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Sreevedi (2017) took the concept of a neutral pressure line and combined it with Oh & 

Kopp (2014) to introduce the idea of a lumped leakage approach. In this model, the losses 

due to flow through the openings are lumped across areas defined by the neutral pressure 

line, by using Bernoulli’s obstruction theory to create an effective loss coefficient: 

𝐾𝐿 =
1 − (

𝐴0

𝐴 )
2

𝐶𝑑
2  

[1.19] 

where 𝐴0/𝐴 refers to the ratio of the area of openings to the area of the region, and 𝐶𝑑 is 

the discharge coefficient through the lumped openings. This can be applied to the Oh & 

Kopp (2014) model for a lumped leakage approach to pressure equalization. 

𝜌𝑙𝑒1�̇�𝑔1(𝑡) + 𝐾𝐿1

𝜌

2
𝑈𝑔1(𝑡)|𝑈𝑔1(𝑡)| +

12𝜇𝑙01

𝐺1
2 𝑈𝑔1(𝑡) = 𝑝𝐴𝐸1(𝑡) − 𝑝𝑐(𝑡)  [1.20] 

where 𝑝𝐴𝐸1 is the area-averaged external pressure for that region. This model assumes that 

the cavity pressure is uniform, which holds for small G/H ratios, typical for air-permeable 

multilayer systems. 

 

1.6 Objectives 

In summary, although the concept of pressure equalization has been well documented in 

air-permeable multilayer cladding systems, there has been no attempt to unify the many 

different studies on different systems, or to determine which factors govern the cavity 

pressure (and consequently, the PEF) of the system. This has led to an inadequacy in design 

standards for these systems. Therefore, the overall objective of this thesis is to provide 
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design recommendations for a unified approach to the pressure equalization factor for use 

in design standards such as ASCE 7. Since it has been shown that model-scale experiments 

are not appropriate for this material type, full-scale experiments will be required. The first 

step is to confirm that current airbox testing is inadequate by using the Pressure Loading 

Actuators (PLAs) at the Insurance Research Lab for Better Homes (IRLBH) to create 

spatially varying loads using a multichambered airbox system and comparing it to a single 

chamber airbox system. Next, the main aerodynamics of cavity flow and how that affects 

cavity pressure in a realistic air-permeable multilayer system should be examined to 

determine the factors that govern PEF. To do this, the full-scale wind tunnel at the 

Insurance Institute for Business & Home Safety (IBHS) will be used. Finally, comparing 

these results to other studies done on other air-permeable multilayer cladding, along with 

the knowledge obtained of what factors govern PEF will be used to create a unified 

approach to the pressure equalization factor for all systems. 

 

1.7 Layout of Thesis 

Chapter 2 examines the current standard airbox test for vinyl siding and replicates the IBHS 

study on the same study to show the importance of spatial variations in standardized testing.  

Chapter 3 discusses the aerodynamics of the cavity flow of air-permeable multilayer 

cladding, and how that affects pressure equalization. Finally, Chapter 4 synthesizes the 

data from multiple studies on air-permeable multilayer cladding to create a unified 

approach to the pressure equalization factor for all of these systems. 
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2 A Multichambered, Pressure-Based Test Method to 
Determine Wind Loads on Air-Permeable Multilayer 
Cladding Systems 

2.1 Objectives 

As shown in Chapter 1, current airbox testing for the standardized testing of wind load 

resistance relies on uniform applied pressures from a single chamber airbox system to apply 

loads on the cladding. However, since the cavity pressures should perfectly equalize across 

a system with uniform pressure, this method may be leading to inaccuracies in design 

methods of air-permeable multilayer products. The objective of this study is to apply 

spatially varying loads using a multichambered airbox system to demonstrate the 

inaccuracies of the current testing methods, as well as the need for updated pressure 

equalization factors, since many pressure equalization factors in manufacturing standards 

were created using this method. 

 

2.2 The Multichambered, Pressure Loading Actuator Method 

2.2.1 Background 

One of the first systems to replicate realistic fluctuating pressures on a scale suitable for 

representative sections of the building envelope is the Building Research Establishment’s 

real time wind uniform load follower (BRERWULF; Cook et al. 1988). While this test 

method was a significant advance, the main disadvantage of the BRERWULF system is 

that it could not accommodate air flow through the specimen, which is common in many 

standard building materials. As such, a multi-chamber BRERWULF system for testing air-
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permeable cladding would not function well because of the necessity to allow airflow 

between chambers. 

A loading system capable of applying spatially and temporally varying loads on standing 

seam metal roof cladding was developed at Mississippi State University (Sinno et al. 2003; 

Surry et al. 2007). The test rig used large capacity electromagnets to apply an array of 

quickly varying uplift loads on top of a uniform positive pressure applied from an air-box 

underneath the cladding. Importantly, the MSU system brings the application of realistic 

(temporally and spatially varying) wind pressures to the test specimen. The disadvantages 

of this technique are that it only works with metal cladding elements and there is a 

significant amount of tuning to the system required before a specific loading trace could 

be applied to a specimen. 

Kopp et al. (2010, 2012) presented a loading system based on “pressure loading actuators” 

(PLAs), which overcame the limitations of the BRERWULF and MSU loading systems. 

The PLA system uses multiple pressure chambers to capture the spatial variations of the 

wind loads while each individual PLA is able to capture pressure fluctuations up to about 

10 Hz with peak pressures of up to about 23 kPa in pressure and -20 kPa in suction (Kopp 

et al. 2010). Thus, very large loads, at the limit states of wood-frame houses, could be 

applied (Morrison et al., 2012; Henderson et al. 2013) to buildings with significant leakage 

through the building envelope via a system of flexible, independent airboxes. 
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2.2.2 Pressure Chambers 

All pressure-based loading systems require a chamber in which to apply the pressures. 

Usually these are nominally airtight and of fixed volume, i.e., they have solid side walls. 

Thus, the PLAs also require pressure chambers in order to apply the load to a building 

surface. However, for applying loads to the surface of a house, Morrison et al. (2012) 

developed a system of multiple, independent, flexible airbags with rigid supporting frames. 

These pressure chambers consisted of a rigid modular lid, which incorporated a molded 

inlet duct with air-filter, the surface of the building (test specimen), which forms one 

surface of the chamber, and a flexible vinyl skirt that encloses the space between the lid 

and building surface, which forms the walls of the chamber. This system was required to 

be at least nominally airtight so that the pressure traces could be controlled reliably with 

leakage coming only through the building surface (such as, e.g., bricks or cracks). The lids 

of the pressure chambers were connected to a rigid reaction frame. The skirt or membrane 

was required to be flexible since the building or component could deflect (on the order of 

15 cm or more). Each pressure chamber was independent of the others because they were 

separated by approximately 2 inches (5 cm) with no physical communication between 

them. 

This pressure-chamber system was adequate for testing the structural response of buildings, 

but there is a significant issue that needs to be addressed for cladding tests. The surface 

areas outside of the chambers, but part of the test sample, are problematic for multi-layer 

cladding tests where the intent is to determine the net pressures across layers of the 

cladding. The reason for this issue is that the cavity pressures depend significantly on the 
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external pressure gradients, as discussed above. Thus, these non-pressurized areas need to 

be eliminated (or only located at non-porous areas of the cladding surface) because they 

artificially alter the pressure gradients. For vinyl siding, where there may be continuous 

leakage, the only solution is to eliminate the unloaded areas on the external surface of the 

cladding by having common “skirts” for adjacent pressure chambers. This poses a 

challenge for the PLA control system because there are two forms of communication 

between adjacent chambers: (i) net flows through the interior volume of the cavity between 

layers from one chamber to another, and (ii) the changes in chamber volume due to the 

movement of the skirt because of the time-varying differences in pressure between adjacent 

chambers. Details of the implemented pressure chamber solution for testing vinyl siding 

are provided in Section 2.4. To understand the control solution, the operation of the PLAs 

is described next. 

 

2.2.3 Flow-Reversing Valves 

Conceptually, the control of the pressure in an airbox can be done in two different ways. 

One can vary the supply pressure into the airbox by varying the fan speed and direction 

using a variable speed drive (VSD). Alternatively, one can use a flow-reversing valve to 

control the pressure inside a pressure chamber. The first option provides the simplest and 

cheapest solution; however, it is not technically feasible to change the fan speed fast 

enough to be able to meet both the pressure magnitudes and frequencies required to 

simulate realistic wind loads on cladding elements. As such, the conceptual design consists 

of a fan or blower to produce the pressures, a valve system to regulate the applied pressures 
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and a feedback control system in order to monitor the applied pressure and adjust the valve 

system accordingly.  

Different valve configurations could be employed to quickly reverse airflow to and from a 

fan operating at constant speed.  The minimum number of ports required would be four, 

with one into the low pressure side of the fan, one out of the high pressure side of the fan, 

one connected to atmosphere, and one to the airbox. However, for the current, as well as 

for the previous BRERWULF design, a 5-port design was employed, with the additional 

port also connected to atmosphere. The advantage of a 5-port design is that it avoids a 

closed loop between the fan inlet and outlet which would result in heat building up in the 

system. It should be noted that individual valves could be used on the different ports to 

change the flow direction, but to minimize the number of components, moving parts, and 

control complexity, a rotating disc within the valve was chosen. This has the advantage of 

one moving part, which is on the axis of rotation of a servomotor. 

Figure 2.1 shows a schematic of a 5-port valve and rotating disk concept along with Figure 

2.2 which shows a flow schematic demonstrating operation. The valve is made in two 

halves (i.e., two castings), one with two ports and the other with three, with a slotted disk 

between them. Figure 2.3 depicts an assembly drawing of all the parts making up the valve. 

The two ports in the two-port half of the valve are connected to the fan with “i” (in Figure 

2.1) representing the connection to the inlet (low-pressure side) of the fan and “o” 

representing the connection to the outlet (high-pressure side) of the fan. The direction of 

flow through these ports is also shown in Figure 2.1. For the three-port half of the valve, 

there is inflow from the atmosphere into port “a” and outflow to the atmosphere from port 

“c”. Port “b” is connected to the pressure chamber and flow can be either into or out of this 
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chamber, depending on the position of the slotted disk. It is for this reason that this device 

is called a flow-reversing valve. 

Figure 2.2 shows the three limiting states of the valve: (i) neutral, with no flow into or out 

of the pressure chamber, (i) full flow out of the pressure chamber, and (iii) full flow into 

the pressure chamber. The position of the slotted disk, which is controlled by a servomotor, 

determines which state occurs. For example, when the disk is in the position such that port 

“a” is entirely blocked, there is no inflow from the atmosphere and the flow is from the 

pressure chamber through port “b” into the fan inlet, through the fan, and out to atmosphere. 

This state leads to lower than atmospheric pressure (i.e., suction) in the pressure chamber. 

This is depicted in the middle schematic of Figure 2.2 while the other two schematics in 

Figure 2.2 depict the other two limit states discussed above. 

As noted above, the slotted disk is positioned by a servomotor, which can move the slotted 

disk to any angle. Depending on the disk angle, a range of positive and negative pressures 

can be achieved, which is determined by the fan characteristics, flow losses (i.e., pressure 

drops) in the ducts, valve and other flow elements, and leakage into (or out of) the pressure 

chamber. Figure 2.3 presents the final assembly of the different valve components, along 

with the symmetric slotted disk design. The final shape of the valve was determined by 

using computational fluid dynamics to minimize the losses, improving the overall 

performance of the system (i.e., reducing power requirements to achieve particular 

pressures at particular leakage flow rates). The next section discusses the development of 

the valve in detail, and how it controls the pressure under different leakage conditions. 
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Figure 2.1: A schematic drawing of the five-port valve concept. 

 

 

Figure 2.2: An operational flow diagram showing the three limiting states of the 

valve. 
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Figure 2.3: An assembly drawing showing an exploded view of the final valve design 

and symmetric disk. 

 

2.2.4 Performance & Control Under Variable Leakage Flows 

One of the critical aspects of simplifying the computer control system was the linearization 

of the valve, i.e., ensuring a nearly linear relationship between airbox pressure and valve 

position. Figure 2.4 depicts the “valve map” (the static-flow relationship between pressure 

and velocity) for the perfectly symmetric valve/disk arrangement (which is shown 

schematically in Figure 2.2) in a pressure chamber with fixed volume and very small 

leakage. The gradient of pressure with respect to valve position at high magnitudes of 

suctions and pressures is roughly 30 times the gradient in regions closer to 0 pressure 

(neutral position).  This non-linearity would result in increased complexity of an already 

complex control system, significantly increasing the time critical computing resources 

required, particularly when operating multiple PLAs. In order to improve the linearity of 

the valve map with the symmetric disk, stationary tabs with a suitable profile were 
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introduced to the valve housing. The improved linearity of the modified system can be seen 

in Figure 2.4. Overall performance of the PLA in fixed volumes and high peak pressures 

is discussed in Kopp et al. (2010). At much lower pressures, with interconnected pressure 

chambers, the PLAs still function with high accuracy, as discussed below. Figure 2.5 shows 

the pressure versus valve position of the symmetric disk under different leakage conditions 

as indicated. While the pressures at a given valve position reduce with increasing leakage 

in the airbox, it decreases linearly with increasing leakage.  The linearity of pressure versus 

leakage flow at each valve position allows the control system to automatically adjust to 

different initial leakage conditions or to adapt to changing leakage conditions during a test.  

 

Figure 2.4: A valve map showing the comparison between the 1st generation disk 

(blue) and the final symmetric disk (red). 
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Figure 2.5: A valve map of the final symmetric disk at different leakage conditions. 

 

As can be inferred from the valve maps presented in Figure 2.4 and Figure 2.5, the PLA is 

a single-input – single-output system with the valve position as the input and the required 

pressure as the output. Thus, the requested valve position and the measured pressure are an 

input-output pair for use in a proportional-integral-derivative (PID) control system. The 

control system is effectively approximated to a linear first-order model as the required 

pressure trace, whether fluctuating or a simple ramp, is preloaded as a feed-forward term. 

The feedback PID term is based on the tracking error which is simply the difference 

between the required and measured pressures. The valve map is used to determine what 

valve position is required to meet the applied pressure under steady-state conditions 

resulting in a known system time constant, τ, for the PID control. In calculating τ from the 

requested pressure and achieved pressure in real-time, the adjacent pressures from the 

current and previous time steps are used. 



40 

 

Changes in leakage and air-chamber volume cause the time constant, τ, to vary enormously. 

The solution for this issue was to use gain scheduling, the real-time estimation of τ is used 

to determine the system gain from a suite of preloaded lookup tables which are generated 

for known leakage and volumes. However, the system gain (K) increases with increasing τ 

which (in rare cases) can lead to instabilities with an overestimation of τ, particularly for 

very small volumes relative to power or input traces that have minimal changes in time (i.e. 

static pressures or ramp loads). This is only an issue at start up when the control system 

has no information on τ, that is, the pressure chamber and test element properties. 

Therefore, a median value of τ and a limit on the increase in K is set for the first 10 seconds 

of program control. The system learns the chamber’s characteristics within this time frame.  

In cases where absolute control is required in the first 10 seconds, a user defined value of 

τ can be used.  However, this necessitates additional experiments to determine the correct 

system time constant.  With the lookup tables and the linearization of the valve chamber 

with disc position, the PID control system then can adapt rapidly to changing chamber 

conditions. The control system was designed this way so that it could adapt to any pressure 

chamber and input trace (within certain bounds), and still run effectively without any user 

input into the PID.  

The lookup tables scale by a constant factor over the fan speed range of 30 to 70 Hz. (Note 

that the lower fan speeds are used to avoid operating in a narrow region of the valve control 

curve, to maintain accuracy in tests that require small excursions around neutral pressure.)  

The control system predicts the required position of the valve up to 1 second into the future 

based on the current estimations of air-chamber leakage, user requested pressures and 

system gain.  If the control system anticipates the valve will be unable to meet the pressure 
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requirements of the user defined input pressure time history, referred to as valve saturation, 

the fan speed will be increased to meet the demands of the experiment (when possible).  

This avoids the need for the user to predefine the required fan speed time history in addition 

to the input pressure time history for the airbox.   

Adaptation of the control system is also required when sudden leakage, volume change, or 

flow change through the cavity occurs. Figure 2.6 shows results from a sinusoidal load 

applied to a section of metal roof cladding using a 1.8 m x 0.9 m airbox. The achieved 

pressure trace deviated from the requested trace at approximately 882.2 seconds. This 

occurred due to a sudden increase in the leakage and the volume of the air-chamber. As 

can be seen, the system adapts within a tenth of a second. This fast response in adaptation 

of the PLA control system is important since it is able to maintain the correct pressure 

loading even as onset of failure of the test specimen occurs.  

 

Figure 2.6: A pressure time history showing adaptation of the PID to the change in 

volume and leakage after the failure of a cladding element. (Data provided courtesy 

of Dr. David Henderson.) 



42 

 

2.2.5 Airbox Leakage & Fan Performance 

Airbox leakage is an extremely important system parameter, and has two possible sources: 

the test specimen, and leakages through the valve and pressure chamber. The former can 

be a combination of material porosity and cracks or holes in the test specimen. The latter 

can be a combination of the pressure chamber fit to the test specimen, the chamber, or the 

pipes and fittings connected to the pressure chamber. The overall performance of the 

system, i.e., maximum pressure and frequency response is highly dependent on the amount 

of leakage. Ultimately the amount of allowable leakage in the system is a function of size 

of fan or blower used, and, as such, significantly influences the power required to operate 

the system.   

While it may be desirable to purchase the largest fan possible to provide the system with 

the maximum flow rate possible, there are several practical constraints of why this is not 

the optimal solution for the current loading system. Such a large fan would require high 

power consumption even for small, nominally sealed boxes; moreover, the physical size of 

the fan would be large and make applying spatial gradients, with many pressure chambers 

in close proximity, more difficult. Finally, in order to accommodate the large flow rates, 

the size of the valve would also need to be increased so that the air velocity through to 

valve is kept to a minimum, and consequently the losses. The performance of the entire 

fan-valve-airbox (nominally sealed) was evaluated by using an orifice plate to measure the 

flow rate going into the airbox and measuring the achieved pressure. Leakage flow rates 

were obtained by creating controlled openings within the airbox.  In addition, these test 

were repeated at numerous fan frequencies ranging from 30-70 Hz. The results of these 
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tests are shown in Figure 2.7. In addition to meeting other requirements such as physical 

size, the manufacturer’s fan curve for the chosen fan is shown in Figure 2.7. The fan 

combined with the tuned valve is capable of providing flow rates of up to 300 CFM at ~10 

kPa and 100 CFM at 20 kPa at a fan speed of 60 Hz. However, as can be seen from the 

figure, the system does not need to run the fan at full speed, which leads to consequent 

changes in maximum pressures and flow rates. This, in turn, allows the total power 

consumption to be reduced in aggregate for an array of PLAs that are running different 

pressure traces. 

 

 

Figure 2.7: A graph of box pressure vs. flow rate for the selected fan at different 

VSD speeds, along with the manufacturer’s fan curve, demonstrating the effect of 

leakage on the pressure. 
  

To allow greater flexibility, the PLA loading system can be run in three different 

configurations depending on the application.  The first configuration is the simplest where 

a single PLA unit is connected to a single chamber.  The second configuration uses a single 
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fan/blower connected to two independent valve and servo motors.  Each valve is connected 

to its own box, with its own feedback pressure transducer allowing two airboxes to be 

controlled independently of each other using only a single fan.  This configuration is ideal 

for small airboxes with minimal leakage and has the advantage of reducing the power 

consumption of the system, along with reducing the per airbox capital cost of the entire 

system.  The third PLA configuration uses one airbox with multiple individual PLA units.  

Under this configuration only the first PLA (leader unit) has a pressure transducer and the 

remaining units mimic the valve movements of the leader exactly.  Under this configuration 

significantly higher flow rates can be realized while maintaining the performance 

characteristics required to simulate the real wind loads.  

 

These issues led to the development of the Pressure Loading Actuator (PLA) system, which 

will be used to generate the pressures at the Insurance Research Lab for Better Homes on 

air-permeable multi-layer cladding systems. Figure 2.8 shows a three-dimensional 

assembly drawing of the PLA.  A fan is used to generate the flow and create the pressure 

applied to the system. A rotating disk inside the valve, which is controlled by a servomotor, 

is used to regulate the pressures applied to the system. Further information on how this 

process operates can be found in Kopp et al., (2010). The PLAs are attached to the pressure 

chambers, where the wall assembly provides one of the surfaces in the pressure chamber.  
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Figure 2.8: Three-Dimensional assembly drawing of a Pressure Loading Actuator 

(Kopp et al., 2010). 

 

 

2.3 Full-Scale Pressure Measurements on Vinyl Siding 

Recent tests at the Insurance Institute for Business & Home Safety (IBHS) examined the 

loads on various siding systems using their full-scale wind tunnel (Cope et al., 2012, Cope 

et al., 2014, Morrison and Cope, 2015). Pressures were measured on the walls of a full-

scale, single story wood-frame house with plan dimensions of 9.1 m (30 ft.) x 12.2 m (40 

ft.), a mean roof height of approximately 3.7 m (12 ft.), and a roof slope of 4-on-12. The 

walls of the test building were 2.4 m (8 ft.) high and clad with 11.1 mm (7/16”) OSB.  In 

the study done by Morrison and Cope (2015), a total of four siding products were tested: 

vinyl siding, foam backed vinyl siding, wood siding and hardy board.  In order to test all 

four products simultaneously the walls of the building were divided into eight sub-wall 

assemblies.  The long walls were divided in half resulting in a test wall 6.1 m (20 ft.) long, 

while the shorter walls extended 3.7 m (12 ft.) from the corner leaving 6 ft. in the center of 
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the short wall to access the interior of the building.  All siding products were installed 

following the manufacturer’s guidelines; drywall was installed on the interior of the walls 

so that the wall assembly matched, as accurately as possible, real construction.  Along the 

6.1 m (20 ft.) walls, wind-induced pressures were measured at 16 locations, while along 

the 3.7 m (12 ft.) walls, they were measured at 12 locations. At each measurement location, 

the external pressure, the net pressure across the siding and the net pressure across the OSB 

were measured simultaneously.  Experiments were conducted in an open exposure at four 

different wind speeds (Morrison et al., 2012). The orientation of the building to the wind 

was varied over a full 360° in 10° increments. The results of these tests indicate that 

pressure equalization has a significant effect on the outer layer of these systems. For 

example, results have shown that vinyl siding must carry a net load of up to 75-80% of the 

peak net load across the entire wall assembly. Given this 20-25% reduction in loads, the 

IBHS results are substantially different than the results obtained using a single-partitioned 

pressure chamber or considered through ASTM D3679 (2013). This study is used to 

provide benchmark data for validating the multi-chamber pressure-loading approach using 

PLAs. In particular, Figure 2.9 shows segments of the measured external pressure time 

histories at five locations along the wall from the IBHS experiments – it is these time 

histories that are applied in the multi-chamber tests described below. 
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Figure 2.9: A graph showing a portion of the external pressure time history for each 

individual airbox. 
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Starter strips, ending strips and utility trim were also used to model typical construction 

practice. The test wall could then be placed in a rigid-sided chamber of slightly larger 

dimensions than the test wall, which in this case is the same chamber used by Gavanski & 

Kopp (2011). Five chambers were created within the airbox for this test by placing four 

latex barriers within the larger rigid box. These five chambers coincided with the pressure 

tap layout from the IBHS tests: four of the chambers were 2 ft. long, with one being 4 ft. 

long. Figure 2.10 gives a technical drawing of the airbox testing rig, and Figure 2.11 gives 

the locations of the latex barriers and pressure taps on a sample test specimen. All latex 

barriers ran vertically across the siding, as can be seen in Figure 2.12, which presumes that 

the primary external gradient was along the length of the wall. This is a reasonable 

approximation for the side walls when they are under suction, although further work is 

needed to examine the effects of these gradients. In the current case, with five pressure 

time histories available, five pressure chambers are used. These data were obtained from 

the IBHS experiments, as depicted in Figure 2.9. (Regarding the effects of pressure 

gradients and the use of one set of pressure time histories, as discussed in Biekiewicz & 

Sun (1997), Oh & Kopp (2014), and shown below, the pressure gradient is clearly one of 

the governing parameters of the net wind loads on air-permeable cladding elements, with 

high net loads being associated with high pressure gradients. Due to this, further work is 

required to determine both appropriate design pressure gradients and the resulting number 

of required pressure chambers to obtain sufficient accuracy in the tests. This will involve 

additional wind tunnel testing to examine how the pressure gradients and pressure time 

histories change with overall building geometry and terrain conditions, compared to the 

single test case from IBHS).  
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data was repeated identically in all five chambers. The different colours represent the net 

pressures in each separate airbox. The pressure equalization factor is defined as 

 

𝑃𝐸𝐹(𝑥) =
𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙(𝑥) − 𝑃𝑐𝑎𝑣𝑖𝑡𝑦(𝑥)

�̂�𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙

 
[2.1] 

 

where 𝑃𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙(𝑥) & 𝑃𝑐𝑎𝑣𝑖𝑡𝑦(𝑥) represent the external and cavity pressures, respectively, 

at the location on the wall, at a moment in time. While �̂�𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is the peak external 

pressure across the entire wall. (Note that in these experiments there should be negligible 

flow or pressure transferred from the interior of the wall because the house wrap provides 

a sealing layer. Thus, the net pressure over the assembly from the outside (siding) layer to 

the sealed layer is equal to the external pressure. For this reason, we use the external 

pressure instead of the net wall pressure in the definition of the PEF.) The data in Figure 

2.13 indicates that the peak differential pressures across the siding layer are about 350 Pa, 

while the peak external pressures are about 400 Pa. Thus, under spatially and temporally 

varying pressures, the reduction of the largest net pressure to the largest external pressure, 

is about 12%, leading to an approximate peak PEF of 0.88. This result is substantially 

different when compared with the data obtained from uniform, but time-varying, external 

pressures, where the largest peak differential pressure across the siding layer is about 40 

Pa. Thus, under fluctuating uniform pressures, the net reduction relative to the peak 

external pressure is about 90%. This result is consistent with the findings of Gavanski and 

Kopp (2012) but leads to an even larger reduction than that used in ASTM D3679-13 

(although it is reasonably consistent with the data obtained from the study performed by 
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a) 

 

b) 

 

Figure 2.13: Measured differential pressure time histories under (a) uniform and (b) 

gradient external pressures. 
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Figure 3.12 shows a photograph showing a close-up of the lap joint connections, as well as 

demonstrating the cavity depth when installed directly on to a flat surface.  

The metal panels were installed on 38 mm x 38 mm (nominally labeled as, 2” x 2”) battens 

running lengthwise across the cladding. There are no lap joints used in this system; instead, 

the cladding is nailed both at the top and bottom through the battens. The cladding overlaps 

at the top and bottom of each piece of cladding, meaning that when the cladding is nailed 

to the battens, it goes through both pieces of cladding, creating a pseudo-lap joint. The 

overlap through the sides of the cladding is not nailed at all. Once nailed to the batten, the 

geometry of the shingles, as shown in Figure 3.11, creates a cavity depth in the range of 38 

mm – 63.5 mm (1.5” - 2.5”). Figure 3.13 shows a photograph showing a close-up of the 

batten installation, as well as demonstrating the cavity depth when installed on to the 

battens.  

Figure 3.8 to Figure 3.13 show that the two cladding types are markedly different from 

each other. The metal shingles have a much smaller cavity depth, but the cavity depth is 

changing linearly across the cladding, with the lap joints restricting the air flowing in and 

out of the cavity. In contrast, the metal panels have a much larger cavity depth, with a 

cavity depth varying much more across the cladding. As well, there are no lap joints, 

allowing air to flow more freely in and out of the cavity. However, since the cavity is not 

airtight, it is difficult to quantify the size of the gaps, G, into the cavity because this 

geometry is not specified. 

 


