
ABSTRACT 

CAMARILLO, MATTHEW LEE.  Investigation into a Drying System for Residential Walls.  

(Under the direction of Dr. Daniel Saloni.) 

 

 History has shown that residential structures are likely to experience water problems 

over the life of the building e.g. wind-driven rain, construction failure, design failure etc.  

Once inside the structure, water can support fungal growth which can potentially lead to 

structural degradation and mold.  Research has shown that ventilation is the best method to 

remove unwanted water in the home; however, water located inside of residential wall 

cavities can be difficult to remove.   

  The risks associated with trapped water inside of wall cavities can be minimized by 

introducing air.  In this research, compressed air is attached to the wall cavity of a wall model 

to create air flow and remove water.  Several experiments were conducted to both investigate 

the response of the wall model to compressed air, and to investigate water loss.  Air velocity 

was monitored to investigate air circulation in the wall model; the results indicate that as the 

distance from the air source increased, the rate of circulation decreased.  A series of water 

loss tests were also made by placing water in the center cavity, and in direct contact with 

building materials.  Observations indicate that insulation, pressure, and time, influence the 

amount of water removed.  With no insulation in the wall model and at 10 psi, 100 % of the 

water was removed in four hours.  With insulation and at 20 psi, 93 % of the water was 

removed in four hours, and the remaining water was observed to be at the bottom of the wall 

model.  To increase circulation at the bottom, and remove the remaining water, air tubing 

was added to the wall model.  Eight separate tubing arrangements were chosen to observe 



water loss at 20 psi, with insulation, and over a four hour period.  The results are similar,     

93 % of the water was removed at 20 psi; albeit, using a lower volume of compressed air.  

Finally, a hole was cut out of the wall model to provide a path for water and moist air to 

escape.  Observations were made with insulation at 10 psi, 20 psi, and 30 psi.  Results 

indicate that 95 % of the water was removed from the wall model; furthermore, there was no 

difference in water loss with respect to pressure.  Time was also evaluated for each test 

mentioned above, and the results are similar:  most of the water removed over the four hour 

period was achieved during the first hour.   

 The results of this research indicate that by introducing air, water can be removed 

from residential walls, and the risks associated with trapped water can likely be minimized.  

More research is needed to investigate a proactive drying system for residential walls.   
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1.  INTRODUCTION 

 Protecting residential structures is a key priority for most stake holders.  These 

structures represent a lifetime investment for many, and are relied upon to safeguard and 

protect building occupants.  When these structures become damaged, the feeble nature of 

building materials becomes exposed, and the integrity of the structure is questioned.  Though 

heavily relied upon, once damage is discovered, these structures are viewed as disposable.  

Furthermore, many building occupants seek new residence, often times transferring the 

problem to new owners.   

 There is plenty of ongoing research dedicated to designing and building more resilient 

structures with, for example, engineered materials and proper design.  Assuming a structure 

has been constructed using the latest approach to resilient design, the result is an ostensibly 

damage proof home.  This type of design is likely to be desired by most stakeholders; 

furthermore, it results in a more energy efficient structure.  However, it is the position of this 

research that these homes are also vulnerable to damage, e.g. a tree falls through the roof 

during a major storm.  Potentially, this type of damage can immediately expose building 

materials to large amounts of water that can likely destroy the home.  In the event this opened 

structure is immediately fixed, any water that may have entered can potentially become 

trapped.      

 Trapped water inside the home can likely be a problem.  It can result in mold 

formation that has been linked to adverse responses in the human respiratory tract.  It has 
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been reported that people spend roughly 90 % of their time indoors.  A moldy environment is 

a concern for building occupants.   

 The severity of a moldy environment is not completely understood by researchers, 

because of the complexity of:  fungal growth, the human respiratory tract, and the interaction 

between moist indoor environments and building materials.  However, there is plenty of 

evidence to suggest that a link between health problems and moldy environments can be 

established, especially in children.      

 Trapped water inside the structure presents another particular concern for 

stakeholders.  Water is known to gradually degrade building materials, especially wood, 

making them weaker over time, and potentially resulting in failure.  This can lead to untimely 

and costly repairs, and lower the value of the home.   

 It is the position of this research, that in order to reduce the adverse effects of water 

inside the home, it should be immediately removed.  Several different approaches can be 

taken to remove any obvious water inside a home, however, hidden water, especially in the 

wall cavity, causes a particular concern to stakeholders.  Furthermore, it is likely that water 

inside the wall cavity does not have to be obvious; rather, undetected water can potentially be 

more damaging due to the likelihood of water remaining in contact with building materials 

over a longer time.  In either case, there is a possibility that substantial interaction between 

water and building materials will follow, resulting in an environment suitable for mold 

growth and/or structural degradation.   
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  Water inside the wall cavity is difficult to address.  Once water enters the wall cavity 

it becomes a part of the environment that was designed to protect building occupants.  

Removing this water is difficult, especially when its presence is unknown.  Even if water 

were known to be in the wall cavity, there are little resources available for homeowners to 

remove it without damaging the structure.  It is known, that the longer water remains in 

contact with building materials, particularly wood, the more difficult it becomes to remove; 

however, it is also known that it can be removed with proper ventilation.  The hygroscopic 

nature of wood permits the interaction between moist air and building materials that 

potentially results in water absorption.  Conversely, the interaction between dry air and wet 

building materials can potentially result in desorption by building materials.  It is the position 

of this research, that under the right conditions i.e. relative humidity, temperature, and air 

flow, water can be removed from the wall cavity, and in particularly, from building materials.   

 It is the presumption of this research that stakeholders are interested in a more 

controlled environment; especially if the risks associated with trapped water inside the wall 

cavity can be reduced.  Although most research has focused on preventing water from 

entering the wall cavity, it cannot be prevented.  If water prevention were a success, 

residential structures could stand the test of time, but as it is, residential structures degrade 

with time.  It is widely known in the research community that this degradation results from 

water penetrating the building envelope and interacting with building materials.  However a 

proactive wall drying system can likely remove trapped water in residential walls.    
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 This research is an investigation into a proactive wall drying system for residential 

walls.  Five chapters, following the introduction, are defined in this document and are used to 

report the research: 

1. Chapter two consists of a literature review that reports many known avenues for 

water to penetrate residential walls e.g. wind drive rain.  If not properly ventilated 

trapped water will likely result in mold and structural decay.  Furthermore, most 

research deals with water prevention opposed to water removal.         

2. Chapter three consists of an extensive materials and methods section that includes the 

results of several preliminary observations.  The materials and methods used in each 

observation are described.   

3. Chapter four consists of a results and discussion section that describes the results for 

all experimental observations.  In this section data is evaluated, and when applicable, 

supported by statistics.  The hard data is provided in the appendices.   

4. Chapter five consists of a conclusion and future research section that includes the 

overall results, and a list of potential areas to be investigated. 
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2.   LITERATURE REVIEW  

 2.1  Introduction  

 Interior and exterior walls play a major role in the structure and functionality of 

American homes.  These walls are not designed to interact with water, but are frequently in 

contact.  Our walls are an extremely vital part of American society and play an immeasurable 

role in the safety, security, and privacy of the American family.  When these walls become 

damaged or broken, it can have a devastating impact on the lives of the residents they were 

designed to protect (Carroll et al. 2009).  Protecting the walls that protect us should be an 

ongoing project to effectively increase the security and livelihood of the American family.   

 2.2  Residential walls 

 Although residential walls have been thoroughly engineered, they do not respond well 

with water.  In fact, a simple water leak can break down the structure of the home (Wu et al. 

2007) and lead to an unhealthy atmosphere (Rousseau 1999); furthermore, decreasing the 

security and livelihood of the American family.  Unfortunately, water cannot be 100 % 

avoided within the wall cavity.         

 For the purpose of this research residential walls can be described as either interior or 

exterior.  Interior walls are found on the inside of residential structures and are not in direct 

contact with the outdoors; whereas, exterior walls are located on the periphery of structures 

and are in direct contact with the outdoors.   
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Figure 2.1:   Basic interior and exterior wall design. 

 2.3  Framing 

 Dimensioned lumber is typically used as the primary framing component in 

residential structures.  Actual 38 mm x 89 mm dimensioned lumber, or studs, are normally 

used to frame residential walls.  Residential walls are designed to provide load support for 

the structure; therefore, spacing between studs can be critical.  Spacing in-between studs 

typically range between 305 mm - 610 mm, depending on the types of load the structure is 

designed to withstand.  Stud height is usually determined by the pre-cut length of the lumber, 

and can range between 2.438 m-3.658 m.       

 2.4  The wall cavity 

 In North America, the wall cavity is heavily relied upon in residential construction 

(Canadian Wood Council 1995).  It is typically used to supply plumbing, electrical lines, 
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networking cables etc. in an inconspicuous manner throughout the home; furthermore, 

insulation can be placed inside the wall cavity to improve thermal comfort.   

 The wall cavity is formed when sheathing materials are attached to both faces of stud 

members, leaving a space equal to the actual width of the stud, typically 89 mm.  In a linear 

arrangement, if the spacing between studs is known, then the number of wall cavities can be 

calculated.  For instance, if studs are spaced 406 mm on center in a wall 15.2 m in length, 

then there will be approximately twenty-three wall cavities.  The number of wall cavities in a 

home, depends on the size of the home; however, they are commonly found in both interior 

and exterior walls.   

 2.5  Interior walls 

 Interior walls can supply load support for the residential structure, but typically they 

are used to divide rooms in a home e.g. walls between bedrooms, living room and dining 

room etc.  They are typically formed when drywall is attached to both faces of stud members, 

resulting in an air-filled wall cavity the actual width of the stud.  The ambient conditions 

found inside of interior walls are mainly influenced by the indoor climate.   

 2.6  Exterior walls 

 The exterior wall indeed supplies load support for the structure, and is more complex.  

For beginners, the exterior wall is formed by attaching OSB or Plywood sheathing to the 

outer face of stud members, and drywall to the inner face; this results in a wall cavity, 
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typically filled with insulation, whose atmospheric conditions are influenced by the outdoor 

and indoor climates.   

 According to Straube (2009), in addition to the wall cavity and sheathing materials, 

the exterior wall is also composed of several layers that can include:  exterior paint, siding, 

house wrap, moisture barriers, insulation, vapor barrier, and interior pain.  The exterior wall 

is a vital member of what is referred to as the building envelope.   

 2.7    The building envelope    

   The building envelope is essentially the outer periphery of a building that protects 

building occupants and separates the atmospherically controlled indoor climate from the 

outdoors, and includes exterior walls, roofs, and crawlspaces.  The exterior wall, composed 

of many layers, is under constant loads from both the interior and exterior climates.  Interior 

loads are largely dependent on the number of residents and activity therein, and can include 

temperature changes, humidity changes, and air pressure differences.  Exterior loads are 

much more complicated as materials are influenced by rain, wind, snow, radiation, climate 

change, air contaminants, and even natural disasters.  In either case, interior and exterior 

loads are expected, and are considered in residential building codes.  

 2.8  Enforceable building codes 

 Although there is no universal system that exists, the structure of the home, including 

wall cavities, are normally constructed in accordance to residential building codes.  These 

building codes specify the minimum acceptable requirements needed to protect the health 
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and safety of building occupants.  The national code, known as the international building 

code (IBC) clarifies regulations that govern all aspects of construction.  The international 

code council (ICC) is a relatively new regulatory committee that is in charge of jurisdiction 

duties for the IBC.  The ICC is a conglomerate of previous code enforcement officials who 

were in charge of different regions across America that have since united.  Even though the 

IBC has a major impact on building codes throughout the United States, according to 

Rammer (2006), it is generally accepted that local and state authorities have legislative 

authority.    

 2.9  Other building codes 

  At the minimum, residential codes should be followed for respective jurisdictions, in 

addition, other design recommendations should be considered.  For instance, Lstiburek 

(1999) recommends that all aspects of construction should be based on regional climate.  The 

Department of Energy takes into consideration annual wind speeds and hurricane activities, 

and recommends using energy star codes for specific areas, such as coastal or hot-humid 

regions (Baechler and Love 2004).  In addition, FEMA (2000) published a coastal 

construction manual for builders that provide recommendations on structures to reduce water 

and moisture problems in the home. 

 2.10  Construction 

 Construction of the home starts as a design project.  There are many decisions that 

have to be made early in the planning phase of a structure that include material preference 

and design strategies.  According to the Energy and Environmental Building Association 
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(EEBA 2001), there are thousands of processes undertaken by dozens of industries, which 

bring together hundreds of components and sub-systems into the making of a home; 

furthermore, materials are rated and tested for specific applications and have to be 

compatible with other materials in order to function properly.   

 Installation of the various components and sub assemblies of a home is much broader 

than using a hammer and nail i.e. engineered materials typically come with directions.  This 

complicates the construction process and throws an additional loop to an already adventitious 

industry.  Even more, language barriers exist on the jobsite making communication a 

cumbersome task.  Even if the right materials are selected and communication is effective, 

time is critical in construction.  The longer it takes to build a home, the more money it takes 

to pay off hourly labor and investment loans.  Time constraints could lead to shortcuts on the 

jobsite.   

 2.11  Water and the building envelope   

 It is never desired for water to be in contact with building materials, especially those 

found inside the wall cavity.  In fact, residential walls are designed to prevent water from 

entering the wall cavity; however, history has shown that residential walls are prone to water 

intrusion at some point over the life of the structure.   

 2.12   Hurricanes  

 Potentially the most devastating, and frequent type of disaster occurring in the United 

States, is hurricanes.  These storms are known to rapidly bring large amounts of water to 
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coastal and inland areas with no regard for residential structures.  Unfortunately hurricanes 

are no stranger to our coast; for example New Orleans, Louisiana.  According to the National 

Oceanic and Atmospheric Administration (NOAA 2005), Hurricane Katrina struck New 

Orleans on August 29, 2005 bringing a strong storm surge, breaching levees that left 75 % of 

the city underwater.  Nearly five years later the city has not fully recovered and the damage 

left behind is a constant reminder of the frailness of our residential structures.  In a 

conglomerate effort that included the United States Army Corps of Engineers and the Federal 

Emergency Management Agency (FEMA), the National Institute of Standards and 

technology (NIST 2006) provided a concise reconnaissance report that details the impact felt 

from Hurricanes Katrina and Rita in the Gulf Coast:        

 Fatalities:  Over 1,300  

 Estimated economic losses:  $70-$130 billion 

 Estimated insured losses:  $45-$65 billion 

 Disaster assistance requested:  Over 2.6 million applications received from victims 

 Federal aid Provided:  over $88 billion in U.S. funds 

 Another storm hitting our coast with an impact such as Katrina would be devastating, 

but its occurrence remains unpredictable.  According to the National Hurricane Centers data 

on hurricane strikes dating back to 1851, the United States averages six major strikes per 

decade (Hebert 1993).  It has been reported that over the past 100 years, these storms are 

occurring more frequently in the southeast portion of the United States and is having a 

growing impact on our economy (Zandbergen 2003).  As a result to an increase in population 
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density and attractive coastal front property, more people are affected by these storms now 

than ever before.  Property owners, insurance agencies, and local government’s aid in the 

recovery effort, however; the United States government remains the primary provider of 

flood insurance through the National Flood Insurance Program (NFIP).  In 2005 alone, 

insurance claims soared to over $ 60 billion (Pompe and Rinehart 2008); damage to 

residential construction in the aftermath of these storms can be classified into two broad 

categories:  

1) Total failure, where the home has been completely demolished. 

 2) Partial failure, when the home has undergone a substantial amount of stress.  

 It would be ideal that relief efforts be concentrated on areas that were considered a 

total destruction.  These communities and homes have undergone the unthinkable and are in 

desperate need for aid.  On the other hand partially failed homes, where water has breached 

the building envelope, over time, can be just as devastating if proper attention is not given to 

these homes.  Hurricanes have the potential to bring large amounts of water into the home 

that has to be removed expeditiously in order that residential structures retain their integrity.  

The longer water remains inside the home, the greater the likelihood of severe damage to the 

structure.  Even if the water has been successfully removed, the home still needs to be 

ventilated further to remove lingering water vapor.  In the event water is not successfully 

removed, standing water and moist environments will eventually destroy building materials, 

create an unhealthy environment, and eventually result in an uninhabitable home.  
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Unfortunately, removing all traces of water is very costly, and in most cases unlikely, as 

water seeps in cracks leading to wall cavities.   

  In the event water is removed from the home, the wall cavity can get little or no 

attention.  The wall cavity is not as noticeable and certainly not a priority when water levels 

have risen inside of the home.  It is nearly impossible to remove the water left behind in the 

wall cavity without drilling holes every 406 mm and introducing some means of water 

removal and air ventilation.  Depending on the tightness of the structure, water can 

potentially remain inside the wall cavity for an indefinite period, resulting in interior and 

exterior damage over the life of the structure.       

 Partially failed homes can potentially be declared a total failure if a response to 

remove water is not acted upon immediately and effectively.  However, when thousands of 

homes have undergone stress, and many more have been destroyed, it is difficult for 

responsible agencies to address water infiltration inside of wall cavities.      

 2.13  Wind driven rain 

 According to Rose (2005), wind driven rain is the most common avenue for water to 

enter the structure of the home.  Research has shown that residential structures have failed to 

resist loads during high wind storms, which include:  hurricanes, tornadoes, and heavy 

storms; furthermore these storms have caused billions of dollars in damage (Ellingwood et al. 

2004, Van de Lindt et al. 2007).  When homes fail to resist loads, large amounts of water can 

likely access the wall cavity in a relatively short period of time.  Even without causing any 
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physical damage, wind driven rain storms have the potential to wet the entire envelope, 

resulting in a moisture profile inside the wall cavity (Derome and Desmarais 2006, Teasdale-

St-Hilaire and Derome 2007).   

 Any noticeable, or unnoticeable, breach in the building envelope can lead to water 

penetrating residential walls during wind driven rain storms.  As the residential structure gets 

pelted by rain, the water is pulled downward by gravity and enters these openings, resulting 

in moisture intrusion that can lead to an unhealthy environment and loss of structural 

integrity (Rowan et al. 1999). 

 Rain is unavoidable, and its frequent interaction with building materials has resulted 

in researchers (primarily building and material scientists, respectively) focusing on water 

prevention strategies.  In the case of newly developed homes, different materials and 

construction practices have been engineered and well designed to help prevent water 

intrusion.  However, even in a newly constructed home that has implemented every strategy 

to prevent moisture infiltration there still remains potential that water can find its way inside 

the envelope.  It does not take long for a seismic load from an earthquake or an uplift load 

from a high wind storm to disturb the structure of the home.  During hurricane forced winds, 

roof damage is most common, along with building envelope failure (Crandell 1998), whether 

it is from debris impact, design, or construction related issues (FEMA 2005).  Unfortunately, 

modern roofing and building materials have a difficult time drying, and when a water event 

occurs it has a negative impact on the whole system (Rose 2005).  Many times this failure is 

observable but other time’s the fracture may be minor and not seen. 
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  In the observable scenario, wind damage may result in an entire section removed 

from the building envelope, resulting in a large amount of water being added to the wall 

cavity during the duration of the storm.  As bad as it may seem, the damaged structure can be 

fixed resulting in minimal damage, depending on the tightness of the structures and 

materials.  Once the damage has been fixed, the water left behind in the wall cavities will 

turn to vapor and likely migrate through air leakage pathways to neighboring cavities, 

eventually drying itself with minimal damage.  With the relatively new “tighter is better” 

construction methodology it is, however, also possible for water to remain inside the wet 

cavities for a prolonged period due to a reduction in air pathways.  This can result in trapped 

water and lead to structural damage and a hazardous environment.      

 Damage from wind storms or seismic load failure can also create a minor 

unobservable breach in the structure that can result in serious and long term damage.  Unlike 

a major failure, minor failures are often overlooked, and if neglected, can have a devastating 

impact on the structure of the home.  A small fracture in the structure can allow large 

amounts of water to continuously penetrate wall cavities and lead to mold and structural 

degradation (Solomon et al. 2006).  If not repaired, the problem will likely expand, reaching 

floors, ceilings, and neighboring wall cavities, and become very expensive. 

 2.14  Moisture, vapor, and condensation  

 Moisture damage inside of residential buildings is the key ingredient of building 

deterioration in residential construction, and can be just as damaging as bulk water (Straube 

2002).  The literature showed that there are numerous ways for moisture to accumulate inside 
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the wall cavity.  Being that it was not the goal of the research to explore every avenue of 

moisture accumulation, it is pertinent to mention common problems in the home.  Moisture 

simply refers to the condensation that forms when vapor levels are cooled to its dew point, 

resulting in trace amounts of water.  Condensation can form while taking a hot shower in a 

cool room with little ventilation.  Moisture accumulates on surrounding surfaces; the 

resulting water mass can be relatively large over time.  Similar to the shower scenario, 

moisture can accumulate throughout a building if the conditions are ripe, but the major 

problem is moisture accumulation inside of wall cavities.   

 Frequently dew point is reached inside the wall cavity and condensation is formed 

with no design for it to escape other than evaporation (Walker and Felice 2008).  The wall 

cavity of the building envelope is exposed to both the external and internal environments, 

however when condensation forms inside the wall cavity it forms on the surfaces of materials 

opposed to within its thickness (Rose 2005).  Being that our walls are not constructed without 

the possibility of error or failure, wall cavities have the potential to be exposed to outdoor 

and indoor climates, usually by way of air leaks.  In order for either outdoor or indoor air to 

move inside the wall cavity three, conditions are necessary:   

1. Air containing moisture must be present 

2. An opening or hole must exist 

3. An air pressure difference acting across the opening or hole must also exist (Lstiburek 

and Carmody1993) 
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 Additionally moisture can move through materials via a process known as vapor 

diffusion.  Vapor diffusion is driven by pressure difference in the envelope and results in 

moist air traveling to an area of lower pressure from an area of higher pressure.  This process 

is known to bring large quantities of moisture into the building envelope (EEBA 2001).   

 There are actually many avenues that can lead to moisture accumulation inside of the 

home.  Moisture accumulation can be very similar to a steady water leak under the right 

conditions, and could be exasperated if leaks are prevalent.  The more leaks in the structure, 

the more problems in the home, especially in humid and hurricane prone climates.  Moisture 

levels inside the home are dependent on the surrounding climate, indoor activities, and 

proper installation; according to Stephenson (2008), the resistance of the building to moisture 

is quantified by material properties.   

 2.15  Alternate sources 

 Although rain wind driven rain, hurricanes, and moisture have been shown to be the 

bulk source for water intrusion in residential structures, there are many alternate sources.  

Some common sources of trapped water inside of wall cavities can include construction 

errors, plumbing, fluctuating properties of air, building pressure, soil, and maintenance. 

2.15.1  Construction errors  

 Construction errors can take on a variety of different forms.  It all starts with selecting 

the right designer who is knowledgeable with current practices that protect the residential 

structure from water.  During this phase it is pertinent that the right class of construction is 
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selected and implemented, especially in hurricane prone areas.  Once the home has been 

properly designed and the plans have been distributed to the contractor, communication has 

to be maintained with all parties involved in construction.  Everyone involved during the 

construction phase of modern homes should develop a whole building philosophy (Lstiburek   

2009).    

 During the construction phase, proper measures should be taken to make sure that 

materials are stored and installed properly to prevent damage.  Often time’s membranes get 

damaged during construction, but are still placed on walls and roofs, defeating its purpose 

(Walker and Felice 2008).  One common construction mishap comes from improperly sealed 

windows and/or doors (Rousseau 1999).  Water infiltration from wind driven rain will 

penetrate window frames and seals if improper weather stripping techniques are practiced 

(American Institute of Architects 1982).  Drainage issues at the wall and floor interface is 

another area that has caused numerous water problems inside of residential homes (Walker 

and Felice 2008).  Additionally, improper anchorage and fasteners, along with nailing 

practices have resulted in numerous envelope failures, thus are required for buildings to be 

structurally sound (Walton et al. 1976).   

 Often times these and other construction errors are commonly overlooked, and years 

later could result in substantial water damage.  The long term durability of a home depends 

on the building envelopes ability to keep water from entering through the outer layer (Rose 

2005).  Building materials have to be protected during construction, and installed properly to 

minimize the likelihood of envelope failure.  Assuming a home is designed above code and 
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all measures taken to ensure that every detail is executed accordingly, a single construction 

error could place the entire structure at risk.  For instance, if members of the roof component 

fail, the wall cavity can become severely damaged.  Therefore, it is the position of many 

researchers, including Straube that the components of the home have to work together as a 

system (2009).   

2.15.2  Plumbing 

 Plumbing lines are also placed inside wall cavities and can be a direct source of 

increased moisture levels.  Under perfect conditions, these plumbing lines do not interfere 

with the continuity of the wall cavity to any measurable extent.  However, in the event that 

plumbing lines fail, it provides a constant source of water to the organic materials, which can 

lead to structural damage and poor air quality.  Unfortunately, these leaks go unnoticed for 

months or years, allowing moisture problems to continue to spread throughout the building.  

Over a ten year period, insurance claims from ruptured water pipes accounted for $4.5 billion 

(Rose 2005).  As odd as it may seem, running water pipes through wall cavities with no 

water tolerance is a normal scenario and leaks usually go unnoticed until damage becomes 

visible. 

2.15.3  Fluctuating properties of air 

 Wall cavities within the building envelope have the tendency to reach equilibrium 

with the surrounding atmosphere (Rose 2005).  As the humidity changes in either the outdoor 

or indoor climate, there is expect change inside the wall cavity.  This is primarily due to 

leakage points that exist within the envelope, that provide a path for moisture and air 
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diffusion; likely leading to condensation (Derome and Desmarais 2006, Lstiburek 1995, 

Burch et al. 1995).  A study by Straube (2002) showed that at the point of water entry inside 

the wall cavity, there are higher concentrations of moisture accumulation than other parts of 

the assembly (2002).  Furthermore, an additional test conducted on manufactured walls 

showed that these points of entry had the greatest concentration of mold and fungi (Glass and 

Tenwolde 2007). 

2.15.4  Building pressure 

 The building envelope is largely responsible for maintaining the pressure of the 

indoor environment, and managing the pressure difference of the external.  A positive 

pressure building has more air going into the building than is exiting, where as a negative 

pressure building has more air that is leaving the building, than entering.  According to Fazio 

(2003), negative pressure buildings can trigger moisture accumulation very rapidly, 

especially during hurricanes and humid climates.  The resulting pressure difference in the 

building, along with the pressure differences that exist inside of wall cavities in the presence 

of moisture, is the reason that Fazio et al. (2007) found that introducing intentional or 

controlled drainage at the bottom of the study cavity would drain away free water in most 

buildings.   

2.15.5  Soil 

 Moisture accumulation also occurs when the soil surrounding the home becomes 

overly saturated.  Hydrostatic pressure exists between the ground and the home when the 

surrounding soil has more water than it can absorb; resulting in large amounts of water vapor 
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escaping to building materials (Rose 2005, Lstiburek and Carmody1993); furthermore,  

creating even more problems in the case where a building envelope has many leaks.  The 

surrounding soil of the home is a leading factor that leads to moisture accumulation inside 

the home, in both liquid and vapor form (Shelton et al. 2002).  Proper drainage techniques 

should be applied to keep moisture away from the crawl space and the building envelope.   

2.15.6   Maintenance 

 Once the house has been properly installed using appropriate building materials and 

codes suitable for the region of service, the homeowner is responsible for maintenance.  

According to Boss (2005), current design trends in North America do not permit the 

homeowner or manufacturer to properly evaluate their home, or measure its performance 

over time.  Instead they have to be cognizant that water leaks can often be undetectable and 

go unnoticed for indefinite periods.  The homeowner or manufacturer is essentially an 

integral part of the holistic approach to the building envelope.  According to Walker and 

Felice (2008), simple maintenance should include:   

 Replacing exterior sealants every five to ten years 

 Frequently inspect drains to ensure proper drainage 

 Minimize indoor activities that might result in moisture loads 

 Maintain annual indoor relative humidity between 40 % - 50 % 

 Replace air filters 
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 The World Health Organization (WHO) reports that indoor activities in a home can 

increase moisture and result in hazardous conditions (2007); however according to Borchers 

et al. (2006), the risks can be minimized with proper maintenance.    

 2.16  Failure and the building envelope 

  The building envelope is not perfect and many instances of failure are well known, 

especially in coastal and humid climates (Rousseau 1999).  According to Fazio, performance 

of a wood-frame building envelope is directly affected by moisture management, as well as 

by the quality of design, construction workmanship, and maintenance (2003).  Regardless, if 

water or moisture penetrates the building envelope, mold and structural degradation is likely.   

 2.17  Mold 

 Trapped water inside the home, especially in the wall cavity, can result in fungal 

propagation.  Mold is the most common of over one million species included in the 

taxonomic kingdom of fungi.  They reproduce through tiny microscopic spores that are 

ubiquitous, and under the right conditions will stimulate mold formation.  These spores settle 

with floor dust and are literally impossible to keep out of the home.  Higher spore counts 

have been found outdoors in the southwest and southeast regions of the United States in the 

summer and fall seasons, respectively; resulting in higher indoor spore rates (Boutin-Forzano 

et al. 2004).  The problem with a high spore concentration indoors is that, under the right 

conditions, there is an increased likelihood of mold cultivation.   
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 Molds are commonly found indoors in virtually any setting, whether it be bedroom or 

kitchen.  In order for mold to grow indoors water has to be  present, temperatures have to be 

above freezing, 0°C-54°C, and there has to be nutrient rich organic matter.  These conditions 

are commonly found indoors; Rowen et al. reports that mold is reported to grow on:  

wallpaper, wood, textiles, paints, and glues (1999).  

 Molds are undesired but are commonly found living inside of homes and buildings, 

impacting those whom are in contact.  Recently toxin producing molds have become 

scrutinized in the public sector due to the response it has ostensibly caused individuals.  

Toxic molds produce mycotoxins, a byproduct of secondary metabolism, which is more 

likely to form when a mixture of microorganisms is present, as is often the case inside of 

homes.  Over two-hundred different mycotoxins are produced by some three-hundred 

different genera of mold with different levels of toxicity and dependency for growth; 

furthermore, different strains of the same mold can produce varying amounts and types of 

mycotoxins (Boutin-Forzano et al. 2004).   

 The most common molds found both indoors and outdoors are Penicillium, 

Cladosporium, and Aspergillus (Portnoy et al. 2005) and the most toxic mold associated with 

serious health effects found indoors is Stachybotrys chartarum (WHO 2007).  Rowan et al. 

found that Stachybotrys chartarum requires a 95 % or 96 % relative humidity at temperatures 

ranging from 19°C - 24°C in order to grow, using a novel modeling system that predicts mold 

(1999).  Another study confirmed that S. chartarum requires a much higher relative humidity 
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to cultivate and does not grow at a relative humidity below 75 % (WHO 2007).  Stachybotrus 

chartarum is particularly a concern for the southeastern portion of the United States, and any 

environment where these atmospheric conditions are found.        

 The Institute of Medicines (IOM) committee on damp indoor spaces and health, 

report that more than eighty genera of major fungal groups have been associated with 

respiratory tract disorders (2004); resulting in many concerns regarding indoor mold and 

health.  Mold is recognized as one of the major allergens in the home environment, and can 

lead to mild or severe allergic reactions, mainly related to respiratory and immune system 

problems, but also has been associated with headache, fatigue, anxiety, and depression 

(Jarvis and Miller 2005, Robbins et al. 2000, Douwes et al. 2003).  Koskinen et al. (1999) 

found that a damp environment suitable for mold formation increased the risk for upper and 

lower respiratory tract infections; furthermore, Bornehag (2004) reports that these types of 

environments increases morbidity rates among adults; moreover, the Institute of Medicine 

(IOM 2004) reports the risk are even greater in children.  Furthermore, recent reviews of 

current literature have established a relationship between mycotoxin producing molds found 

indoors and health problems in individuals (Alturkistani et al. 2008).  In addition, literature 

review conducted on dampness in buildings was conducted; Bornehag et al. (2004) report 

that dampness in buildings approximately doubles the risk of health effects among atopic and 

non-atopic persons, in both domestic and public environments.  Even though there is a strong 

relationship existing between indoor molds and health effects according to the IOM (2004) 
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there is there is not a standardized method to quantitatively measure exposure, making it 

difficult to link health effects with mold.   

 To prevent mold growth would require constant maintenance and cleaning inside the 

home to remove mold spores.  Molds are unavoidable indoors, and the key to minimizing the 

health effects associated with them is ventilation.  Inadequate ventilation will create an 

environment that is suitable for mold growth (Hoadley 2000).  Inside the wall cavities of the 

building envelope, molds and fungi are most problematic because of the inability to see and 

reach them.  As long as water and air leaks within the building structure are prominent, there 

is expected to be a resulting mold problem inside of wall cavities.  Wall cavities are not 

designed to promote ventilation; instead, they are a part of the barrier that has been designed 

to separate the outdoor and indoor environments.  When water gets trapped inside of wall 

cavities, the primary method of drying, or ventilating, relies heavily on evaporation that is 

further influenced by air leakage, holes, and other deficiencies (Rose 2005).   

 In addition to toxin producing molds, fungi are also known to deteriorate wood, the 

main building component in America, which can be devastating to residential structures.  As 

with mold formation wood deteriorating fungi require that spores come in contact with 

building materials, namely wood.  This is likely to occur during construction or at any 

moment during the lifecycle of the home, especially when leaks in the envelope are present.  

These spores will remain dormant until optimal temperature, oxygen, moisture, and food 

conditions are satisfied (Hoadley 2000).   
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 There are different types of fungi that are known to attack wood under favorable 

conditions.  Not all fungi that attack the wood are harmful to the structure, or strength 

properties of the wood, such as sapstain fungi; however, other    kinds of fungi are known to 

be much more harmful.  The fungi that are known to cause the most damage are referred to 

as decay fungi or basidiomycetes (Rose 2005).  At the beginning stages of fungal attack, 

discoloration is known to occur, but eventually will lead to rot, where the wood becomes 

softened (Laks et al. 2002).  White rot fungi attack the cellulose and lignin in wood leaving 

the surfaced appearing bleached; common white rot fungi include Polyporus versicolor, 

Poria nigrescens, and Peniphora mollis (Rousseau 1999).  Brown rot fungi are known to 

primarily attack the cellulose in wood leaving a brown powdery residue on the surface 

(Solomon et al. 2006, Centers for Disease Control and Prevention (CDC) 2006, Chew et al. 

2006), an example is Poria monticola (Boone et al.  2004).  Laks et al. found that all major 

sheathing panels used in construction are susceptible to basidiomycete type fungi and wood 

degradation (2002).   

 Wood degradation is a common problem in homes that results in property damage, 

loss of structural integrity, and expensive repairs.  It does not happen instantaneously; rather 

it is an evolving process that gradually worsens with time.  When a home is constructed, by 

all measures it should be structurally sound; however, fungal attack will cause the structure 

to weaken.  If the resulting damage is not repaired immediately, it can result in further 

damage to the home.  As simple as it may seem, a potential window leak could be a five 

dollar repair but it can result in thousands of dollars worth of damage.  According to Boone 
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(2004), many homes in coastal and high humidity regions have experienced structural failure 

resulting from wood degradation.     

 Molds are a vital part of earth’s ecosystem, but in a confined space with little 

ventilation their byproducts are known to deteriorate the quality of air and breakdown wood.  

When large amounts of water penetrate the building envelope it causes indoor spore counts to 

nearly double; likely causing heavy mold coverage and increased health risks as was seen in 

the aftermath of Hurricane Katrina (Boone et al. 2004).   

 2.18  Remediation 

 It is never a desire to have moisture, or water, penetrate the building envelope; 

nonetheless, it is inevitable.  Even in a perfectly designed home with the most advanced 

materials and construction code’s, water intrusion is certainly a possibility.  How the wall 

responds once the water has entered the cavity is of most value.  To minimize the effects of 

water and moisture intrusion, the wall cavity has to be able to dry out effectively and 

expeditiously.  According to Boone et al. (2004), wall drying can be promoted by selecting 

materials that allow moisture vapor to diffuse both inward and out of the cavity.  This means 

material selection is crucial for consistent performance in residential structures.  When 

selecting materials, it is of the utmost importance that the building envelope is constructed 

airtight to halt, and at minimum, substantially reduce air flow.  According to Karagiozis 

(2001) uncontrolled airflow movements can result in large amounts of moisture transport into 

the wall cavity, potentially resulting in fungi germination and poor indoor air quality (Lehtola 

et al. 1998).   
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 Notwithstanding, there still has to be some sort of ventilation that allows for water to 

escape the cavity.  This shows the complexity of the building design i.e. the exterior of the 

building envelope uses materials that are designed to keep air from entering the home, the 

interior of the envelope utilize materials that are designed to keep air inside the home, yet 

ideally these materials allow moisture to diffuse through them in the event water penetrates 

the wall cavity.  Furthermore once moisture escapes the wall cavity the house-wrap allows 

accumulated water to exit the building, via gravimetric response.  However using a vapor 

barrier such as a house-wrap to cover sheathing, retards moisture transport through OSB 

potentially resulting in fungi, according to a study performed by Boone et al. (2004).   

 Similar to moisture transport inside of wall cavities via air infiltration, bulk water 

intrusion from water leaks and floods is equally damaging to wall systems because of their 

ability to contribute large volumes of moisture to the wall cavity (Boone et al. 2004).  When 

moisture has penetrated the building by means of air infiltration, it is clear that natural 

ventilation is the primary method of removal.  Yet according to Boone this poses a problem 

in hot-humid climates, as climatic conditions heavily influence the drying potential of the 

wall cavity while providing a high potential for mold growth (2004).      

 Drying wall cavities after a severe storm that has resulted in flood waters in the home 

is challenging.  To promote ventilation inside of the wall cavity after a flooding event, the 

University of Florida’s Disaster Handbook states:  remove top and bottom strips of siding on 

the outside of the building and drill several holes on the outside of the floor line (Lehtola et 

al.  1998).  Hurricane research in the state of Florida is well respected and this handbook is 
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used by governments across the country.  Unfortunately this approach appears to be 

burdensome and its efficiency questionable.  In a moisture rich atmosphere removing strips 

of exterior siding could potentially cause further problems in the home; exponentially 

increasing fungal propagation.  Nonetheless, it is respected as a last resort.  Potentially an 

effective method of removing water inside walls is through a wall drying system such as Jon-

Don’s Injectidry (HP 60i).  This system is directly attached to the wall cavity by drilling two 

holes per cavity, or approximately two holes every 406 mm (Jon-Don 2009).  These holes 

(figure 2.4) are used to add air to the wall cavity, and to remove moisture.   

.   

Figure 2.2:   Injectidry system by JonDon. 

   The idea of the injectidry system by Jon Don is to increase the number of air changes 

inside of wall cavities by introducing positive and negative air flow.  A dehumidifier is used 

to blow dry-heated and pressurized air inside the wall.  Although no research was found 

concerning the injectidry system or other wall drying systems, it appears as though this 
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method is a time consuming and expensive process.  Furthermore, it is presumed that homes 

have not been designed to handle this type of air flow and moisture transport; therefore, its 

effectiveness is questionable.      

 Nonetheless, the idea of a wall drying system is highly regarded in this research.  

However, it is suggested that more research is needed; additionally, it is likely that homes 

should be designed to handle both positive and negative pressure exchange.  Therefore, 

research has been conducted into a wall drying system, for residential homes, under the 

assumption that a wall drying system can be included in the design.     
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3.  MATERIALS AND METHOD 

 3.1  Introduction 

 There was no research found that had previously investigated water loss inside of 

residential walls using compressed air.  Therefore the materials presented in this research 

were based on availability and do not necessarily represent a best case scenario.  

Nonetheless, the methods selected in this research show that water loss can likely be 

achieved inside of residential walls.  Testing is described in this research as either 

preliminary or experimental.  Preliminary tests build off one another and lead up to 

experimental designs, and both are used to evaluate water loss using compressed air.   

 The materials and methods used between the preliminary and experimental 

observations vary; however, there were certain materials and/or methods that were common 

for all observations.  Therefore, a detailed description of common procedures will only be 

provided once.  Compressed air was used in each preliminary and experimental observation, 

excluding the bulk air observation.  The operating system used to supply the compressed air 

is a Devair compressor (VAVC 5000) with a .024   flow rate at full capacity (175 psi); 

however, it operates at 100 psi with a flow rate at the exiting valve recorded as .0034    

using a King flow meter (model # 7530).   

 Building materials common to residential construction were used to design the wall 

models i.e. dimensioned lumber, OSB sheathing, drywall, and insulation.  Dimensioned 

lumber was fixed to OSB sheathing, so that the thick edge of the lumber was flush with the 
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periphery of the OSB.  A piece of drywall, either 12.7 mm or 9.5 mm thick, was cut-to-fit the 

wall model and attached to the face of the dimensioned lumber.  The spacing between the 

OSB sheathing and drywall was equal to the actual width of the dimensioned lumber, 89 mm.  

Grip clamps were used to temporarily fix the drywall to the model for easy removal.     

 The compressed air was connected to the wall model by drilling a 12.7 mm hole 

through the mid-point on the top plate and placing a 101.6 mm pipe through the hole.  A 

couple was attached to the end of the pipe extending from the wall model using a male-male 

connector.  A double action connector was attached to the end of an air hose and connected 

to the couple extending from the wall model (figure 3.1).       

 

Figure 3.1:   Extended couple used to attach compressed air to wall model. 

 3.2       Preliminary design 

The preliminary results are discussed in this chapter and include:         

 Preliminary I –  water loss observation:   448 mm x 441 mm wall model    
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 Preliminary II – pressure observation (10 psi – 30 psi):    584 mm x 445 mm wall 

model   

 Preliminary III  -  bulk air observation  

 Preliminary IV – pressure observation (10 psi – 30 psi):   991 mm x 1219 mm wall 

model   

3.2.1  Water loss observation   

 An initial observation was made on a 448 mm x 441 mm pre-constructed wall model 

made of common building materials i.e. dimensioned lumber, sheathing, and drywall (figure 

3.2).   

 

Figure 3.2:  448 mm x 441mm wall model used in preliminary I. 

An aluminum holding pan (229 mm x 102 mm) was placed inside the wall model containing 

500 g of water, and the drywall attached.  The wall model remained untouched for a period 
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of three days and a final weight recorded to an accuracy of 0.002 kg using an Ohaus bench 

scale.  The results show that the wall model lost 58 g of water over the three day period.  

Next, a 12.7 mm diameter hole was drilled through the top plate and an extended couple 

attached for compressed air, operating at 100 psi or .0034 , to enter the wall model for 

fifteen hours.  Fifteen hours was randomly selected to gain insight into the effect of 

compressed air on water loss.  Results show that 93 % of the water was removed from the 

holding pan over the 15 hour period (appendix A Table A.1).    

3.2.2  Pressure observation (10 psi – 30 psi) 

 An air regulator/filter was attached to the compressed air at the exiting valve, to 

minimize the effects of moisture in the line and to control pressure.   A larger wall model 

(584 mm x 445 mm) was constructed, an extended couple attached, and further water loss 

observations were conducted.  The respective dimensions for the wall model were chosen for 

handling purposes and to increase the drying area (figure 3.3).   
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Figure 3.3:   584 mm x 445 mm wall model used in preliminary II. 

  A holding pan was placed on the bottom plate so that the compressed air was pointing 

towards the pan.  Pink fiberglass insulation (typical in construction, R-13), was cut to fit 

inside the wall model to avoid interference with the compressed air, and tests made with and  

without insulation (figure 3.4). 

 

Figure 3.4:   Insulation cut-to-fit around the pan inside wall model. 
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   The ambient conditions of the compressed air leaving the air regulator were recorded 

using a Vaisala hygrometer (HMI 31).  Results indicate that temperature of the compressed 

air exiting the air regulator/filter was ± .5 ° C relative to the ambient conditions in the testing 

facility, during normal operating hours; however, the relative humidity was considerably 

lower.  Observations made in the testing facility were in the range of 50 % - 55 %; whereas, 

the relative humidity exiting the compressed air was observed to be in the range of 12 % to 

17 % at the same time.   

 To investigate water loss, 300 (g) of water was placed inside the holding pan located 

on the bottom plate inside the wall model.  The drywall was attached and an initial weight (g) 

recorded.  Compressed air (30 psi) remained connected to the wall model over a four hour 

period (four hours was randomly chosen to investigate the effect of time on water loss).  

After the four hour period a final weight (g) was recorded and the test repeated with 

insulation.  Similar, observations were made at 25 psi, 20 psi, 15 psi, and 10 psi to gain 

insight into the effect of pressure and insulation on water loss.  Initial and final weights were 

recorded to an accuracy of 0.002 kg using an Ohaus bench scale.  The following observations 

were made: 

1. Effect of time, observations made over four hours 

2. Effect of insulation, observations made with and without insulation 

3. Effect of pressure, observations made between pressures 10 psi – 30 psi 
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  Results indicate that the wall model lost more water at higher pressures i.e. 30 psi, 25 

psi, and 20 psi compared to lower pressures i.e. 15 psi and 10 psi.  Additionally, the results 

indicate that less water was removed with insulation (table 3.1).   

Table 3.1:   Preliminary II water loss observations at four hours. 

Pressure (psi)   No Insulation (g) Insulation(g) 

30 242 30 

25 188 30 

20 148 25 

15 88 25 

10 24 20 

Table 3.1 indicates that it was more difficult to remove water with insulation.  To further 

investigate the effect of time with insulation, an additional experiment was conducted at the 

minimum and maximum pressures used (i.e. 10 psi and 30 psi) over a sixty-seven hour 

period (sixty-seven hours was randomly chosen to investigate the effect of time on water 

loss).  Results indicate that larger amounts of water can be removed from the insulation filled 

model at sixty-seven hours; furthermore, results indicate that a larger amount of water is 

removed at 30 psi versus the amount removed at 10 psi (Table 3.2).    

Table 3.2:   Preliminary II water loss observations at sixty-seven hours. 

Pressure (psi) Water Loss (g)   

30 325 

10 145 

  Comparing the sixty-seven hour results with the four hour results in table 3.1  

indicates that more water can be removed from insulation (R-13) filled cavities when time is 

greater than four hours.   
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3.2.3   Bulk air observation 

 An alternative to compressed air was investigated to remove water inside the wall 

model.  A sixteen gallon wet-dry vacuum (Shopvac model # 17761) was used to supply bulk 

air (282 km/h) by attaching the hose of the vac to a pre-cut 76 mm hole on the top plate of 

the wall model  (figure 3.5).   

 

Figure 3.5:    Bulk air observation:  shopvac attached to wall model. 

  To investigate the effect of bulk air on water loss in the wall model, 300 (g) of water 

was placed inside the holding pan located on the bottom plate, and an initial weight recorded.  

Once the shopvac was activated, visual observations indicated that the force of the air was 

too excessive for the wall model.  Without insulation, the force of the air caused significant 

overspill from the holding pan.  With insulation, the force of the air caused the insulation to 

compact significantly towards the bottom of the wall model.  Therefore the results were not 

used and no further attempt was made.     
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3.2.4  Pressure observation (10 psi – 30 psi):  991 mm x 1219 mm wall model   

 A 991 mm x 1219 mm wall model was constructed with an extended couple attached 

through the midpoint of the top plate to investigate water loss in a multi-cavity design using 

compressed air.  The distance from the extended couple to the bottom plate inside the wall 

model is approximately 850 mm (Figure 3.6).    

 

Figure 3.6:   991 mm x 1219 mm wall model. 

 Pink fiber-glass insulation with an R-13 rating was cut-to-fit each cavity of the wall 

model, and used during observations (figure 3.7).    
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Figure 3.7:   991 mm x 1219 mm wall model with insulation. 

To test the effects of compressed air on water loss in the wall model, 300 (g) of water was 

placed inside the holding pan, the drywall attached (12.7 mm), and an initial weight recorded.  

The air regulator/filter was set to 30 psi and testing followed over a four hour period.  

Afterwards, a final weight was recorded to an accuracy of 0.005 kg by lifting the wall model 

onto an Acculab bench scale (SVI-50C).  To evaluate the effect of pressure on water loss, 

tests were repeated at 25 psi, 20 psi, 15 psi, and 10 psi.  All tests were conducted with and 

without insulation in the wall model to investigate water loss rates.    

 Highly saturated air was observed exiting the air compressor over the course of this 

experiment, which may have influenced the results.  An air cooler is added in later 

experiments to drastically reduce moisture from exiting the compressed air.  Nonetheless 

pressure and insulation appear to have an effect on water loss (table 3.3). 
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Table 3.3:   Preliminary IV water loss observations at four hours. 

Pressure (psi)   No Insulation (g)  Insulation (g)  

30 95 65 

25 70 25 

20 45 30 

15 55 30 

10 15 20 

Results indicate that there is a considerable difference in water loss in the 991 mm x 1219 

mm wall model versus the 584 mm x 445 mm wall model (table 3.1 and table 3.3).  At 25 psi 

and 30 psi more than twice as much water was removed from the 584 mm x 445 mm wall 

model than the 991 mm x 1219 mm wall model; furthermore, at 20 psi more than three times 

as much water is removed from the 584 mm x 445 mm wall model versus the 991 mm x 

1219 mm wall model.  Results indicate that it is more difficult to remove water from the 991 

mm 1219 mm wall model.  It is likely that air circulation is greater at the bottom of the 584 

mm x 445 mm wall model than the 991 mm x 1210 mm wall model. 

 Comparing water loss between the insulation filled wall models shows similar results 

i.e. it is more difficult to remove water in the 991 mm x 1219 mm insulation filled wall 

model; however, at 30 psi the 991 mm x 1219 mm wall model lost more water that all other 

tests.   

 To further investigate the effect of time on water loss from the insulation filled 991 

mm x 1219 mm wall model, tests were repeated at 10 psi and 30 psi over a sixty-seven hour 

period.  Results show that time does have an effect on the amount of water removed from the 

wall model with insulation (table 3.).   
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Table 3.4:    Preliminary IV water loss observations at sixty-seven hours. 

Pressure (psi)  Insulation (g)  

30 275 

10 160 

The results indicate that when time is greater than four hours, more water can be removed 

from the insulation filled 991 mm x 1219 mm wall model.  The results are similar to the 

observations made on the 584 mm x 445 mm wall model (table 3.2) i.e. at 30 psi, 325 (g) of 

water is removed from the 584 mm x 445 mm wall model versus 275 (g) in the 991 mm x 

1219 mm wall model; at 10 psi 145 (g) of water is removed from the 584 mm x 445 mm wall 

model versus 160 (g) in the 991 mm x 1219 mm wall model.   

 3.3                          Experimental design 

 The results of the preliminary observations were used to support the designs of the 

actual experiments.  Several experiments were conducted using compressed air (10 psi – 30 

psi) and a 991 mm x 1219 mm wall model, which include:   

 Experiment I   –  Air circulation     

 Experiment II  – Ambient relative humidity  

 Experiment III –  Water loss from a holding pan 

 Experiment IV –    Direct water contact:  standard approach to drying  

 Experiment V  –  Direct water contact:  tubing approach to drying   

 Experiment VI –  Direct water contact:  vent approach to drying   

The results of each experiment are discussed in chapter four.    
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3.3.1  Air circulation tests 

 The results of the initial pressure observations made in preliminary IV indicated that 

less water was removed from the 991 mm x 1219 mm wall model over the drying period, 

compared to the 584 mm x 445 mm wall model.  It was postulated that air circulation was 

lower at the bottom portion of the 991 mm x 1219 mm wall model, making it more difficult 

for water to escape.  Therefore, air velocity measurements were recorded at various points to 

provide an indication of air circulation in the 991 mm x 1219 mm wall model.     

 Seven horizontal rows were labeled on the drywall facing the center cavity.  Rows 

were labeled (1-7) with row one located 102 mm from the top plate inside the model.  The 

remaining rows were spaced 51 mm apart, ending with row seven located 12.7 mm from the 

bottom plate.  Five 12.7 mm holes were drilled at each row and labeled (point 1 – 5) so that 

point one was 12.7 mm from the left stud and point five was 12.7 mm from the right stud.  

Altogether thirty-eight holes were drilled but only thirty-five were used to represent the 

velocity of air at various points in the model (the holes not used were too close to the source 

resulting in high velocity values that were out of the range of the anemometer) (figure 3.8).   
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Figure 3.8:   991 mm x 1219 mm wall model used to observe circulation. 

Each hole was covered with an adhesive backing prior to testing the wall model, and 

individually uncovered while observations were being made at given points.  To measure the 

velocity (fpm) at each point in the wall model, a hot wire thermo-anemometer by Extech 

instruments (Model 407123) was used.  Compressed air (30 psi) was attached to the wall 

model and the probe of the anemometer placed horizontally through the drywall, at 

respective points, so that the sensor of the probe was closest to the sheathing.  Once inside 

the wall model, the probe was slowly turned to find the highest velocity reading.  Once 

found, recordings followed for a period of ten seconds.  Afterwards the maximum readings 

were displayed and recorded.  Tests were repeated at 25 psi, 20 psi, 15 psi, and 10 psi to gain 

insight into air circulation using the 991 mm x 1219 mm wall model.  After all measurements 

were recorded at the sheathing location, the entire test was repeated with the probe closest to 
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the drywall.  An attempt was made to repeat the test with insulation; however, it was difficult 

to get consistent readings.  Therefore the results with insulation are not included, although it 

appeared that with insulation in the wall model, air circulation was low, especially towards 

the bottom.        

3.3.2   Ambient relative humidity tests 

  The effect of compressed air on ambient conditions i.e. relative humidity and 

temperature inside the 991 mm x 1219 mm wall model was also investigated.  Without 

compressed air, the ambient conditions inside the wall model were in equilibrium with the 

ambient conditions in the facility, at any given time.  To investigate the difference between 

relative humidity of the compressed air exiting the air filter and regulator versus the relative 

humidity of the facility, Vaisala’s hygrometer (HMI 31) was used to record observations in 

the facility and the conditions of the compressed air.  Observations were made by placing an 

empty beaker beneath the exiting valve located inside the wall model, and placing the probe 

of the hygrometer inside the beaker, and in direct contact with compressed air, until it 

reached equilibrium.  A one way ANOVA (p < .05) analysis indicates a significant difference 

in the relative humidity of the facility versus that of the compressed air (figure 3.9). 
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Figure 3.9:  Ambient conditions of source and atmosphere at same time.     

 Similar observations were made on temperature (°C) during the experiment and data 

indicates that temperature of the compressed air is within ± .5° C with the ambient 

temperature in the facility.    

 During the preliminary IV initial pressure observation, it was concluded that moisture 

occasionally was present in the compressed air.  To minimize the effects of moisture, the use 

of an air cooler was investigated.  A DeVair pro dryer (PD 25) was installed by removing the 

air filter/regulator and replacing it with the air cooler.  The regulator was then re-attached to 

the exiting valve leaving the air cooler to control pressure.  Observations of the ambient 

conditions of the compressed air were made using Vaisala’s hygrometer (HMI 31); results 

indicate that the air cooler did not change the temperature of the compressed air i.e. it 

remained within ± .5° C with the conditions in the facility.  However, the relative humidity 

was lowered.  A one way ANOVA (p < .05) indicates that there was a significant difference 
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in relative humidity (figure 3.10) between the compressed air with no air cooler and the 

compressed air with air cooler.       

Figure 3.10:     Mean effect of air cooler on relative humidity. 

 It was further desired to investigate the ambient conditions inside the wall model 

while compressed air was attached.  Three wall mount sensors by Vaisala (model HMW 50) 

were used in the investigation.  The sensors were wired through a data acquisition center, 

supported by labview.  The sensors were first placed inside of an environmental chamber, to 

analyze their accuracy, and evaluated at the following conditions: 

1. 30°C and 50 % relative humidity.  

2. 30°C and 70 % relative humidity.   

The results indicate that each sensor (labeled left, center, and right) responded within ± 3 % 

relative humidity at both conditions.  To analyze the response of the sensors inside the 991 

mm x 1219 mm wall model, they were labeled and placed in the center cavity, 305 mm from 

the bottom plate and spaced 12.7 mm apart.  Two observations were made over a one hour 

period (2 Hz):  
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 Ambient relative humidity with no compressed air, observations made with and 

without insulation  

 Ambient relative humidity with compressed air (30 psi and 10 psi) observations made 

with and without insulation  

  Next, the sensors were removed and attached inside each cavity labeled left, center, 

and right at 457 mm from the bottom plate closest to the center studs (figure 3.11).    

 

Figure 3.11:   Wall model with sensors installed at left, center and right cavities. 

 With the sensors attached in respective cavities, the following observations were 

made using compressed air:   

 30 psi with and without insulation 

 10 psi with and without insulation  
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3.3.3  Water removal from holding pan 

  According to the preliminary observations, more data was needed to better evaluate 

the effects of insulation, pressure, time, in addition to air cooler on water loss.  An additional 

991 mm x 1219 mm wall model was constructed, and used in this experiment to increase 

productivity.  The construction of the wall model was designed using the same approach 

described in the preliminary IV observation.  The purpose of having two walls was to 

simultaneously analyze the results, with and without the air cooler.  An additional air 

filter/regulator was installed by connecting a T fitting leaving the air cooler.  To monitor 

water loss, a holding pan containing 300 g of water was placed inside the wall models and 

placed on the bottom plate (figure 3.12). 

 

Figure 3.12: Standard approach to drying with holding pan. 

 Initial and final weights of the pan were recorded to monitor water loss.  The following 

observations were made:   
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 30 psi no insulation, with and without air cooler. 

 30 psi yes insulation, with and without air cooler.   

The test was repeated at 20 psi and 10 psi and five replications at each condition were 

evaluated.  Pressure (10 psi, 20 psi, and 30 psi) was selected to further investigate water loss 

by using the methods prescribed in Preliminary IV; however, only water loss from the pan is 

analyzed.  Based on the results obtained from the preliminary work, it was determined that 

water loss from the pan could be adequately represented at 10 psi increments i.e. 10 psi, 20 

psi, and 30 psi; therefore, 15 psi and 25 psi was omitted.   

3.3.4  Standard approach to drying  

 To move closer to real world application, it was desired to place water in direct 

contact with building materials.  To achieve this, the holding pan was removed and a 19 mm 

water hose was attached to a faucet in the lab.  The vacant end of hose was sealed and a 6 

mm hose attached to the 19 mm hose via a plug (figure 3.13). 
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Figure 3.13:   Water system used to introduce water to wall model. 

A water drip device was installed at the end of the 6 mm hose and was used to control the 

rate water entered the 991 mm x 1219 mm wall model.  The drip system was placed inside 

the wall model so that water was in direct contact with building materials i.e. insulation, 

drywall, sheathing, and dimensioned lumber (figure 3.14). 

 

  Since former testing on the wall model was conducted with 300 g of water in the 

holding pan it was desired to have at least 300 g in the wall model following the wetting 

Figure 3.14: Spray nozzle used to introduce water. 
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period.  Trial runs indicated that 300 g of water could be added to the wall model when time 

is equal to, or greater than thirty minutes.  Therefore, wetting of the wall model was 

conducted for thirty minutes and drying followed for a four hour period.  The following 

observations are made: 

 Water gain after 30 minutes 

 Effect of insulation, yes and no  

 Effect of time on water loss, hours 1 – 4.   

 Effect of pressure, 10 psi, 20 psi, and 30 psi 

 Total water loss  

Additionally, the effect of drywall (9.5 mm and 12.7 mm) was also observed and the results 

briefly discussed.  After the wetting period, the standard approach to drying the wall model 

was used i.e. compressed air attached to an extended couple, located at the midpoint of the 

top plate, for four hours (figure 3.12).  Tests were made with and without insulation at 30 psi, 

20 psi, and 10 psi; five replications of each condition were analyzed.  Air volume was also 

evaluated using a King flow meter (model 7530).  Results indicate that the volume of air is 

noticeably larger at 20 psi and 30 psi compared to 10 psi i.e. 30 psi (.0028 ), 20 psi 

(.0024 ), and 10 psi (.0017 ).   

3.3.5  Tubing approach to drying  

  The air velocity results indicated that air circulation declines as the distance from the 

air source increases i.e. towards the bottom plate air circulation is lowest.  Furthermore, the 

results from the standard approach to drying the wall model indicate that drying could be 
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improved with insulation; therefore, it was postulated that by introducing tubing in the 

insulation filled wall model, air circulation would be greater at the bottom, potentially  

maximizing water loss.   

 A T fitting was attached to the extended couple inside the wall model, at two different 

positions, and eight tubing arrangements were tested.  The first position of the T-fitting 

resulted in tubes attached to the side studs inside the center cavity (figure 3.15).  

 

Figure 3.15: Tubing attached to side studs in center cavity. 

 

In arrangement one, both tubes were attached to the side studs reaching the bottom plate.  A 

large amount of air was observed exiting the wall model, so both tubes were shortened by 

152 mm.  At arrangement two, both tubes were 152 mm from the bottom plate; then, the left 
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tube was incrementally shortened by approximately 152 mm for each arrangement that 

followed in an attempt to increase circulation.  The data in table 3.5 describes the five 

arrangements used in the wall model with the tubes attached to the left and right stud, 

respectively.   

Table 3.5:   Tubing arrangements 1-5:  distance from bottom plate (mm). 

Arrangement Right Stud (mm) Left Stud (mm) 

1 0 0 

2 152 152 

3 152 305 

4 152 457 

5 152 610 

Testing for each arrangement followed at 20 psi (based on the results from the standard 

approach to drying) over the drying period (four hours), with insulation in the wall model; 

albeit, a lower volume of air was observed with the tubes attached (.0018 ).  Three 

replications for each arrangement were made to investigate water loss with respect to tubing.  

After each test, observations were made on a weight basis and by visual inspection.  Visual 

inspection indicated that any remaining water inside the wall model, after the drying period 

was primarily located in the insulation; especially at the interface between insulation and 

dimensioned lumber located at the bottom plate.  

 An alternative positioning of the T fitting was tested in an attempt to further increase 

air circulation and improve the results with insulation (figure 3.16). 
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Figure 3.16: Alternative tubing approach. 

Previous observations indicated that insulation was able to hold water, however, with the 

addition of air, was able to release the water gained.  To assist the insulation in releasing the 

water, an air tube was positioned so that it was pointing directly in the middle of the 

insulation at the top of the wall model; conversely, the right tube was attached to the side 

stud and incrementally shortened by 152 mm for each arrangement (figure 3.15).  The data in 

table 3.6 describes the three arrangements used in the wall model, with a tube attached to the 

right stud, and the other tube positioned at the top of the model, respectively.      
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Table 3.6:  Tubing arrangements 6-8:  distance from bottom plate (mm). 

Arrangement left tube (mm) right tube (mm) 

6 826 154 

7 826 305 

8 826 460 

 

 For each tubing arrangement, water was introduced to the wall model for a period of 

thirty minutes, followed by four hours of compressed air (20 psi or (.0018 ).  The 

following observations were made with and without drywall (9.7 mm): 

 Water gain after 30 minutes 

 Water loss at hours 1 - 4  

 Total water loss    

3.3.6  Vent approach to drying  

 An opening (76 mm x 76 mm rectangle) in the wall model was made, and labeled as a 

vent, to provide an avenue for water and air to escape the wall model (figure 3.17).  
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Figure 3.17:  Vent cut out of drywall in wall model. 

It was postulated that by creating a vent, a path would be created for water and air to escape, 

potentially maximizing the drying effort.  To test the approach, water was introduced to the 

wall model for thirty minutes, and the standard approach to drying used i.e. air attached to 

the extended couple located on the top plate.  The following observations were made with 

insulation in the wall model:   

 Water Gain after 30 minutes 

 Effect of pressure on water loss, 10 psi, 20 psi, and 30 psi 

 Effect of time on water loss, hours 1 - 4  

 Total water loss 
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4.   RESULTS AND DISCUSSION 

  This research tested the effects of compressed air on water loss from the wall cavities 

of a wall model.  The results of the experiments described in Chapter 3 are discussed in this 

section.  

 4.1  Air circulation tests  

 Measurements of air velocity were taken to analyze the internal conditions of the 

model using compressed air.  Seven rows (labeled 1-7) were used to characterize air 

circulation in the wall model.  The rows were numbered in a descending order with row one 

represents the upper most part of the wall model, and row seven represents the lower most 

part of the wall model.  Five velocity measurements were recorded at each row and labeled 

points 1-5.  At each point, two velocity measurements were recorded based on the location of 

the sensor inside the wall model, and were labeled:  sheathing and drywall.  The mean data of 

each row, at the drywall and sheathing locations, were analyzed for the results (appendix B).    

4.1.1  Results at sheathing 

 The results indicate that velocity is highest at the upper-portion of the model and 

gradually declines towards the bottom plate (figure 4.1).     
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Figure 4.1:   Mean air velocity (fpm) at rows 1 – 7 with respect to pressure:  

observations made at sheathing. 

  Comparing the mean velocity (fpm) of each row indicates no difference in velocity at 

rows one, two, and three; however, velocity significantly decreases at each row beyond row 

four and reaches its lowest point at row seven.  Results indicate that as the distance from the 

compressed air increases, the velocity decreases.     

  Figure 4.1 also indicates that pressure has an influence on velocity.  Comparing the 

mean velocity (fpm) with respect to pressure suggests that there is no difference in velocity at 

30 psi, 25 psi, and 20 psi in the model; however, at 15 psi and 10 psi there is an obvious drop 

in velocity.      

 Analyzing the velocity at individual points for a given row indicates the highest 

velocity attained was at the middle of each row i.e. point three.  It is suggested that the 
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middle value had the highest reading because it was directly beneath the extended couple, 

appearing to have the most contact with the compressed air.   

4.1.2  Results at drywall 

 The velocity measurements at the drywall were substantially lower than the results 

obtained at the sheathing; however, the data seems to follow a similar trend i.e. higher 

velocity reading at the upper portion of the wall model and gradually declining towards the 

bottom (figure 4.2).      

 

Figure 4.2:    Mean air velocity (fpm) at rows 1 – 7 with respect to pressure:    

observations made at drywall.  

  Comparing the mean velocity at each row indicates that row one is considerably  

lower than the velocity at rows two and three; furthermore, row one has a velocity reading 

more closely to the values obtained at row four (figure 4.2).  Similar to the data obtained at 

the sheathing, the velocity decreases as the distance from the source increases, reaching its 
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lowest point at the bottom plate.  Figure 4.2 indicates that velocity in the wall model does 

decrease as pressure decreases however; the results are not as abrupt as the velocity at 

sheathing.    

 Analyzing the velocity at individual points for a given row indicates that the highest 

reading was found to be on the left side of the wall model; contrarily, the lowest reading was 

found to be on the right.  The resultant air circulation from compressed air is not fully 

understood in the wall model; therefore no conclusions can be drawn to explain these 

differences.    
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 4.2   Ambient relative humidity  

 Sensors were used to investigate the ambient conditions within the wall model and to 

analyze the effects of compressed air with respect to:  insulation, pressure, and time.  It was 

assumed that the volume of compressed air entering the wall model was equal to the volume 

of air exiting the wall model, once equilibrium was reached.  The manner in which the air 

exits the wall model is unknown; however it was further hypothesized that air escapes the 

wall model through gaps and imperfections in the design.  The literature review indicated 

that gaps and imperfections are commonly found in residential design.  Furthermore, these 

gaps can be found inside residential walls where dimensioned lumber, sheathing, and panels 

are located.  These gaps can potentially provide a path for water or moisture to escape to 

neighboring cavities in a multi-cavity wall system.  In this experiment, compressed air is 

placed in the center cavity of a three-cavity wall model that was constructed using a tight 

approach, in an attempt to minimize gaps.  Sensor technology was used to evaluate the 

ambient response inside the wall model to compressed air.   

4.2.1 Centrally located sensors  

 Three Vaisala (HMW 50) sensors were initially placed in the center cavity of the wall 

model to evaluate their response with and without compressed air and insulation.  The results 

indicate that under ambient conditions (no pressure, no insulation) the response of the sensors 

were similar to the conditions in the testing facility i.e. 55 % ± 1.5 relative humidity.  

However with insulation, the results indicate that the ambient relative humidity inside the 

wall model is lowered (figure 4.3).   
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Figure 4.3:   The effects of ambient conditions with insulation on relative humidity. 

Figure 4.3 indicates that the initial relative humidity is less than 40 % in the wall model, and 

considerably lower than the observation made without insulation i.e. 55 %.  During the 

observations there was a small time lapse between initial setup and data collection.  The 

results indicate that insulation likely lowers relative humidity, immediately in the wall model.  

Furthermore, as time approaches one hour, the relative humidity of each sensor drops below 

30 %. 

 To investigate the response of the centrally located sensors to compressed air, the 

effects of pressure (10 psi and 30 psi), time (one hour), and insulation (yes and no) were 

evaluated.  The results at 10 psi and 30 psi can be interpreted similarly; therefore, 30 psi will 

be used in the analysis.  The results indicate that without insulation the sensors respond in 

accord with one another (figure 4.4).   
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Figure 4.4:   The effects of compressed air (30 psi) and no insulation on relative 

humidity (measurements taken with air cooler). 

The results indicate that relative humidity inside the wall model was immediately impacted 

by the conditions of the compressed air, using an air cooler i.e. relative humidity 10 % ± 2.5.  

Furthermore, with insulation and at 30 psi the results are similar (figure 4.5) 
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Figure 4.5:  The effects of compressed air (30 psi) with insulation on relative 

humidity (measurements taken with air cooler).    

As the results indicate, the conditions inside the insulation filled wall model were influenced 

by the compressed air; however, when comparing the results with figure 4.4, it can be 

observed that a longer time was needed for ambient conditions inside the wall model to reach 

equilibrium.        

4.2.2  Air seepage into adjacent cavities 

 To investigate air seepage and potential escape patterns by air into neighboring 

cavities, the sensors were installed into each cavity and labeled:  left, center, and right.  

Observations were made over a four hour period using compressed air at 10 psi and 30 psi; 

results were similar, therefore 30 psi will be used in the analysis.  Results, with no insulation, 
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indicate that the sensors respond differently to compressed air (figure 4.6).

 

Figure 4.6:    The effect of compressed air (30 psi), no air cooler, and no insulation on 

relative humidity. 

The results in figure 4.6 indicate that compressed air, placed in the center cavity, has an 

impact on neighboring cavities in the wall model.  Furthermore, each sensor rapidly detected 

a change in relative humidity with the introduction of compressed air (30 psi).  This indicates 

that inter-cavity air seepage exists within the wall model.  The effects of air seepage on 

ambient conditions in a multi-cavity design is not known; however, figure 4.6 indicates that 

the left and center cavities reached and maintained a lower relative humidity than did the 

right cavity.  It is likely that more air seepage exists inside the wall model between the left 

and center cavities versus the right and center cavities.  The graph also indicates that periodic 

spikes in relative humidity were detected over the four hour period.  These spikes were 

caused when the compressed air was detached from the model to make observations.     
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 With insulation in the wall model the results also indicate an immediate and similar 

response by the left and center cavities; however the difference between the right and center 

cavities was larger.  The results suggest that insulation likely reduces air transfer between 

cavities.    

 

Figure 4.7:   The effect of compressed air (30 psi) with insulation on relative humidity 

(%),  sensors located in left, center, and right cavities respectively. 
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 4.3   Water removal from holding pan 

 The preliminary IV pressure observation indicated that water loss is influenced  by:  

 Insulation, more water was removed with no insulation in the wall model versus with 

insulation. 

 Pressure, at higher pressures (30 psi) more water was remove from the wall model 

compared to lower pressures (10 psi).     

 Time, as the drying period increased so too did the amount of water removed from the 

model. 

To gain further insight into the effects that insulation (yes or no), pressure (10 psi, 20 psi, and 

30 psi), and time (four hours) have on water loss in the wall model, an experiment was 

designed to investigate their response.  An air-cooler was added to the experiment to 

minimize moisture occasionally observed while using compressed air; therefore the effect of 

air cooler on water loss is also investigated.  The results of the tests are based on the amount 

of water removed from the holding pan located inside the wall model at four hours.  The 

initial weight (g) and final weight (g) of the pan is recorded to evaluate the effects that 

pressure, insulation, and air cooler have on water loss.  Results indicate that: 

 Insulation has a profound effect on water loss from the holding pan  

 Air cooler has no effect on water loss from the holding pan, and 

 Pressure appears to influence water loss with no insulation in the wall model; 

however with insulation the effect of pressure appears to vary (figure 4.).  
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Figure 4.8:    The effects of insulation, air cooler, and pressure on water loss:  pan 

removal observation. 

To analyze water loss in the holding pan, a factorial ANOVA (p < .05) was conducted for 

each effect, including interactions (table C.3).         

4.3.1   Effect of insulation 

 Figure 4.8 indicates that more water is removed from the wall model with no 

insulation versus with insulation.  The results in table C.3 indicate a highly significant 

difference in the amount of water removed with insulation.  Comparing the means shows that 

more water is removed from the wall model with no insulation (figure 4.9).   
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Figure 4.9:  The effect of insulation on water loss:  pan removal observation.  

4.3.2  Effect of pressure 

 With no insulation, figure 4.8 indicates a trend in water loss from the pan with respect 

to pressure i.e. more water is removed at 30 psi, followed by 20 psi and then 10 psi; however, 

no such trend is indicated in the figure with insulation.  The results in table C.3 reports a 

significant difference in water loss with respect to pressure; however since the results are 

different with insulation a report of the pressure and insulation interaction is needed.   

4.3.3  Interaction between pressure and insulation 

  The factorial ANOVA analysis (p < .05) indicates a significant difference in water 

loss with respect to the interaction.  Comparing the means indicates that with insulation, there 

is no difference in water loss with respect to pressure; albeit with no insulation, a significant 

difference was reported i.e. more water was removed at 30 psi, followed by 20 psi, and then 

10 psi.  This is likely because insulation decreases the momentum of the compressed air as it 

approaches the bottom plate; furthermore, the volume of air is considerably lower at 10 psi.   
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4.3.4  Effect of air cooler 

 In figure 4.8 there appears to be no effect from air cooler on water loss in the wall 

model.  This analysis is confirmed in table C.3 i.e. there is no difference in water loss with 

respect to air cooler (figure 4.10).    

 

Figure 4.10:  The effect of air cooler on water loss:  pan removal observation. 
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 4.4    Standard approach to drying  

 In a real-world situation, when a water event occurs inside of residential walls, water 

is in direct contact with building materials; therefore, it was desired to place water inside of 

the wall model so that sufficient wetting was possible.  After the 30 minute wetting period, 

the standard approach to drying the wall model was used i.e. compressed air (30 psi, 20 psi, 

and 10 psi) was attached to the center cavity of the wall model, using an air cooler, for four 

hours.     

  Hygroscopic building materials were used in this experiment; furthermore, it was 

known that OSB sheathing and dimensioned lumber had an affinity towards water.  

However, water was placed inside the wall model so that it was in contact with wood, 

drywall, and insulation.  Two types of drywall were inadvertently used in the experiment i.e. 

12.7 mm and 9.5 mm.  Testing began with 12.7 mm drywall that eventually needed to be 

replaced after repeated wetting.  It was not known that the 9.5 mm drywall would respond 

differently with water; however, the results indicate there was a big difference in water gain 

and water loss with respect to the different types of drywall.  Therefore, there are two 

observations made in this experiment: 

1. Frame, excludes the weight of drywall, but includes the effect of insulation, pressure, 

and time 

2. Wall, includes the weight of drywall, and the effects of insulation, pressure, and time. 
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4.4.1  Frame observation  

 Results from the frame observation indicate that more water is added to the wall 

model with insulation; furthermore, with no insulation in the wall model, 100 % of the water 

added was removed, and with insulation, the majority of the water added was removed 

(figure 4.11).   

 

Figure 4.11:  The effects of insulation and pressure on water loss:  standard approach 

to drying, frame observation.   

The results appear in contrast with results obtained in the holding pan experiment; however, 

the results should not be compared because of the different methods used.   

 A one way ANOVA analysis (p < .05) was used to evaluate water gain in the 

experiment.  The results in appendix D report a highly significant difference in water gain 
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with respect to insulation.  Comparing the means indicates that insulation influenced water 

gain in the wall model (figure 4.12). 

 

Figure 4.12: The effect of insulation on water gain. 

 A factorial ANOVA (p < .05) was used to interpret the effects of pressure and 

insulation on water loss.  Since pressure and insulation both influence water loss in the wall 

model a report of their interaction is needed.  The results indicate that the interaction is 

highly significant.  Comparing the means indicates that with no insulation in the wall model, 

there is no difference in water loss with respect to pressure.  However, with insulation more 

water was removed from the wall model at 20 psi and 30 psi compared to 10 psi.  The results 

indicate that with no insulation in the wall model, drying can be achieved at a low pressure 

e.g. 10 psi; however, with insulation a higher pressure may be needed e.g. 20 psi or 30 psi.     
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 The effect of time was also analyzed using a one way ANOVA (p < .05) and reported 

as highly significant.  More water was removed from the wall model during the first hour 

compared to water loss at hours two, three, and four (figure 4.13).       

 

Figure 4.13:  The effect of time on water loss:  standard approach to drying, frame 

observation. 

   Figure 4.13 illustrates that most of the water is removed, with and without insulation, 

during the first hour.  It can be concluded that a strong drying effort in the first hour could 

maximize the drying potential in residential walls.   

4.4.2  Wall observation  

 Wall observations include the weight of drywall, but do not analyze its effect.  The 

results indicate that the presence of drywall significantly influenced the amount of water 

gained and lost (figure 4.14).   
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Figure 4.14:  The effects of insulation and pressure on water loss:  standard approach 

to drying, wall observation.     

Comparing the results with figure 4.11 indicates that with drywall, more water is added to the 

wall model with and without insulation.  However, the response by the wall model to gain or 

loss was dependent on the type of drywall i.e. the 12.7 mm drywall had a higher potential for 

water gain than the 9.5 mm drywall.  By visual inspection and weight analysis, it was 

concluded that the 12.7 mm drywall gained more water (figures 4.15 and 4.16).   
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Figure 4.15:   12.7 mm drywall after 30 minute water cycle. 

 

Figure 4.16: 9.5 mm drywall after 30 minute water cycle. 

A one way ANOVA (p < .05) reports that the 12.7 mm drywall gained significantly more 

water during the 30 minute water cycle; confirming visual observations.  Therefore, the wall 
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observations are difficult to interpret, namely because of the differences in drywall, and are 

not evaluated.   
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 4.5  Tubing approach to drying  

 The results from the frame observation, in the standard approach to drying 

experiment are used as a guide in this experiment.  In the standard approach to drying, visual 

inspections made after each test indicated that any water remaining in the wall model with 

insulation, was located near and around the bottom plate.  This water could be visually 

detected due to discoloration in the wood materials; furthermore, the water retained in the 

insulation could be felt and it too was near the bottom of the wall model.  It was postulated 

that by increasing circulation towards the bottom of the wall model, more water could be 

removed.    

   To minimize the effects of insulation, pressure, and drywall on water loss, 

observations were made at the following conditions:   

 Pressure (20 psi) was selected based on the results in the standard approach to drying 

i.e. there was no difference in water loss at 20 psi and 30 psi, therefore 20 psi was 

selected based on air volume.   

  Insulation (R-13) was used in all tests since water remained in the wall model with 

insulation during the standard approach to drying.     

 Drywall (9.5 mm) was selected based on availability. 

The only factor that varied in the experiment was the individual tubing arrangements.   

Eight tubing arrangements were randomly chosen in an attempt to increase circulation at the 

bottom of the model.  Although two methods were described in chapter 3, the results are 
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similar; therefore, all tubing arrangements are evaluated collectively.  Two observations were 

made on the wall model to investigate water loss:   

1. Frame, excludes the weight of drywall, but includes the effect of insulation, pressure, 

and time 

2. Wall, includes the weight of drywall, insulation, pressure, and time 

Unlike the previous experiment, drywall (9.5 mm) did not have a significant effect on water 

loss or water gain; therefore only the frame observations are used in the analysis.  The results 

indicate that water gain varied between experiments, and that water loss was achieved (figure 

4.17). 
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Figure 4.17: The effects of tubing on water loss:  tubing approach to drying, frame    

observation 

To investigate the effects of tubing arrangement on water loss, a one way ANOVA (p < .05) 

was conducted to analyze the following (Appendix E): 

 Water gain after 30 minutes 

 Water loss at each arrangement 

 Effect of time, water loss at hours one through four 

4.5.1  Water gain     

  As indicated in figure 4.17, water gain varied between the different tubing 

observations.  It was presumed that by minimizing the effects of drywall and insulation, the 

amount of water gained at each observation would be similar; however, the results indicate a 
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difference.  The results were surprising and need to be further analyzed to better understand 

the role that tubing arrangements have on water loss.   

 A one way ANOVA (p < .05) indicates a significant difference in water gain with 

respect to the tubing arrangements.  Comparing the means indicates that between 

arrangements four through seven, there was no difference in water gain i.e. all gained 

between 421 g- 440 g; however, there was a significant difference in water gain at 

arrangement two (330 g) and three (480 g).  The difference in water gain can be attributed to 

conditions in the lab, in addition to the unpredictability of the hygroscopic building materials 

to water gain.   

4.5.2  Water loss 

 Similarly, a significant difference in water loss was reported across the tubing 

arrangements.  Comparing the means indicates that there was no difference in water loss 

between arrangements four through eight i.e. all lost between 380 g- 405 g; however, there 

was a significant difference in water loss at arrangement one (358 g); at arrangements two 

(258 g); and at arrangement three (296 g).  However, viewing the percentages indicates that 

tubing arrangements four and five lost the greater proportion of water, versus the remaining 

arrangements.  In the setup, both arrangements had one tube located close to the bottom 

plate, and the other tube at the upper portion of the wall model.  It can be suggested that air 

circulation was improved inside the wall model with tubing placed in this fashion.  

Furthermore, when comparing these results with the standard approach to drying i.e. 
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compressed air attached to top plate, the results appear similar i.e. 93 % of water is removed; 

however, the tubing arrangement used a lower volume of air (.0018  versus .0024 ).   

4.5.3   Effect of time 

 The results further indicate that a significant difference in water loss exists between 

hour one versus hours two, three, and four.  Comparing the means indicates that the each 

tubing arrangement lost the majority of the water gained during the first hour (figure 4.).   

 

Figure 4.18:  The effect of time on water loss:  tubing approach to drying, frame 

observation. 

 

 4.6   Vent approach to  drying 

 An additional method to drying the model was investigated by creating a path for 

water to escape i.e. ventilation approach to drying.  Thus far, all of the experiments have 

been evaluated with the presumption that “natural” ventilation exists in the model.  It is 
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suggested that this “natural” ventilation can be attributed to gaps that may have resulted from 

construction of the model, such as gaps between:  

 Drywall and stud members or between drywall and top or bottom plates 

 Sheathing and stud members or between sheathing and top or bottom plates 

 Holes in the model from nails etc.   

The preceding observations, beginning with the preliminary observations indicate that the 

volume of air entering the wall model is equal to the volume of air exiting.  This was 

determined based on the response of the model to compressed air i.e. there were no 

indications that the wall model was being pressurized.  Therefore the volume of air that 

entered the model most likely escaped through the “natural” ventilation or construction gaps 

in the model.  To minimize the effects of the natural ventilation on the amount of water 

removed from the model, a vent was cut out of the drywall.   

 The objective of the experiment was to provide a path for water or moisture to escape 

the cavity.  Two observations were investigated: 

1. Frame, excludes the weight of drywall, but includes the effect of insulation, 

pressure, and time 

2. Wall, includes the weight of drywall, insulation, pressure, and time  

The results of both observations are similar; therefore, the frame observation will be used in 

the analysis.  Results indicate that water gain and water loss are proportional across 

observations (figure 4.19).   
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Figure 4.19: The effect of pressure on water loss:  vent approach to drying, frame 

observation.   

To gain further insight into these results, a one way ANOVA (p < .05) was conducted to 

analyze the difference in water gain and water loss.           

4.6.1  Water gain 

 The ANOVA report did not indicate a difference in water gain across the tests.  

Indicating, the vent allowed for water to naturally escape the wall model preventing it from 

being held inside the cavity.        

4.6.2  Water loss 

 The results indicate that by providing a path for water to escape, the majority of water 

added to the model was removed e.g. 30 psi lost 95 % of water, 20 psi lost 90 % of water, 

and 10 psi lost 74 % of water.  The ANOVA report does not indicate a difference in water 

loss with respect to pressure.        
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4.6.3  Effect of time 

  Similar to previous observations, the ANOVA analysis indicates a significant 

difference in water loss with respect to time.  Comparing the means shows that the majority 

of water removed was during the first hour (Figure 4.).    

 

Figure 4.20:  Effect of time on water loss:  vent approach to drying, frame 

observation.   
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5.  CONCLUSION AND FUTURE WORK 

 This research investigated a method to remove water found inside residential wall 

cavities.  The literature review indicated that hurricanes and other major storms can result in 

large amounts of water inside the wall cavity; furthermore, a plethora of avenues are known 

to exists that can lead to water and/or moisture accumulation inside residential walls e.g. 

household leaks, construction failure, improper design, and poor maintenance etc.  Typically 

this water is unknown to building occupants and can result in fungal propagation.  To avoid 

any problems that may result from water intrusion, it was hypothesized that water should be 

rapidly removed from the cavity.   

 To investigate water loss in the wall cavity, a model was designed using materials 

common to residential construction.  It was hypothesized that water could be removed from 

the model if air were introduced.  Compressed air was selected as an adequate source to 

introduce blown air into the model.  Preliminary results indicated that water could be 

removed from the model; however, more research was needed to investigate the response of 

the model to compressed air i.e. ambient conditions and air circulation.    

 The ambient conditions of the model were monitored using sensor technology.  The 

results indicated that ambient conditions were drastically influenced by the conditions of the 

compressed air; furthermore, the ambient conditions of the adjacent cavities were influenced 

by the compressed air.  Future work could include: 
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 Investigating ambient response of a multi-cavity system using a single source.  

Results may indicate the number of cavities that can be influenced before an 

additional source is needed.    

 Investigating moisture detection in a multi-cavity system.  Results may indicate the 

number of sensors needed to monitor a given area for moisture; and also spacing 

between sensors.    

 Air circulation was also investigated in the research by monitoring velocity at various 

points within the model.  It was hypothesized that water inside the wall cavity is 

predominately located near and around the bottom plate.  The results in the research 

indicated that air velocity was at its lowest at the bottom of the model.  Future work could 

include: 

 Investigating air flow inside a residential wall model using an air source, such as 

compressed air.  Results may indicate a method that maximizes air circulation to 

include the total area of the cavity.    

 Investigating air flow with insulation in the model.  The results in this research do not 

include data with insulation.  However, these results may improve on methods to 

remove water inside the wall cavity with insulation.    

 The remaining experiments conducted in this research all focused on removing bulk 

water from the model.  This was done by placing a random amount of water into the cavity, 

followed by compressed air to monitor water loss.  The results indicated that with no 
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insulation, all water added to the model could be removed; contrarily, with insulation the 

majority of water added was removed, but not entirely.  Future work could include: 

 Investigating the response of building materials to water gain and water loss 

experiments.  Results may indicate that certain types of materials respond differently 

to water gain in addition to water loss.   

 Investigating the drying area and/or potential of an adequate air source, such as 

compressed air.  Results could estimate or confirm the predicted volume of air needed 

to dry a multi-cavity system.   

Additionally, a vent approach to drying the wall model was investigated.  Results indicated 

that water gain and water loss was more consistent than other experiments.  It was 

hypothesized that the vent prevented prolonged interaction between water and building 

materials; additionally it provided a path for moisture to escape during the drying period.  

Further research could include: 

 Investigating a vent or drainage system in residential design.  Results could indicate 

that a path for water to escape could be integrated into the home.   

 Investigating inter-cavity-connectivity between cavities using a vent design.  Results 

could indicate that increasing ventilation between cavities could maximize the 

volume of air required to dry a multi-cavity system.   

 Finally, there are many areas of focus that can be improved on in this research; 

additionally there are many others that were not introduced.  Areas of focus that may add to 

the research include: 
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 Investigating an adequate air supply.  Compressed air could potentially be the best 

source to use in removing water from the wall cavity, if conditions were controlled.  

It is hypothesized that ambient conditions inside the wall cavity vary according to 

hygro-thermal region, indoor conditions, and outdoor conditions.  Results may 

indicate that by controlling the conditions of the air, water loss can be maximized. 

 Investigating a pressurized air source in conjunction with a pressurized vent system.  

Results may indicate that air flow and air exchange could be controlled in a multi-

cavity system.  It is postulated that water and moisture could be “flushed” from 

residential walls, found in contemporary, more energy efficient design.    

 Investigating the type and amount of air needed to remove water trapped in interior 

wall cavities versus exterior wall cavities.  The results in this research indicate that 

the response in a multi cavity system is influenced by insulation.  Furthermore, 

research in this area may indicate a difference in the amount of air needed to remove 

water from interior walls versus exterior walls e.g. introducing large volumes of 

blown air may be adequate for interior walls; however, a smaller more centralized 

volume may be best for exterior walls.   
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Appendix A       Preliminary data 

Table A.1:   Water loss observed in preliminary I:  effect of compressed air on water 

loss no insulation using 448 mm x 441 mm wall model. 

Condition wt_ini (g) wt_final (g)                             Water Loss (g)                              

3 days without pressure 6948 6890 58 

15 hours with pressure 6938 6472 466 

 

 

Table A.2:   Water loss observed in preliminary II:  effect of compressed air on water 

loss at 4 hours without insulation using 584 mm x 445 mm wall model.   

psi 
wt_ini        

(g) 

wt_ini + 

water (g) 

4 hr wt     

(g) 

water added             

(g) 

water removed            

(g) 

30 7632 7922 7680 290 242 

25 7644 7936 7748 292 188 

20 7602 7890 7742 288 148 

15 7570 7856 7768 286 88 

10 7604 7892 7868 288 24 

 

 

Table A.3:   Water loss observed in preliminary II:  effect of compressed air on water 

loss at 4 hours with insulation using 584 mm x 445 mm wall model.    

psi 
wt_ini        

(g) 

wt_ini + 

water (g) 

4 hr wt     

(g) 

water added             

(g) 

water removed           

(g) 

30 7800 8110 8080 310 30 

25 7815 8115 8085 300 30 

20 7820 8110 8085 290 25 

15 7820 8110 8090 290 20 

10 7815 8110 8090 295 20 

 

 

Table A.4:    Water loss observed in preliminary II:  effect of compressed air on water 

loss at 67 hours with insulation using 584 mm x 445 mm wall model.    

psi 
wt_ini        

(kg) 

wt_ini + 

water (kg) 

67 hr wt     

(kg) 

water added           

(g) 

water removed          

(g) 

30 7.815 8.105 7.78 290 325 

10 7.785 8.075 7.93 290 145 
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Table A.5:   Water loss observed in preliminary IV:  effect of compressed air on water 

loss at 4 hours without insulation using 991 mm x 1219 mm wall model. 

psi wt_ini        

(kg) 

wt_ini + 

water (kg) 

4 hr wt                        

(kg) 

water added   

(g) 

water removed 

(g) 

30 31.910 32.205 32.110 295 95 

25 31.820 32.115 32.045 295 70 

20 31.825 32.115 32.070 290 45 

15 31.845 32.140 32.085 295 55 

10 31.855 32.150 32.135 295 15 

 

 

Table A.6:   Water loss observed in preliminary IV:  effect of compressed air on water 

loss at 4 hours with insulation using 991 mm x 1219 mm wall model.    

psi wt_ini        

(kg) 

Wt_ini + 

water (kg) 

4 hr wt     

(kg) 

water added       

(g) 

water removed       

(g) 

30 32.355 32.655 32.590 300 65 

25 32.32 32.6 32.575 280 25 

20 32.29 32.595 32.565 305 30 

15 32.325 32.61 32.58 285 30 

10 32.28 32.595 32.575 315 20 

 

 

Table A.7:   Water loss observed in preliminary IV:  effect of compressed air on water 

loss at 67 hours with insulation using 991 mm x 1219 mm wall model. 

 

psi wt_ini     

(kg) 

Wt_ini  + 

water (kg) 

67 hr wt    

(kg) 

water added       

(g) 

water removed       

(g) 

30 32.285 32.575 32.3 290 275 

10 32.245 32.540 32.38 290 160 
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Appendix B   Air circulation data 

Table B.1:   Maximum air velocity (fpm) obtained at drywall:  row 1.  

Row 1 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 465 325 189 181 31 

P 2 322 215 168 176 114 

P 3 302 272 319 307 158 

P 4 538 327 272 160 88 

P 5 517 371 242 176 77 

Mean 428.8 302 238 200 93.6 

 

 

Table B.2:      Maximum air velocity (fpm) obtained at drywall:  row 2. 

Row 2 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 269 213 227 186 144 

P 2 480 457 516 262 158 

P 3 399 355 469 409 158 

P 4 539 362 323 244 148 

P 5 753 544 400 320 144 

Mean 488 386.2 387 284.2 150.4 

 

 

Table B.3:   Maximum air velocity (fpm) obtained at drywall:  row 3. 

Row 3 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 332 387 294 170 150 

P 2 218 376 343 337 174 

P 3 254 333 260 362 164 

P 4 500 383 355 330 148 

P 5 662 472 382 279 175 

Mean 393.2 390.2 326.8 295.6 162.2 

 

 

Table B.4: Maximum air velocity (fpm) obtained at drywall:  row 4. 

Row 4 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 439 357 330 180 150 

P 2 501 294 172 180 123 

P 3 197 263 167 254 186 

P 4 385 355 350 283 137 

P 5 459 364 275 176 87 

Mean 396.2 326.6 258.8 214.6 136.6 
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Table B.5:   Maximum air velocity (fpm) obtained at drywall:  row 5. 

Row 5 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 287 224 166 119 77 

P 2 369 234 176 181 109 

P 3 206 172 178 178 92 

P 4 126 104 177 200 256 

P 5 515 229 178 122 88 

Mean 300.6 192.6 175 160 124.4 

 

 

Table B.6:   Maximum air velocity (fpm) obtained at drywall:  row 6. 

Row 6 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 174 141 84 96 5 

P 2 210 163 120 84 49 

P 3 223 143 84 81 27 

P 4 155 138 95 74 55 

P 5 339 170 116 63 49 

Mean 220.2 151 99.8 79.6 37 

 

 

Table B.7:   Maximum air velocity (fpm) obtained at drywall:  row 7. 

Row 7 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 132 73 73 81 16 

P 2 348 149 105 85 38 

P 3 299 144 106 75 43 

P 4 262 86 129 81 16 

P 5 171 65 63 48 21 

Mean 242.4 103.4 95.2 74 26.8 

 

 

Table B.8:   Maximum air velocity (fpm) obtained at sheathing:  row 1. 

Row 1 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 926 795 679 453 209 

P 2 506 627 445 341 134 

P 3 4713 3712 4476 2535 340 

P 4 423 306 393 333 176 

P 5 579 630 363 334 171 

Mean 1429.4 1214 1271.2 799.2 206 
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Table B.9:   Maximum air velocity (fpm) obtained at sheathing:  row 2. 

Row 2 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 745 876 783 511 234 

P 2 578 494 386 320 158 

P 3 3611 3517 3282 2078 264 

P 4 1184 2288 754 1271 786 

P 5 729 445 418 258 147 

Mean 1369.4 1524 1124.6 887.6 317.8 

 

 

Table B.10:   Maximum air velocity (fpm) obtained at sheathing:  row 3. 

Row 3 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 1095 927 793 523 254 

P 2 877 591 548 397 228 

P 3 3211 2653 2351 1526 730 

P 4 821 2023 788 816 406 

P 5 778 857 532 352 186 

Mean 1356.4 1410.2 1002.4 722.8 360.8 

 

 

Table B.11:   Maximum air velocity (fpm) obtained at sheathing:  row 4. 

Row 4 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 986 862 707 472 259 

P 2 929 765 596 436 224 

P 3 1805 1950 1848 1102 439 

P 4 885 1203 888 850 418 

P 5 724 1012 689 521 325 

Mean 1065.8 1158.4 945.6 676.2 333 

 

 

Table B.12:   Maximum air velocity (fpm) obtained at sheathing:  row 5. 

Row 5 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 757 556 486 343 154 

P 2 765 595 511 309 164 

P 3 1632 1256 952 620 99 

P 4 574 683 642 511 255 

P 5 592 809 855 568 325 

Mean 864 779.8 689.2 470.2 199.4 
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Table B.13:   Maximum air velocity (fpm) obtained at sheathing:  row 6. 

Row 6 30 psi 25 psi 20 psi 15 psi 10 psi 

P 1 438 382 346 207 125 

P 2 346 397 280 158 123 

P 3 588 414 446 225 103 

P 4 129 186 279 348 306 

P 5 438 388 444 156 193 

Mean 387.8 353.4 359 218.8 170 

 

 

Table B.14: Maximum air velocity (fpm) obtained at sheathing:  row 7.     

Row 7 30 psi 25 psi 20 psi 15 psi 10 psi 
P 1 84 88 79 26 5 
P 2 428 283 307 46 32 
P 3 285 307 191 116 21 
P 4 283 282 244 109 47 
P 5 227 25 130 135 46 

Mean 261.4 197 190.2 86.4 30.2 
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Appendix C    Holding pan data 

Table C.1:   Water loss observed from holding pan without insulation.   

 
No insulation No cooler No insulation With cooler 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 

1 51.1 39.2 26 59.6 50 32.1 

2 64 48 47 56 51 45 

3 64 52 46 63 55 44 

Mean 59.7 46.4 39.7 59.5 52 40.4 

Standard error 4.3 3.8 6.8 2 1.5 4.1 

 

 

Table C.2:   Water loss observed from holding pan with insulation. 

 
Insulation No cooler Insulation With cooler 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 

1 27 18 12 13 10 30 

2 15 13 10 15 8 7 

3 2 17 7 10 11 10 

Mean 14.67 16.00 9.67 12.67 9.67 15.67 

Standard error 7.22 1.53 1.45 1.45 0.88 7.22 

 

 

Table C.3:   Factorial ANOVA (p < .05)  for holding pan:  effects of pressure, 

insulation, pressure and insulation interaction, and air cooler on water 

loss.   

Source DF Sum of Squares Prob > F 
Pressure 2 638.1 0.0051 

Insulation 1 12027.9 <.0001 
Pressure and Insulation 2 518.8 0.0119 

Air cooler 1 3.6 0.7897 
Error 35 14640.5 <.0001 

   

 

Table C.4:   Tukey’s LSMeans difference in water loss from holding pan with respect 

to pressure. 

Pressure   Least Sq Mean 

30 psi A  36.6 

20 psi A B 31 
10 psi  B 26.3 



104 

 

  

Table C.5:   Tukey’s LSMeans difference in water loss from holding pan with respect 

to insulation.  

Insulation   Least Sq Mean 

No A  49.6 

Yes  B 13.1 

Levels not connected by same letter are significantly different. 

  

 

Table C.6:   Tukey’s LSMeans difference in water loss from holding pan with respect 

to pressure and insulation interaction.   

Level     Least Sq Mean 

30 psi, No insulation A    59.6 

20 psi, No insulation  B   49.2 

10 psi, No insulation   C  40 

30 psi, Yes insulation    D 13.7 

20 psi, Yes insulation    D 12.8 

10 psi, Yes insulation    D 12.7 

Levels not connected by same letter are significantly different. 

 

 

Table C.7:  Tukey’s LSMeans difference in water loss from holding pan with respect 

to air cooler. 

Air Cooler  Least Sq Mean 

Yes A 31.7 
No A 31 
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Appendix D   Standard approach to drying data 

Table D.1:   Water loss observed with no insulation in standard approach to drying, 

frame observations. 

 
30 psi 20 psi 10 psi 

Rep Gain Lost Gain Lost Gain Lost 

1 105 140 130 150 115 135 

2 90 120 130 150 110 120 

3 110 130 160 180 90 100 

4 115 150 130 150 155 175 

5 120 140 125 145 170 150 

Mean 108 136 135 155 128 136 

Standard error 4.6 4.6 5.7 5.7 13.3 11.4 

 

 

Table D.2:   Water loss observed with insulation in standard approach to drying, 

frame observation.        

 30 psi 20 psi 10 psi 

Rep Gain Lost Gain Lost Gain Lost 

1 325 295 535 475 390 315 

2 430 415 345 325 495 390 

3 410 385 470 440 335 290 

4 395 360 270 275 330 270 

5 530 390 435 395 305 265 

Mean 418 369 411 382 371 306 

Standard error 29.6 18.3 41.8 32.8 30.4 20.4 

 

 

Table D.3:    Oneway ANOVA (p < .05)  for standard approach to drying:  effect of 

insulation on water gain. 

Source DF Sum of Squares Prob > F 
Insulation 1 2290803.3 <.0001 

Error  114 377720 <.0001 
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Table D.4:   Tukey’s LSMeans difference in water gain in standard approach with 

respect to insulation.     

Insulation   Least Sq Mean 

Yes A 
 

400 
No 

 
B 123.7 

Levels not connected by same letter are significantly different. 

 

 

Table D.5:   Factorial ANOVA (p < .05)  for standard approach to drying, frame 

observation:  effects of pressure, insulation, and pressure and insulation 

interaction, on water loss. 

Source DF Sum of Squares Prob > F 
Pressure 2 46726.7 <.0001 

Insulation 1 1323000 <.0001 
Pressure and Insulation 2 24180 0.0015 

Error  114 200840 <.0001 

 

 

Table D.6:   Tukey’s LSMean difference in water loss with pressure in standard 

approach to drying.     

Pressure   Least Sq Mean 

20 psi A  268 

30 psi A  252 
10 psi 

 
B 221 

Levels not connected by same letter are significantly different. 

  

 

Table D.7:  Tukey’s LSMeans difference in water loss with insulation and pressure 

interaction in standard approach to drying.    

Level    Least Sq Mean 

20 psi, Yes insulation A  
 

382 

30 psi, Yes insulation A  
 

369 

10 psi, Yes insulation A  
 

306 
20 psi, No insulation 

 
B 

 
155 

10 psi, No insulation 
 

 C 136 

30 psi, No insulation 
 

 C 136 
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Table D.8:   Hourly data:  standard approach to drying, frame observations hour one. 

 No insulation (g) Insulation (g) 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 

1 85 85 80 170 405 215 

2 70 90 65 310 230 280 

3 75 100 60 290 345 205 

4 90 90 120 260 180 165 

5 85 85 85 270 280 170 

Mean 81 90 82 260 288 207 

Standard error 3.7 2.7 10.6 24.1 40 20.7 

 

 

Table D.9:  Hourly data:  standard approach to drying, frame observations hour two. 

 No insulation (g) Insulation (g) 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 

1 30 30 25 85 30 45 

2 25 25 25 45 40 50 

3 35 35 15 45 40 45 

4 25 35 30 35 45 40 

5 30 35 30 40 55 45 

Mean 29 32 25 50 42 45 

Standard error  1.9 2 2.7 8.9 4.1 1.5 

 

 

Table D.10:  Hourly data:  standard approach to drying, frame observations hour 

three. 

 No insulation (g) Insulation (g) 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 

1 20 15 10 30 25 35 

2 20 25 20 35 35 35 

3 15 30 15 35 20 15 

4 20 15 10 45 25 40 

5 20 15 15 50 25 25 

Mean 19 20 14 39 26 30 

Standard error 1 3.2 1.9 3.7 2.5 4.5 
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Table D.11: Hourly data:  standard approach to drying, frame observations hour 

four. 

 
No insulation (g) Insulation (g) 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 

1 5 20 20 10 15 20 

2 5 10 10 25 20 25 

3 5 15 10 15 35 25 

4 15 10 15 20 25 25 

5 5 10 20 30 35 25 

Mean 7 13 15 20 26 24 

Standard error 2 2 2.2 3.5 4 1 

 

 

Table D.12:    Oneway ANOVA (p < .05)  for standard approach to drying:  effect of 

time. 

Source DF Sum of Squares Mean Square Prob > F 
Hour 3 456798.3 152266 <.0001 
Error 116 291948.3 2517 <.0001 

 

 

Table D.13:    Tukey’s LSMeans difference in water loss over time in standard 

approach to drying, frame observation. 

Hour   Least Sq Mean 

1 A 
 

168 
2 

 
B 37.2 

3 
 

B 24.7 
4 

 
B 17.5 

Levels not connected by same letter are significantly different. 
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Table D.14:   Water loss observed with no insulation in standard approach to drying, 

wall observation.      

 
30 psi 20 psi 10 psi 

Rep Gain Lost Gain Lost Gain Lost 

1 345 240 495 320 240 200 

2 305 245 485 300 170 185 

3 325 230 485 340 180 170 

4 315 265 475 285 190 205 

5 385 245 440 285 320 225 

Mean 335 245 476 306 220 197 

Standard error 14.1 5.7 9.5 10.7 27.8 9.3 

 

 

Table D.15:   Water loss observed with insulation in standard approach to drying, wall 

observation.      

 
30 psi 20 psi 10 psi 

Rep Gain Lost Gain Lost Gain Lost 

1 535 350 485 420 430 360 

2 620 525 335 330 505 410 

3 460 400 450 420 340 315 

4 655 470 360 335 355 300 

5 855 515 465 415 325 285 

Mean 625 452 419 384 391 334 

Standard error 66.8 33.7 30 21.1 33.7 22.8 

 

 

Table D.16:   Factorial ANOVA (p < .05) for standard approach to drying, wall 

observation:  effects of pressure, insulation, drywall, and drywall and 

insulation interaction, on water gain.    

Source DF Sum of Squares Prob > F 
Pressure 2 206650 <.0001 

Insulation 1 1062605 <.0001 
Drywall 1 551041.7 <.0001 

Insulation and Drywall 119 70805 <.0004 
Error 114 604440 <.0001 
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Table D.17: Factorial ANOVA (p < .05) for standard approach to drying, wall 

observation:  effects of pressure, insulation, drywall, and drywall and 

insulation interaction, on water loss.    

Source DF Sum of Squares Prob > F 
Pressure 2 62210 <.0001 

Insulation 1 59168 <.0001 
Pressure and Insulation 2 83406.67 <.0001 

Drywall 1 58906.67 <.0001 
Insulation and Drywall 119 24500 <.0002 

Error 114 186480 <.0001 

 

 

Table D.18:   Hourly data:  standard approach to drying, wall observations hour one. 

 
No insulation Insulation 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 

1 135 135 100 225 350 225 

2 125 140 85 335 235 285 

3 110 160 70 280 320 220 

4 135 140 100 280 190 170 

5 125 145 115 305 275 175 

Mean 126 144 94 285 274 215 

Standard error 4.6 4.3 7.7 18.1 28.7 20.8 

 

 

Table D.19:   Hourly data:  standard approach to drying, wall observations hour two.  

 No insulation Insulation 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 

1 40 75 45 55 35 55 

2 50 60 45 80 40 50 

3 55 70 45 60 45 40 

4 45 65 55 75 55 50 

5 50 55 45 90 60 55 

Mean 48 65 47 72 47 50 

Standard error  2.6 3.5 2 6.4 4.6 2.7 
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Table D.20:   Hourly data:  standard approach to drying, wall observations hour three.  

 
No insulation Insulation 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 

1 40 50 25 45 20 50 

2 45 70 30 55 35 50 

3 40 60 25 35 20 25 

4 45 50 30 60 45 50 

5 45 55 45 70 45 35 

Mean 43 57 31 53 33 42 

Standard error 1.2 3.7 3.7 6 5.6 5.2 

 

 

Table D.21:     Hourly data:  standard approach to drying, wall observations hour four. 

 
No insulation Insulation 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 

1 25 60 30 25 15 30 

2 25 30 25 55 20 25 

3 25 50 30 25 35 30 

4 40 30 20 55 45 30 

5 25 30 20 50 35 20 

Mean 28 40 25 42 30 27 

Standard error 3 6.3 2.2 7 5.5 2 
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Appendix E   Tubing approach to drying data 

Table E.1:   Water loss observed in tubing arrangements 1-4, frame observations.   

 
1 2 3 4 

Rep Gain Lost Gain Lost Gain Lost Gain Lost 

1 500 410 335 305 300 265 445 390 

2 355 320 355 245 375 345 430 425 

3 410 345 280 225 315 280 435 400 

Mean 421.7 358.3 323.3 258.3 330 296.7 436.7 405 

Standard error 42.3 26.8 22.4 24 22.9 24.6 4.4 10.4 

 

 

Table E.2:   Water loss observed in tubing arrangements 5-8, frame observations.     

 
5 6 7 8 

Rep Gain Lost Gain Lost Gain Lost Gain Lost 

1 420 375 420 420 450 450 490 490 

2 445 430 360 360 420 420 535 535 

3 410 355 540 540 430 430 415 415 

Mean 425 386.7 440 440 433.3 433.3 480 480 

Standard error 8.5 18.3 43.2 43.2 7.2 7.2 28.6 28.6 

 

 

Table E.3:   Oneway ANOVA (p < .05) for water gain in tubing approach to drying. 

Source DF Sum of Squares Mean Square F Ratio Prob > F 
Arrangement 7 255783.3 36540.5 19 <.0001 

Error 88 169066.7 1921.2   

 

 

Table E.4:   Tukey’s LSMeans difference in water gain in tubing arrangements. 

Arrangement    Least Sq Mean 

8 A 
 

 480 

6 
 

B  440 
4 

 
B 

 
436.7 

7 
 

B 
 

433.3 
5  B  425 

1  B  421.7 

3   C 330 

2   C 323.3 

Levels not connected by same letter are significantly different. 
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Table E.5:   Oneway ANOVA (p < .05) for water loss in tubing arrangements.   

Source DF Sum of Squares Mean Square Prob > F 
Arrangement 7 221962.5 31708.9 <.0001 

Error 88 169066.7 1921.2  

 

 

Table E.6:   Tukey’s LSMeans difference in water loss with respect to tubing 

arrangements, frame observation. 

Arrangements     Least Sq Mean 

4 A 
 

  405 

7 A 
 

  386.7 

5 A 
  

 386.7 

8 A B 
 

 380 

6 A B   380 

1  B   358.3 

3   C  296.7 

2    D 258.3 

Levels not connected by same letter are significantly different. 

 

Table E.7: Hourly data:  tubing approach to drying, frame observation hour one.     

 
Tubing Arrangements 

Rep 1 2 3 4 5 6 7 8 
1 260 200 195 265 235 235 280 290 
2 235 150 235 295 285 235 270 300 
3 240 160 190 265 225 310 280 235 

Mean 245 170 206.7 275 248.3 260 276.7 275 
St error 7.6 15.3 14.2 10 18.6 25 3.3 20.2 

 

 

Table E.8:  Hourly data:  tubing approach to drying, frame observation hour two.   

 
Tubing Arrangements 

Rep 1 2 3 4 5 6 7 8 
1 55 45 30 60 55 55 55 35 
2 40 40 50 60 65 45 50 45 
3 45 30 40 55 60 40 40 45 

Mean 46.7 38.3 40 58.3 60 46.7 48.3 41.7 
St error 4.4 4.4 5.8 1.7 2.9 4.4 4.4 3.3 
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Table E.9: Hourly data:  tubing approach to drying, frame observation hour three.   

 
Tubing Arrangements 

Rep 1 2 3 4 5 6 7 8 
1 55 30 25 40 55 40 35 35 
2 40 30 30 30 45 35 30 45 
3 35 20 30 40 40 45 35 30 

Mean 43.3 26.7 28.3 36.7 46.7 40 33.3 36.7 
St error 6 3.3 1.7 3.3 4.4 2.9 1.7 4.4 

 

 

Table E.10:     Hourly data:  tubing approach to drying, frame observation hour four. 

 
Tubing Arrangements 

Rep 1 2 3 4 5 6 7 8 
1 40 30 15 25 30 25 25 25 
2 5 25 30 40 35 45 25 35 
3 25 15 20 40 30 30 35 20 

Mean 23.3 23.3 21.7 35 31.7 33.3 28.3 26.7 
St error 10.1 4.4 4.4 5 1.7 6 3.3 4.4 

 

 

Table E.11:   Oneway ANOVA (p < .05) for water loss in tubing approach to drying:  

effect of time.   

Analysis of Variance 
Source DF Sum of Squares Mean Square Prob > F 
Time 3 778084.1 259361 <.0001 
Error 92 48065.6 522  

 

 

Table E.12:   Tukey’s LSMeans difference in water loss in tubing approach to drying 

with respect to time.    

Hour    Least Sq Mean 

1 A 
 

 244.6 

2 
 

B  47.5 
3 

 
B C 36.5 

4 
  

C 27.9 
Levels not connected by same letter are significantly different. 

 



115 

 

Table E.13:   Water loss observed in tubing arrangements 1-4, wall observations. 

 
1 2 3 4 

Rep Gain Lost Gain Lost Gain Lost Gain Lost 

1 495 400 390 350 300 265 450 395 

2 350 320 380 260 370 345 410 420 

3 430 350 285 230 320 290 420 395 

Mean 425 356.7 351.7 280 330 300 426.7 403.3 

St error 41.9 23.3 33.5 36.1 20.8 23.6 12. 8.3 

 

 

Table E.14:   Water loss observed in tubing arrangements 5-8, wall observations.    

 
5 6 7 8 

Rep Gain Lost Gain Lost Gain Lost Gain Lost 

1 425 405 420 390 460 415 515 380 

2 425 475 410 375 450 400 690 465 

3 405 360 575 435 455 400 485 360 

Mean 418.3 413.3 468.3 400 455 405 563.3 401.7 

St error 6.7 33.5 53.4 18 2.9 5 63.9 32.2 

 

 

Table E.15:   Hourly data:  tubing approach to drying, wall observation hour one. 

 
Tubing Arrangements 

Rep 1 2 3 4 5 6 7 8 
1 255 210 195 265 245 235 280 265 
2 245 155 230 290 275 235 260 300 
3 235 170 195 260 225 300 280 230 

Mean 245 178.3 206.7 271.7 248.3 256.7 273.3 265 
St error 5.8 16.4 11.7 9.3 14.5 21.7 6.7 20.2 

 

 

Table E.16:   Hourly data:  tubing approach to drying, wall observation hour two.   

 
Tubing Arrangements 

Rep 1 2 3 4 5 6 7 8 
1 60 55 40 60 60 70 60 35 
2 35 50 55 55 75 55 65 70 
3 45 35 25 55 65 50 35 65 

Mean 46.7 46.7 40 56.7 66.7 58.3 53.3 56.7 
St error 7.3 6 8.7 1.7 4.4 6 9.3 10.9 
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Table E.17:   Hourly data:  tubing approach to drying, wall observation hour three. 

 
Tubing Arrangements 

Rep 1 2 3 4 5 6 7 8 
1 50 50 15 40 65 40 45 50 
2 25 30 25 35 45 45 35 50 
3 35 20 45 40 50 50 50 35 

Mean 36.7 33.3 28.3 38.3 53.3 45 43.3 45 
St error 7.3 8.8 8.8 1.7 6 2.9 4.4 5 

 

 

Table E.18:   Hourly data:  tubing approach to drying, wall observation hour four. 

 
Tubing Arrangements 

Rep 1 2 3 4 5 6 7 8 
1 35 35 15 30 35 30 30 30 
2 15 25 35 40 80 55 40 45 
3 35 5 25 40 20 35 35 30 

Mean 28.3 21.7 25 36.7 45 40 35 35 
St error 6.7 8.8 5.8 3.3 18 7.6 2.9 5 
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Appendix F   Vent approach to drying data 

Table F.1:   Water loss observed in vent approach to drying.    

 30 psi 20 psi 10 psi 

Rep Gain Lost Gain Lost Gain Lost 

1 375 380 245 230 425 340 

2 405 380 520 455 300 250 

3 400 365 465 430 745 470 

Mean 393.3 375 410 371.7 490 353.3 

Standard error 9.3 5 84 71.2 132.5 63.9 

 

 

Table F.2:   OnewayANOVA (p < .05) for water gain in vent approach to drying.    

Source DF Sum of Squares Mean Square Prob > F 
Pressure 2 3800 1900 0.7505 

Error 33 216600 6563.6  

 

 

Table F.3:   Oneway ANOVA (p < .05) for water loss in vent approach to drying.       

Source DF Sum of Squares Mean Square Prob > F 
Pressure 2 3266.67 1633.3 0.7842 

Error 33 220133.3 6670.7  

 

 

Table F.4:   Hourly data:  vent approach to drying, frame observation hours one and 

two. 

 
Hour 1 Hour 2 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 
1 270 200 220 65 45 50 
2 260 330 170 55 50 40 
3 270 330 435 45 45 35 

Mean 266.7 286.7 275 55 46.7 41.7 
St Error 3.3 43.3 81.3 5.8 1.7 4.4 
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Table F.5:   Hourly data:  vent approach to drying, frame observation hours three 

and four. 

 
Hour 3 Hour 4 

Rep 30 psi 20 psi 10 psi 30 psi 20 psi 10 psi 
1 25 25 25 30 15 35 
2 30 60 20 25 15 20 
3 30 25 35 20 30 10 

Mean 28.3 36.7 26.7 25 20 21.7 
St Error 1.7 11.7 4.4 2.9 5 7.3 

 

 

 

 Table F.6:   Oneway ANOVA (p < .05)  for water loss in vent approach to drying:  

effect of time.      

Source DF Sum of Squares Mean Square Prob > F 
Hour 3 400302.9 133434 <.0001 
Error 32 53872.2 1684  

  

 


