on the lower surface with and without a guide plate ( = 25o, G1 at  = 
90o) is shown in Fig. 8. For the baseline case, the corner vortices can be seen clearly. With the 
guide plate, a cavity is formed between the guide plate and the tilt flat panel. The streamlines 
within the projected area of the guide plate are nearly straight and parallel to the incoming flow 
direction. This postulates the attenuation of corner vortices as seen from the mean surface pressure 
measurements. It also implies that the reduction in the uplift of a tilt flat panel is associated with 
the projected area of a guide plate. 
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Fig. 9 Dependence of uplift coefficient on the tilt angle 

 
 

3.2 Wind uplift 
 
For the uplift measurements, the uplift coefficients for all the test cases are shown in Fig. 9. CL1 

and CL2 correspond to the uplift coefficient based on the area and projected area of the flat panel, 
respectively. For the baseline cases, CL1 increases linearly with the tilt angle of the flat panel 
except for the case of 30o. With a guide plate, similar phenomena are also observed. For CL2, it 
appears that a linear relation is no longer valid for the baseline case. Further, reduction in uplift 
coefficient is observed for the tilt flat panel with a guide plate, particularly with a larger size of 
guide plate at = 90o. The data are re-plotted versus projected area ratio A* in Fig. 10. It is clear 
that the uplift coefficient (CL1 and CL2) for all tilt flat panel decreases linearly with larger projected 
area of a guide plate. Furthermore, it is known that the lift coefficient of a flat panel could be 
scaled with the tile angle. Then the slope of uplift coefficient CLα, which is equal to 2 based on 
the thin-airfoil theory, could be adopted to evaluate the characteristic surface area. As shown in 
Fig. 11, only the test cases of 15o, 20o and 25o were used. It can be seen that CLα,1 for all the test 
cases are roughly the same, but not for CLα,2. This indicates that the surface area of the tilt flat 
panel would be more appropriate as the characteristic area to estimate the uplift coefficient for the 
present test configurations. 

The main theme of the present study is to demonstrate the reduction in uplift of a solar collector 
model with a guide plate. According to the above observations of spanwise differential pressure 
distributions and the characteristics of uplift coefficients, it appears that reduction in uplift ΔCL1 is  
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Fig. 10 Reduction in uplift coefficient with respect to A* 
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mainly associated with the projected area ratio of a guide plate on the tilt flat panel. A correlation 
of uplift reduction and projected area ratio is thus presented in Fig. 12. As can be seen, ΔCL1 
increases linearly with A*. This indicates that a guide plate with sufficiently large projected area 
can be employed to reduce the uplift of a tilt flat panel effectively. 
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Fig. 12 Reduction in uplift with projected area ratio of guide plate and tilt flat panel 

 
 
4. Conclusions 
 

Investigation on the mean surface pressure distributions and uplift coefficients of an isolated 
solar collector model was performed. The present study focuses on the effects of tilt angle of a 
solar collector and the geometry of a guide plate. It is found that the uplift force is mainly 
associated with the local load near the front edge and is increased with the tilt angle of the flat 
panel. Less positive pressure action on the lower surface is observed in the longitudinal direction 
for the tilt flat panel with installing a guide plate, particularly for the case normal to the wind 
direction. Uniformity of spanwise differential pressure distribution decreases with larger projected 
area, and a similar trend is also observed for uplift coefficient. In particular, reduction in wind 
uplift is correlated reasonably well with the projected area ratio of guide plate and tilt flat panel. 
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Nomenclature 

 Ap projected area of guide plate 
 A* projected area ratio, Ap/Sp 

 c length of flat panel 
 Cp pressure coefficient, (p - p∞)/ q∞ 
 CL1 uplift coefficient, L/(q∞S) 
 CL2 uplift coefficient, L/(q∞Sp) 
 CLα derivative of uplift coefficient with α 
 h height of guiding plate 
 L uplift force, N 
 pl lower surface pressure at longitudinal direction 
 pu upper surface pressure at longitudinal direction 
 pl,s lower surface pressure at spanwise direction 
 pu,s upper surface pressure at spanwise direction 
 q∞ dynamic pressure 
 S surface area of flat panel 
 Sp projected area (to the incoming flow)of flat panel 
 V speed of incoming flow, m/s 
 w width of flat panel 
 x distance along the centerline of flat panel, x = 0 indicating top position  
 y lateral distance, y = 0 indicating left end 
 ΔCp streamwise differential pressure coefficient, (pl-pu)/ q∞∞
 ΔCps spanwise differential pressure coefficient, (pl,s-pu,s)/q∞ 
 

ΔCL1 
reduction of uplift coefficient 
(CL1,baseline-CL1)/CL1,baseline 

 α tilt angle of flat panel, deg 
 η orientation of guide plate, deg 
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