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Abstract 

The focus of this study was to assess the wind induced pressures on an array of solar 

modules mounted parallel to the roof surface of a low-rise building.  Wind tunnel studies 

were conducted on an array on a 1/20 scale building model with either a flat roof or a 30° 

roof slope.  Specific attention was made to determine the effect of the spacing between 

individual modules, G, and the mounting height above the roof surface, H, resulting in a 

dataset of 80 configurations.  Large G yielded improved wind resistance by lowering the 

external peak suctions and peak net suctions.  Large H beyond a small cavity depth was 

determined to be detrimental for wind resistance as the peak external suctions were 

higher in magnitude and the cavity pressures more uniform (resulting in larger magnitude 

net suctions).  Pressure equalization between the external and cavity pressures resulted in 

the net pressures being typically lower than the external pressures.  The pressure 

equalization coefficient, Ceq is utilized to quantify the change in the peak net wind 

pressure from the peak external pressure and is noted to be a robust parameter as values 

can be approximated as a single curve when plotted against G/H for a given tributary 

area.  The magnitude of the curve is not largely affected by roof slope.  Roof edge effects 

and array edge effects caused by flow separation off the roof and array were noted to 

increase the magnitude of the suctions on modules around the perimeter of the roof 

surface and array respectively. Applicable roof and array zone dimensions were defined 

by examining point pressures and area-averaged pressures.  The bare roof interior and 

edge zones for low-rise buildings were noted to be appropriate to capture the effects of 

building-induced flow separation.  The array edge zone was approximated based on H 

and the module thickness, t, such that the array edge zone was ≈ 1(H + t) to 2(H + t) 

around the perimeter of the array.  A design factor, γ, was developed by enveloping Ceq 

values and is intended to be applied to codified components and cladding external 

pressure coefficients.  It is a function of the roof zone (roof zone factor, γR), the array 

zone (array edge factor, γE), A and G/H.  The design recommendations could serve to fill 

a current void in existing design standards with respect to loads for air-permeable, 

double-layer, roof systems such as solar arrays mounted parallel to roof surfaces. 
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1 Introduction 

Awareness of our energy consumption as a society is increasing, as is the desire to locally 

produce energy using so-called “green technologies”.  One possible source of green 

energy is roof-mounted solar, photovoltaic (PV), modules.  These modules (sometimes 

referred to as panels) cover roof surfaces and, thus, are exposed to the elements, 

including wind.  To ensure that the system is adequately designed to withstand the forces 

expected to act on it during its lifetime, the wind loading on these modules needs to be 

determined.  The majority of building-mounted solar arrays are placed on the roofs of 

low-rise buildings, so it is the wind field above such structures which control the wind 

loads. The flow environment and aerodynamics of low-rise buildings are complex due to 

the interactions of the turbulence in the wind with the turbulence and vortices generated 

by the large-scale flow separations from the buildings themselves.  This leads to large 

uplift forces on low-rise building roofs, but is also a challenging flow environment for 

roof-mounted equipment such as solar arrays.  Boundary layer wind tunnels can be used 

to test scale models of roof-mounted solar systems in a multitude of configurations to 

determine the effect of multiple design variables in an economical and timely fashion and 

ultimately develop design standards.   

1.1 Background and Motivation 

Technology, construction methods and best practices are constantly evolving in our 

world.  Early adopters require (and encourage) research to determine the effects of key 

design parameters.  However, the required experiments can be expensive and aren’t 

feasible for each installation – although carefully composed research can determine the 

impact of altering key geometric parameters. Such work can eventually lead to the 

development of design standards which are accepted by the emerging industry.  These 

design standards, such as building codes, have generalized procedures that are widely 

accepted and used.  Once a procedure or design values are included in a building code, 

the number of individuals with the knowledge and tools required to engineer such 

systems grows rapidly, further encouraging the adoption of new technologies.  This has 

been the case with roof-mounted, tilted-panel, array installations.   
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1.2 Previous testing of tilted solar arrays mounted on 
flat roofs 

Over the past decade, roof-mounted solar systems have tended to be tilted arrays of 

multiple modules installed on the large, low-slope, commercial roofs of low-rise 

structures.  The lack of design provisions in building codes for these initial installations, 

coupled with their magnitude in size and cost of installation, justified wind tunnel studies 

to examine the aerodynamics, as well as to quantify the loads.  Some of the notable 

studies include Geurts and van Bentum 2006, 2007; Kopp et al., 2012; Banks, 2013; 

Kopp 2013; Kopp and Banks; 2013, Cao et al.; 2013; Maffei et al., 2013; and Pratt and 

Kopp, 2013; although early studies were conducted by Tieleman et al., (1980).  These 

studies identified the role of the building geometry (i.e., building height, plan dimensions, 

parapet height) and array geometry (panel tilt angle, chord, tributary area, gaps between 

rows, clearance of panel above roof surface, distance from edge of roof, etc.) in setting 

the wind loads.   

Kopp (2013) noted that the determination of aerodynamic forces, uplift in particular, is 

crucial for the design of tilted arrays installed on the flat roof of low-rise buildings as 

they govern the required ballast, or roof penetration, to resist uplift.  The forces can be 

complicated since the wind field is influenced not only by the natural turbulence of wind 

but also from vortices and separation along building edges (Kopp et al., 2012).  It has 

been established that building size, which controls the size of vortices on the roof, plays 

an important role in setting the wind loads on low-profile, tilted, roof-mounted arrays 

(Kopp et al., 2012; Banks, 2013; Pratt and Kopp, 2013).  This is due to the conical 

vortices from cornering wind directions which are strengthened by vortex stretching and 

continuous separation along the building walls; as such larger wind loads are measured 

on larger buildings (Kopp et al., 2012, Banks, 2013).  The strength of the vortex is 

significant as they are known to typically cause the largest magnitude suctions on the roof 

(Kind, 1986) and it is between the vortex’s core and reattachment line where the largest 

peak suctions measured on an array occur (Banks et al., 2000). Banks (2013) cautions 

against using the existing literature for solar installations where the array rows are not 

aligned with building edges, as the loads appear to be sensitive to the direction of panel 
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tilt and swirl direction of the corner vortex.  The corner vortices have also been noted to 

increase the wind loads on the array when there is a parapet (Browne et al., 2013; Banks, 

2013).   

While the building on which the array is mounted plays a significant role in determining 

the array wind loads, so too does array geometry. Kopp et al. (2012) found that larger 

modules were associated with an increase in the wind loads for the higher tilt models, but 

that module dimensions had minimal impact on the lower tilt systems. The same study 

reported that the loading mechanisms were different depending on the tilt angle of the 

modules.    They reported that wind pressures on low-tilt arrays (5°) were governed by 

pressure equalization across the modules from the building generated (roof) pressures, 

while higher tilt arrays (30°) were influenced by array-generated flow.  The array-

generated flow served to augment the loads caused by pressure equalization with the 2° 

tilt angles having loads approximately 30 – 40% smaller than for 10° tilt (and larger) 

angles (Kopp, 2013).  The same study also found that neither the row spacing nor the 

minimum height above the roof surface (when kept below 0.41m) had an impact on the 

net wind loads.   

Because the panel loads are different than the (bare) roof loads, recent studies have 

investigated the applicability of roof zones in current design standards for designing roof 

mounted arrays.  The research has shown that the corner roof zone is not needed as the 

array aerodynamics are different than the building aerodynamics, with the peak loads on 

the array not occurring in the corner of the roof, rendering the zone unnecessary (Banks, 

2013; Kopp, 2013).  Further, Banks (2013) demonstrated that the roof zones established 

for bare roof design are not (necessarily) appropriate for tilted arrays.  This is due to the 

fact that the largest peak suctions measured on the array occur between the vortex core 

and the reattachment point (Banks, 2013), whereas the location of peak suctions on flat, 

bare, roofs is directly beneath the vortex core (Banks et al., 2000).  As a result the roof 

zones for solar design should be enlarged to account for the different location of the peak 

uplift, set back further from the building edge.  This was confirmed by Kopp (2013) who 

also reported that roof (edge) zones needed to be (generally) larger and on the order of 

0.5-0.6 H for low tilt systems (5°) and 0.8 H for systems with higher tilt (20°).   
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With the pressures on the array sensitive to the building induced vortices, it can be 

deduced that the aerodynamics of roof mounted systems differ from those that are ground 

mounted.  This is due to the fact that they would not be subjected to the building-

generated flow field.  This was confirmed with simultaneous pressure measurements and 

particle image velocimetry (PIV) to measure the flow field in an experiment performed 

by Pratt and Kopp (2012).  They noted that it was the vertical velocity component in the 

vortex, caused by the separated flow off the building edge, which caused the largest uplift 

on the solar panels.    

Wind loads from some of these studies are beginning to appear in design standards such 

as NEN 7250 (2013) and SEAOC PV2-2012 (2012).  However, another fairly common 

type of roof-mounted array, those with modules parallel to the surface of pitched roofs, 

usually houses, has received less attention even though such systems are relatively 

common in some jurisdictions.   Design standards specific to solar modules mounted 

parallel to roof slopes are still underdeveloped with additional wind tunnel studies 

required to solidify our understanding of the wind loading mechanisms.   

1.3 Previous testing of solar modules mounted parallel 
to roofs 

The first studies of wind loads on solar arrays mounted parallel to sloped roofs 

considered the arrays as simple solid panels, i.e., with no gaps between solar modules 

(Stenabaugh et al., 2010, 2011; Ginger et al., 2011).  In these studies the height above the 

roof surface (i.e., the cavity depth), H, was a control variable, along with the roof pitch.  

For example, Ginger et al. (2011) examined the wind loading (and developed design 

guidelines) on arrays of 7 or 14 modules placed in multiple positions on gable roofs with 

slopes of 7.5°, 15°, and 22.5°.  The arrays were modeled as solid with no gaps, G, 

between individual modules.  In this case they found that H did not have a large impact 

over their measured range (100mm and 200mm in full-scale).  Stenabaugh et al. (2010, 

2011) used a similar approach with a single solid panel representing the array and found 

that the net pressure coefficients were mostly similar to the bare roof external pressure 

coefficients.  However, uplift could be increased when the array was placed at the ridge 
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(due to positive pressures acting on the underside of the panel near the ridge), consistent 

with the findings of Aly and Bitsuamlak (2014) who also studied scale models of solar 

modules mounted parallel to a sloped gable roof surface.   

Geurts and Blackmore (2013) conducted full-scale and model-scale tests of a single solar 

module mounted on a hip roof.  Since this study was of a single module there were no 

modeled gaps, just as for the studies of Stenabaugh et al. (2010, 2011) and Ginger et al. 

(2011), although the module was of a considerably smaller size.  Geurts and Blackmore 

found that while the effect is small, external peak pressures on the upper surface are 

higher for larger H.  On the underside of the module, peak positive cavity pressures were 

found to be larger with larger H, while peak suctions were found to be smaller in 

magnitude over the range they examined.  They found strong correlations between the 

external and cavity pressures which resulted in relatively small net wind loading due to 

pressure equalization.  Levels of pressure equalization were significantly different from 

those found in the studies of Stenabaugh et al. (2010, 2011) and Ginger et al. (2011), 

whose modules were much larger in size.  Thus, the generality of the conclusions is not 

clear for arrays made up of many modules, where gaps between individual modules could 

alter the local flow-field and influence cavity and net wind pressures, as they do for roof 

pavers (e.g., Bienkiewicz and Sun, 1992, 1997; Asghari Mooneghi et al., 2014) and other 

roof-mounted systems (Oh and Kopp, 2014).  The omission of modeled gaps could 

possibly yield substantially different aerodynamics and net wind loads on the panels than 

what exists in reality.     

1.4 Loose-laid paving systems 

The most relevant work on both the effects of gaps between modules and the cavity depth 

has been done on loose-laid paver systems installed on flat-roofed, low-rise, buildings 

(Kind and Wardlaw, 1982; Bienkiewicz and Sun, 1992, 1997; Asghari Mooneghi et al., 

2014).  Loose-laid pavers are part of double-layer roofing systems, which are sometimes 

used on flat-roofed, low-rise, commercial structures.  Kind and Wardlaw (1982) 

conducted failure testing to analyze lifting and overturning of roof-mounted pavers, 

noting that blow-off failures could be prevented with gaps between the pavers (as 
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opposed to tight fitting joints).  Bienkiewicz and Sun (1992, 1997) studied scaled paver 

installations on the flat roof of a low-rise building in a wind tunnel for a cornering wind 

direction.  Of particular interest to them were the cavity pressures.  They found that a 

cavity beneath the modules, even a small one (i.e., ¼ paver thickness, t), significantly 

reduced the peak and mean cavity pressures.  The cavity pressure distributions with 

relatively larger cavity depths (i.e., ½ t) were found to be more uniform due to reduced 

flow resistance.  Larger cavity depths (i.e., ≥ ¼ t) were not found to have a large impact 

on either the cavity pressure distributions or the peak suctions once they are over a 

particular size.  In particular, a cavity that was a ¼ of the paver’s thickness yielded a 

significant reduction in the peak cavity suction with no increased reduction for cavities 

up to the paver thickness.   

Conical vortices are produced from a cornering wind, causing lines on the roof where the 

flow reattaches (R) and separates (S) for a second time due to the rotation of the vortex 

(i.e., Bienkiewicz and Sun, 1992 and Holmes, 2007).  A schematic of these vortices has 

been adapted from existing literature and is shown in Figure 1-1.  Bienkiewicz and Sun 

found that the correlation coefficients between the external (upper surface) and cavity 

pressures were close to unity (with the exception of three pavers near the roof corner) 

when the pavers were installed without a cavity (H ≈ 0) and influenced by the 

reattachment (R) and secondary separation (S) lines.  Gradients in the correlation 

coefficients were noted where the lines crossed pavers.  A larger cavity depth was 

associated with lower correlation coefficients, although they were noted to still be high.  

Their studies also considered the effect of a parapet, which was determined to have a 

negligible impact when the cavity was kept small (H ≈ 0+).  Bienkiewicz and Sun (1997) 

determined that both the paver size and aspect ratio play a role in the wind resistance of 

the system, with large, square, pavers being more wind resistant.  
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While it is known that a cornering wind is typically associated with the peak suction wind 

loads on the roof, it is possible that the presented pressure coefficients may not have 

captured the worst cases needed for design.   

The lack of a modeled gap between modules largely hindered pressure equalization and 

at least partially explains the differences between the findings of Stenabaugh et al. (2010, 

2011) and Ginger et al. (2011) with those of Geurts and Blackmore (2013).  Stenabaugh 

et al. and Ginger et al. studied arrays of modules modeled without gaps on gable roofs.  

They noted that modules located in the interior of the roof can experience net pressures 

that are higher than the corresponding external pressures on a bare roof.  Guerts and 

Blackmore studied a single module on the interior of a hip roof and found that wind loads 

were substantially lower than the code-derived external loads on the roof surface.  These 

findings are opposite, and are likely caused by the way the systems were modeled.  

Without modeling G accurately, the case of Stenabaugh et al. and Ginger et al., flow into 

and out of the cavity through openings between modules was largely prevented and the 

module dimension was artificially enlarged to be the size of the array.  Stenabaugh et al. 

also largely prevented flow from entering the cavity for certain wind directions as the 

pressure tubes were used to simulate the mounting rail and significantly increased the 

blockage ratio for flow entering the cavity.  This would have altered the cavity pressure 

distributions, which are known to be impacted by the pressure drop through the orifice 

(G), and the pressure drop through the cavity (a function of cavity length) (i.e., Oh and 

Kopp, 2015).  It is the cavity pressures, transmitted from the external (upper) surface, that 

reduce the net wind loading on the modules.  Guerts and Blackmore noted that the full-

scale testing showed that the external and cavity pressures were of the same order of 

magnitude, indicating a good correlation between them and subsequently low net 

pressures.  This is the process of pressure equalization and is discussed in more detail in 

the next section and in chapter 4.  If the cavity flow is significantly altered through 

modelling, the transmission of the external pressures (and pressure equalization) would 

not be as effective, leading to higher net pressures, potentially even higher than bare roof 

pressures due to the secondary separation off the array.  These findings may be overly 

conservative and warrant further investigation, specifically with a carefully modelled 
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cavity.  It is clear that the gap between modules and cavity depth for roof-mounted solar 

arrays are significant parameters that need to be considered in the design wind loads for 

arrays mounted parallel to the roof surface.  Together they influence the degree of 

pressure equalization, which has been noted for its significance in setting the wind loads 

for both (low) tilted solar arrays and loose-laid pavers on flat roofs of low-rise structures.   

1.5 Pressure equalization 

Roof mounted solar arrays can be considered a double layer system – with the roof as the 

inner layer and the modules as the outer layer just as roof pavers are.  The external 

(upper) surface and cavity (lower surface of the modules) are exposed to wind flow since 

there is a void beneath the roof and the underside of the modules.  Pressure equalization 

is a wind loading process that can occur; with the cavity pressure partially approaching 

that on the upper (external) surface of the array.  Perfect pressure equalization is unlikely 

in practice (since it could only happen for static, uniform, external pressures), however, 

net pressures on roof-mounted pavers have been found to be less that what would be 

expected on the bare roof due to this process (Bienkiewicz and Endo, 2009).  As such, 

pressure equalization can play a crucial role in reducing the (net) design wind loads for 

the outer layer of double layer systems (see Bienkiewicz and Endo, 2009 for roof pavers 

and Kopp, 2014 for tilted solar installations on flat roofs).  The process of pressure 

equalization is not limited to roof pavers and solar modules, but also impacts cladding 

systems such as curtain walls, brick veneer or vinyl siding walls, and rainscreen walls 

(Kumar, 2000). 

Rainscreens are used to protect structures from rain infiltration.  The systems employ (at 

least) two layers with a cavity of air in between outer (cladding layer) and an interior 

layer; the outer one is an air-permeable rainscreen and the inner layer is an air barrier.  

The outer layers work together to protect the structure with the rainscreen deflecting the 

majority of the rain and the cavity between the layers providing drainage for any water 

that does penetrate.   Kumar (2000) noted that Pressure Equalized Rainscreens (PER) can 

be designed to reduce the wind loads on the screen (outer layer) through deliberate 

venting, openings designed to ensure rapid equalization.  The total venting area, in 
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addition to the dimensions of both the cavity and the vented openings, are key design 

parameters.  Small, deep vents lead to laminar flow, with turbulent flow associated with 

vents that are large in cross-section, yet shallow in depth (Cook, 1990).  Smaller cavities 

require less airflow to achieve equalization and thus yield a faster response time – 

important when designing for the short duration peaks across the rainscreen (Kumar, 

2000).   

While vents are beneficial in ensuring pressure equalization for rainscreens, a similar 

statement can be made regarding gaps for loose-laid pavers.  As previously mentioned, 

Kind and Wardlaw (1982) found that the inclusion of gaps between individual paver 

elements could actually prevent the failure when performing blow-off tests.  This 

indicates that resistance to failure of individual pavers was increased when the pavers 

were not flush with one another but separated by an air gap.  In 1991, Okada and Okabe 

tested failure wind speeds of paver systems with two different cavity depths.  They found 

that a cavity depth (not loose-laid, but mounted with an offset from the roof) resulted in 

lower failure wind speeds due to relatively poorer pressure equalization.  Thus, while 

gaps are beneficial, relatively large cavity depths are detrimental to pressure equalization, 

consistent with the discussion on pavers in section 1.4 where pressure equalization is 

noted to be improved with higher values of G/H. 

While large cavity depths may not be optimal with respect to increasing pressure 

equalization, they are a required component of dual-layer wall or roof systems which 

have many uses in the design and construction industries.  As such, a number of research 

studies have highlighted methods to maximize pressure equalization by modifying the 

cavity.   

Kumar (2000) noted that continuous cavities are not always efficient and that 

compartmentalization improves pressure equalization.  He notes that pressure 

equalization is highly dependent on the spatially-varying, external, pressure variations.  

Dividing the cavity into compartments can reduce the external pressure gradients and 

reduce cross-flow between adjacent cavities, improving pressure equalization and 

reducing the net wind loading on the outer layer.  This practice can be particularly useful 
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around the corner of buildings which can experience large pressure gradients, in fact 

Morrison and Hershfield Ltd (1990) went so far as to say that compartmentalization is 

absolutely necessary at the corners of buildings when studying a vinyl siding clad wood-

framed wall.  Introducing small compartments in these regions can reduce the pressure 

drop across the outer surface as well as the volume of air required for equalization, 

reducing the response time of the cavity pressures (Kumar, 2000).  Larger compartments 

can be used in the interior region of a building façade where the external pressure 

gradients are smaller.   

Another way to increase the pressure equalization would be to increase the flow 

resistance in the cavity.  Gerhardt and Janser (1994) noted that increasing the flow 

resistance within the cavity by adding batten or wire nets has a similar effect to 

compartmentalization, improving the pressure equalization and reducing the net wind 

loading on the outer layer.  

A number of studies have contributed to theoretical models based on the Helmholtz 

principle, standard gas law and mass continuity to predict cavity pressures based on 

external pressures (for a selection see Holmes, 1979; Kumar and Van Schijndel, 1998, 

1999; and Latta, 1973).   
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Oh and Kopp (2014, 2015) conducted wind tunnel studies to characterize cavity pressures 

in a double-layer system and developed an analytical model, validated with experimental 

results.   Their analytical model was developed noting the many similarities between the 

double-layer systems of wall systems (rainscreens) and solar arrays.  Their parameter, φ, 

is the ratio of cavity flow pressure drop to the orifice flow pressure drop.  φ is dependent 

on a number of parameters including the G/H ratio as well as the Reynolds number, such 

that 

 

߮ ൌ ቂீ
ு
ቃ
ଶ


ಹ ுൗ

ଶ൫ಽା௧ ீൗ ൯
൨         (1) 

 

where fH is the friction coefficient through the cavity, L is the module length, ft is the 

friction loss through the orifice or gap, t is the module thickness and the CL is the orifice 

loss coefficient.  Equation 1 was developed based on a model with a single cavity with a 

gap before and after the module, limiting the flow to one direction.  The friction losses 

through the orifice are significantly lower than the total loss coefficient, allowing the 

simplification of Equation 2, yielding, 
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where Lc is an effective cavity length, ReH is the cavity Reynolds number.  A φ value 

greater than order (1) indicates that cavity flow dominates such that the cavity pressure 

distribution is liner in nature.  Alternatively, when the orifice (gap) flow dominates, the 

cavity pressure distribution is uniform and yields a φ value less than order (1).  The 

parameter is thought to be robust since the values were found to be order of magnitudes 

larger or smaller than the transition point between the different flow mechanisms.  It is 
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unclear how the equations to evaluate φ could be used to predict the cavity flow of 

systems with multiple cavities, multi-directional flows, or even how to precisely define 

the effective cavity length. 

1.6 Design Standards 

Design wind loads on the external surfaces of low-rise buildings (walls and roof) are well 

defined in existing standards such as ASCE 7-10 (2010).  In that code the design wind 

pressure,	, on low-rise building component and cladding (C&C) elements is determined 

using 

 

 ൌ ൯ܥܩൣ൫ݍ െ ൫ܥܩ൯൧        (3) 

 

where ݍis the velocity pressure evaluated at the mean roof height, ሺܥܩሻ is the external 

pressure coefficient and ሺܥܩሻ is the internal pressure coefficient.  The velocity pressure 

is based on the basic wind speed, determined geographically using figures in the code.  

Higher velocities are given for costal and mountainous regions.  The velocity pressure is 

also designed to account for directionality, exposure (a measure of how built-up the 

surroundings are), and velocity speed-up due to topography.  For metric units it is 

evaluated using 

 

ݍ ൌ  ௗܸଶ          (4)ܭ௭௧ܭ௭ܭ0.613

 

with ܭ௭ being the exposure factor, ܭ௭௧ the topography factor, and ܭௗ the directionality 

factor.  These are all multiplication factors applied to the basic wind speed, ܸଶ.  Each of 

the factors is determined through tables and figures in the standard and are site/building 

specific.  External pressure coefficients are given in various figures in the standard, 



14 

 

 

 

specific to the surface(i.e., wall, roof).  For example, the ሺܥܩሻ for roof surfaces are 

dependent on roof slope, roof zone (corner, edge or interior) and effective wind area.  The 

corner zones have the largest magnitude ሺܥܩሻ and the interior the smallest, with separate 

ሺܥܩሻcurves plotted with respect to effective wind area.  A schematic of the applicable 

roof zones and ܥܩ (suction) values for a gable roof with a slope between 27° and 45° is 

shown in Figure 1-2 which was adapted from Figure 30.4-2C in ASCE 7-10 (2010).  The 

internal pressure coefficient is determined from a table in the standard and is based on the 

enclosure (enclosed, partially open or open) of the building.  A typical, low-rise, building 

is considered enclosed which yields a coefficient of ± 0.18.   



15 

 

 

 

       10% of the least horizontal dimension 
where a is             the least of    0.4h where h is the mean roof height 
 
               but greater than    4% of the least horizontal dimension 
       0.9 m 

INTERIOR ZONE
ASCE 7 ROOF ZONE 1

EDGE ZONE ASCE 7 ROOF ZONE 2

       CORNER ZONE
ASCE 7 ROOF ZONE 3

a

a

 

 

Figure 1-2: Roof zones and external pressure coefficients for 27 – 45° gable roof 

slopes adapted from ASCE 7-10 (2010) 
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External pressure coefficients in current design standards are largely based on series of 

wind tunnel studies conducted in the 1970s (see Stathopoulos et al., 2000 for more 

information).  Although Stathopoulos et al. are referring to the National Building Code of 

Canada (NBCC 10, 2010) in their work, the Canadian and American standards are similar 

in approach and ASCE 7-10 (2010) references the same studies conducted by Davenport 

et al. (1977).  To compare their results with those in the code, Stathopoulos et al. 

extracted the most critical experimental peak pressure coefficients from their wind tunnel 

experiments, which they multiplied by a factor of 0.8 to account for directionality.  They 

note that this approach was the same used for the development of the code itself.  The 

worst peak values from each wind tunnel configuration were used develop a simplified 

ሺܥܩሻ (or equivalent external pressure coefficient) vs. tributary area design curve that 

“envelopes” the (majority of) experimental results.  The design curve needs to strike a 

balance between covering the experimental values and being both simple and clear for 

ease of use.  As such, it is possible that not all critical, peak, wind tunnel coefficients will 

be under the design curve, as seen in Stathopoulos et al. (2000).  A ሺܥܩሻ value is 

obtained from this curve for a specific effective wind area and used in Equation 3 to 

evaluate the design wind pressure.  These provisions are for the external surface of the 

roof and do not properly account for the unique loading conditions of air-permeable, 

double layer systems such as roof-mounted solar modules, not explicitly covered in the 

current edition of both the Canadian and American building codes.   
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Design procedures pertaining to roof-mounted solar arrays have recently started 

appearing in building codes in some jurisdictions.  Some of them are based on existing 

Components and Cladding design procedures already present in the standards and use a 

multiplication factor applied to the external pressure coefficient (see NEN 7250, 2013).  

Alternatively, SEAOC PV2-2012 (2012) presents design loads in a familiar format based 

on the C&C approach in ASCE 7-10 (2010), taking advantage of the established 

procedure, but tailoring it for solar modules.  SEAOC PV2-2012 uses a different equation 

to evaluate the wind design pressure, p such that 

 

 ൌ  ሻ         (5)ܥܩሺݍ	

 

where ݍ is the velocity pressure (consistent with ASCE 7-10) and ܥܩ is the combined 

net pressure for solar modules.  It was designed with future incorporation into ASCE 7-

10 in mind, using many of the existing procedures and variables, such as the velocity 

pressure (including exposure, topography, and directionality factors as well as the basic 

wind speed).  Specific to the solar modules is the combined net pressure coefficient for 

solar panels, ܥܩ, where 

 

ܥܩ ൌ  ሻሿ       (6)ߛሻሺܥܩሾሺܧߛ	

 

and ߛ is the parapet height factor, E is the array edge factor, ሺܥܩሻ is the nominal 

net pressure coefficient and ߛ is the chord factor.  The nominal net pressure coefficient 

is presented in a very similar manner to the external pressure coefficients from ASCE 7-

10.  The roof is divided into the typical corner, edge and interior zones but also includes a 

far interior zone.  The width of these zones is notably larger, with the justification being 

discussed earlier in the chapter.  Each roof zone has a separate curve ሺܥܩሻ for a 
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range of module tilt angles.  A sketch based on the roof zone definitions and an example 

ሺܥܩሻ curve is shown in Figure 1-3 (based on SEAOC PV2-2012, 2012).  The chord 

and parapet effect factors are straight multiplication factors, evaluated and applied in a 

manner similar to the topographic factor.   

The array edge factor, E, was developed to account for higher pressures on leading edge, 

exposed, modules and lower pressures on interior, sheltered modules.  Interior, sheltered, 

modules have a factor of 1 while edge (exposed), modules can have a factor up to 2.  

Edge modules can have a different factor for different wind directions as the value is 

based on the setback distance and a characteristic height (dependent on building height, 

module length and module tilt). The maximum E value evaluated for any wind direction 

is used in Equation 6.  As such, E could increase the pressures on selected modules by a 

factor of 2.  A sketch defining sheltered and interior modules and potential array edge 

factors is shown in Figure 1-4.    Once the array edge, chord and parapet factors have 

been evaluated and the nominal net pressure coefficient has been determined, the 

combined net pressure coefficient for solar panels can be evaluated using Equation 5 and 

multiplied by the velocity pressure to calculate the design wind pressure.  The approach 

that SEAOC PV2-2012 took is effective since it takes advantage of adopted, familiar, 

provisions and develops supplementary equations and parameters to develop guidelines 

specific to a new system, solar arrays in this case, without starting from scratch.  
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where apv is 0.5√(hWL) (not exceeding mean roof height, h)  and WL is the width of 
the longer building side 

 

 

Figure 1-3: Roof zones and nominal net pressure coefficients adapted from SEAOC 

PV2-2012 (2012) 
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parameters (SEAOC PV2-2012, 2012).  Either method is effective, as they are both 

presented in a manner that is consistent with existing provisions, thus facilitating easy 

adoption.  This study focuses on the multiplication approach, assessing its feasibility and 

developing values.  A multiplication factor, γ, would be applied to the existing external 

pressure coefficients,	ܥܩ, in the current design standards such that 

 

 ൌ  ൯൧         (7)ܥܩ൫ߛൣݍ

 

where the design net wind pressure,	 is still a function of the velocity pressure, ݍ, as 

defined by the code.  The factor would account for combined effects of both the external 

(upper) surface and the cavity beneath the modules being exposed to flow (negating the 

need for an internal pressure coefficient in Equation 3).  The external pressure coefficient 

is evaluated in the same manner as already established and accounts for parameters such 

as roof slope, roof zones and tributary area.  The multiplication factor approach is 

familiar as it is already used to account for the effects of exposure and topography.  Still 

unknown is how best to present the factor, accounting for array-specific parameters such 

as G, H, and module size.  Truly understanding the wind loading on the solar modules 

and how it is influenced by key design parameters will aid in developing the most 

effective design recommendations.  As such, the current study strives not only to quantify 

the wind loads measured, but to add to the current understanding pertaining to wind loads 

on roof-mounted solar modules, ultimately aiding in the development of effective design 

recommendations. 

1.7 Objectives 

Roof-mounted solar systems, placed parallel to the roof-surface, for houses and other 

low-rise structures with sloped or flat roofs are becoming more common, yet there is still 

a lack of applicable design guidance or standards.  This is partly due to a notable lack of 

literature focusing on the combined effect of gap, G, and cavity depth, H, on the wind 
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loading of an array of solar modules that are mounted parallel to roofs, as opposed to 

systems with tilted modules or roof pavers.  While building dimensions (plan dimensions 

and mean or eave height) have been noted to have an effect on the wind pressures on 

tilted arrays, they were not control variables for the current study.  Truly defining the 

effects of just two geometric array parameters (G and H) requires a large number of 

configurations – many of these would have to be repeated numerous times for varying 

building dimensions if they too were specifically studied.  This is simply beyond the 

scope of the current study.  Instead, two roof slope models were constructed (30° and 

flat), each representing a generic, low-rise, building. This study serves to fill the 

identified gap and determine the effect on wind loading of varying array geometries 

including; 

 Gap between individual modules, G 

 Cavity height, H 

 Tributary area of array, A 

 Roof slope 

 Module dimensions 

Special attention will be made to determine the effect of and quantify the pressure 

equalization occurring across the modules as it will alter the net wind loading.  With the 

determination of the effect of array geometry, analysis will shift to focus on developing 

proposed design recommendations in a format consistent with existing standards.  Design 

wind pressures will need to take into consideration edge effects on both the array and the 

modules as their position on the roof and within the array alter the wind loads on these 

modules.  When the recommendations are presented as multiplication factors to be 

applied to established external pressure coefficients in design standards, the effects of 

building dimensions will inherently be accounted for, having already been incorporated 

into the external pressure coefficient and code provisions.  
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2 Experimental set-up and analysis procedure 

2.1 Choice of model scale 

Selection of the model length scale is one of the first design decisions for a wind tunnel 

study with the best choice not always being clear.  The model scale must strike a balance 

between the physical limitations of the wind tunnel and the ability to manufacture and 

instrument the scale model while respecting numerous scaling parameters. 

Typical boundary layer wind tunnels were built and designed to accommodate high-rise 

buildings at scales of 1/300 to 1/500, with the full depth of the atmospheric boundary 

layer (ABL) being simulated.  The process of determining wind-induced pressures 

through wind tunnel tests is well established through guidelines in various design 

standards (i.e., ASCE 7-49, 2012).  The accurate determination of full-scale wind loads 

requires the assumption that the flow around sharp-edged, bluff bodies  in turbulent 

boundary layers is largely independent of the Reynolds number, Re, effects provided that 

value is above a threshold of approximately 2 x 104 to 3 x 104 (Lim et al., 2007).  Re is a 

ratio of inertial to viscous forces (Schlichting and Gersten, 2000) and can be used to 

characterize the flow regime.  Lim et al. note that the Re independence was established 

with limited data, when the experiments and analysis were not an extensive study of Re 

effects but rather conducted to highlight the critical importance of appropriately modeling 

the ABL in the wind tunnel (i.e., thick enough to encompass the model).  The Re 

insensitivity has been confirmed through a number of studies (i.e., Cherry et al., 1984).  

The current study is compliant with the practices outlined in ASCE7-49 (2012), which 

required a large enough Re to accurately simulate the flow and full-scale pressures.  For 

the current roof model, the Re number was on the order of 3 x 105.  More recently the Re 

independence has been questioned (i.e., Lim et al., 2007), however, this is beyond the 

scope of the current study and not explicitly addressed.  The current model may also be 

subject to Re effects in the cavity beneath the solar modules and flow through the gaps 

surrounding individual modules within the array.  A discussion of the potential effects is 

presented later in this chapter. 
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 If a low-rise structure were to be built at the typical boundary layer wind tunnel model 

scales it is probable that its height would be close to, or even less than, some of the 

roughness blocks used to simulate the ABL.  This would not be appropriate due to the 

increased measurement errors associated with the lowest elevations within the tunnel.  In 

addition, the relatively small nature of low-rise buildings at the standard wind tunnel 

length scales leads to challenges in the manufacturability of the models.  Architectural 

details, which can be important for wind loading, are lost when their scaled down 

dimensions make them too challenging to replicate.  Wind tunnel pressure models use 

pressure transducers to measure the pressure acting at a given point on the model and 

consequently the loading at that particular point.  There are hundreds of these taps on any 

given model, as each tap can only tell us what is happening at that particular location on 

the model.  In order to accurately determine the overall wind loading acting on the 

structure, engineering judgement is used to lay out a dense array of taps to measure the 

point pressures with specific attention made to ensure the worst-case peak pressures are 

measured.  Each measurement location requires surface area on the model to install a 

pressure tube as well as internal space to connect the tubing to the transducer.  Small-

scale models severely limit the number of taps which can be installed.  This can lead to 

an underrepresentation of the wind loads, even missing the peak pressures that drive the 

highest loads.  Had 1/300 been chosen as a model scale the current study the model of a 

low-rise building would have been approximately the size of a deck of cards, with the 

solar modules less than a half centimeter, much too small to manufacture, instrument and 

measure accurately in the wind tunnel. 

To account for some of the difficulties associated with the testing of low-rise buildings 

larger models have been used with modification to the modelling of the ABL.  This 

involves only modeling the lower section of the ABL within the wind tunnel.  Results 

from wind tunnel testing at these scales, typically 1/50 to 1/100, have been used to 

develop design codes and databases (Ho et al., 2005).  However, for this study, 

constructing the model at such a scale would still not provide the resolution required to 

determine the wind loads accurately and especially the change in loads due to the 

incorporation of the solar array.  For example, a full-scale gap of 1cm is only 0.1mm at a 
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scale of 1/100, which is not practical.  Since gaps of this size are reasonable for the 

practical application under consideration, larger models are required.  At 1/20, the 1 cm 

gap is 0.5 mm which is more feasible to manufacture and install reliably in the wind 

tunnel. 

The profiles used, discussed in more detail in the next section, were developed for use 

with 1/50 scale models resulting in a mismatch of scales.  While testing with scale 

mismatches is not ideal, it has been done before and is discussed in Ho et al. (2005).  Lin 

and Surry (1998) noted that the scale mismatch may not be critical when the pressures are 

averaged over small areas and when they are dominated by local flow separations (such 

as those at the eaves height).  However, Surry (1982) reports that the scale mismatch 

could be more relevant when the spatial correlation of the loads is important – indicating 

that the error could be in the 5 - 10 % range for a scale mismatch of a factor of 2. 

At 1/20, the larger model scale increases the Reynolds number, which should help the 

flow simulation, especially in the cavity beneath the modules.  While the flow field 

beneath the modules is not known in full-scale for cases of extreme wind loading, clearly 

the Reynolds number of the cavity flow, ܴ݁ு ൌ
ு

జ
, where ܷ is the mean velocity in the 

cavity, H is the cavity depth (i.e., the clearance between the roof surface and underside of 

the solar module) and υ is the kinematic viscosity of air, should be greater than the 

creeping flow range (i.e., much larger than 1).  For example, Oh and Kopp (2014) 

estimated the model-scale	ܴ݁ு,௦  5, where the subscript “ms” indicates “model-scale”, 

which puts the cavity flow in the laminar regime.  Since the full-scale ܴ݁ு,௦ is 

ܴ݁ு,௦ ⁄ߣߣ , where the subscript “fs” indicates “full-scale”, larger Reynolds numbers 

clearly help the simulation.  For a length scale, ߣ ൌ 20 and velocity scale, ߣ ൌ 3, 

ܴ݁ு,௦ ൌ 60ܴ݁ு,௦ which may keep both flows in the laminar range of 1 ≪	ܴ݁ு ≪

~2000.  With smaller model scales, the Reynolds number may not be high enough for 

inertial effects to come into play.  However, if ܴ݁ு,௦  ~2000 and the cavity flow is 

turbulent in full-scale, this will be practically impossible to achieve with model-scale 

experiments.  Full-scale studies are clearly needed to clarify these issues.  In any case, 

from the perspective of manufacturability of the model and the Reynolds numbers of the 
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cavity flows, it is clearly desirable to have as large a model as possible.  However, from 

the perspective of simulation of the atmospheric surface layer, large scales are not 

desirable since integral scales are limited by the size of the wind tunnel.  In addition, the 

blockage ratio should be kept at or below 5 % (Holmes, 2007; ASCE 49-12, 2012). 

As a result of these considerations most wind tunnel studies on roof-mounted solar arrays 

use scales of 1/20 to 1/50 (e.g., Stenabaugh et al., 2010, 2011; Ginger et al., 2011; Kopp 

et al., 2012; Banks, 2013) as was the Bienkiewicz and Sun (1997) study on roof-pavers.  

A length scale of ߣ ൌ 1/20 was chosen for the current study.  Full-scale validation of 

wind loads for roof-mounted solar arrays is needed and is hoped to be the focus of future 

studies. 

2.2 Terrain simulation  

The experiments were performed in Boundary Layer Wind Tunnel II at the University of 

Western Ontario (UWO) which has a working cross section of 3.4 m (11 ft) wide by 2.4 

m (8 ft) high at the measurement location, with an upstream fetch of 39 m (128 ft).  

Figure 2-1 shows the model installed in the wind tunnel, looking upstream.  The 

boundary layer simulation was designed to mimic an open country terrain, having an 

aerodynamic roughness length, z0, of 0.01 m, as defined by Engineering Science Data 

Unit (ESDU, 1974, 1982, 1983, 1985). This is at the lower end of the accepted range of 

open country values for z0, which is typically 0.01 - 0.05 m in current building codes.   
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Figure 2-2: Mean wind speed and streamwise turbulence intensity profiles 

Figure 2-3 depicts the longitudinal wind spectra measured by an X-wire probe in the 1/20 

scale wind tunnel simulation, along with the target (ESDU) spectra.  The reduced 

frequency is evaluated using the length of the model, B, and the mean streamwise 

velocity at h, Uh.  It can be noted that the terrain simulation does not have enough large 

scale disturbances but that it matches well the energy in the small-scales of turbulence.  A 

good match in the small scales is desired, and while it would be ideal to match the large 

scales it often is not possible to simulate large length scales in standard boundary layer 

wind tunnels.  If there is a mismatch it is important to assess the drop-off of the measured 

spectrum as it is proportional to the largest size turbulent structure that is accurately 

modeled.  If the low-frequency cut-off is too far to the right on Figure 2-3, it could 

indicate that there is not enough large scale turbulence in the simulation which can alter 

the aerodynamics acting on the model.  The cut-off is related to the wave length and the 

building dimensions.  For the current model the cut-off occurs at approximately 0.2 f/U, 

which signifies that the modeled turbulence is likely adequate for disturbances up to 5 

time the length of the building model.   This would result in scales of turbulence of 

approximately 75 m (in full scale) which is believed to be more than sufficient to 
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accurately capture the pertinent aerodynamics.  The discrepancies between the target 

spectra and those measured in the wind tunnel are within acceptable experimental 

differences and are typical for large model scales.  It represents one of the trade-offs for 

large models with high geometric resolution.  It should be emphasized that model-scaling 

issues, using large model scales is still a topic of current interest. 

 

Figure 2-3: Longitudinal spectrum measurements from the wind tunnel for z0 = 0.01 

m 

2.3 Building model and instrumentation 

The wind tunnel tests were conducted using 1/20 scale models.  The majority of the tests 

were performed with a model representing a typical two-story house.  For a complete list 

of configurations tested refer to the tables included in Appendix A.  The house has a roof 

slope of 30° (7:12) and plan dimensions of 12.25m by 15m in full-scale.  Figure 2-1 

shows the model building in the wind tunnel at a wind direction of 0o.  In the current 

study, the Reynolds number (Re) based on the mean roof height (and the mean wind 
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speed at the mean roof height, h, ഥܷ) was approximately 3 x 105.  The blockage ratio of 

the model was 4.2%.   

The solar modules were modeled as flat panels with equivalent full-scale dimensions of 

50cm x 145.5cm (yielding a module area of 0.73 m2). At a length scale of 1/20, the 

modules had plan dimensions of 2.5cm x 7.28cm. The scaled modules were 0.3cm thick, 

which was the minimum achievable thickness while still having pressure tubes within the 

modules.  At 1/20 scale, this is close to typical values found in practice.  The modules 

were machined from white Delrin (acetyl) plastic.  A 4x7 layout of the modules formed 

the array, which is shown in Figure 2-1, Figure 2-4 and Figure A6.  The upper row of 

modules was immediately adjacent to the ridge, while the modules on the right in the 

photographs were immediately adjacent to the gable end. 

The array was tested for several gaps (G) between individual modules ranging from 0 (in 

contact but not sealed) to 12cm in full-scale equivalent dimensions.  Thus, the area of the 

roof covered by the array increased with larger values of G; dimensions are listed in 

Table 1.  The roof was made with interchangeable parts, one for each gap, to ensure 

precise placement of the individual modules and to maintain the relative position of the 

taps located on the roof surface below the array. Figure 2-4 shows drawings of the model 

with G=12cm (full-scale), representing the largest array dimensions tested. 

In residentially-installed solar systems, there is an air cavity (H) between the roof surface 

and the underside of the solar modules to ensure that there is air ventilation to cool the 

system, thereby enhancing the electrical efficiency.  This spacing was modeled through 

the use of adjustable posts which supported the individual modules.  The posts, three per 

module, contained the tubes from the pressure taps and were modeled generically, but 

simulated typical cavity blockage ratios (35-38%) of commercially available mounting 

systems.  These posts were installed through the specific acrylic roof pieces with Buna 

rubber O-rings to maintain a set spacing height and good seal.  Details can be seen in the 

inset to Figure 2-1 and in Figure 2-4.  Machined guides, one for each spacing height, 

ranging from 1cm to 20cm in full-scale, were used for setting H.  It should be noted that 

the H=0 configurations are not perfectly flush or sealed but rather represent a nominal 
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cavity of 0 (i.e., loose-laid).  The associated results may not be practical for design but 

are included herein for the purpose of comparison and discussion.  A total of 42 base 

configurations were tested, representing 6 cavity heights, H, and 7 gaps, G. These are 

listed in Table 1 and in Table A1. 

 

Figure 2-4: Drawings of the array denoting the gap, G, and height, H, variables 

Table 1: Gap, height and array dimensions 

Gap, G (cm) 0 1 2 3 4 8 12 
Overall array 
dimensions (m) 

3.5 x 
5.82 

3.56 x 
5.85 

3.62 x 
5.88 

3.68 x 
5.91 

3.74 x 
5.94 

3.98 x 
6.06 

4.22 x 
6.18 

Height, H (cm) 0 2 4 8 14 20 - 

In order to get useful design information pertaining to the wind-induced loads and load 

distributions, a high density tap layout is required. Each individual solar module was 

instrumented with 20 taps; 10 on each of the top and bottom surfaces.  The openings for 

the pressure taps on the upper and lower surface of the modules were connected with air 

channels within the Delrin modules and ultimately connected to brass tubes within the 

support posts.  Excess air channels, created during the machining process when 

connecting the tap openings with the brass in the support posts, were plugged with 

styrene and resin bond.  The brass tubes were then connected to the pressure 

measurement system of the wind tunnel.   
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The tap layout on the solar modules is depicted in the inset to Figure 2-1, with detailed 

drawings included in Appendix A.  This layout allowed the determination of net 

pressures at 10 locations on each module, for a total of 280 locations across the array.  In 

addition to the 560 taps on the array, the roof was also instrumented with 54 taps, below 

the array on the roof surface.  The relative positions of these roof taps remained 

unchanged with larger gaps between modules.   

In addition to the sloped roof model, the array was installed on a flat roof model (Figure 

2-5a) of a building with full-scale dimensions of 15m x 7.5m and an eave height of 6m to 

examine the effect of roof slope.  Wind tunnel tests on the flat-roof model were limited to 

the G = 12cm configurations and are listed in more detail in Appendix A.  The large G 

was chosen as the configurations are associated with higher G/H values which are known 

to be beneficial for minimizing the wind loading, as found by Bienkiewicz and Endo, 

2009 and Asghari Mooneghi et al., 2014.  The roof height was set to the same as the eave 

height on the sloped roof model at 6 m.  The array was located in the corner of the 

building, directly adjacent to the walls (no set-back).  This location was chosen as it 

would yield the highest loads based on known low-rise building aerodynamics.   

a)  b) 

Figure 2-5 Scale model of a) the flat-roof model and b) the sloped model with the 

shroud surrounding the array 

  

0° 

90° 
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For a selected subset of configurations the array was surrounded by a shroud which 

largely prevented the direct airflow into the cavity from outside the array.  The shroud 

can be seen in Figure 2-5b.  A separate shroud was machined from ABS plastic for each 

G and H and was sized such that the bottom of the shroud was sealed with or in contact 

with the roof surface and the top of the shroud flush with the top of the modules.  The 

shroud was sealed to the roof to the left and bottom of the array (from orientation in 

Figure 2-1, near the field of the roof) and sealed against the side of the modules on the 

top and right of the array).  While this didn’t result in a perfect seal, it blocked the 

majority of the flow from directly entering the cavity, essentially simulating all modules 

as “interior” or modules sheltered from direct external flow into the cavity.   A summary 

of the configurations tested is included in Appendix A.  When results from this subset of 

configurations is plotted or discussed they are referred to as “shrouded”. 

To examine the effect of module dimensions, a number of the shroud configurations were 

further modified to simulate larger module dimensions.  The simulated module 

dimensions were achieved by taping over the gap between modules which prevented 

airflow and caused the taped modules to act together as a larger surface area.  Modules 

were taped together in 2x2 (4 modules, 2.91 m2) and 4x4/3x4 (16/12 modules, 11.64/8.73 

m2) combinations, as shown in Figure 2-6 and Figure 2-7.  Caution was taken to 

minimize the impact of tape on the taps on the upper surface of the modules.  

Figure 2-6 Photos of the array taped in the 2x2 set-up (left) and 4x4/3x4 (right) 
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 Figure 2-7: Simulated larger module dimensions 

In total 80 configurations were tested in the wind tunnel including 42 on the sloped roof 

model, 6 on the flat roof model and 32 shrouded configurations on either the sloped or 

flat roof model.  Detailed lists of the configurations and pertinent design parameters are 

presented in Appendix A.  Note that all dimensions (lengths and areas) will be given in 

equivalent full-scale values in this thesis (unless noted otherwise). 

Pressure measurements were made at a wind tunnel reference speed of approximately 14 

m/s, which corresponds to a mean wind speed at the mean roof height of 42 m/s in full-

scale, assuming a velocity scale of 1:3.  Experiments were performed for 16 wind 

directions around the compass, in 22.5° increments; please refer to Figure 2-1 for wind 

direction.  Pressures were sampled, essentially simultaneously, for 360 seconds at a rate 

of 400 samples per second.  This leads to an equivalent full-scale sampling period of 

approximately 40 minutes.    The data were digitally low-pass filtered at 200 Hz.  The 

measurements recorded within the sampling cycle have a maximum lag time of about 

15/16 of the sampling rate, which is approximately 15/16x0.0025 sec = 2.3 milli-seconds. 

This time lag is corrected by linear interpolation of the data within the same sample 

cycle.  Details of the tubing system can be found in Ho et al. (2005).  
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2.4 Area-averages 

Wind tunnel test results for low-rise buildings have indicated that the relevant velocity 

for comparing pressure coefficients is the undisturbed mean velocity at the mean roof 

height, ܷ, as this is a more meaningful value than the velocity far above the model in the 

undisturbed flow of the wind tunnel (e.g., Stathopoulos, 1979).  Thus, the pressure 

coefficients presented in this work ሺܥሻ have been referenced to the mean velocity at the 

mean roof height of the model for the sloped-roof model and the eave height for the flat 

roof model.  

Area-averaged pressures are often more relevant for design than point pressures.  This is 

because in practice multiple modules are often interconnected for mounting purposes.  

Installation racks (each containing multiple modules) are fixed to the roof with the 

modules mechanically fastened to one another and the rack.  This effectively increases 

the tributary area when calculating design wind pressures as the joined modules act as 

one larger area.   In this study area-averaged pressure coefficients were obtained by 

integrating the pressures at all taps within an area simultaneously, giving proper 

weighting to each pressure tap based on its tributary area, relative to the total area being 

considered. This was done on a time series basis, obtaining the instantaneous area-

averaged pressure coefficient for a given area and can be evaluated for the external, 

 ,ே coefficientsܥ  (lower surface) and net pressureܥ ா (upper surface) andܥ	

 

ሻݐாሺܥ ൌ
∑ ಶሺ௧ሻ∙

సభ


          (8a) 

 

ሻݐሺܥ ൌ
∑ ሺ௧ሻ∙

సభ


         (8b) 

     

where ܥாሺݐሻ and ܥሺݐሻ  are the time history of the pressure coefficient on the external 

(upper) surface and in the cavity respectively, ܽ is the associated tributary area, and A is 
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the total of all tributary areas on one surface of the module(s). These coefficients were 

obtained for various areas from 1 module within each row to all 4 modules in a row, 1 

module in a column up to 7 modules in a column, through to the entire 7x4 array (gap 

areas being neglected).  A total of 28 different cases were considered in the module load 

analysis, with a total of 280 areas. A summary of the areas is presented in Appendix A.  

Note that gap dimensions are omitted when evaluating the tributary area.   

It is the net pressures which are relevant for design since both the top and bottom surfaces 

of the module are exposed to air flow.  The net pressure at a given point, (ܥே), is 

obtained by subtracting the pressure in the cavity (ܥሻ from the corresponding pressure 

on the external, upper, surface (ܥாሻ, i.e., 

 

ሻݐேሺܥ ൌ ൫ܥாሺݐሻ െ   ሻ൯         (9)ݐሺܥ

 

Thus net pressures which are negative are upward acting.  

The net, peak, area-averaged and point pressure coefficients presented in this study are 

not the absolute worst coefficients recorded within the sample time, but are Lieblein-

fitted statistical peaks (unless otherwise noted).  This involves dividing the recorded time 

series into ten equal segments and performing the Lieblein BLUE formulation (Lieblein, 

1974) with the peak values taken from each of 10 segments.  Using the peak values, the 

mode and dispersion of the Type I extreme value distribution can be employed to 

estimate a more reliable peak for the entire time series.  This is believed to be a more 

statistically stable quantity than the actual recorded peak values. 
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2.5 Pressure equalization coefficient 

Wind loads on individual layers in air permeable, multi-layer cladding systems tend to 

have reduced wind loads due to pressure equalization (Kumar, 2000). In particular, when 

the pressures on the inner surface (e.g., the underside of the solar modules) approach 

those on the outer surface of the layer (e.g., upper surface of the solar modules), the net 

pressure acting across the layer can be substantially reduced (Bienkiewicz and Sun, 1992, 

1997; Kumar, 2000).  While current design standards utilize peak external pressures to 

establish guidelines for components and cladding loads for roof surfaces, these values are 

likely to be conservative in many circumstances due to the pressure equalization that 

occurs across the surfaces of the solar modules.  Previous studies on roof-mounted solar 

(and paver) systems have noted that the pressures on the upper and lower surfaces of the 

modules often partially equalize (see Bienkiewicz and Sun, 1992, 1997; Wood et al., 

2001; O’Brien et al., 2004; Bienkiewicz and Endo, 2009; Kopp et al., 2012; Kopp 2013), 

as discussed in chapter 1. 

Geurts (2000) proposed a pressure equalization coefficient, Ceq, a ratio of the pressure 

difference (net pressure) normalized by the pressure on the outer surface of the roof.  In 

the current study pressure equalization coefficients, Ceq, have been obtained using the 

ratio of the largest magnitude value of the peak net pressure coefficient (ܥመ	ேሻ for a 

particular configuration (denoted by the subscript c) to the largest magnitude value of the 

peak external pressure coefficient (ܥመ	ாሻ on the bare roof, which is obtained from the G 

≈ 0; H ≈ 0 configuration for sloped roof configurations (and the G = 12 cm; H ≈ 0 for the 

flat roof model configurations, since this is the only data available), i.e., 

 

ݍ݁ܥ ൌ max	ஸ	ఏ	ஸ	ଷ°ሺmax ேሻ	መܥ /max	ஸ	ఏ	ஸ	ଷ°ሺmax  ுൎሻ  (10)			ா,	መܥ

 

External pressure coefficients from the H ≈ 0 configurations are used since they are the 

closest to bare roof coefficients and, thus, are best to use for normalization to quantify the 
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change in net wind loading on the solar modules caused by pressure equalization. This 

approach is consistent with that used to develop the Components and Cladding section of 

many existing design standards where the worst value is taken from a zone for all wind 

directions. Using these Ceq values implies that design values for a particular 

configuration can be taken from external pressure coefficients for the location on the 

roof, multiplied by Ceq for that configuration. It is believed that developing guidelines 

for design based on Ceq, a measure of the change in loading, is more robust and will 

minimize any issues arising from the scale mismatch.   Of course, the generality of the 

results must be assessed (and full-scale studies are recommended because of the as-yet-

unresolved issues associated with large-scale models). 
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3 Overview of measured pressure coefficients 

Wind loads on structures are an integration of wind pressures acting on the surfaces. Peak 

loading on the array is caused by the interaction of the building generated flow field and 

the flow field disturbances from the array elements.  Many building elements have single 

layers, and therefore the net wind loads are the external less the internal pressures.  For 

the current, multi-layer, system there are cavity pressures acting on the underside of the 

modules, which alter the net loads on the array.  For arrays mounted on the sloped roof 

surface of a low-rise building it is expected that for low-profile solar systems, (H and G 

close to zero), the aerodynamics and loading on the upper surface of the array will be 

similar to what is observed on the bare roof (Pratt and Kopp, 2013).  With larger values 

of G and H, and depending on the placement of the array relative to the roof edges, the 

loading on the upper surface of the array may no longer be similar to what is observed on 

bare roofs.  Cavity and net pressures have no true source of comparison; however, it is 

expected that the pressures will follow trends established by studying wind loads on 

loose-laid roof pavers on flat roofs (i.e., Bienkiewicz and Sun, 1992, 1997; Asghari 

Mooneghi, 2014).   

In this chapter, analysis of the wind pressures focuses on negative pressures (i.e., 

suctions), those acting outward from the surface.   This is due to the fact that mounting 

systems for solar modules need to be designed to ensure that they remain in place during 

severe wind events, otherwise they can fail and contribute to the debris field and 

potentially damage other structures.  Positive pressures, those acting towards the array or 

surface, are not explicitly addressed.  This is not uncommon when considering wind 

loading on roof-mounted solar modules (e.g. Banks, 2013), although downward-acting 

(positive) net pressures can be as large in magnitude as the upward-acting (negative) net 

pressures (SEAOC PV2-2012, 2012).    

This chapter shows how the results from the wind tunnel tests were validated against 

existing literature.  The pressure coefficient distributions for peak loading conditions are 

compared for varying values of G and H for both the sloped and flat roof models.  The 

mean pressure distributions for the same (peak) wind direction are presented in order to 
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provide insight into the pressure patterns and identify key mechanisms.  These contour 

maps of the pressure coefficients were created by individually contouring each module.  

This can result in some discontinuities among adjacent modules; however, they reflect 

the actual measured pressures.  This was found to be the best approach to capture the 

pressure patterns across modules and what occurs along openings.  If the contours were 

evaluated for the array instead of modules, details along the edges of adjacent modules 

could be lost and certain regions of the module could be contoured at a higher level to 

maintain continuity with the next module – losing valuable information about pressure 

gradients across modules.  Examples of this can be found in Appendix B.   It should be 

noted that these distributions are not used for design in any way, but rather for 

visualization.  All contour plots presented in this chapter have been done by considering 

each module individually.   

Concluding the chapter is an analysis of Lieblein-fitted, peak-suction pressure 

coefficients, evaluated for each module, wind direction and configuration.  The worst 

case (minima) values for the external (upper) surface, cavity and net pressures are plotted 

with respect to G and H.  These plots show the overall trends that G and H have on the 

worst, peak external, cavity and net pressures.  The procedure of extracting the worst case 

value is common with approaches used to develop building codes and is often referred to 

as “enveloping”.  These values will be considered when developing design guidelines, 

further discussed in chapters 5 and 6. 

3.1 Comparison with previous studies 

To validate the measurements from the current study pressure coefficients are compared 

to previously published data.  Pressure coefficients along a tap line on the roof surface 

(perpendicular to the ridge line) for 30° roof slopes have been published in Holmes 

(1981), Stathopoulos et al. (2000) and Stenabaugh et al. (2010).  The results from these 

studies have been synthesised and are plotted in Figure 3-1.  From the current study, 

pressure coefficients from the G ≈ 0; H ≈ 0 configuration are presented (not the bare 

roof).  The tap line of pressure coefficients are from the middle line of taps on the first 

column of modules, those adjacent to the field or interior of the roof surface.  This line is 
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The flat roof model was separately compared with existing literature.  The mean pressure 

coefficients along a center row of modules from the G = 12 cm; H ≈ 0 flat roof 

configuration are plotted with respect to x/h in Figure 3-2.  The data for comparison was 

obtained from Oh and Kopp (2015), who validated their low-rise, flat-roofed, model with 

measurements from the NIST database (Ho et al., 2005) as well as Cheung and 

Melbourne (1988).  The shape of the mean pressure coefficient curve is consistent among 

the different studies, although there is a spread among the data.  The match is reasonable 

for experimental studies and discrepancies are likely a result of differences in 

experimental set-up including scales, model dimensions and terrain simulation.     

 

Figure 3-2: Mean point pressure coefficients from the flat roof model - comparison 

with previous studies 

Additional comparisons with previously published data are presented throughout the 

thesis when possible.  Comparisons are made to highlight and contrast the similarities and 

differences in findings of specific loading conditions and subsequent results, not validate 

the model and thus are located in later sections.   
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3.2 External (upper surface) pressure distributions on 
the sloped roof model 

On any structure the external pressures are those acting on the exterior surface of the 

structure, specifically the roof and walls.  These pressures are variable in space and time 

and can be highly localized.  Peak suctions are typically associated with disturbances 

caused by the building aerodynamics, particularly the separated flows from building 

edges. Roof pressures on low-rise buildings, which are most relevant to this study, are 

largely dependent on the building height, roof slope and exposure (and plan dimensions 

to a lesser extent).   

To study the effect of both G and H on the peak (and mean) suction coefficients, consider 

the pressure distributions across the array.  The instantaneous point pressure distribution 

at the occurrence of peak, area-averaged, minimum suction measured on any module for 

the G ≈ 0; H ≈ 0 configuration, on the 30° sloped roof, is plotted in Figure 3-3 (left).  The 

direction associated with the peak suction, indicated by the arrow in Figure 3-3, was 

112.5°, a cornering wind where modules along the bottom of the array (near the field of 

the roof) are the windward modules.  Taps along the leading edge of the array (lower 

edge of module) experienced the highest suctions, with much lower magnitude pressures 

further into the array, resulting in large pressure gradients.  Figure 3-3 (right) is the 

contour plot for the mean pressure coefficients for the same (peak) wind direction.   The 

pattern is somewhat similar to that at the instant of peak uplift with the modules in the 

lower corner of the array, adjacent to the gable-end wall, experiencing the largest 

suctions.  When generating the contours, each module was considered separately; 

however, when examining the entire array there is little variation in the contours across 

adjacent modules.  This indicates that with no G between the modules the upper surface 

pressures act as if the array is a single surface with minimal discontinuity between 

individual modules.  This is significant when considering the cavity pressures which are 

influenced by pressure gradients and discussed in more detail below.  This configuration 

is the base case for the current study since it is closest to the bare roof with the modules 

in an array with no gaps (G ≈ 0) and no cavity (H ≈ 0). 
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Figure 3-3: Contour map of instantaneous external point pressures resulting in peak 

external suction G ≈ 0; H ≈ 0 (left) and mean external point pressures for the peak 

wind direction of 112.5° (right) 

For a given G, the peak suction coefficients tend to be larger with larger cavities (as 

discussed further below).  This can be visualized in Figure 3-4 which contains the peak 

and mean pressure distributions at the instant of peak uplift (suction), area-averaged over 

a single module for the G ≈ 0; H = 20 cm configuration.  The critical wind direction is a 

cornering wind at 292.5°, with the array on the leeward roof slope and the prevailing 

wind impacting the array from across the ridgeline.  This results in high suctions on the 

windward modules which are located in a region of separated flow in the lee of the ridge. 

The higher magnitude suctions are commonly measured with larger cavities (increased 

H), likely due to (a secondary area of) separation off the windward modules. There are 

strong pressure gradients on the windward modules (upper left corner of array), with little 

variation across the remaining modules and smaller magnitude suctions.  The highest 

magnitude external suctions were measured on module 1, upper left in the contour plots.  

On a bare roof this peak wind direction would also result in a region of separated flow 

causing large suction values near the ridge line.   
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Figure 3-4: Contour map of instantaneous external point pressures resulting in peak 

external suction G ≈ 0; H = 20 cm (left) and mean external point pressures for the 

peak wind direction of 292.5° (right) 

The majority of commercially available mounting systems for solar systems have a space 

or air gap between individual modules, G.  These gaps between modules may result in a 

change of the aerodynamics acting on the upper surface of the modules (Kopp et al., 

2012; Pratt and Kopp, 2013; Asghari Mooneghi et al., 2014).  With small G values, the 

system acts like a single surface with the gaps having little impact on the external 

pressures; however, with large G the passage of air through the openings will change the 

flow field and therefore impact the external pressures.  This can be seen with the G = 12 

cm model shown in Figure 3-5 (right).  The mean external pressure distribution for the 

peak wind direction of 315° shows higher magnitude suctions on the windward edge of 

module 8 (as defined in Figure 2-4) but at the instance of peak suction (Figure 3-5 left) 

the larger magnitude peak suctions are on the trailing or leeward edge of the module.  

This is likely caused by flow exiting the cavity in this vicinity at the instance of peak 

uplift, which varies from the mean distribution for the same wind direction (Figure 3-6).  

It is difficult to see any significant mean distributions due to the scale of the contours, as 

the range of values is quite large from positive pressurization along modules adjacent to 

the ridge-line and suctions across most of the array.  With G = 12 cm the magnitudes of 

the peak suctions are reduced from when G ≈ 0; however, there is increased variation in 

the wind loading from one module to the next.  Air enters and exits the cavity through the 

gaps between individual modules and can influence the external pressures around the 

perimeter of the modules.  This can result in larger pressure gradients across individual 

modules than the G ≈ 0 case where flow between modules was severely restricted. This 

Cp(t) ↓

 

 −5

−4

−3

−2

−1

C̄p

 

 

−1.5

−1

−0.5



46 

 

 

 

reinforces the aerodynamic significance of G – it lowers the magnitude of the peak 

suction, while also increasing the pressure gradients where flow is entering or exiting the 

cavity through G, potentially leading to more modules experiencing large external 

suctions.   

 

Figure 3-5: Contour map of instantaneous external point pressures resulting in peak 

external suction G = 12 cm; H ≈ 0 (left) and mean external point pressures for the 

peak wind direction of 315° (right) 

 

Figure 3-6: Contour map of instantaneous cavity point pressures at the instant of 

peak external suction for the G = 12 cm; H ≈ 0 configuration (left) and mean cavity 

point pressures for the peak (external) wind direction of 315° (right) 

From the above contour plots it can be seen that while the majority of the modules 

experience relatively lower magnitude pressures, selected modules can experience large 

suctions and pressure gradients.  The pressure distributions across the array at the instant 

of peak uplift area-averaged over a single module are typically similar to the mean 

pressure distributions for the same wind direction.  The peak pressures are higher in 
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magnitude for larger cavity depths but smaller in magnitude when installed with G.  

These external pressure distributions are important as they influence the cavity 

distributions, but can also be modified by flow through G.  Since the cavity pressures are 

not an exact transmission of the external pressure their peak and mean distributions 

should also be analyzed.   

3.3 Cavity (lower surface) pressures on the sloped 
roof model 

Roof-mounted solar modules are mounted on top of the roof cladding, with both their 

external (upper) surface and cavity (lower surface) exposed to flow.  As such, the cavity 

pressures are relevant to design.  The flow in the cavity is complex and is largely 

influenced by the external pressure and by the array geometric parameters including the 

depth of the cavity, the size of the gap, and the panel dimensions (e.g., Kumar, 2000; Oh, 

2014).  Similar to the approach for the externals in the previous section, the peak 

(suction) and mean cavity point pressure distributions are studied, specifically noting how 

they are altered by varying the array geometry.   

The instantaneous point pressure field at the instance of worst peak suction, area-

averaged over a single module, for the G ≈ 0; H ≈ 0 configuration is plotted in Figure 3-7 

(left) with the mean pressure map for the same wind direction on the right.  This instant 

does not coincide with the peak measured on the external surface.  Despite the contours 

being mapped separately for each individual module, there is minimal variation at the 

interface between modules and rather, a continuous pressure gradient across the entire 

array.  In this case the flow enters the cavity (notably shallow in depth as the modules 

were loose-laid) at the upper right (blue contours) and exits along the upper left and 

lower centre (orange to red contours).  This flow direction is consistent with the overall 

wind direction, a quartering wind as noted by the arrow in the figure. 
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Figure 3-7: Contour map of instantaneous cavity point pressures resulting in peak 

cavity suction G ≈ 0; H ≈ 0 (left) and mean cavity point pressures for the peak wind 

direction of 67.5° (right) 

A relatively large cavity depth (H = 20 cm) beneath the modules significantly alters the 

cavity pressures.  The underside pressure distribution becomes largely uniform across the 

majority of the array with significant pressure gradients on the windward modules.  This 

is shown when considering the instantaneous peak and mean cavity pressure distribution 

for the G ≈ 0; H = 20 cm configuration plotted in Figure 3-8 (left and right respectively).  

The overall (external) wind is from right to left in the figure.  However, the cavity flow is 

predominately from left to right (higher to lower pressures).  Flow enters the cavity along 

the left edge (near the field of the roof) and exits the cavity along the ridge and at the 

bottom of the array near field of the roof (greater suctions).  Additional inflow into the 

cavity occurs along gable-end column of modules (far right in figure), which are aligned 

with the overall wind direction.  This inflow does not penetrate far into the array, yielding 

significant pressure gradients, as indicated by the tightly spaced contours.   Aside from 

this region of large pressure gradients, seen in both the instantaneous and mean pressures 

(Figure 3-8 left), there is reduced variation in the cavity pressures when contrasted 

against a smaller cavity depth.  This indicates that cavity pressures are more uniform with 

larger H. This is consistent with the observations of Bienkiewicz and Sun (1992) who 

attributed the more uniform pressures associated with larger cavities to the lower flow 

resistance underneath the pavers. 
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Figure 3-8: Contour map of instantaneous cavity point pressures resulting in peak 

cavity suction G ≈ 0; H = 20 cm (left) and mean cavity point pressures for the peak 

wind direction of 90° (right) 

While H is noted to have a strong impact on cavity pressures, the effect of increasing G is 

not as significant.  The cavity distributions for G ≈ 0; H = 20 cm (above) are largely 

similar to those observed for G = 12 cm; H = 20 cm (Figure 3-9 below).  When G was 

increased the overall cavity flow remained from left to right with an overall (external) 

flow from right to left (90°).  The largest impact is noted in the outflow – with G around 

each module the peak and mean pressure gradients show that there is outflow through G 

between modules.  When the modules were flush (G ≈ 0) the space between modules was 

limited to model and material imperfections, severely hampering flow.  Thus the inflow 

and outflow was restricted to the perimeter.  The increased outflow between modules in 

the column adjacent to the gable-end wall (right-most column in the figure) is still 

observed when contrasting the mean distributions for the different G (Figure 3-9 right for 

G = 12 cm and Figure 3-8 for G ≈ 0) but the effect is notably reduced. 
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Figure 3-9: Contour map of instantaneous cavity point pressures resulting in peak 

cavity suction G = 12 cm; H = 20 cm (left) and mean cavity point pressures for the 

peak wind direction of 90° (right) 

It should be noted that the peak external distribution and the peak cavity distributions as 

shown above do not occur at the same instance in time, or even for the same wind 

direction.  They do not represent the combined effects of external and cavity pressures 

acting on the array at a given instant.  The cavity distribution at the instance of peak 

external uplift for the G = 12 cm; H = 20 cm is shown in Figure 3-10.  It is the same 

configuration as plotted in Figure 3-9 above; however, the instantaneous cavity pressure 

distributions at the instance of peak external suction and peak cavity suction differ and 

are not even from the same wind direction.  Therefore it is imperative to study the 

combined (instantaneous) effects of the external and cavity pressures on the array by 

studying the net pressure distributions as well.    
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Figure 3-10: Contour map of instantaneous cavity point pressures at the occurrence 

of the peak external suction G = 12 cm; H = 20 cm (left) and mean cavity point 

pressures for the peak external wind direction of 67.5° (right) 

 
 

3.4 Net pressure distributions on the sloped roof 
model 

Net pressures are considered more relevant for design as both the external (upper) and 

lower (cavity) surfaces of the modules are exposed to the flow.  The difference between 

the pressures on the external and cavity pressures, the net pressure, better represents the 

loading acting on the module and thus reflects the loads for which the mounting system 

should be designed.  The magnitudes of the net pressures are evaluated at each instant in 

the time series.  As such, the instance of peak net pressure may not coincide with the 

peak measured on the external (upper) surface or cavity (lower) surface.    

Loading patterns responsible for the peak net suction are of particular interest as it is the 

net pressures for which the system should be designed.  The net pressure distributions 

show the combined effects of the external and cavity pressures – which vary in space and 

time.  As such, when the instantaneous peak net pressure gradients are plotted, so too are 

the instantaneous external and cavity distributions that resulted in the peak net pressure.  

The upper left of the contour figures (a) is the net pressure distribution at the instant of 

peak net uplift, area-averaged over a single module.  For this section the upper right plot 

(b) represents the mean net uplift for the same, peak net, wind direction.  The bottom left 

(c) and right (d) plots respectively contain the external and cavity surface pressure 
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distributions at the instant of the peak net uplift (resulting in the pressures in the upper 

left, instantaneous net pressure plot). 

The instantaneous net suctions from the G ≈ 0; H ≈ 0 configuration, Figure 3-11a, are 

largely similar to the external suctions at the instant of peak uplift (Figure 3-11c) but are 

lower in magnitude.  This signifies that even when the modules are loose-laid (no 

modelled cavity but modules were not sealed to the roof surface) the cavity pressures 

result in the net suctions being lower in magnitude than the external suctions.  The mean 

pressure distribution for same wind direction is shown in Figure 3-11b.  It can be 

observed that a number of the modules (on the leeward side of the array) have a mean net 

wind loading of near-zero.  The expectation of near-zero mean net wind loading was 

identified by Geurts and Blackmore (2013) and confirmed in their full-scale study of a 

single module.  Despite some modules achieving the expected, and desirable, near-zero 

mean net wind loading, it should be noted that this does not happen for every module 

within the array.  Select modules, most notably windward modules and those near the 

edge of the roof surface, can experience significant mean net suctions and pressure 

gradients.  This indicates that larger magnitude net pressures are common for modules 

directly impacted by the wind flow, while leeward modules can experience some 

beneficial sheltering effects that serve to reduce net pressures.   
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Figure 3-11: Contour map of a) instantaneous net point pressures resulting in peak 

net suction G ≈ 0; H ≈ 0, b) mean net point pressures for the peak wind direction of 

112.5°, c) instantaneous external and d) cavity point pressures that resulted in peak 

net suction 

While the peak net pressures are typically lower in magnitude than those on the upper 

surface, it is not always the case.  With larger cavity depths it is possible that the peak net 

wind pressures measured at a particular location (or area-averaged over a particular 

module) may not be reduced from the external pressures on the upper surface.  This is 

caused by positive pressures in the cavity of key modules (Figure 3-12d) when the 

majority of the array is under external suction.  The positive pressure is typically 

associated with modules along the ridge where large cavities can force the underside of 

the modules to extend above the roof ridge and be directly impacted by flow from certain 

wind directions.  If positive pressurization of (portions of) the cavity coincides with large 

external suctions it can result in localized net suctions which exceed the external suctions, 

as shown in Figure 3-12.  This loading condition is not necessarily common, and may 

only occur a handful of times during the time history.  This is evidenced by the fact that 

the mean net distribution in Figure 3-12b shows significantly lower pressures.  However, 

this possibility must be considered as it drives the peak loading for large cavity depths.  
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This punitive loading condition can be avoided if the array is mounted at a distance set-

back from the roof ridge or gable end such that the lower surface of the array is sheltered 

from the ridgeline preventing positive pressurization of the cavity.  Aly and Bitsuamlak 

(2014) also recommended avoiding critical roof zones to reduce the net minimum 

pressures acting on solar modules which were tested in multiple roof zones on a 1:15 

scaled wind tunnel model.    

 

Figure 3-12: Contour map of a) instantaneous net point pressures resulting in peak 

net suction G ≈ 0; H = 20 cm, b) mean net point pressures for the peak wind 

direction of 292.5°, c) instantaneous external and d) cavity point pressures that 

resulted in peak net suction 

Consistent with the effect on external suctions, G reduces the mean suctions, as can be 

seen by the contour map of the mean net pressures from the peak net uplift wind direction 

for G = 12 cm; H ≈ 0 in Figure 3-13b.  The local pressure gradients on individual 

modules, as discussed earlier, are evident when examining the cavity pressures at the 

instance of peak net uplift shown in Figure 3-13d.  Even on interior, sheltered, modules 

there are local variations in the pressure gradients at the interface between modules, as 

the array no longer acts as a single surface but rather local airflow through the gaps 

influences the pressures on adjacent modules.  
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Figure 3-13: Contour map of a) instantaneous net point pressures resulting in peak 

net suction G = 12 cm; H ≈ 0, b) mean net point pressures for the peak wind 

direction of 315°, c) instantaneous external and d) cavity point pressures that 

resulted in peak net suction 

While Bienkiewicz and Sun (1992) studied roof pavers on a flat roof and not solar 

modules on a sloped roof, there are a number of comparison points between their study 

and the current one.  They examined the correlation coefficients between the external and 

cavity pressures of roof pavers for a cornering wind direction, noting that for their test 

without a spacer (loose-laid) the correlation was largely close to uniform with the 

exception of three pavers adjacent to the leading-edge corner of the building.   

The external-cavity point pressure correlation coefficients for the peak net wind direction 

for G ≈ 0; H ≈ 0 configuration of the current study are shown in Figure 3-14.  The 

correlation coefficients are lower than those reported by Bienkiewicz and Sun (1992), 

with the discrepancy likely due to the different aerodynamics of sloped and flat roofed 

structures governing the pressures.  The tap locations that are associated with higher 

correlation are typically located around the perimeter of the array.  This indicates that the 

time histories around the perimeter of the array are more closely related.  The more 
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correlated the signals are, the higher the degree of pressure equalization, which will be 

discussed in more detail in subsequent chapters.  Pressure taps located further into the 

array are more likely to have lower correlation coefficients.      

 

Figure 3-14: Distribution of the external-cavity point pressure correlation 

coefficients for the peak wind direction of 112.5° (G ≈ 0; H ≈ 0) 

A larger cavity height is associated with lower correlations between the external and 

cavity pressures, as confirmed when contrasting Figure 3-14 for G ≈ 0; H ≈ 0 and Figure 

3-15 for G ≈ 0; H = 20 cm.  This is consistent with the findings for roof pavers 

(Bienkiewicz and Sun, 1992).  It should be noted that these are just general observations 

as the peak net wind directions for which the correlation coefficients were evaluated for 

the two cavity heights are different.   
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Figure 3-15: Distribution of the external-cavity point pressure correlation 

coefficients for the peak wind direction of 292.5° (G ≈ 0; H = 20 cm) 

Figure 3-16 is the distribution of correlation coefficients from the peak net wind direction 

of 112.5° for the G = 12 cm; H ≈ 0 configuration.  Each module has high correlations 

around the perimeter with lower correlations on the interior of the module.  This supports 

the observation that pressure equalization is improved with the presence of G around 

individual modules.  High correlation coefficients indicate a higher degree of pressure 

equalization as noted around the perimeter of the array.  The effect is reduced for the 

interior of the module. 
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Figure 3-16: Distribution of the external-cavity point pressure correlation 

coefficients for the peak wind direction of 315° (G = 12 cm; H ≈ 0) 

Examining the instantaneous net, external and cavity distributions at the occurrence of 

the peak net uplift area-averaged for a single module indicates that the net distribution is 

largely similar to that on the external, upper, surface.  The difference is that the net 

pressures are typically lower in magnitude, having been reduced by the cavity pressures.  

Although, if the cavity is pressurized with positive pressures, which can occur for certain 

array placements and wind directions, the net pressures can actually exceed those 

measured on the external surface.  The correlation coefficients between the external and 

cavity pressures remain relatively high, but are lower in the interior portion of the 

module.   

While pressure distributions can give us a sense of the pressure field on both the array 

and individual modules, it is the overall pressure acting on an individual module that is 

relevant for design.  The point pressures, as noted in the distributions above, area-

averaged over the module according to their tributary area, resulting in a representative 

pressure for the module.  The statistically fit minima can be evaluated and compared to 

determine how the varying pressure patterns impact the module pressures and is the focus 

of the next section. 
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3.5 Area-averaged pressure coefficients 

Point pressures were area-averaged over individual modules and the Lieblein-fitted 

minima were extracted.  As such, the peak pressure distributions presented earlier in this 

chapter do not directly correlate to the values presented in this section, which are 

statistical (suction) minima.  The worst case peak value from each configuration is 

relevant for the eventual development of design recommendations.  Systems need to be 

designed to withstand the largest expected load, here represented by the worst case peak 

from each configuration.  When these peak suction values (external, cavity and net) for 

each configuration are plotted with respect to either G or H, trends are more apparent.   

The peak external pressure coefficients, ܥመ	ா, are plotted with respect to H in Figure 

3-17a and with respect to G in Figure 3-18a.  Larger H depths tend to yield larger peak 

external suction.  Geurts and Blackmore (2013) also noted a tendency for peak pressures 

to increase on the upper surface with larger H, although they noted the effect to be small.  

Similar observations were made by Asghari Mooneghi et al. (2014) for roof pavers on a 

flat roof.  Figure 3-18a shows that the highest external suction pressures on the upper 

surface occur when G ≈ 0 (nominally flush) and H = 20 cm.  For G values larger than 

about 4 cm, there is little difference with the pressures reaching a plateau.  The lowest 

suction coefficients on the upper surface of the module are associated G = 2 cm and H = 

2 cm or H = 4 cm. 



60 

 

 

 

 

Figure 3-17: The worst case values of the peak (suction) external area-averaged over 

a single module on (a) the external, upper, surface, (b) in the cavity,  and (c) net with 

respect to H 

 

Figure 3-18:The worst case values of the peak (suction) external area-averaged over 

a single module on (a) the external, upper, surface, (b) in the cavity, with respect to 
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Figure 3-17b and Figure 3-18b show the worst, peak external suctions acting in the cavity 

below the array, area-averaged over individual modules,  ܥመ	.  The most significant 

finding is that the worst, peak, suction is significantly increased for a non-nominal cavity 

(H > 0), evident when contrasting values for H ≥ 2 cm values with H ≈ 0 (Figure 3-18b).  

Larger cavities have little impact on the peak cavity pressures, with the reduction in peak 

suctions having occurred when even a small cavity is introduced to the system.  This is 

consistent with the findings for roof pavers from Bienkiewicz and Sun (1992) who found 

that even very low cavities reduced the peak and mean suctions significantly but that 

further increasing the cavity height did not have a large impact.   Geurts and Blackmore 

(2013) reported an increase in peak suctions on the underside of their single solar module 

with increasing height.  However, the effect was small enough for them to state that the 

wind pressures on the module can be assumed to be independent of H.  Discrepancies are 

thought to be partially due to the variations in experimental set-up, including but not 

limited to, module interaction within the array, blockage underneath the modules and tap 

density.  The difference in findings also indicates the sensitivity of the underside 

pressures to modeling and experimental set-up, further reinforcing the need for full-scale 

studies to validate wind tunnel results.     

The peak net pressure coefficients, area-averaged over individual modules, are plotted 

with respect to H in Figure 3-17c and Figure 3-18c.  Immediately it can be seen that the 

worst peak net pressures have been reduced from the worst peak external pressures 

(Figure 3-17a).  The trends with respect to G and H observed with external pressures on 

the upper surface are consistent with net pressure observations; larger H is associated 

with higher overall peak net suctions, while larger G results in lower magnitude peak 

suctions.  It is the air flow through G that improves the wind resistance of the system by 

reducing the net pressures.  Cavity inflow and outflow through G can even influence the 

external pressure gradients as discussed earlier.  The cavity pressures are largely 

influenced by the external pressure gradients and the array geometry (which impacts the 

cavity flow resistance), which is discussed in more detail in chapter 4.  Pressure 

equalization between the externals and the cavity pressures is improved with G, leading 

to lower magnitude peak net suctions than peak external suctions.  Larger cavities are 
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associated with larger magnitude peak net suctions since peak externals are larger in 

magnitude with larger H.  Recall that H has little impact on peak cavity suctions, and thus 

has little impact on peak net suctions.  Peak net pressure coefficients are smallest with G 

≥ 2 cm and 2 cm ≤ H ≤ 4 cm.   

These findings were observed from a large dataset of solar modules mounted parallel to 

the sloped roof of a low-rise building.  While the trends of G and H were consistent with 

previous work on both flat roofs (i.e., Bienkiewicz and Sun, 1992) and work on a single 

module (Geurts and Blackmore, 2013) the array from the current study was installed on a 

flat roof to confirm the trends established by the sloped roof model are valid for other 

roof slopes.  Only six configurations were tested representing the full range of H for G = 

12 cm as discussed in chapter 2.  Establishing that the trends of G and H are irrespective 

of roof slope is a crucial step when proceeding with the development of design 

provisions.  The next section focuses on the pressure patterns observed on the flat roof 

model as well as the worst case peak external, cavity and net suctions with respect to H, 

consistent with the approach taken for the sloped roof results.     

3.6 Pressure coefficients on the flat roof model 

Banks (2013) specifically singled out the role that corner vortices play when he discussed 

the interaction between the roof-mounted array and the building generated wind field.  

They are known to cause the worst wind loads on the corner of roof surfaces on flat roofs, 

the justification for roof zones in some building standards.  In fact, some of the roof paver 

studies have exclusively looked at cornering winds to quantify the wind loads (i.e.; 

Bienkiewicz and Sun, 1992 and Asghari Mooneghi et al., 2014).  While the current study 

tested the array through 360° in 22.5° increments in the wind tunnel, the cornering wind 

with the array adjacent to both windward walls was found to be critical for peak upper 

and lower surface pressures as well as net pressures.  The loading patterns and sensitivity 

to cavity height are discussed in more detail below. 

The peak wind pressures measured on the upper surface of the array on the flat roof are 

caused by a cornering wind (45°, as indicated by the arrow) and featured in Figure 3-19a.  

The pressure patterns are for the G = 12 cm; H ≈ 0 cm configuration, but are indicative of 
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all cavity heights tested for the flat roof model.  The mean pressure field for the peak 

external wind direction (Figure 3-19b) shows the presence and impact of conical vortices 

emanating from the windward corner.  The effects of these conical vortices were also 

discussed by Bienkiewicz and Sun (1992) and Banks (2013).   

 

Figure 3-19: Contour map of instantaneous external point pressure coefficients 

resulting in peak external uplift G = 12 cm; H ≈ 0 (left) and mean external point 

pressure coefficients for the peak wind direction of 45° on the flat roof (right) 

The cavity pressures are more sensitive to H than the external pressures, yielding 

different loading patterns for different H.  The cavity pressures followed the same trends 

as the upper surface when the cavity is small (H ≈ 0) with large suctions acting along the 

lines of the conical vortices (Figure 3-20).  In the field of the array the cavity pressures 

were more uniform and low in magnitude.  A larger cavity height (H = 20 cm) resulted in 

a linear gradient of decreasing cavity pressures from the field of the roof to the larger 

dimension leading edge wall.  This pattern is clearly indicated when considering the 

mean net pressure distribution (Figure 3-21 right) but is also shown when considering the 

peak instantaneous distribution (Figure 3-21 left).  While there is a notable pressure 

gradient, the range of mean cavity pressures is significantly reduced, indicating a more 

uniform distribution.   
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Figure 3-20: Contour map of instantaneous cavity point pressure coefficients 

resulting in peak cavity suction G = 12 cm; H ≈ 0 (left) and mean cavity point 

pressure coefficients for the peak wind direction of 45° on the flat roof (right) 

 

Figure 3-21: Contour map of instantaneous cavity point pressure coefficients 

resulting in peak cavity suction G = 12 cm; H = 20 cm (left) and mean cavity point 

pressure coefficients for the peak wind direction of 180° on the flat roof (right) 

The correlation coefficients were found to be sensitive to the reattachment and secondary 

separation lines, as shown in Figure 1-1, from the conical vortices (shown in the contours 

of Figure 3-19 and Figure 3-20) and are plotted in Figure 3-22.  This is consistent with 

the findings of Bienkiewicz and Sun (1992) who examined the distribution of correlation 

coefficients between upper and lower surface pressures of roof pavers for multiple cavity 

heights.  Their experimental set-up did not explicitly state if their model had gaps 

between individual pavers (although it is presumed that there was one), which from the 

sloped roof results of this study are shown to influence the correlations across individual 

modules.  Gaps introduce gradients of correlations across individual modules that govern 
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the loading pattern for small cavities.  Larger cavities yield different correlation 

coefficient patterns with the gradients across the array being more significant than those 

on individual modules, although the gradients are strongest along modules on the leeward 

edges of the array. 

 

Figure 3-22: Distribution of the external-cavity point pressure correlation 

coefficients for the peak wind direction of 45° on the flat roof (G = 12 cm; H ≈ 0) 

The peak net pressures for small cavities are dominated separated flow from a cornering 

wind, as shown in Figure 3-23 (G = 12 cm; H ≈ 0 flat roof configuration).  The net 

distribution at the moment of peak net uplift is similar to the distribution on the upper 

surface, but with reduced magnitudes, just as it typically was for the 30° roof slope data.  

The peak net wind direction, 45°, is associated with conical vortices which are observed 

on both the external (upper) surface of the modules and in the cavity at the instant of peak 

net pressure (Figure 3-23c and Figure 3-23d).  The pressure distribution due to the 

conical vortex in the cavity does not significantly reduce the peak uplift on the external 

surface as the pressures do not coincide spatially.  These vortices do not dominate the 

peak instantaneous (and mean) net pressure distributions for larger cavities (Figure 3-24).  

As with the sloped roof, leading edge perimeter modules can experience positive 

pressures from certain wind directions which can cause the cavity to be partially 

positively pressurized.  This is a punitive loading condition that can cause net pressures 
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to be larger than external pressures and significant pressure gradients across individual 

modules.  This was the case for the G = 12 cm; H = 20 cm with leading edge modules 

experiencing high net suctions and pressure gradients, with relatively lower loading 

(near-zero net wind loading) elsewhere on the array (where modules were sheltered). 

 

Figure 3-23 Contour map of a) instantaneous net point pressures resulting in peak 

net uplift for the G = 12 cm; H ≈ 0 flat roof configuration, b) mean net point 

pressure coefficient for the same (peak) wind direction of 45°, c) instantaneous 

external and d) instantaneous cavity point pressures that resulted in peak net uplift 
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Figure 3-24: Contour map of a) instantaneous net pressure resulting in peak net 

point pressure for the G = 12 cm; H = 20 cm flat roof configuration, b) mean net 

point pressure coefficient for the same (peak) wind direction of 45°, c) instantaneous 

external and d) instantaneous cavity point pressures that resulted in peak net uplift 

The worst peak external, cavity and net (area-averaged) pressure coefficients from the 

flat roof are superimposed over the values from the sloped roof (values from Figure 3-17 

are plotted in grey) in Figure 3-25.  While the worst peak external pressure coefficients 

increase with large H for the sloped roof, the opposite is true for the flat roof.  Similar to 

the trend observed for the sloped roof, H does not have a significant effect on peak 

external cavity pressure coefficients beyond the incorporation of a (small) cavity to allow 

pressure equalization.  For cavity depths less than H = 8 cm, the worst peak net pressure 

coefficient decreases with increasing H.  This was also observed for larger G on the 

sloped roof, but to a lesser extent.  For larger cavity depths (H ≥ 8 cm) the worst peak net 

pressure coefficient increases with H, consistent with the observations from the sloped 

roof model.  The consistent trend for the worst peak net pressure coefficient is important 

– while the worst peak external pressures have differing trends for the sloped and flat 

roofs, the worst peak net pressure trends are consistent between the two roof slopes.  This 

indicates that design recommendations based on the peak net pressures are independent 
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of roof slope.  This makes any recommendations derived from the current data far more 

applicable, valid for not just the roof slopes experimentally tested.      

 

Figure 3-25: The worst case values of the peak (suction) external area-averaged over 

a single module on (a) the external, upper, surface, (b) in the cavity,  and (c) net with 

respect to H for the sloped roof model (grey) and the flat roof model (black) 

3.7 Summary 

Through the examination of the peak and mean pressure distributions, the basic effects of 

G and H on the pressure field were determined.  For low-profile systems (small G & H), 

the external pressure distributions are largely what would be expected on the bare-roof, 

although even in this configuration the net pressures experience beneficial effects from 

the cavity (formed by loose-laid modules) through reduced magnitude pressures. Larger 

H can influence the peak external pressure distribution as the flow separates from the 

elevated surface of the solar modules.  The cavity pressure distributions are found to be 

more uniform for larger H.  The external pressures at the interface between multiple 

modules can be affected by the flow through the gap, which can cause large pressure 

gradients and increase the net wind loads.  The peak and mean net pressure distributions 

largely follow those on the exterior surface (typically caused by flow separation off 
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building or array edges) and are lower in magnitude except for cases where the cavity is 

experiencing positive pressures.  It was also observed that the windward (i.e., array edge) 

modules can experience large pressure gradients, while interior, sheltered modules can 

have significantly lower magnitude pressures.  Correlation coefficients between the 

external and cavity pressures are fairly high around the perimeter of the array (and 

modules to a lesser extent) but lower in the interior.  

Overall trends for the effects of G and H were noted when plotting the worst case, peak, 

area-averaged external, cavity and net pressure coefficients.  Worst case peak external 

pressures were found to increase in magnitude with H for the sloped roof configurations 

but decrease for the flat roof configurations.  The worst case peak external pressures 

decrease for larger values of G while the worst case peak cavity pressures increase for 

large values of G.  The cavity depth, H, was not found to have a significant effect for the 

sloped roof configurations on the worst peak cavity pressure after a cavity was 

introduced; the flat roof shows a slight decreasing trend with increasing values of H.  For 

both roof slopes, the worst peak net pressure was noted to increase with H.  This is an 

important finding as the two roof slopes have different external loading patterns and 

trends with respect to H; however, the overall peak net pressures behave in a similar 

manner.  This is expected to be a result of the cavity pressures and pressure equalization 

between the external and cavity pressures, the focus of the next chapter.  
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4 Pressure Equalization 

When solar modules are mounted parallel to the roof of a low-rise building both the 

upper and lower surfaces are exposed to the flow.  This results in external wind pressures 

being transmitted into, and modified by, the cavity.  The difference between thee external 

and cavity pressures is the net pressure, which acts on the module.  The external 

pressures are largely dictated by the building-generated flow-field, with flow separation 

at the building edges controlling the pressures.  The cavity pressures are transmitted from 

the upper surface pressures through openings into the cavity.  They are sensitive to the 

array geometry, (i.e., the gaps between the modules, cavity depth, panel size, etc.), as 

well as pressure gradients on the upper surface.   

If the external pressure is fully transmitted with no external pressure gradient at the 

opening then the cavity pressures would be equal to those measured on the upper surface, 

which would indicate that the system has perfect pressure equalization.  This would yield 

zero net loading across the modules and is not likely in practice where partial pressure 

equalization is expected.  Pressure equalization is desirable for roof-mounted solar 

systems as it reduces the net wind pressures on the modules, thus reducing their design 

wind loads (e.g., Kumar, 2000). 

4.1 Instantaneous Pressure Equalization 

Each pressure time history is unique with examples of such pressure time histories shown 

in Figure 4-1, which shows segments of time histories for module 1 (located in the upper 

left corner of the array and adjacent to the field of the roof along the ridgeline of the 

model).  The upper plot shows a 10 second sampling period with the externals on the 

upper surface plotted in black and the cavity pressures in gray.  The lower plot contains 

the pressure trace for 0.5 seconds (model-scale) before and after the peak external value.  

It can be seen that the cavity measurements largely follow the externals but the values are 

often lower in magnitude.   
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Figure 4-1: Sample external (black) and cavity (grey) pressure time histories, area-

averaged over a single module for a) a sampling period of 10 seconds and b) ½ 

second before and after the largest measured external suction 

As can be seen in Figure 4-1, the cavity pressures are typically lower in magnitude than 

the external pressures, although they largely track them.  However, at the moment of the 

peak external pressure there can be a significant difference between the external and the 

cavity pressure, especially for different modules and configurations.  This can be seen in 

Figure 4-2 where the non-simultaneous peak minima (suction) and mean values of the 

external and cavity pressures, area-averaged over a single module, are presented for two 

specific modules.  For module 1, the upper plot, it can be noted that the peak external 

uplift is much larger than the peak cavity pressure for the wind directions for the largest 

magnitudes (67.5° and 292.5°).  When module 14 is considered, the difference between 

the peak pressures has been significantly reduced.  This is due to the fact that module 14 

is an interior module and not exposed to the separated flows around the perimeter of the 

array that produce the largest external pressures.  Both modules show that the match 

between the peak external and cavity pressures is better for off-peak wind directions, 

which indicates improved pressure equalization.  This is because the fluctuating 
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distributions, with research focusing on the sensitivity to G/H and external pressure 

gradients.  Of particular interest was noting how the pressures are transmitted through G 

and modified by the cavity between openings.  A parameter, φ, was introduced as a 

potentially robust indicator of whether the cavity pressures would be uniform in nature or 

vary linearly.  It is defined as 

߮ ൌ ∆̅
∆̅

                 (11) 

the ratio of the flow through the cavity, ∆̅ܥ, to the flow through G (orifice), ∆̅ܥ, with 

the specific equation for a single cavity with two openings presented in chapter 1 

(Equation 2).  If φ < order (1) the cavity pressures are uniform with the pressure drop 

occurring with flow through G.  This is most commonly observed for small G/H ratios, 

where larger cavities are associated with lower flow resistance.  Alternatively, with φ > 

order (1) the cavity pressures vary linearly, similar to Couette flow, i.e., 2D flow between 

parallel plates.  A sketch of this is shown in Figure 4-4.  This condition was observed to 

coincide with higher G/H ratios and exhibit a higher degree of pressure equalization, a 

larger portion of the external pressure was transmitted to the cavity yielding lower 

magnitude net pressures.  This was also shown when Oh and Kopp examined the RMS 

values, indicating that the fluctuating component of the external pressures is more 

effectively transmitted with a higher φ or G/H ratio.   φ is thought to be more effective at 

describing the nature of the cavity pressure distribution than G/H since it incorporates 

losses specific to the system and the module thickness, which also plays a role.  It is also 

thought to be quite robust as the different flow patterns yield φ values that are order of 

magnitudes different for single cavities with only 2 openings into it, primarily because of 

dependence on (G/H)2.      
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Figure 4-5: External and cavity pressures along a line of taps for a single cavity for 

multiple H (adapted from Oh and Kopp 2015) 

Table 2: G/H and Phi values calculated using the equation and definition for the 

single cavity for multiple H data adapted from Oh and Kopp 2015 

 H = 15 mm H = 5 mm H = 2.5 mm H = 0.5mm 

G/H 
* G = 2.5 mm used 0.17 0.5 1 5 

φ by Equation 2 7.5 x 10
-3

 0.2 2 5 x 10
4
 

φ by definition 

(Equation 11) 
0.27 0.56 2.4 12.5 

From Figure 4-5 and Table 2 it can be noted that two of their cavity depths resulted in 

uniform cavity pressure distributions, H = 15 mm and H = 5 mm, as noted by the linear 

mean cavity pressure coefficients and φ < 1.  This is expected as larger cavity heights 

were known to result in more uniform pressure distributions on the underside of roof 

pavers (i.e. Bienkiewicz and Sun, 1992).  These cavity heights are also characterized by 

G/H < 1, which is thought to be a boundary for wind loads for the current array, see 

chapter 5.  This is significant as φ < 1 indicates a more uniform cavity flow and for these 

−1.3

−1.2

−1.1

−1

−0.9

−0.8

−0.7

−0.6

C̄pE C̄pC
H=15mm

H=5mm
H=2.5mm

H=0.05mm

C̄
p
E
,C̄

p
C

G=2.5mm Single Module L=50mm G=3.5mm



77 

 

 

 

configurations coincides with G/H < 1, possibly indicating higher magnitude wind loads.  

This reinforces that G/H is effective as a rough indicator of the cavity pressure 

distribution, but φ is likely to be more appropriate since it considers more parameters.  In 

its equation form, φ also considers the losses specific to the geometry and the thickness of 

the module.  Using the definition directly considers the measured pressure gradients 

which inherently consider the effects of geometry.   

4.3 Parameter describing cavity pressure distributions 
for multiple modules 

When considering multiple modules in the array the cavity flow is more complicated, 

with more openings (G) in which air can enter or leave the cavity and influence the 

pressures.  This is seen in Figure 4-6, which plots mean external and cavity pressures 

along four modules with G = 1 mm for a single cavity with various heights taken from 

Oh and Kopp (2015).  The external mean distributions vary along the length of the 

system, with roughly linear pressures along modules 1 and 2 (small pressure gradients) 

and linearly decreasing behaviour along modules 3 and 4.  The larger cavities (H ≥ 2.5 

mm) appear to have fairly uniform mean cavity pressure distributions across the entire 

system, similar to behaviour observed for the single module case.  For modules 3 and 4, 

the smaller cavity depths tend to have linearly varying mean cavity pressure distributions, 

again similar to observations for the single module cases.  However, the mean cavity 

pressure distribution on modules 1 (and 2 to a lesser extent) is nearly uniform.  This is not 

to be unexpected as the mean external pressures are also (near) uniform in this region 

yielding very small gradients.  From studying pressure equalization across residential 

wall systems Kopp and Gavanski (2012) found that for uniform (lab-induced) pressures, 

the vinyl siding (outer layer) carried almost no load.  This indicates that the external 

pressure gradients play a significant role in pressure equalization.  The changing cavity 

behaviour from uniform to linear across the system indicates that a single φ value may 

not be appropriate and catch the cavity behaviour across the system.  The transition point 

from uniform to linear pressure distributions is not clear, but may correspond to an 

effective cavity length – alluded to in Oh and Kopp (2015) who used the entire cavity 

length as opposed to only the cavity beneath the module length to evaluate φ.  
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Figure 4-6: Mean external and cavity pressures along multiple modules; G = 1 mm; 

various H from Oh and Kopp (2015)  

To further study the cavity pressure behaviour when there are multiple modules in the 

along wind direction, data from Oh and Kopp (2015) are contrasted with results from the 

current study1.  Mean external and cavity pressures from Oh and Kopp were presented 

with respect to x/h with configuration geometry presented in model scale millimeters.  

Their measurements from G = 1 mm; H = 1.2 mm are contrasted with measurements 

from the current study, specifically G = 12 cm; H = 2 cm flat roof configuration (1 mm H 

in model scale).  The wind direction from the current study was 270° where the flow is 

perpendicular to the short dimension of the building and the array is under separated 

flow, as close to the Oh and Kopp set-up as possible.  These configurations were chosen 

for comparison because they have the most similar array geometric properties available.   

The closest cavity depths were chosen as the basis of comparison as Oh and Kopp 

presented results for a range of H with a cavity of G = 1 mm (model scale), whereas only 

                                                 
1
 Array geometry (i.e., Gap, G, and cavity depth, H) for the current study are presented throughout this 

document in equivalent full-scale units as noted in chapter 2.  Oh and Kopp (2015) presented results in 
model scale and did not provide a length scale to evaluate equivalent full-scale values.  As such, 
experimental results from the two studies are not presented in a consistent manner.  The dimensionless 
system relative porosity, G/H is included for reference when comparing experimental results.     
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a large G was tested for the current flat roof model.  As such, the results are expected to 

vary as the G/H ratios are quite different; 0.8 for Oh and Kopp and 6 for the current 

study. The data are plotted in Figure 4-7 with the external wind flow from left to right.  It 

can be noted that the shape of the external pressure coefficient distributions are similar, 

with the current study values being consistently larger in magnitude.  (Differences in the 

magnitudes are likely a result of different model dimensions and wind tunnel terrain 

simulations.)  The module lengths vary between the different models, making it 

challenging to compare when pressures are presented with respect to a normalized 

building dimension.  Therefore, the data has been replotted with respect to a normalized 

module length in Figure 4-8 for a small cavity and Figure 4-10 for a large cavity.   

 

Figure 4-7: Comparison of mean external and cavity pressures along a single tap 

line from G = 1 mm; H = 1.2 mm (Oh and Kopp, 2015) and G = 12 cm; H = 2 cm flat 

roof configuration (270°) from the current study with respect to x/h 

With the pressures plotted with respect to module, the external flow is again from left to 

right and the module numbers are labelled.  Recall that for the current study the wind is 

from 270°, thus module 16 is the windward module (module 1 for Oh and Kopp).  When 

data from only one of Oh and Kopp’s configurations are plotted it is easier to see that the 

mean cavity pressures are lower in magnitude than the mean externals for a windward 

portion of the system, but that this is reversed for a leeward portion of the system.  This 
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was also seen with a single cavity for larger G/H with Oh and Kopp labelling the zones as 

“higher suction” and “lower suction”, respectively.  The higher uplift in the higher 

suction zone can be offset by the lower suction zone when the modules are connected.  

This loading pattern is not observed for the current model where the mean cavity 

pressures are consistently lower in magnitude than the mean external pressures.  Table 3 

contains φ values that have been evaluated for both studies, considering the overall 

system as well as individual modules.  The single value for the entire system does not 

take into consideration the changing cavity behaviour as previously discussed.  

Evaluating the factor based on modules does seem to largely capture the behaviour of the 

mean cavity pressure distribution; however, it is not clear that this is the best approach.  

Of interest is also the pressure gradients on module 1; the external pressure gradient is 

increasing in magnitude with higher mean suctions on the leeward edge while there is a 

slight decreasing trend observed for the mean cavity pressures.  This is unexpected as the 

cavity pressures are transmitted from the external pressures.  This instead indicates that 

perhaps the cavity under module 1, module 2 and likely module 3 are working together as 

a single continuous cavity.  If the collective mean cavity pressure distribution over these 

three modules is examined it is more indicative of what would be expected given the 

mean external pressure gradient across theses three modules.  This is more clearly seen in 

Figure 4-9 which plots the mean external and cavity pressures from Oh and Kopp (2015) 

G = 15 mm; H = 1.2 mm.  There is virtually no external mean pressure gradient across 

the first module but there is a decreasing pressure gradient measured in the cavity.  It 

appears as if cavities under multiple modules are acting together as a continuous volume.  

With this loading pattern present in their results for more than one G value, it merits 

further investigation as the boundaries and mechanisms remain unclear.   
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Figure 4-8: Comparison of mean external and cavity pressures along a single tap 

line from G = 1 mm; H = 1.2 mm (Oh and Kopp, 2015) and G = 12 cm; H = 2 cm flat 

roof configuration (270°) from the current study normalized over module length 

Table 3: Phi values a small cavity depth from Oh and Kopp 2015 G = 1 mm; H = 1.2 

mm and the current study G = 12 cm; H = 2 cm on the flat roof 

 Entire 

system 
Module 1 Module 2 Module 3 Module 4 

Oh and Kopp (2015) 8 0.3 0.98 2 21 

Current Study 12 1.6 13 113 386 
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Figure 4-9: External and cavity pressures along a line of taps for a multiple modules 

for G = 15 mm; H = 1.2 mm (adapted from Oh and Kopp 2015) 

When a larger cavity is considered, the edge effects from the current model are clearly 

visible in the large mean pressure gradients on the windward module edge when 

contrasted against a similar H from Oh and Kopp (2015).  Contrasted in Figure 4-10 are 

G = 1 mm; H = 15 mm from Oh and Kopp, 2015 and G = 12 cm; H = 20 cm (H = 10 mm 

model scale, closest for comparison) from the current study.  Again, it should be pointed 

out that the cavity depths were matched as closely as possible but the G are quite 

different yielding a G/H of 0.07 for Oh and Kopp, and 0.6 for the current study.  The 

edge effect seen in the current data is a result of the flow separations from the array edge 

and is discussed in more detail in Chapter 0.  These effects were not measured by Oh and 

Kopp as their modules were set back from the building edge and flush mounted with the 

roof surface.  As such, air could only enter their cavity through the 5 openings between 

the modules.  The mean cavity pressure was uniform across the system; therefore φ was 

less than 1 for both the system and all individual modules.  Their mean externals decrease 

in magnitude resulting in the neutral pressure line, higher and lower suction zones as 

discussed above.    This condition, with the neutral pressure line, is also observed in the 

current study, occurring on the leeward module.  The cavity pressures for the current 

model were more linear in nature and not uniform as observed with Oh and Kopp.  It 
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should be noted that φ was unsuccessful in predicting the cavity pressures on the 

windward module for the current model which had significant pressure gradients and 

peak pressures that were measured downwind, not adjacent to the edge. 

 

Figure 4-10: Comparison of mean external and cavity pressures along a single tap 

line from G = 1 mm; H = 15 mm (Oh and Kopp, 2015) and G = 12 cm; H = 20 cm 

flat roof configuration (270°) from the current study normalized over module length 

Table 4: Phi values for a large cavity system from Oh and Kopp 2015 G = 1 mm; H 

= 15 mm and the current study G = 12 cm; H = 20 cm on the flat roof 

 Entire 

system 
Module 1 Module 2 Module 3 Module 4 

Oh and Kopp (2015) 0.36 0.02 0.05 0.02 0.43 

Current Study 0.19 0.37 0.64 2.7 5 
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4.4 Effective cavity length 
It appears that for certain combinations of geometric array properties multiple cavities 

work together, forming a single continuous effective cavity of variable length.  Defining 

the effective cavity length has practical applications – it is desirable to have an effective 

cavity length that optimizes pressure equalization with respect to minimizing the wind 

loading.  It is crucial to understand what dictates the boundaries for a given module.  

From the data presented by Oh and Kopp (2015), it appears that the effective cavity 

length for their 4 module system is related to the neutral pressure line, NPL.  In Figure 

4-8 (G = 1 mm; H = 1.2 mm) the NPL appears to be between the third and fourth module 

which seems to correlate to the cavity length as discussed above.  For a larger opening (G 

= 15 mm; H = 1.2 mm) this correlation between the effective cavity length and NPL is 

also seen in Figure 4-9.  The first effective cavity appears to be roughly two modules in 

length, ending at the NPL between modules 2 and 3.  Downwind cavities are not as 

clearly defined, with an additional NPL on both module 3 and 4.  This could potentially 

lead to three mode cavities; a small one on the leading edge of module 3, a longer one for 

the trailing edge of module 3 and perhaps slightly under module 4 and a final cavity 

under module 4.  When H is increased, as in Figure 4-10 (G = 1 mm; H = 15 mm), a 

single NPL is observed, however, in this instance the cavity pressures are uniform.  This 

could suggest that there is only one continuous cavity under all of the modules or that 

there are two cavities, as defined by the NPL, but that both cavities have similar pressures 

(set by H).  It should be noted that if a second cavity is considered, the pressure gradient 

across the orifice should be measured at the end of module 4, on the far side of the cavity.  

If it were to be measured at the start of the cavity, near the NPL, its value would be small 

and not indicative of the actual pressure gradients acting on the module.  These initial 

observations indicate that effective cavities can be both longer and shorter than the length 

of the module.  With flow limited to one dimension, observations cannot be made about 

the effect cavity size in the other direction, a recommended point of future study.  

The NPL was observed for some configurations (see Figure 4-10) for the current model, 

although the pattern was not as clearly and consistently observed as with Oh and Kopp’s 

model (2015).  I believe that this could be a result of how the cavity was modelled for the 
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current study.  While it did allow for two-dimensional flow, the model was not explicitly 

designed to study effective cavity dimensions and thus presents some challenges. Oh and 

Kopp used modules that were recessed such that the top of the modules was flush with 

the roof surface and constructed a very clean cavity.  Their pressure tubing was passed 

through the module into the model creating a continuous void with no contamination.  

The current model had modules raised above the roof surface by three mounting posts per 

module, used to set the height and pass the pressure tap tubing into the model.  These 

support modules resulted in approximately 35% blockage, not out-of-line for modelling 

commercial systems.  However, the large, central, supports likely had a significant impact 

on the cavity flow.  Future studies will have to carefully design and construct the cavity 

to better investigate the effective cavity dimensions and how they are altered with array 

geometry.   
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5 Pressure equalization coefficient 

The pressure equalization coefficient, Ceq, serves to quantify the changes in the net wind 

loads from those on the external surface of the bare roof due to the effects of pressure 

equalization.  It is proposed as the basis for developing design recommendations, 

specifically a multiplication factor to be applied to the external pressure coefficients in 

current design standards to account for the wind loading specific to roof-mounted arrays, 

a double-layered system subject to pressure equalization. This method relies on the 

assumption that the array does not alter the building aerodynamics, supported by results 

in chapter 3 that indicate that the external pressures are largely similar to expected bare 

roof pressures.    The external (i.e., upper surface) wind loads used for normalization are 

the peak suction, for each area-averaged combination, regardless of the wind direction, 

for the base G ≈ 0; H ≈ 0 configuration.  The base configuration is used for normalization 

as it has the array geometric parameters closest to the bare roof, relevant if the factor is to 

be applied to external pressure coefficients from a code.  The worst, peak, externals from 

the same configuration as the worst peak net pressure are not used for normalization since 

they are (possibly minimally) altered.  A pressure equalization coefficient greater than 1 

indicates that the net pressure is larger in magnitude than the external pressure on the 

upper surface and is typically associated with positive pressurization of the cavity.  

Factors less than 1 signify that the net pressures have been reduced.  Roof-mounted solar 

systems can be optimized for wind loading when designing a system with parameters 

yielding the lowest possible Ceq.  This chapter investigates the values of Ceq from the 

experimental database. 

5.1 Effects of G and H on Ceq 

The effects of array geometry on the pressure equalization coefficient, Ceq, are 

determined by noting how the factor varies with changing values of G and H.  The area-

averaged case of a single module is considered below.  The pressure equalization 

coefficients were determined from the worst-case values for each configuration and, thus, 

are not necessarily from the same modules or wind direction.   
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In Figure 5-1 it can be noted that the magnitude of Ceq tends to increase with larger 

values of  H.  This signifies that for larger values of H, the net wind loading is a larger 

proportion of the external wind loads.  This is consistent with the findings of Bienkiewicz 

and Sun (1992, 1997) who found that H weakens paver system resistance to wind 

loading.  Ceq is lowest for small cavities since the simple presence of a cavity enables 

pressure equalization and the larger magnitude externals associated with large H can be 

avoided.  It appears that the ideal mounting height to maximize the level of pressure 

equalization is in the H = 2 cm to H = 4 cm range for which the maximum reduction 

appears to be about 50% (for these module dimensions and configurations tested).   

 

Figure 5-1: Pressure equalization coefficient for single modules with respect to H 

It can also be noted that the magnitude of Ceq decreases for larger G at fixed H (Figure 

5-2), with the bulk of the reduction occurring between G ≈ 0 and 2cm.  Pressure 

equalization is improved with larger values of G (above 0) as the airflow around the 

modules increases pressure gradients across their external surface, improving the 

magnitude of the transmitted pressure to the cavity.  Ceq declines for larger values of G, 

but at a reduced rate, implying that the optimal gap value with respect to minimized 

loading could be greater than the maximum value examined (G = 12 cm).  However, 

most of the benefit is seen for G = 2 cm (presuming a designer would choose the smallest 

G possible to increase the packing density).   
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Figure 5-2: Pressure equalization coefficient for single modules with respect to G 

5.2 Effects of area-averaging 

The components and cladding sections of many building codes were developed by 

averaging measured wind tunnel pressures over varying tributary areas.  This process 

yields design recommendations dependant on the component’s tributary area.  For an 

array, the smallest tributary area considered is a single module, as areas smaller than a 

module have little physical meaning for design (for rigid modules).  To determine the 

effect of tributary area multiple modules are combined to determine the effect of 

increasing dimensions (for instance interconnected modules associated with racking or 

installation systems).   

Bienkiewicz and Sun (1997) used G/H to quantify the combined effect of both G and H 

on the pressure on the underside of the pavers; herein it is used to study the behaviour of 

pressure equalization coefficients, Ceq.  Four different tributary areas are shown when 

plotting Ceq with respect to G/H in Figure 5-3.  It can be seen that the Ceq values tend to 

collapse to a single curve for each tributary area, indicating that G/H is an appropriate 

parameter to describe the effect of pressure equalization across the modules, except for 

small G/H ratios.  For small values of G/H (i.e., G/H ≤ 1) the data follow the same non-

linear, decreasing behaviour observed with the pavers for the peak underside pressure 

(Bienkiewicz and Sun, 1997) but are more variable.  Values larger than G/H = 1 yield an 

asymptotic limit of Ceq values, indicating that for the current module size, installations 
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with G/H > 1 are optimal with respect to maximizing pressure equalization, as indicated 

by minimum values of Ceq. This is consistent with the findings of Bienkiewicz and Endo 

(2009) and Asghari Mooneghi et al. (2014) who noted that a higher G/H ratio led to 

improved wind performance of roof pavers (although their range of experimental G/H 

was limited to 0.028 ≤ G/H ≤ 0.25).  

Figure 5-3 shows that the magnitudes of the Ceq values decrease for larger values of the 

tributary area.  This signifies that the peak net array wind loads decrease faster than the 

bare roof loads do with larger tributary areas.  If the net and external pressures decreased 

at the same rate, the magnitude of Ceq would remain relatively constant with tributary 

area.  This was also noted by Kopp et al. (2012) when they observed that the net roof 

uplift on a low-rise building with a tilted solar array was lower in magnitude than the 

equivalent bare-roofed building.  The de-correlation of the wind loads on the roof from 

the additional turbulence created by the array was noted to be the cause of the lower 

magnitude net uplift on the roof (with an array).   With lower Ceq (and thus peak net 

uplift) with larger tributary areas, there is a significant benefit to mechanically connecting 

the modules together to reduce net wind loads on the arrays.  The benefits of the area-

averaging appear to be mostly obtained by 4x4 (11.6m2) modules in this configuration, 

with relatively smaller reductions for larger areas.   
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Figure 5-3: Pressure equalization coefficients with respect to the G/H ratio for four 

tributary areas from the sloped roof model 

5.3 Effects of roof slope 

For the Ceq approach to be effective for design guidelines, the evaluated values need to 

be similar for a range of roof slopes and building shapes.  While it was not feasible to 

measure all array configurations on a range of roof slopes it was possible to mount the 

array on the roof of a low-rise structure for a select number of configurations.  The full 

range of H for the largest gap, G = 12 cm was selected for testing, as discussed in chapter 

2. 

Figure 5-4 contains the Ceq values for the same area-averaged cases from Figure 5-3 for 

both the 30° sloped roof (open markers) and flat roof (solid markers) models.  

Measurement points from the G=12cm flat roof configurations follow the curve 

established by the sloped roof configurations, especially for larger G/H values.  For small 

G/H values the flat roof measurements are slightly lower than those from the sloped roof.  

This indicates that the roof slope does not have a significant impact on the reduction in 

net wind loading of roof-mounted solar modules and that design recommendations based 

on the Ceq should be applicable for various roof slopes of low-rise buildings.  This is 

believed to be valid since Ceq appears to be a rather robust indicator of the effect of 
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pressure equalization – quantifying how the net pressure is varied from the external upper 

surface of the bare roofed building.  The change in net loading due to pressure 

equalization occurs on the modules regardless of roof slope.   

 

Figure 5-4: Pressure equalization coefficients with respect to the G/H ratio for four 

tributary areas from the sloped roof (open markers) and flat roof (solid markers) 

models 

5.4 Effect of simulated larger modules 

It is likely that the size of the module plays a role in setting the wind pressures on the 

modules because of the correlation effects on the external (upper) surface and changes to 

the cavity pressures.  Bienkiewicz and Sun (1997) found that maximum net uplift 

decreased with increasing paver size when studying a wind tunnel scaled model with 

loose-laid roof panels on a flat roof.  Recalling that the current set of wind tunnel studies 

were conducted with a single module dimension, it is not possible to directly study the 

impact of module size.  However, a selected number of configurations were tested with 

multiple modules taped together to simulate a larger module.  Taping the modules 

prevented airflow between the gaps, preventing pressure equalization and simulating a 

larger module surface area.  Modules were sealed in 2x2, 3x4 and 4x4 combinations, as 
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noted to change both the external and the cavity pressures, as discussed in section 6.6.  

However, since the base (untaped) and sealed data are both taken from shrouded 

configurations their only point of difference is the sealed gap to simulate larger modules.  

Sealing the modules was found to increase Ceq when compared to the values from the 

same combination of modules, as shown in Figure 5-5.  The effect is more pronounced 

for the flat roof model, with more than a five-fold increase for the largest module 

simulation (4x4) and a large G/H ratio.  The increase in Ceq is caused by a decrease in 

the worst, peak, cavity suction for the sealed combination of modules (Figure 5-6) while 

there was little effect on the worst, peak, external pressure (Figure 5-7).  Since the peak 

external suctions remain largely unchanged and the peak cavity suctions are lower in 

magnitude, it can be noted that the worst, peak, net suction coefficients are larger in 

magnitude when the gap is sealed to simulate larger modules, as indicated by Figure 5-8.  

These results are in contrast to the findings from Bienkiewicz and Sun (1997) for loose-

laid roof pavers on a flat roof.  However, it may be argued that the current comparison is 

not a true indication of the effect of larger modules since the level of air permeability is 

reduced.  While sealing the modules simulates larger modules, it inhibits pressure 

equalization by limiting flow through the gaps around modules (effectively limiting 

effective transmission of external pressures to the cavity).  The lower degree of pressure 

equalization is evidenced by the higher Ceq values.  While this comparison does not truly 

demonstrate the effect of module dimensions at the same level of air permeability, it does 

strongly indicate the beneficial effect of G on reducing the net wind pressures and 

improving pressure equalization.  Sealing the gaps effectively decreased the permeability 

of the array by decreasing the frequency of G.  Attempting to compensate for this with a 

simple analysis could include plotting the sealed cases with their effective G/H, ratio 

which has been reduced based on the number of sealed gaps.  For instance, the effective 

G/H ratio of the 2x2 sealed combinations is half that of the open case since three gaps are 

sealed along the column of the array (see Figure 2-7) and similarly the 3x4 and 4x4 

combinations have effective G/H ratios that are a sixth of the open value.  This is done in 

Figure 5-9 where the Ceq values from the sealed cases are plotted with respect to their 

effective G/H ratio in red, superimposed over the data from Figure 5-5.  The effective 
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G/H ratios are smaller, shifting the sealed data to the right on the figure.  It does not 

appear that the effective G/H ratio as calculated provides an appropriate point of 

comparison with the unsealed data to derive any conclusions regarding the effect of 

module size.  However, the scatter of the graph does indicate that the magnitude of the 

Ceq vs G/H curve is dependent on module size, similar to its dependency on tributary 

area, A, as seen in Figure 5-3.  Additional experiments with arrays with different module 

dimensions (modelled not simulated) are recommended as a future course of action.  

Bienkiewicz and Sun also noted that the aspect ratio had an effect on the wind resistance 

of the system.  While the current model and testing regime was not adequately equipped 

to study module dimensions, it was noted that the Ceq vs G/H curve appears to be 

specific to a given module size.  The current model did allow for comparison of different 

aspect ratios was possible and is discussed in the next section.    

 

Figure 5-5: Pressure equalization coefficients with respect to the G/H ratio 

simulating three module sizes from the sloped roof (left) and flat roof (solid right) 

models 
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Figure 5-6: Worst, peak, cavity (suction) coefficients area-averaged over three areas 

simulating different module sizes plotted with respect to the G/H ratio from the 

sloped roof (left) and flat roof (solid right) models 

 

Figure 5-7: Worst, peak, external (suction) coefficients area-averaged over three 

areas simulating different module sizes plotted with respect to the G/H ratio from 

the sloped roof (left) and flat roof (solid right) models 
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Ĉ
p
A
E

 

 

Sloped Roof

2x2 3x4 4x4 Sealed 2x2 Sealed 3x4 Sealed 4x4

0 2 4 6

−2

−1.8

−1.6

−1.4

−1.2

−1

G/H

Flat Roof



95 

 

 

 

 

Figure 5-8: Worst, peak, net (suction) coefficients area-averaged over three areas 

simulating different module sizes plotted with respect to the G/H ratio from the 

sloped roof (left) and flat roof (solid right) models 

  

0 2 4 6

−0.8

−0.6

−0.4

−0.2

0

G/H

Ĉ
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Figure 5-9: Pressure equalization coefficients with respect to the G/H ratio 

simulating three module sizes from the sloped roof (left) and flat roof (solid right) 

models with values from the sealed data plotted with respect to effective (lower) G/H 

superimposed in red 
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which are highest around the perimeter of the module as seen in Figure 3-22.  The degree 

of pressure equalization is higher for higher correlation coefficients, reducing the net 

wind pressures.  With low aspect ratios the region of higher correlation and pressure 

equalization represents a larger portion of the module.  Larger aspect ratios could 

experience a gradient in the correlation coefficients, resulting in an interior region of 

reduced correlation along the relatively longer dimension.   This indicates that pressure 

equalization is improved for near square tributary areas, regardless of roof slope.  This is 

consistent with the findings for roof pavers from Bienkiewicz and Sun (1997) who noted 

that wind resistance is improved for square pavers when contrasted to longer aspect 

ratios.   

The effects of aspect ratio on the pressure equalization coefficient are most significant for 

smaller tributary areas.  When the tributary area is increased to encompass 6 modules the 

distinct curves for different aspect ratios are not as well defined, as illustrated in Figure 

5-11.  This indicates that as the tributary area is increased the aspect ratio has less impact 

on the pressure equalization.   

 

Figure 5-10: Peak net suctions (left) and pressure equalization coefficients (right) 

with respect to G/H for two different aspect ratios 
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Figure 5-11: Peak net suctions (left) and pressure equalization coefficients (right) 

with respect to G/H for three different aspect ratios 

5.6 Summary 

The pressure equalization pressure coefficient, Ceq, has been observed to be a good 
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number of variations, including aspect ratio, as indicated by the reduced scatter in the 

Ceq curves from Figure 5-10 and Figure 5-11.  While the Ceq showed decreased wind 

resistance for larger (simulated) module dimensions, it is thought to be a function of 
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recommendations is covered in chapter 7, while additional roof and array edge effects on 

the design pressures is addressed in chapter 6.    
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6 Array and roof zones 

As was seen in chapter 3, wind-induced pressures across a roof surface are not uniform, 

with the variations in magnitude addressed in codes and standards by the use of zones 

wherein each zone is assigned a representative pressure.  Corner zones are typically 

associated with the highest magnitudes, with slightly reduced pressures along edge zones 

and further reductions in the interior (or field) of the roof.  The relative dimensions of 

these roof zones can be seen in Figure 6-1 with the ASCE 7-10 (2010) roof zones 

overlaid on the current flat roof model.  Array aerodynamics depend on the wind speeds 

above the roof, which also vary in these regions. As such, the location of the array on the 

roof surface is a critical parameter in determining the design wind loads. 

 

Figure 6-1: Plan view of the flat roof model 

While the array placement plays a significant role in determining the loads on modules 

within the array, so too does a module’s placement within the array.  Modules around the 

perimeter are directly exposed to the undisturbed flow field, however, those further 

downstream are subject to a different flow field.  The windward modules may shelter 

those downstream, or experience different edge effects, such as local flow separations, on 
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Thus, it is imperative to assess and quantify the effects that the position of the array on 

the roof, and the module positions within the array, have on the net array wind loads. 

With this information, recommendations for roof zones and array zones can be made and 

incorporated into design guidelines for roof-mounted solar arrays on low-rise buildings.  

This chapter addresses these issues.   

To account for the increased wind loading on modules subject to array edge effects 

SEAOC PV2-2012 (2012) uses an edge factor ranging from 1 (no effect) for interior 

(sheltered) modules and 2 (doubling the pressures) for modules along the northern edge 

of the array (noted to have the largest uplift for modules that face south in the northern 

hemisphere).  This array edge factor, E, is calculated for each module and primary wind 

direction (north, east, south and west).  The highest edge factor for any direction is used 

for design, consistent with many code approaches that take the worst case value.  The 

array edge factor is applied to the nominal net pressure coefficient, ሺܥܩሻ, which is 

roof zone specific.  In their approach of accounting for array edge effects with a factor 

and roof edge effects through separate roof zones (each with a different ሺܥܩሻcurve) 

there are instances where a module could be subject to both array edge effects and roof 

edge effects.  This could occur for windward modules in both corner and edge roof zones.  

On the same note, there could be modules downwind of those subject to array edge 

effects but still in one of the roof edge zones.  In either of these cases the flow field is 

very complex and it would be difficult to fully separate the array edge effects from the 

roof edge effects.  This chapter sets out to determine appropriate dimensions for both the 

array edge zone and the roof edge zones. 

6.1 Definition of the “array edge effect distance” or 
zone 

The “array edge effect distance” is the distance into the array for which the local point 

pressures are directly influenced by the boundary conditions of the incoming flow.  

Along this distance the pressures exhibit different behaviour than those observed 

(downstream) within the rest of the array.  For the current model, it will be seen that from 

wind directions with reattached flow the leading edge typically experiences the largest 
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obstructions (such as the supports for the current model) it is expected that for large H the 

flow separation in the cavity (off the lower surface of the module) will be similar to that 

on the upper surface (Figure 6-3a).  The roof surface does not impede the flow separation 

in the cavity since the cavity depth is such that it is deeper than the separation bubble 

thickness.  In this situation, the reattachment length is thought to be a function only of t 

as the cavity depth does not impede the natural flow separation from the module.  For 

shallower H of medium height it is possible that the cavity flow can be constrained due to 

the proximity of the roof surface, as seen in Figure 6-3b.    The cavity flow is almost 

entirely constrained for the smallest H, where the flow resistance is high.  This prevents 

the formation of a separation bubble on the lower surface of the module (Figure 6-3c).  

This hypothesis was developed by studying existing literature, specifically flow around a 

rectangular cylinder near a wall (Malavasi and Trabucchi, 2008; Blois and Malavasi, 

2007; Martinuzzi et al., 2003), and the wake interaction between normal flat plates in 

tandem (Auteri et al., 2008).  Blois and Malavasi (2007) used particle image velocimetry 

to study the flow around a rectangular cylinder spaced at different intervals from a solid 

wall.  They noted that as the distance between the cylinder and the wall was reduced the 

longitudinal dimension of the separation bubble on the lower surface was reduced.   

Malavasi and Trabucchi (2008) built on this work, completing numerical simulations of 

the flow and showing visualizations of the constrained lower surface flow separation as 

the cylinder was mounted closer to the wall.  Martinuzzi et al. (2003) conducted a 

number of wind tunnel studies of a square cylinder, again at different gaps from a wall.  

They noted distinct flow regimes based on the gap dimension.  Their focus was on vortex 

shedding, but they note that for large gaps (near the chord dimension of the cylinder) the 

flow is similar to a no wall case, implying that it has no effect.  As the gap was reduced to 

30-60% of the chord the viscous effects on the flow in the gap are more significant 

(cavity flow in the current study).  Mean and standard deviations of pressure coefficients 

on the upper and lower surface of the cylinder (parallel to the wall) were noted to vary 

with the normalized gap dimension (gap/chord) with the lowest magnitudes typically 

associated with small gaps (cylinder closest to the wall).  Studies on the plates would be 

more relevant to the current model, where the modules are more aerodynamically similar 

to a plate than a rectangular cylinder.   Auteri et al. (2008) studied flow patterns of two 
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module thickness, t.  In the next section the array edge effect distance is estimated in 

terms of cavity depth and module thickness using the point pressures; differentiating the 

edge effect zone (higher magnitude suctions) from the interior section of the array with 

reattached flow (lower magnitude pressures).          

6.2 Quantification of the array edge zone using the flat 
roof model 

As previously discussed, for the current model it is difficult to differentiate between the 

edge effects from the building on the array and from the edge effects caused by the array 

being elevated from the roof surface.  This is especially true for wind directions where 

the array is along windward walls of the model, experiencing separated flow from the 

building walls and from the edge of the array.  Therefore, to quantify the array edge zone 

based solely on the impact from the separated flow on the array edge only wind 

directions for which flow has reattached are considered (112.5° - 337.5° for the flat roof 

model as defined by Figure 6-1).   

Consider first the case of the array mounted on the flat roof with a wind direction of 90°, 

parallel to the long dimension of the module (and also the long direction of the building).  

For this wind direction the flow impacting the array comes from across the roof surface 

and has reattached to the roof from the initial separation off the building edge.  The 

windward modules are those in the left column when looking at Figure 6-1.  This is the 

simplest case to assess the array edge effects, with fairly uniform, reattached flow 

impacting the array.  Any variation in the pressures across the modules can be attributed 

to the change in the flow field due to the array, specifically separation off the array edge, 

as pressure variations on the (bare) roof surface would be minimal for the same wind 

direction without the array.  

Pressure coefficients from lines of pressure taps along the array are presented in this 

section.  The specific line of taps plotted is shown in the schematic inset to the right of 

each plot.  The data are taken from 3 taps along the edge of the module, representing the 

first, third and fifth point pressure on each module, as well as 2 taps that are slightly 

setback from the edge, shown as the second and fourth point pressures.  While these taps 
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do not form a continuous line, they are plotted together to improve the spatial resolution 

when examining the edge effect distance.  Additional information on the tap layout is 

included in Appendix A.  Peak suctions are plotted in black with dashed lines, mean 

pressure coefficients are plotted in black with solid lines and RMS pressure coefficients 

are plotted in grey.  All H are plotted for the specific value of G considered.  Gaps 

between the modules are indicated by the vertical dashed lines in the figure and the tap 

locations on the modules are plotted to scale.  The wind direction in these figures is noted 

by an arrow on both the plot and in the schematic. 

External peak suctions as well as mean and RMS pressure coefficients on the upper 

surface of the array are plotted in Figure 6-4.  The windward module (#13) has a strong 

pressure gradient when examining the peak suctions, with the values decreasing across 

the module.  The peak pressure gradient is reduced on module 14, which is sheltered.  

Modules 15 and 16, those in leeward positions, have minimal variation in peak pressure 

coefficients.  This indicates that the edge effect is largely limited to only a portion of the 

windward module when considering the peak suctions.  The position of the tap is 

significant when examining the peak external suctions; taps closer to the edge of the 

module experience larger magnitude suctions (as discussed in chapter 3).  Mean and 

RMS pressures are less susceptible to the position of the tap as well as variations 

associated with varying cavity heights (seen in the reduced spread of the data); they are 

noted to be much more uniform across the array.  However when the three statistical 

quantities are plotted together it is difficult to see the variations in the mean and RMS 

values.  Since peak pressures are more variable in nature, it is easier to assess the edge 

effect distance based on mean and RMS values which are more likely to accurately show 

the transition between pressure influenced by boundary conditions and those unaffected 

downstream. 



107 

 

 

 

 

Figure 6-4: External peak suctions, mean and RMS pressure coefficients measured 

along the top row of pressure taps on the middle row of modules for the 270° wind 

direction for the G = 12 cm configurations on the flat roof 

The mean and RMS pressure coefficients, plotted in Figure 6-5, are largely uniform 

across the array with the exception of the pressure gradient measured between the first 

two taps on the windward module.  There is a plateau of values across the array, which is 

reached at roughly the second tap.  This indicates that the external pressures on the 

windward ¼ to ⅓ of the module are impacted by the separated flow at the array edge; but 

that the leeward ⅔ to ¾ of module 13 and downwind modules are unaffected and 

experience nearly uniform distributions (notwithstanding the effects of the adjacent gaps 

between modules on the peak values).   
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Figure 6-5: External mean and RMS pressure coefficients measured along the top 

row of pressure taps on the middle row of modules for the 270° wind direction for 

the G = 12 cm configurations on the flat roof 

The cavity mean and RMS values for the same line of taps, wind direction and 

configuration are plotted in Figure 6-6.  There does not appear to be an edge effect 

distance with respect to cavity pressures; the values are uniform across the array.  This 

indicates that, for this wind direction, the cavity pressures are not influenced much by the 

boundary conditions and that the edge effects are due to the changes on the upper surface 

of the modules.  Recall that the vertical supports that contained the pressure tubing would 

likely have impeded the cavity flow, disturbing any edge effects that may have been 

caused by the flow separation at the array edge.  While not strongly defined, the spread of 

values indicates that both the mean and RMS pressure coefficients are increased in 

magnitude for larger H.  This is most easily seen on module 15, noting the effect is small.   
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Figure 6-6: Cavity mean and RMS pressure coefficients measured along the top row 

of pressure taps on the middle row of modules for the 270° wind direction for the G 

= 12 cm configurations on the flat roof 

The 270° wind direction is the most simple and results in only one column of windward 

modules.  The impact of the boundary layer on the edge effect distance many vary with 

wind direction.  The quartering wind direction of 225° directly impacts both a column of 

modules and a row of modules.  The external mean and RMS pressure coefficients 

measured on bottom row of taps or the array are shown in Figure 6-7.  From this wind 

direction these taps are unsheltered, being the closest to the edge of the array.  The data 

show the sensitivity to the position of the tap, as indicated by the higher magnitudes 

associated with points 1, 3 and 5 which are closer to the edge.  This indicates that there is 

a pressure gradient across the short axis of the module and that for this wind direction the 

trend between the edge taps (#1, 3 and 5) should be the main focus.  There is a strong 

gradient between taps 1 and 3 on module 25, with lower magnitude, more uniform 

pressures at leeward tap locations.  This supports that even for more aerodynamically 

complicated wind directions and modules, the pressures reach a fairly uniform plateau 

after a distance equal to less than half the module length.  
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Figure 6-7: External mean and RMS pressure coefficients measured along the 

bottom row of pressure taps on the bottom (field) row of modules for the 225° wind 

direction for the G = 12 cm configurations on the flat roof 

From Figure 6-7 it is clear that there is a pressure gradient measured for both the mean 

and RMS pressures across the short axis for a cornering wind.  Since the module has an 

aspect ratio of roughly 3:1, the edge effect distance also needs to be confirmed for the 

short axis of the module. 

Figure 6-8 contains two line plots across the short dimension of the module for the 

column of modules adjacent field of the flat roof model (shown in the inset schematic for 

each figure).  The line on the left is directly exposed to the flow (taps 1, 2, 6 and 7) while 

the right line is on the leeward half of the first module.  The exposed left line of taps 

shows pressure gradients on both edges of the module such that the interior pressure taps 

have lower magnitudes.  This trend is not observed on the second half of the module or 

along sheltered columns (Figure 6-9).  This confirms what was established above, that 

pressures set back from the edge by a distance of a half module have more uniform 

pressures and are not be affected by the boundary conditions.  Recall that the edge effect 

distance will be used to set the dimensions of the edge zone for the array.  Considering 
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this zone to be a half module wide, only the left tap line and bottom row of modules (#25 

in this figure) are contained within the zone and subject to a modified flow field.  Interior 

(sections of) modules show uniform pressures, confirming the dimension established 

above.  For a perpendicular wind direction with reattached flow there is no visible 

pressure gradient on the windward module from the edge effect.  While this does not 

serve to validate the appropriate dimensions for an edge zone, it indicates that the zone, 

as established by other loading patterns, is not inappropriate but rather conservative.  

 

Figure 6-8: External mean and RMS pressure coefficients measured along two tap 

lines on the column of modules adjacent to the field of the roof for the 225° wind 

direction for the G = 12 cm configurations on the flat roof 
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Figure 6-9: External mean and RMS pressure coefficients measured along two tap 

lines on an interior column of modules for the 180° wind direction for the G = 12 cm 

configurations on the flat roof 

Figure 6-10 is a line plot across a row of modules that were sealed together to form an 

array 4 modules wide and 4 deep.  These configurations simulated larger modules by 

taping modules together, preventing air flow through G and were done with a shroud 

surrounding the array.  The sealed G are shown as vertical grey lines and the tap locations 

are to scale.  Even with the simulated larger module the edge effect distance was limited 

to ~½ the length of the physical module (not simulated).  This signifies that the module 

length is not a defining parameter of the edge effect distance – the same physical distance 

was observed for two different module sizes.   
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Figure 6-10: External mean and RMS pressure coefficients measured along two tap 

lines on an interior row of modules for the 270° wind direction for the shrouded and 

sealed (4x4/3x4) G = 12 cm configurations on the flat roof 

 

From re-attached flow, the boundary conditions acting on the array only tend to impact 

the pressures on a fraction of the windward module.  As mentioned earlier, it is expected 

that the width of the array edge zone is related to the cavity depth plus the module 

thickness.  From the current dataset it appears as if the width of the array edge zone could 

be approximated as ≈ 1(H + t) to 2(H + t).  Additional testing with t as a control variable 

and a cavity with reduced obstructions is recommended to further refine this estimate.  

However, the approximated array edge zone width can be validated using the sloped roof 

data, covered below.   
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6.3 Validation of the array edge zone using the sloped 
roof model 

The array edge zone of approximately 1(H + t) to 2(H + t) was validated by testing its 

validity for G ≈ 0 configurations with the array mounted on the sloped roof.  Since the 

modules were used for both roof modules, this can be visually approximated as ⅓ of the 

module length.  The aerodynamics of the sloped roof model are more complicated with 

the array located near the eave, however, as can be seen in Figure 6-11 and Figure 6-12 

the approximated edge zone dimension appears to hold.   This is confirmed when 

examining the external mean point pressures in Figure 6-11.  Large external pressure 

gradients between individual pressure taps are limited to the windward edge of module 

13.  Minor pressure gradients are seen in both the external mean and RMS pressure 

coefficients for leeward modules, but the edge effects are limited to the established edge 

zone.  Mean and RMS pressure coefficients measured in the cavity do indicate an edge 

effect that was not observed with the flat roof model (Figure 6-12).  The effect is limited 

to the windward module and the pressure gradients are smaller than the external 

gradients.  Variation is noted in the data from the H ≈ 0 configuration; however, this 

could be a result of modeling imperfections resulting in an uneven cavity.  The impacts of 

any surface imperfections in the material would be exacerbated for this configuration as 

the modules were in contact, but not sealed with, the roof surface.  An array edge zone of 

≈ 1(H + t) to 2(H + t) was found to be an appropriate boundary for all edge effects noted 

in the mean and RMS pressure coefficients on the external, upper, surface as well as in 

the cavity for both roof slopes and simulated larger modules.  
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Figure 6-11: External mean and RMS pressure coefficients measured along the top 

row of pressure taps on the middle row of modules for the 270° wind direction for 

the G ≈ 0 configurations on the sloped roof 

 

Figure 6-12: Cavity mean and RMS pressure coefficients measured along the top 

row of pressure taps on the middle row of modules for the 270° wind direction for 

the G ≈ 0 configurations on the sloped roof 
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 From the line plots above, the effect of sheltering on interior modules not subject to 

array-generated flow separation is notable with consistently lower magnitude pressures.  

These effects are quantified in the next section, separately considering the area-averaged 

pressures on interior modules not located in the experimentally determined array edge 

zone.  

6.4 Wind loading on the interior array zone 

With the interior modules sheltered from direct flow their loading patterns differ from 

those around the perimeter of the array.  As such, the effects of G and H on interior 

modules need to be addressed separately.  The width of the edge zone was found to be 

approximately ≈ 1(H + t) to 2(H + t), less than 1 module in length (Figure 6-13 left).  

However, since the smallest tributary area relevant for design is a single module the array 

edge zone was set to be a perimeter of one module around the array for the purpose of 

determining the pressures on interior modules.  This resulted in an interior subset of 10 

modules (show in Figure 6-13 right). 

 

Figure 6-13: Array edge zone as approximated by ≈ 1(H + t) to 2(H + t) (left) and as 

used for developing design recommendations (right) 

Pressure coefficients and pressure equalization coefficients from the subset of interior 

modules are plotted in Figure 6-14 and Figure 6-15.  The upper left plots of both figures 

plot the peak external suctions with respect to H and G for the interior subset of single 

module area-averaging case.  There is a marked decrease in the external peak minima 
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pressure coefficients for the interior modules, indicating the sheltering effect of the 

perimeter modules (referencing Figure 3-17a and Figure 3-18a).  Peak external suctions 

on interior modules are fairly consistent across tested H values, in contrast to the 

increasing trend observed when considering the whole array.  This indicates that the 

separation off the array leading edge is sensitive to H as indicated by the trend of larger 

magnitude peak suctions.  However, since the interior modules are not affected by the 

separation, their peak external suctions are largely independent of H.  Figure 6-15a 

indicates that the interior modules follow the same trends as the overall array with respect 

to peak minima plotted against G, yielding a plateau beyond G = 4 cm. 

Considering only the interior modules (Figure 6-14b) does not largely alter the magnitude 

or trend observed for peak cavity suctions of the entire array.  This indicates that there is 

negligible sheltering effect for cavity pressures associated with interior modules.  This 

was seen in the line plots where there was no significant edge effects observed for the 

mean cavity pressures.  This signifies that the cavity pressures are not dictated by the 

boundary flow conditions around the perimeter of the array but reliant on external 

pressure gradients.  Since G plays a role in setting the external pressure gradients, the 

trend of larger magnitude cavity pressures with larger G is also observed when analyzing 

only the interior modules since they too are impacted by the flow through G (Figure 

6-15b). 

Pressure equalization for the interior modules is improved from the values for the whole 

array, as noted by the lower pressure equalization coefficients, Ceq, in Figure 6-14d.  

This confirms that the equalization between the external, upper surface and the cavity is 

more efficient when the modules are sheltered from oncoming flow.  When not subjected 

to localized flow separation and variations around the perimeter of the array the pressures 

better equalize across the modules.  Larger degrees of pressure equalization lead to 

reduced net wind loading.  The beneficial effect of gaps between modules is even more 

significant when analyzing the interior modules of the array (Figure 6-15d), where 

smaller Ceq values at higher G values are evident.  This reinforces the notion that gaps 

between modules are essential for effective pressure equalization across the modules.   
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Figure 6-14: The worst case values of the peak (suction) (a) external, (b) cavity, and 

(c) net pressure coefficients, area-averaged over a single solar module and (d) the 

pressure equalization coefficient (Ceq) with respect to H; considering only the 

interior modules. 
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Figure 6-15: The worst case values of the peak (suction) (a) external, (b) cavity, and 

(c) net pressure coefficients, area-averaged over a single solar module and (d) the 

pressure equalization coefficient (Ceq) with respect to G; considering only the 

interior modules. 

 To quantify difference in the degree of pressure equalization for modules under edge 

effect (perimeter of the array) and those that were sheltered, individual modules were 

classified as either edge or interior and the pressure equalization coefficient, Ceq, was 

evaluated for each zone and configuration.  The peak net and external area-averaged 

pressures measured on any individual panel within both the edge and interior zones, for 

any wind direction were used to evaluate the factors.  The normalization using the 

external area-averaged pressures was done using values measured from the G ≈ 0; H ≈ 0 

configuration for the sloped roof and the G = 12 cm; H ≈ 0 configuration for the flat roof.  

It can be noted that for the single module case there are two distinct Ceq curves when the 

factors are plotted with respect to G/H; one for edge module and one for interior modules 

(Figure 6-16).  The factors for the edge modules are higher than those for the interior 

modules, indicating that the net pressures for edge modules are a higher fraction of the 

external pressures.  This signifies that pressure equalization is more efficient when the 
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modules are sheltered from oncoming flow as the net pressures are further reduced from 

the external pressures.   

 

Figure 6-16: The peak maxima pressure equalization coefficient (Ceq) for the edge 

and interior zones for the single module area (0.73m2) with respect to G/H for the 

sloped and flat roof models 

Design wind loads should be developed to distinguish between modules that are subject 

to array edge effects (around the perimeter of the array) and those that are sheltered.  For 

the current model, array edge zone was quantified from wind directions with reattached 

flow only, approximating a zone width of ≈ 1(H + t) to 2(H + t).  This was simplified to 

be a perimeter of a single module around the array as the smallest tributary area used for 

analysis was a single module.  Large pressure equalization coefficients were evaluated in 

the array edge zone, indicating a lower degree of pressure equalization.  Chapter 7 will 

use the experimentally derived array edge zone dimensions to determine an appropriate 

factor to account for the higher magnitude pressures from the array-generated flow 

separation, consistent with E from SEAOC PV2-2012 (2012).  The zone width was 

assessed from wind directions where the flow had reattached to the roof to ensure that the 

separation effects were not contaminated by the building-generated flow separation.  The 
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effects from the building-generated flow separation, or roof edge effects, as well as 

appropriate dimensions for the roof zones are addressed in the next section.   

6.5 Determination of applicable roof zones 

As previously stated, with the array having been tested in a single location on the roof, it 

is not possible to fully separate the roof zone and array zone effects on wind loads for 

certain modules and wind directions.  For instance modules 1 through 4 on the flat roof 

are adjacent to the long dimension of the model and are considered windward for a 

quartering wind at 45° (see Figure 6-1).  These modules are located in either the corner 

roof zone (#4) or edge zone (#1-3) as defined by ASCE 7-10 (2010) but also in the array 

edge zone as determined in the previous section.  Their peak pressures are influenced by 

both their location on the roof (near the edge) and their position within the array (around 

the perimeter and unsheltered for the given wind direction).  To study the applicability of 

the established bare-roof design zones, the peak net pressure coefficients, CpN, were 

evaluated for each zone. 

Each module is categorized based on its position and associated roof zone.  When a 

module crosses multiple zones, the zone in which the majority of the module rests is used 

for analysis.  The peak net pressure, area-averaged over an individual module, measured 

in each zone as well as the pressure equalization coefficient evaluated for each zone are 

plotted in Figure 6-17.  For small H the largest suction net pressures were measured on 

modules in the corner zone.  The location of the largest suctions moved to the edge zone 

for larger cavity heights (H ≥ 8 cm).  This can be visualized in Figure 6-18 where the 

largest net suction for each module for the G = 12 cm; H = 20 cm configuration is shown 

on the left schematic (a).  Neglecting the H ≈ 0 configuration, which has little 

significance for design as commercial systems require some cavity for cooling the 

modules, the largest value occurred not on the corner (zone) module, but adjacent to it.  

This indicates that the corner zone, as defined for the bare-roof design, is inappropriate 

for solar modules mounted parallel to roof surfaces as the peak net pressures were 

measured outside the zone.  This is consistent with the findings of both Kopp (2013) and 

Banks (2013) who observed that for tilted arrays on flat roofs, the zones established in 
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design standards for bare-roof design are not appropriate – corner zones are not 

necessary, but existing bare-roof edge zones may be too small.  A roof edge zone around 

the perimeter of the roof surface could adequately account for the larger magnitude net 

pressures associated with separated flow.  The next step is to determine the appropriate 

width of the proposed edge zone as peak loads may occur further into the roof than 

accounted for in existing bare-roof standards. 

 

Figure 6-17: Peak net (suction) pressure coefficients with respect to H measured in 

each roof zone on the flat roof model (G = 12 cm) 

The spatial distribution of the peak suctions is important to know when setting the width 

of the roof edge zone.  The zone needs to be of sufficient dimensions to contain all 

modules which are likely to experience larger magnitude loads due to the building 

generated flow field.  The peak net suction on each module, regardless of wind direction 

are plotted for the flat roof G = 12 cm; H = 20 cm G = 12 cm; H ≈ 0 configurations in 

Figure 6-18.  It can be noted that higher magnitude peak net suctions are observed on the 

upper two rows of modules and the right-most column.  These modules would experience 

a flow field that has been disturbed by the separated flow off the building edges.  The 

roof edge zone should be set to account for the increased pressures associated with these 

edge modules. It should be noted that the bottom row of modules (near the field of the 

roof) also experience elevated wind loading but to a lesser degree.  This is because those 
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modules experience array edge effects but not building edge effects.  

 

Figure 6-18: The peak net (suction) coefficient measured on each module for the G = 

12 cm; H = 20 cm (left) and G = 12 cm; H ≈ 0 (right) configurations on the flat roof 

model 

Since the wind loading on roof-mounted solar modules is largely influenced by building 

aerodynamics the archetype and dimensions of the building play a significant role in 

determining the dimensions of the roof zones.   Further, there is significant variation in 

the roof zone dimensions established in design standards and literature. Roof edge zone 

widths were evaluated for the flat roof model dimensions based on the prescribed 

procedures or values in ASCE 7-10 (2010), SEAOC PV2-2012 (2012) and Kopp (2013).  

The width of the zone is in Table 5 and sketched in Figure 6-19. 

Table 5: Roof edge zone widths from design standards and literature for flat roof 

model 

 Roof zone width (full scale metres) 

ASCE 7-10, not less than 0.9 m  0.9 

SEAOC PV2-2012, h 6 

Kopp, 0.6h (lower end of range for 5° tilt) 3 

−2

ĈpN H = 20 cm

−2 −2.4 −2.2

−0.95 −0.89 −0.87 −0.97

−0.96 −0.85 −0.82 −0.85

−0.95 −0.86 −0.74 −0.89

−0.93 −0.8 −0.7 −0.84

−0.82 −0.55 −0.66 −0.94

−1 −1.2 −1.1 −1.2

−1.1

ĈpN H = 0

−1.4 −1.8 −2.7

−0.77 −1 −1.5 −0.82

−0.72 −0.87 −0.57 −0.79

−0.65 −0.71 −0.6 −0.66

−0.47 −0.52 −0.85 −0.69

−0.51 −0.33 −0.65 −0.99

−0.9 −1.3 −1.8 −1.9
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Figure 6-19: Roof edge zones as defined by existing design standards and literature 

While the roof zone width as determined by ASCE 7-10 (2010) is the smallest zone width 

based on existing code and literature, it is shown to best match the observed peak net 

loading patterns.  The larger roof edge zones were developed using data from tilted arrays 

which have a higher profile in the flow field and are typically mounted on buildings with 

significantly larger plan dimensions.  It is likely that edge zone dimensions based on the 

code developed for bare-roofs is most applicable as parallel-mounted modules are more 

similar to a flat roof surface than tilted modules which have a higher profile and further 

disturb the flow field.  This indicates that established cladding and coefficients edge zone 

is sufficient; however, it should be recommended that any modules that cross the 

boundary between edge and interior should be classified as edge.  Since the corner zone 

is not required, the edge zone should extend around the perimeter of the roof and can be 

dimensioned based on the guidelines in ASCE 7-10 (2010).   

6.6 Effects of the shroud 

Ideally wind tunnel tests would have been performed with the array mounted in multiple 

positions on the roof to investigate the array zones at multiple roof locations.  

Unfortunately, this was not feasible due to the large number of configurations that would 

have to be repeated for comparison, considering not only wind tunnel operational time, 

modifications to the model and computational time for the results.  To study the array 

without the influence of boundary conditions directly impacting the cavity, a shroud was 

installed around the array to prevent air from directly entering the cavity.  This 

effectively simulated that all modules within the array were interior modules, located far 

enough into the interior of the array that the flow in the cavity was unaffected by external 
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flow.  The shroud was taped in place and while this did not result in a perfect seal, it was 

adequate to severely limit the flow directly entering the cavity.  Comparisons of the 

pressure equalization coefficient, the mean net suction, mean external suction and mean 

cavity suction for the open and shrouded G = 12; H = 20 cm and G = 12; H = 2 cm 

configurations on the flat roof are plotted below.  Module labels are included to get a 

spatial sense of where the shroud has influenced the results.  The plots are square with the 

open case on the bottom and the shrouded on the left.  The 45° line is plotted for 

reference; if the data follow this line there is no significant impact from the shroud.  

Values to the left of the line indicate that the shrouded value is larger than the open case, 

with the opposite true of points to the right of the line. 

Overall the shroud improves pressure equalization as indicated by lower magnitude Ceq 

values.  When installed with a large cavity the shroud is also noted to increase the mean 

externals and significantly increase the mean cavity pressures (Figure 6-21).  Since the 

cavity pressures were increased more than the externals, the shrouded mean net suctions 

are typically lower in magnitude than those measured on the modules of the open array 

(Figure 6-20 right).  This is especially true for the top row of modules (#1-4) for the large 

cavity.  Recall that for the open array the net pressures for these modules are dominated 

by strong external pressure gradients and positive pressurization of the cavity (seen in the 

contours of Figure 3-24).  The shroud reduced the external pressure gradients and largely 

eliminated the positive pressurization of the cavity which can be seen in a side-by-side 

comparison of the mean externals and mean cavity pressures (over all wind directions) 

for the open (Figure 6-22a and Figure 6-23a) and the shrouded array (Figure 6-22c and 

Figure 6-23c).  This indicates that installing a shroud around the array may be an 

effective way to avoid punitive loading conditions, increase pressure equalization and in 

turn reduce the net wind loading on the array.   

It should be noted that the shroud can also cause unfavourable loading conditions for 

certain modules.  For the large cavity (H = 20 cm) modules along the bottom row of the 

array (#25-28), adjacent to the field of the roof, have larger pressure equalization 

coefficients indicating that the net pressure is a large portion of the external pressure, as 

noted Figure 6-20.  The cause of this is not clear when examining the mean pressures, as 
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it is caused by an increase in the magnitude of the peak pressures which dominate the 

design pressures but do not significantly alter the mean when evaluated over a large time 

series.  The peak suctions are caused by flow separated off the now blunt (and relatively 

tall) edge of the array.  The shroud restricts the flow from going under the module, 

resulting in larger peak uplift on the external, upper, surface. 

 

Figure 6-20: The pressure equalization coefficient (left) and the mean net pressure 

coefficient (right) for open and shrouded array for G = 12; H = 20 cm and G = 12; H 

= 2 cm on the flat roof model 
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The effect of the shroud is less significant for the smaller cavity.  This is indicated by the 

mean external and cavity pressures plotted in red in Figure 6-21 which largely follow the 

45° line.  The minimal effect on cavity pressures is likely due to the fact that the flow 

resistance was already high for the smaller cavity in the open array.  Surrounding the 

array with a shroud when the flow resistance is already high will have a smaller effect 

than if the flow resistance was lower, as in the case of a larger H. 

 

Figure 6-21: The mean external (left) and the mean cavity (right) pressure 

coefficient for open and shrouded array for G = 12; H = 20 cm and G = 12; H = 2 cm 

on the flat roof 
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Figure 6-22: Mean external point pressure contours for the a) G = 12 cm; H = 20 cm 

open array, b) G = 12 cm; H = 2 cm open array, c) G = 12 cm; H = 20 cm shrouded 

array and d) G = 12 cm; H = 2 cm shrouded array on the flat roof model 
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Figure 6-23: Mean cavity point pressure contours for the a) G = 12 cm; H = 20 cm 

open array, b) G = 12 cm; H = 2 cm open array, c) G = 12 cm; H = 20 cm shrouded 

array and d) G = 12 cm; H = 2 cm shrouded array on the flat roof model 

For the current model the shroud was placed around the array to restrict flow into the 

cavity and simulate modules under no array edge effects.  However, the shroud was 

found to alter the external pressure gradients as shown in the figures above.  The 

definition of array edge effects used herein covers the effect of flow separation off the 

leading edge module.  As such, it is possible that the effect could be largely minimized (if 

not eliminated) by designing an aerodynamic shroud such that there is no flow separation 

off the array, sketched in Figure 6-24.  If array edge effects could be minimized and the 

array was placed in the interior of the roof, away from roof edge effects, the peak wind 

loads could be significantly reduced, especially for modules around the perimeter of the 

array.   
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7 Development of design guidelines 

The proposed design recommendations for solar modules mounted parallel to low-rise 

roofs presented herein take advantage of the cladding and components design loads in 

existing design standards such as ASCE 7-10 (2010).  Multiplication factors are 

presented to account for the change in net wind pressures due to pressure equalization, 

roof edge effects and array edge effects.  This approach was taken to utilize the 

established knowledge base regarding bare roof loads which is already captured by 

design standards and to ease the integration into those same standards.  This approach 

was chosen over developing specific standards for each building code, as the proposed 

factors can be applied to any design standard for installations similar to those tested in the 

wind tunnel.  The approach of developing a multiplication factor to apply to the external 

components and cladding design pressures is consistent with the that taken in NEN 7250 

(2013), a design code for roof and wall-mounted solar installations. The suitability of 

presenting design recommendations in this fashion is justified by the results presented in 

chapters 5 and 6. 

The multiplication factor to account for the effects of pressure equalization is based on 

experimental Ceq values.  It is presented as a function of tributary area and represents the 

combined effects of the module’s position on the roof and within the array and has been 

designated γ, where 

 

ߛ ൌ  ா          (12)ߛோߛ

 

where ߛோ is the roof zone factor, and ߛா the array zone factor. The roof zone factor is a 

multiplication factor expressed as a function of tributary area and specific to the (bare) 

roof zones established by ASCE 7-10 (2010).  Their roof zone specifications were noted 

to be sufficient size to capture the roof edge effects in chapter 6 with the omission of 

corner zones.  To maintain consistency with ASCE 7-10, the interior of the roof is 
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designated as roof zone  and the edge zone as roof zone .  The array edge zone was 

determined to be approximately 1(H + t) to 2(H + t), simplified to be a perimeter of 1 

module around the current array.  The array edge factor herein has been presented as a 

straight multiplication factor from a table to be applied to ߛோ or graphed with respect to 

tributary area as composite ߛோߛா multiplication factor (where γ can be read directly off 

the graph).  The array zone effect by definition has a value of ߛா= 1 for modules in the 

interior of the array.  To quantify these factors each module was classified based on its 

roof zone and array zone.  When considering combinations of modules, if a single 

module was in either edge zone the combination was classified as edge.  Since it is not 

possible to explicitly separate the roof and array edge effects, multiple cases were 

considered to try to quantify their impact as accurately as possible.   A summary of the 

considered cases is noted in Table 6.   

Table 6: Analysis cases representing combinations of array and roof zones 

considered for the development of the roof zone factor, γR, and the array zone 

factor, γE 

 Array Zone Roof Zone Factor of interest 

Case 1 Interior Interior γR for roof zone  

Case 2 Interior Edge γR for roof zone  

Case 3 Edge Interior γE for roof zone  

Case 4 Edge Edge γE for roof zone  

Case 1 was used to determine the appropriate multiplication factor for modules in the 

interior of the roof and in the interior of the array.  Case 2 also considers modules in the 

interior of the array, but adds the modules located in roof zone  (still neglecting 

modules around the perimeter of the array).  Establishing separate Ceq vs A curves for 

different roof zones is consistent with the approach taken by SEAOC PV2-2012 (2012) 

and accounts for the roof zone effects on the interior modules of the array.  Case 3 builds 

on case 1 but also encompasses modules around the perimeter (edge zone) of the array 
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(but not in the roof edge zone).  This allows for the determination of changes in Ceq as a 

result of the array edge effects from wind directions associated with reattached flow on 

the roof.  Case 4 considers all modules within the array and thus leads to the 

determination of an appropriate factor based on Ceq for both array and roof edge effects.  

Array interior modules were still considered in Case 3 and 4, even though the factor of 

interest was γE; larger tributary areas were often a combination of array edge and array 

interior modules with the combination classified as array edge if any module within the 

combination was in the array edge zone. A schematic of the modules used in each case is 

shown in Figure 7-1 for the flat roof model and Figure 7-2 for the sloped roof model.  

The applicable modules in the cases differ for the flat and sloped roof models as the roof 

edge zone as defined by ASCE 7-10 (2010) is based on the eave height for the flat roof 

model and the mean roof height for the sloped roof model.  This results in a zone width 

of 0.9 m for the flat roof model, covering two rows along the building edge and 1.23 m 

for the sloped roof model, covering three rows of modules.   
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Figure 7-1: Schematic of modules used to evaluate the pressure equalization 

coefficient for the different array and roof zone cases considered for design for the 

flat roof model 
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Figure 7-2: Schematic of modules used to evaluate the pressure equalization 

coefficient for the different array and roof zone cases considered for design for the 

sloped roof model 

To account for the higher degree of pressure equalization of systems with G/H ≥ 1, those 

configurations were handled separately, yielding a total of four γR vs tributary area 

graphs; for roof zones  and , and for G/H < 1 and G/H ≥ 1.  Individual Ceq values 

were evaluated for each configuration and tributary area and are plotted for case 1 in 

Figure 7-3a for G/H < 1 and Figure 7-3b for G/H ≥ 1.  The Ceq values case 2 are plotted 

in Figure 7-3c and Figure 7-3d.  These values have a significant spread, representing the 

extents of parameters tested.  γR recommendations are plotted as the solid lines in Figure 

7-3 and were determined by enveloping the Ceq values.  Enveloping the worst case value 

for a specific tributary area to develop design recommendations has been used in the past 

(i.e., Stathopoulos et al., 2000) and was in chapter 1.  These lines (and those in 

subsequent figures) were set to encompass the majority of experimental results.  The 

current dataset, while extensive in terms of the number of configurations tested, is still 
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small for the purpose of developing design recommendations.  As such, any 

recommendations should encompass the experimental data to ensure that proposed 

recommendations are conservative in nature.  However, they must also strike a balance 

and not be overly punitive if based only on the highest experimental values.  The shape of 

the curve, linear up to approximately 1 m2, linearly decreasing up to 10 m2 and then 

linear is set to be consistent with those in ASCE 7-10 (2010) (except where noted).  As 

such, when the γR (and γRγE) curves are based solely on the highest experimental values 

they can by overly conservative, notably for larger tributary areas, when restricted to 

have the flat-linear-flat shape.  Thus the proposed design recommendations have been 

established to “best” envelope the majority of the experimental results, which could 

perhaps result in a small number of outliers above the established curve.  This can be 

seen in Figure 7-5 at small tributary areas and also in the work of Stathopoulos et al. 

(2000).   While there can be some discussion regarding further refinement of the 

proposed γR and γRγE values herein, they are presented as recommendations, based on the 

current research, for the purpose of discussion. 
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Figure 7-3: Pressure equalization coefficients with respect to tributary area and 

design factor γR for a); roof zone 1 and G/H < 1, b) roof zone 1 and G/H ≥ 1, c) roof 

zone 2 and G/H < 1, d) roof zone 2 and G/H ≥ 1 

Figure 7-4 has the γR recommendations plotted in grey with Ceq values from cases 3 and 

4.  Since the only difference is the addition of the modules under array edge effects, the 

change in Ceq can be attributed to the effects of the array-generated flow separation.  The 

increase in Ceq values is used to determine an appropriate multiplication factor to 

account for array edge effects, γE.    The Ceq from modules in both the array edge zone 

and roof zone  (interior) are plotted in Figure 7-4a and Figure 7-7b for G/H < 1 and 

G/H ≥ 1 respectively.  Values from the entire array (including array and roof edge zones) 

are plotted in Figure 7-4c for G/H < 1 and Figure 7-7d for G/H ≥ 1.  It should be noted 

that the combined array and roof edge zone effects can result in pressure equalization 

coefficients that are greater than 1, signifying that the net pressures were larger in 

magnitude than the externals.  This loading condition was previously discussed and is 

only seen in small tributary areas and can be avoided if the modules are set back from the 

roof perimeter, out of the edge zone.  To account for the array edge effects a single 
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multiplier, γE = 1.7, was applied to the γR recommendations (in grey), yielding the solid 

black line for the combined effects of γR·γE.  This is the simplest approach, as a single 

value is given as γE; however, it can be observed that this results in overly conservative 

design values for modules in the array edge zone and roof zone  with G/H (Figure 7-4a) 

and potentially underestimate values for the same array edge zone and roof zone  with 

high G/H (Figure 7-4b).  While a single γE value may be the simplest approach, it may 

not be the most appropriate.  A potential source of refinement is to employ a separate γE 

for each case (or subplot) in Figure 7-4. 

 

Figure 7-4: Pressure equalization coefficients with respect to tributary area and 

design factors γR and γR·γE where γE is a single value for a) roof zone 1 and G/H < 1, 

b) roof zone 1 and G/H ≥ 1, c) roof zone 2 and G/H < 1, d) roof zone 2 and G/H ≥ 1 

Figure 7-5  contains the same Ceq values from Figure 7-4, however, the γE has been 

refined to be specific to the case (subplot) with the values shown in the upper right of 

each plot.  When refined in this situation γE ranges in value from 1.2 to 1.8 and better 

envelope the experimental data.  These design recommendations could be presented in a 

design standard with a γR vs A plot and a table for γE, as shown in Figure 7-6.  While this 
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approach better envelopes the experimental data, there are still possible areas for further 

refinement, especially for large tributary areas as seen in Figure 7-5a and Figure 7-5c.  

This is because the array edge effect is not linear with tributary area, with the effect being 

largely reduced for large areas.  To account for this, specific γR·γE design lines are plotted 

as dashed lines in Figure 7-7.   

 

Figure 7-5: Pressure equalization coefficients with respect to tributary area and 

design factors γR and γR·γE where γE is a separate value for a) roof zone 1 and G/H < 

1, b) roof zone 1 and G/H ≥ 1, c) roof zone 2 and G/H < 1, d) roof zone 2 and G/H ≥ 1 
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ߛ ൌ  ாߛோߛ
where ߛோ is the roof zone 
factor from figure (left) 
and ߛா is the array zone 
factor from table below, 
applied to modules in the 

edge zone around the array 
(ா = 1 for interior modulesߛ)

γE 
G/H < 

1 
G/H ≥ 

1 
Roof 

Zone  1.2 1.8 

Roof 
Zone  1.6 1.6 

Figure 7-6: Possible design figure to evaluate γR and table to determine γE 

The same experimental Ceq values from Figure 7-4 and Figure 7-5 are plotted in Figure 

7-7.  The roof zone factor, γR, is plotted in grey for reference.  Instead of using a 

multiplication factor to account for the array edge effects which is applied to γR as 

applicable to yield a γR·γE curve, the experimental data is enveloped directly, regardless of 

the shape of the γR curve.  This takes advantage of the lower Ceq values at large A, 

regardless of array zone.  Both the γR and γR·γE curves would have to be plotted for design 

standards as γE is no longer expressed as a straight multiplication factor.  A potential 

figure for inclusion in a design standard is Figure 7-8. 
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Figure 7-7: Pressure equalization coefficients with respect to tributary area and 

design factors γR and γR·γE for a) roof zone 1 and G/H < 1, b) roof zone 1 and G/H ≥ 

1, c) roof zone 2 and G/H < 1, d) roof zone 2 and G/H ≥ 1 
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Figure 7-8: Design factor, γ, for solar installations mounted parallel to roof surfaces 

of low-rise buildings to be applied to the external pressure coefficient from the 

components and cladding procedure in existing design standards  

For the current dataset Figure 7-8 represents the most refined design recommendations 

possible.  Future studies are recommended to better separate the roof and array edge 

effects by testing the module in multiple locations (various setbacks from the roof edge).  

SEAOC PV2-2012 (2012) notes that there is a range of setback for which there is only 

roof edge effects acting on the perimeter of the array. This is due to a situation where the 

building-generated flow separation is impacting the array, but the flow has not 

reorganized sufficiently to produce significant loading along the perimeter (leading edge) 

of the array from array-induced separation.  Developing an array edge factor similar to 

their E, which is dependent on the setback from the building edge, is likely a more 

effective and appropriate approach, however, it is beyond the scope of the current 

investigation.  Additional studies are recommended to further separate the roof edge 

effects from the array edge effects.  In the meantime, the design factor, γ, presented in 
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Figure 7-8 could be considered for inclusion in future design codes to be applied to their 

external pressure coefficient from the Components and Cladding procedure.  The 

modified external pressure coefficient can then be multiplied by the velocity pressure, qz, 

to determine the design wind pressure, p, as indicated in Equation 7.  The design factor, γ, 

will typically reduce the external pressures from the design standard to better reflect the 

actual loading on the solar modules which are exposed to flow on both the external 

(upper) surface and within the cavity and therefore affected by pressure equalization.  

The design factor is a combination of the roof zone factor, γR, and the array zone factor, 

γE where γE  = 1 for modules in the interior array zone.  Separate design recommendations 

are presented in Figure 7-8 with respect to tributary array for different roof zones (zone 

 interior and zone  edge) and different levels of system relative permeability (G/H < 

1 and G/H ≥ 1).  The solid line is to be used for modules in the interior array zones where 

γE  = 1.  The dashed line is a composite γR·γE factor to be used for modules in the edge 

zone of the array.  For modules in the interior of the array and in roof zone , γ can be as 

low as 0.2 for systems with G/H ≥ 1 and a large tributary area (> 10 m2).  This represents 

an 80% reduction in the external roof loads. The design factor, γ, can be directly applied 

to the external pressure coefficient derived from the applicable code standard for 

installations mounted parallel to the roof surface with G of 12 cm or less and H up to 20 

cm.  
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8 Conclusions  

The flow field in which the solar modules are embedded is complex and largely 

dominated by the building-induced separation.  A series of wind tunnel tests were 

undertaken to quantify the wind pressures acting on an array of 28 modules.  The array 

was mounted parallel to the roof surface of two building models, one with a 30° roof 

slope and the other with a flat roof.  The lateral spacing between array modules, G, and 

the cavity depth, H, were control variables and were found to be significant parameters 

when considering wind pressures on the array which affect the external, and cavity 

pressures as well as the net panel loads.  The external mean pressure distributions are 

largely similar to what would be expected for a bare roof and the net pressure 

distributions tended to follow the external pressure distributions with reduced 

magnitudes.  Cavity pressure distributions were found to be sensitive to cavity depth with 

larger H resulting in more uniform mean pressure distributions.  Point measurements 

were area-averaged over individual models to determine the effect of G and H on 

statistical (Lieblein, 1974) peak, area-averaged pressures.  A small, non-zero, H reduced 

the peak cavity suction.  Further increasing H had little effect on the magnitude of the 

peak cavity suction but increased the peak external suction, and thus increased the peak 

net suction. Large G reduced the magnitude of the peak external suction and increased 

the magnitude of the peak cavity suction; lowering the peak net pressures and improving 

(i.e., increasing) pressure equalization.  This was due to increased flow in and out of the 

cavity through the openings (G) around the modules which introduced local pressure 

gradients at interfaces between adjacent modules.  The external pressure gradients, which 

can be influenced by flow entering or exiting the cavity through G, played a role in 

setting the cavity pressures and thus the degree of pressure equalization.    

Pressure equalization (typically) reduces the net load from that on the external surface.  

With the external pressures primarily dictated by the building-generated flow field and 

local separation off the array, the transmitted cavity pressure distribution was crucial to 

pressure equalization.  The geometric array parameter, G/H, was found to be effective at 

describing the combined effect of G and H with higher ratios associated with increased 

pressure equalization.  Oh and Kopp (2015) derived φ to describe cavity behaviour for a 
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single cavity.  They specifically studied the mechanisms responsible for setting the cavity 

pressure distributions.  Parameter values less than order (1), common with small G/H 

ratios, indicate uniform cavity pressures driven by the pressure drop through G and low 

flow resistance in the cavity.  This led to lower degrees of pressure equalization.  φ values 

greater than 1 indicated linearly varying cavity pressures, dominated by the pressure drop 

along the length of the cavity and higher flow resistance in the cavity.  This was typically 

associated with larger G/H ratios and higher degrees of pressure equalization due to the 

fact that the cavity pressure distribution more closely mirrored the external pressure 

distribution.  In this study, the parameter use was expanded to the multiple cavity 

configurations from Oh and Kopp as well as the current model.  However, the parameter 

definition was used instead of the equation, which was developed for a single cavity only.  

It was found that the boundary of order (1) holds for arrays with multiple modules, 

indicating that it is likely a robust indicator of cavity pressure behaviour.  The φ equation 

is dependent on the effective cavity length, which is noted to be an important parameter 

and not as clearly defined in the data as expected.  Results from both the current study 

and Oh and Kopp indicate that cavities beneath multiple modules may act together as one 

continuous cavity, with the effective cavity length thought to be some function of the 

neutral pressure line (where the external and cavity pressures are equal, resulting in a net 

pressure of zero acting on the module). Additional experiments are recommended to 

explicitly study the effective cavity length and its impact on pressure equalization. 

The pressure equalization coefficient, Ceq, first used by Geurts (2000), describes the 

change in (peak) net pressure normalized by the (peak) external pressure.  Smaller Ceq 

values are desirable for design as it means that the cavity pressure is largely similar to the 

external pressure, yielding a low net pressure and high degree of pressure equalization. It 

should be noted that Ceq can exceed 1 for certain conditions, indicating that the net 

pressure is larger in magnitude that the external pressure on the upper surface.  This is 

associated with cases where the module is directly adjacent to the building edge and the 

cavity is subject to positive pressures, with large suctions on the external surface.  This 

punitive loading condition can be avoided if the modules are set back from the roof edge.  

The pressure equalization factor can be used to quantify the degree of pressure 
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equalization and serve as the basis for developing design recommendations.  Ceq is 

thought to be an effective parameter for design recommendations as it is robust and 

accounts for numerous variations, as indicated by the reduced scatter of the data when it 

collapsed to a single curve when plotted with respect to G/H for a given tributary area.  

Roof slope was not observed to significantly alter the values, indicating that the factor 

captures the changes in the net loading due to pressure equalization regardless of loading 

patterns, which were noted to vary between roof models and wind directions, further 

justifying its use as the basis for developing design standards.  Ceq was found to be lower 

larger tributary areas and for near square aspect ratios (for a fixed tributary area), 

although the effect was most significant for small areas.  It approached a lower asymptote 

for values of G/H ≥ 1, indicating that the increased effectiveness of pressure equalization 

had been reached.  As such, systems with G/H < 1 and G/H ≥ 1 are treated separately for 

design recommendations. 

Having established Ceq as an effective basis for design recommendations, the focus 

turned to assessing the array and roof edge effects.  The array edge zone was assessed to 

be approximately ≈ 1(H + t) to 2(H + t) wide around the perimeter of the array by 

examining the mean and RMS pressure coefficients along lines of taps from wind 

directions with flow reattached to the roof surface.  A shroud around array designed to 

restrict flow from entering the cavity around the perimeter of the array was found to 

reduce the magnitude of the cavity pressures, but also influence the external pressures.  It 

is postulated that an aerodynamic shroud designed to prevent flow separation off the 

leading edge of the array could minimize, or eliminate, array edge effects.  The (bare) 

roof zones dimensions established by ASCE 7-10 (2010) were found to be sufficient in 

size to capture the taps with higher magnitude pressures as a result of building-generated 

flow separation.  Only edge and interior roof zones were used for design 

recommendations as the largest magnitude net pressures were found to occur in the edge 

zone, rendering the corner zones unnecessary.   

Design wind loads are presented as a multiplication factor, γ, to be applied to the external 

pressure coefficient from the Components and Cladding (C&C) provision of current 

design standards.  This methodology is more versatile; having not been developed for a 
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specific code, it can be applied to any bare roof design load.  The factor is designed to 

account for the changes in the net wind loads acting on the array due to pressure 

equalization.  Since it is based on Ceq, which is a measure of how much the net pressure 

is changed from the external pressure, when it is applied to the code specified external 

pressure it takes advantage of the extensive knowledge base of low-rise wind loads. The 

justification behind this approach is the versatility Ceq and the observation that the 

external (upper) surface pressures were noted to be largely unchanged from those 

expected for a bare roof. The design factor, γ, was developed by enveloping the 

experimental Ceq values and is a combination of the roof zone factor, γR , and the array 

zone factor, γE.    To determine appropriate values of the factors, modules (and 

combinations of modules) were classified based on their roof and array zone.  The roof 

zone factor is presented as a function of roof zone (interior or edge) and tributary area 

and was developed by enveloping Ceq values from the interior of the array in either the 

interior and edge roof zones.  The array zone factor was first presented as a single value 

of 1.7 to be applied to the roof zone factor, accounting for the higher Ceq from modules 

in the edge array zone.  This was found to be ineffective as it was overly conservative for 

interior array modules in the interior of the roof for small G/H but resulted in values that 

were not conservative for large G/H.  The array edge factor was refined to be a separate 

value for each γR curve, which provided a better fit for the data but failed to account for 

the reduced array edge effects for large tributary areas where the Ceq values in the array 

edge zone approached those in the interior array zone.  The final design recommendations 

provided two γ vs. tributary area curves for each roof zone and range of G/H; one for use 

on modules within the interior of the array where γE = 1 (the solid line in Figure 7-8) and 

another for when modules are located in the array edge zone (dashed line).  It is 

recommended that these design recommendations be considered for inclusion in future 

design standards to fill a current void, providing design wind loads for air-permeable, 

double-layer roofing systems such as parallel mounted solar arrays.  The design factor 

accounts for the effects of pressure equalization, the position of the module on the roof 

and within the array.  It is designed to be used in conjunction with the C&C provisions; 

applied to the external pressure coefficient, which would then be multiplied by the 

velocity pressure to obtain the design wind pressure for the module.  Future wind tunnel 
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testing is recommended to better separate the roof and edge effects, something not 

possible for the current model as the array was only placed in the one (edge) position on 

the roof surface.  While this results in conservative values, refinement is possible with 

additional testing.    
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Table A1: Sloped-roof configurations (base configurations, original 42) 

Configuration label Gap, G, (cm) Height, H, (cm) G/H if applicable
11 0 20 ‐ 
12 0 14 ‐ 
13 0 8 ‐ 
14 0 5 ‐ 
15 0 2 ‐ 
16 0 0 ‐ 
21 1 20 0.05 
22 1 14 0.07 
23 1 8 0.13 
24 1 5 0.20 
25 1 2 0.50 
26 1 0 ‐ 
31 2 20 0.10 
32 2 14 0.14 
33 2 8 0.25 
34 2 5 0.40 
35 2 2 1.00 
36 2 0 ‐ 
41 3 20 0.15 
42 3 14 0.21 
43 3 8 0.38 
44 3 5 0.60 
45 3 2 1.50 
46 3 0 ‐ 
51 4 20 0.20 
52 4 14 0.29 
53 4 8 0.50 
54 4 5 0.80 
55 4 2 2.00 
56 4 0 ‐ 
61 8 20 0.40 
62 8 14 0.57 
63 8 8 1.00 
64 8 5 1.60 
65 8 2 4.00 
66 8 0 ‐ 
71 12 20 0.60 
72 12 14 0.86 
73 12 8 1.50 
74 12 5 2.40 
75 12 2 6.00 
76 12 0 ‐ 
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Table A2 : Flat-roof configurations  

Configuration label  Gap, G, (cm)  Height, H, (cm)  G/H if applicable 
91 12 20 0.60 
92 12 14 0.86 
93 12 8 1.50 
94 12 5 2.40 
95 12 2 6.00 
96 12 0 ‐ 

 

Table A3 : Shroud sloped-roof configurations 

Configuration 
label 

Gap, G, (cm) Height, H, 
(cm) 

G/H if 
applicable 

Simulated 
panel size 
(modules)

11A 0 20 0.60 1x1
12A 0 14 0.86 1x1
13A 0 8 1.50 1x1
14A 0 5 2.40 1x1
15A 0 2 6.00 1x1
16A 0 0 ‐ 1x1
11B 0 20 0.60 2x2
13B 0 8 1.50 2x2
15B 0 2 6.00 2x2
16B 0 0 ‐ 2x2
11C 0 20 0.60 4x4 / 3x4
13C 0 8 1.50 4x4 / 3x4
15C 0 2 6.00 4x4 / 3x4
16C 0 0 ‐ 4x4 / 3x4
71A 12 20 0.60 1x1
72A 12 14 0.86 1x1
73A 12 8 1.50 1x1
74A 12 5 2.40 1x1
75A 12 2 6.00 1x1
76A 12 0 ‐ 1x1
71B 12 20 0.60 2x2
72B 12 14 0.86 2x2
73B 12 8 1.50 2x2
74B 12 5 2.40 2x2
75B 12 2 6.00 2x2
76B 12 0 ‐ 2x2
71C 12 20 0.60 4x4 / 3x4
72C 12 14 0.86 4x4 / 3x4
73C 12 8 1.50 4x4 / 3x4
74C 12 5 2.40 4x4 / 3x4
75C 12 2 6.00 4x4 / 3x4
76C 12 0 ‐ 4x4 / 3x4
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Table A4: Shroud flat-roof configurations 

Configuration 
label 

Gap, G, (cm) Height, H, 
(cm) 

G/H if 
applicable 

Simulated 
panel size 
(modules)

91A 12 20 0.60 1x1
92A 12 14 0.86 1x1
93A 12 8 1.50 1x1
94A 12 5 2.40 1x1
95A 12 2 6.00 1x1
96A 12 0 ‐ 1x1
91B 12 20 0.60 2x2
92B 12 14 0.86 2x2
93B 12 8 1.50 2x2
94B 12 5 2.40 2x2
95B 12 2 6.00 2x2
96B 12 0 ‐ 2x2
91C 12 20 0.60 4x4 / 3x4
92C 12 14 0.86 4x4 / 3x4
93C 12 8 1.50 4x4 / 3x4
94C 12 5 2.40 4x4 / 3x4
95C 12 2 6.00 4x4 / 3x4
96C 12 0 ‐ 4x4 / 3x4
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Figure A3 : Tap labels for pressure taps on the upper surface of the array 

 

Figure A4 : Tap labels for pressure taps on the lower surface of the array 
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Table A5 : Tributary area combinations 

Area 
Case 

Number of 
Panels included 

in average 

Number of  
Positions, c 

Tributary Area, A 
(m2) 

1x1 1 28 0.73
1x2 2 21 1.46
1x3 3 14 2.18
1x4 4 7 2.91
2x1 2 24 1.46
2x2 4 18 2.91
2x3 6 12 4.37
2x4 8 6 5.82
3x1 3 20 2.18
3x2 6 15 4.37
3x3 9 10 6.55
3x4 12 5 8.73
4x1 4 16 2.91
4x2 8 12 5.82
4x3 12 8 8.73
4x4 16 4 11.64
5x1 5 12 3.64
5x2 10 9 7.28
5x3 15 6 10.91
5x4 20 3 14.55
6x1 6 8 4.37
6x2 12 6 8.73
6x3 18 4 13.10
6x4 24 2 17.46
7x1 7 4 5.09
7x2 14 3 10.19
7x3 21 2 15.28
7x4 28 1 20.37
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Appendix B: Different contouring approaches for peak 
pressure coefficient distributions 

 

Figure B1: Instantaneous external pressure coefficients resulting in the peak 

external suction, area-averaged over a single module for the G ≈ 0; H ≈ 0 

configuration on the sloped roof model 
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Figure B2: Instantaneous external pressure distribution, evaluated for the entire 

array, which results in the peak external suction, area-averaged over a single 

module for the G ≈ 0; H ≈ 0 configuration on the sloped roof model 
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Figure B3: Instantaneous external pressure distribution, evaluated for the 

individual modules, which results in the peak external suction, area-averaged over a 

single module for the G ≈ 0; H ≈ 0 configuration on the sloped roof model 

 

Figure B4: Instantaneous external pressure coefficients resulting in the peak 

external suction, area-averaged over a single module for the G ≈ 0; H = 20 cm 

configuration on the sloped roof model 
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Figure B5: Instantaneous external pressure distribution, evaluated for the entire 

array, which results in the peak external suction, area-averaged over a single 

module for the G ≈ 0; H = 20 cm configuration on the sloped roof model 
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Figure B6: Instantaneous external pressure distribution, evaluated for the 

individual modules, which results in the peak external suction, area-averaged over a 

single module for the G ≈ 0; H = 20 cm configuration on the sloped roof model 

 

 

Figure B7: Instantaneous cavity pressure coefficients resulting in the peak cavity 

suction, area-averaged over a single module for the G ≈ 0; H = 20 cm configuration 

on the sloped roof model 

Cp(t) ↓
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Figure B8: Instantaneous cavity pressure distribution, evaluated for the entire 

array, which results in the peak cavity suction, area-averaged over a single module 

for the G ≈ 0; H = 20 cm configuration on the sloped roof model 
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Figure B9: Instantaneous cavity pressure distribution, evaluated for the individual 

modules, which results in the peak cavity suction, area-averaged over a single 

module for the G ≈ 0; H = 20 cm configuration on the sloped roof model 

 

 

Figure B10: Instantaneous external pressure coefficients resulting in the peak 

external suction, area-averaged over a single module for the G = 12 cm; H ≈ 0 

configuration on the sloped roof model 
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Figure B11: Instantaneous external pressure distribution, evaluated for the entire 

array, which results in the peak external suction, area-averaged over a single 

module for the G = 12 cm; H ≈ 0 configuration on the sloped roof model 
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Figure B12: Instantaneous external pressure distribution, evaluated for the 

individual modules, which results in the peak external suction, area-averaged over a 

single module for the G = 12 cm; H ≈ 0 configuration on the sloped roof model 
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