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Introduction


Radon is a harmful radioactive gas that is very common in the United States. It decays from uranium in the soil and can enter homes and buildings through the lower part of the structure in a number of ways. According to the Environmental Protection Agency (EPA) it is the second leading cause lung cancer and recommends that people have their homes tested. In many large-scale residential buildings, most of the techniques that are necessary to stop the radon from entering a structure are not possible to be performed. This is based on the fact that homeowners cannot modify parts of the building or set up mitigation systems running through other owners’ units without their permission. The technique that has proven to be effective on higher levels of large buildings is the use of bringing in outside air to ventilate the radon out. In some cases, the system can be successfully added to the existing ventilation system. On the other hand, in the Florida Building Code, there is a caveat that says ventilation shall not be used as a mitigation option if it increases the total ventilation rate of the building above the maximum permitted in the energy efficient building code. The average radon mitigator does not have the ability to easily determine the appropriateness of the ventilation system needed. Our assessment tool will be able to accomplish this. 
Problem Definition


For the Florida Department of Health, our project is to develop a ventilation assessment tool (spreadsheet) to be used by radon mitigators in the field. The spreadsheet will allow the mitigators to obtain the amount of outside air ventilation needed to reduce the radon down to a safe level. The goal is to be able to know very little about a residential structure, input significant leakage characteristics as well as the radon level, and determine ventilation rate appropriate for the structure. If successful, the spreadsheet will be available to be used on any type of residential structure. 
Background


Radon was discovered in 1900 by a German chemist named Friedrich Ernst Dorn during his time studying radium. As shown in Figure 1, it is a chemical element that can be found on the right hand side of the Periodic Table of Elements. It is colorless, odorless, and tasteless and is one of the heaviest of the noble gases. 
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Figure 1 - Periodic Table
Radon is a naturally occurring radioactive gas. It forms from the decay of uranium in the igneous soil and rock formations slightly beneath the earth’s surface. Radioactive decay is defined as the process in which unstable atomic nucleus loses energy through radiation in the form of particles or electromagnetic waves. It then decays further into radium and eventually produces the harmful noble gas, radon. The half life of uranium is about 4.4 billion years, which means it takes that long for half of it to decay. Radium’s half life is about 1,620 years, and finally, radon has a half life of approximately 3.8 days. If exposed to too much over a long enough period of time, it can cause serious health risks. 
The unit of measure for radon is Pico curies per liter (pCi/L) where the prefix ‘pico’ is 1*10-12 and curie is used as a unit of measure of radioactivity that is defined as an element that is emitting radiation at a rate of 37 billion times per second. The EPA and Surgeon General created a limit in which long term exposure can become a health hazard which is 4.0 pCi/L. It is very interesting to know that it is not the actual radon that poses any danger, based on the fact that it is an inert gas. It is the particles that radon decays into, such as polonium, bismuth, and lead, that is the actual reason that humans acquire lung cancer from exposure. These radioactive particles are actually charged particles and release alpha particles that contain approximately 5 MeV of kinetic energy. These alpha particles are 100 times more likely to cause chromosome damage to the human cell if they are ingested or inhaled that the beta or gamma particles. Once inside the human body, they begin ionizing atoms from nearby cells. They collide with each other at approximately 15,000 km/s which cause most to die. If they do not die, they could actually alter the DNA of the cells and produce cancerous cells as depicted in the Figure 2, below. 
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Figure 2 - Radon Damage

According to the EPA, radon kills over 20,000 people each year and is the number one leading cause of lung cancer among non-smokers in the United States. Figure 3 shows that radon is responsible for more deaths than drunk driving and home fires combined.

[image: image6]
Figure 3 - Annual Deaths
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Although radon is very hazardous to human health, it is not very well known through out the United States. On any day a person is very likely to be exposed to some amount of radon. Figure 4 shows a pie chart of the different types of radiation that the average person in the U.S. is exposed to. Radon is responsible for more than 50% of that radiation.
Figure 4 - Radiation Exposures
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The risks of radon are very serious and have been proven to cause lung cancer. The risks only get more severe when a person is a smoker. The risks for smokers and non smokers exposed to radon are tabulated in Figure 5. As shown, if 1000 people were exposed to a radon amount of 20 pCi/L over a lifetime, 36 non smokers could get lung cancer while 260 smokers can get lung cancer. That means that smoking over a lifetime increases your chance of getting lung cancer from 3.6% to 26% (if exposed to 20 pCi/L). 
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Radon can enter the best built houses or structures through many different ways. Figure 6 shows some possible entry points include cracks in the slab, fittings on joints of the basement or bottom floor, drain pump pipes, and can even get into the water supply to the building. The knowledge of these entry points is critical when attempting to produce an effective mitigation system. The gas enters structures such as homes, schools, residential buildings and can reach dangerous levels that can be very harmful to people’s health. Depending on how the structure is built and how well it is ventilated, radon can enter and accumulate in the lower portions of the building, such as dwellings and basements. 

[image: image7]
Figure 6 - How radon enters
Steering more towards the main focus of this project is the radon mitigation of multi-level residential buildings. The higher floors in the building were originally not main suspect or worry for radon problems. This, however, is no longer the case. Dangerous radon levels have been found on the 24th floor of high rise residential buildings. This occurs the same way that radon enters so many different types of structures. Once the radon is exposed to and enters the building, it can travel up through the materials of the building. If concrete is the primary material, for example, it can emit a continuous supply of radon to any of the floors in the building. Even if the radon is ventilated out of a unit or an entire floor, after a certain amount of time, the amount of radon will reach its equilibrium state once again. The use of ventilation as a mitigation option must be permanent and continuous in order for the radon to not reach this equilibrium amount. Radon in homes or single level structures can be successfully mitigated by two main systems: pressurization and de-pressurization tests. Pressurization uses ambient air to create a positive pressure inside the house, thus reducing the radon in [image: image64.png]Consumer Products.
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the house. De-pressurization works by creating a negative pressure beneath the home, also lowering the amount of radon entering the home. What is used to gather information on the pressurization of structures is called a blower door fan test. To get a better understandings of how these devices work and how they are used, on September 24, 2008 our sponsors from the Florida Department of Health as well as our group conducted a blower door fan test on a group member’s house. The house is a two story, 4 bedroom 2.5 bathroom 1800 square-foot house that was built in the early 1970s. As seen in Figure 7, the blower door consists of a fan attached to a door seal as well as software equipment. Pressure sensors are placed just inside and a few feet outside the door in order to give pressure differential readings. Once set up, the house’s air condition was turned off and all the doors and windows leading to the outside were closed. The fan is then turned on and begins either pulling air into the house (pressurizing) or pushing air out (de-pressurizing). The laptop is equipped with a software program that can do many things such as monitor pressure differences and produce plots and graphs. What is primarily gained from these tests is that the pressure differences can be related to the amount of air volume that the house has lost or is leaking. We concluded from our tests that day that the house leaked nearly 50% of its air. The leak rate of a structure is very important when attempting to use air ventilation and analyzing a building from an air flow perspective. When doing calculations on the air exchange between rooms in a building, the overall leakage plays a big role and can alter the calculations or analysis.
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These techniques become very difficult on multi-level buildings, however, due to the complexity of today’s condominiums and apartment buildings. Pressurizing one unit on a floor might just push the radon directly into another, which would not be eliminating the problem, just moving it. Since there are so many factors that make up the air flow path in large buildings, applying the correct air flow system has had much difficulty. When attempting to use ventilation as a mitigation choice, there are even more stipulations. In the Florida building codes, there are standards for which an air ventilation system cannot exceed the maximum energy limit that it is permitted. Therefore mitigators must abide by these energy standards when suggesting an appropriate system. If the required airflow is more than the air exhausted by the building, we might be required to use an ERV or a dehumidifier. These items might be required to increase the efficiency of the ventilation or to reduce the humidity of the air. The ERV is an Energy Recovery Ventilator which exchanges heat with outside air to increase the efficiency of the incoming outside air. The humidity of the air might need to be reduced because the air handler might not be capable of dehumidifying and cooling the excess outside air.

 There are some computer programs that can assist in analyzing the air flow path of large buildings. The program that our group worked mostly with is called CONTAM, which can give a good representation of how contaminants flow through rooms and structures. It can allow someone to create an entire floor and essentially and entire building while inputting every detail about the building and its surroundings. Also, one can model the flow path of any air contaminant as long as certain critical characteristic values about the gas are known.  Some values that were inputted for radon in order to give a proper model were its diffusion coefficient, decay rate, specific heat, and molecular weight. Such things as the weather outside, wind speed, time of day, and geographical location can be inputted to give a more accurate depiction of the air flow.
Design Concept and Analysis

The final product for this design project will be a spreadsheet where one can input the boundary conditions of a residential unit and output which ventilation system will best to dilute the radon. Originally the spreadsheet would consist of a sheet of leakage coefficients and another sheet with which users would input the proper naming convention for an element and a formula would search for that name in the data sheet and would output the proper leakage coefficient for that element. This idea was abandoned for a more user friendly spreadsheet where the user would use a series of drop down menus to input the exact element which was found. This method would save the user from having to reference a naming convention chart (Figure 9) every time they wanted to input a certain element. The basis of the improved spreadsheet will be designed using the data validation tool and formulas inside of Microsoft Excel. The data validation tool allows for drop down menus with various choices to be shown inside the spread sheet. This allows the user to select each element that the user/surveyor finds inside of a residential unit. For example, if the residential unit has 3 ceiling fans, the surveyor will select ceiling, then penetrations, then “whole_house_fans” and then they are given the option of “maximum, minimum, or best estimate.” “Best Estimate” will give the Best Estimate as determined by ASHRAE (American Society of Heating, Refrigeration, and Air-conditioning Engineers) or previous modeling studies. Once the elements are input the user will enter how many of each element there are or their respective areas, the spreadsheet will then calculate the total leakage area for that element, which will then be used in further equations to determine the total amount of ventilation needed to dilute the radon inside the unit to a safe level. Figure 9 shows the initial method of determining the total leakage of a unit. As you can see, even our initial idea contained many factors that can contribute to the leakage. Figures 11 and 12 show our next concept for the spreadsheet. Instead of a long and confusing naming convention, the user/mitigator can easily select from drop down menus important information about the unit.

	Naming Convention

	Components:

	CE
	Ceiling
	FP
	Fireplace
	RF
	Roof

	CH
	Chimney
	FR
	Frame
	VE
	Vent

	DR
	Door
	IT
	Interface
	WH
	Water heater

	DW
	Doorway
	JT
	Joint
	WL
	Wall

	FL
	Floor
	PE
	Penetrations
	WN
	Window

	Descriptors:

	2W 
	Two way air flow 
	DY 
	Dryer 
	PA 
	Partition

	AL 
	Aluminum 
	EC 
	Electrical outlet or switch 
	PC 
	Precast concrete

	AP 
	Apartment 
	EL 
	Elevator 
	PL 
	Plumbing

	AR 
	Per unit area 
	EX 
	Exterior 
	PT 
	Patio

	AS 
	Assembly 
	FD 
	Fold Down 
	RE 
	Shopping mall/retail store

	AT 
	Attic 
	FR 
	Frame 
	RL 
	Recessed Light

	BA 
	Bathroom 
	GA 
	Garage 
	RS 
	Restaurant

	BL 
	Block 
	GL 
	Glass 
	SC 
	School

	BR 
	Brick 
	GS 
	Gas 
	SH 
	Single hung

	CA 
	Caulked, sealed or gasketed 
	HA 
	Hall 
	SI 
	Single

	CASE 
	Casement 
	HC 
	Healthcare 
	SL 
	Slider or sliding

	CC 
	Cast-in-place concrete 
	ID 
	Industrial 
	SM 
	Storm

	CK 
	Crack 
	IN 
	Interior 
	SN 
	Stone

	CL 
	Closed 
	IO 
	Inoperable 
	SP 
	Sports

	CO 
	Concrete 
	IS 
	Insulation 
	SR 
	Stair/stairwell

	CP 
	Concrete panel 
	JA 
	Jalousie 
	ST 
	Steel

	CR 
	Corner 
	KI 
	Kitchen 
	TI 
	Tile

	CS 
	Crawl Space 
	MA 
	Masonry 
	UC 
	Uncaulked

	CT 
	Closet 
	ME 
	Metal 
	UN 
	Perunititem

	CW 
	Curtain wall 
	MN 
	Manufactured 
	WD 
	Wood

	DA 
	Damper 
	NO 
	No 
	WE 
	Weather-stripped

	DB 
	Double or doublehung 
	NW 
	Not Weather-stripped 
	WF 
	Whole House fan

	DE 
	Difference 
	OO 
	Operable 
	YE 
	Yes

	DW 
	Ductwork 
	OP 
	Open 
	  
	 


Figure 9 - Initial Naming Convention

	Generic BuildingTypes:

	C 
	Commercial 
	N 
	Industrial 

	I 
	Institutional 
	R 
	Residential 

	M 
	Manufactured House 
	
	

	Values:

	AV 
	Averageor bestestimate 
	+S
	Mean plus one standard deviation

	MN 
	Minimum 
	-S
	Mean minus one standard deviation

	MX 
	Maximum 
	
	


Figure 10 - Initial Naming Convention
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Figure 11 - Spreadsheet Design 1
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Figure 12 - Spreahsheet Design 2
Formulating Equations
The initial equations that we found during our research and used for the start of our analysis were (1) ventilation equation, (2) dilution equation, and (3) orifice equation. 
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Where:

Q = Volumetric flow rate

C = sum of leakages from doors, windows, walls

∆P = pressure difference from inside to outside

n = 0.5 (assuming fully turbulent flow)

V = volume of room

Dt = time for dilution

Ci = initial contaminant concentration

Cf = final contaminant concentration

A = area of room

ρ = density of air

D1 = height of room

D2 = Size of gap under door/window

These equations, however neglected the incoming amount of radon (generation rate) which is very significant. Based from this problem, other equations were researched and used.

We are basing the calculations for this spreadsheet from the conservation of mass. We are analyzing the apartment unit as a controlled volume. A general form of the conservation of mass equation for the controlled volume (i) and its surrounding zone (j) is given by: 
(mass of contaminant in c.v. i at time t+Δt ) = 






(mass contaminant in c.v. i at time t) +
Δt × (rate gain of contaminant – rate loss of contaminant )
Or in equation form as:

[image: image13.emf]
(4) 
     Where:

ρi is the density of the air in zone i

Vi is the Volume of the zone i

Ci is the concentration of the contaminant in zone i

The contaminant mass flow rate from zone j to i is given by:
[image: image14.emf]
(5)


Where:

[image: image15.emf] is the filter efficiency (not applicable)

ρj is the density of the air in zone j

Cj is the concentration of the contaminant in zone j
Gi is the generation rate of the contaminant in zone i

The generation of a species from chemical reaction (not applicable) is given by:

[image: image16.emf]
(6)

The contaminant mass flow rate from i to j (out) is given by:

[image: image17.emf]
(7)

Where:

[image: image18.emf] is the removal coefficient  (not applicable)

The flow between the zones will depend on the expected leakage of unit i and the pressure inside the unit caused by the flow of additional fresh outside air provided. The filter efficiency is not applicable because we will not be using a filtration system. This mitigation process is solely dilution of the air as some air is pushed out. 

The generation rate is dependent on parameters of each unit or building. The generation rate is mostly dependent on the porousness of the concrete used in the building. This is because the diffusion coefficient varies widely in concrete. This may be something we will need to use an average value for. Or we may suggest low, mid, and high values that can be used. The problem with the dependency of the generation rate is that this will also determine the equilibrium radon level that is reached during the mitigation process. 

The generation of a species from chemical reactions is not applicable in this application because there are not any chemical reactions occurring. There is no process for the direct removal of radon; so, the removal coefficient is not applicable. This equation will then yield the amount of radon in the unit after a certain amount of time. 
Results and Findings
Due to the difficulty of entering existing buildings and physically performing blower door tests to determine how radon and air are ventilated in high rise residential buildings we have been using a program called CONTAM to help understand the behavior of radon. CONTAM is a contaminant modeling program developed by the National Institute for Standards and Technology (NIST). CONTAM is a multizone indoor air quality and ventilation analysis computer program designed to help determine airflows within and around a building, contaminant concentrations, and personal exposure. The modeling we performed in CONTAM consisted of two different models. The first model was a one story, single zoned residential structure and can be seen in Figure 13. The second model was a one story, 3 zoned structure and can be seen in Figure 17. The simulation was performed in order to gain an understanding of how radon is mitigated from zone to zone as well as how the equilibrium level of radon was affected by altering the flow rate of the air handling system (AHS) and the generation rate of the radon. All of the simulations were run for the month of January. 

The first model constructed in CONTAM is a single zone, single level residential building.  It has a floor area of 100m^2 and a volume of 300m^2. These area and volume values are theoretically chosen values used in order to simplify the equations. The model contains one exterior single door that has weather-stripping and two wooden caulked door frames surrounding the door. The model also contains one double hung window with two wood frames surrounding it. 
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Figure 13 - CONTAM Model 1
The model has one source that is generating radon as a pressure driven source with a generation rate of 100pCi/L and a pressure coefficient of 1. Radon is assumed to be a pressure driven source because previous modeling in CONTAM shows that this is the most accurate model of a radon source. This generation rate is considerably high compared to previous models and the volume of the room. This high generation rate was used to see the correlation between a small volume, high generation rate, and flow rates. The model is also connected to an air handling system that has one supply and one return in the room. The supply has a volumetric flow rate of 40cfm and the return has a flow rate of 35cfm. These volumetric flow rates were determined by iterations until the desired level of radon was reached. The initial concentration of radon was set to be 20 pCi/L because this would be a typically high level of radon and we wanted to see how the flow rate needed to be varied in order to get the equilibrium level of radon to a safe level. 

We ran many simulations varying different aspects of the room in order to determine the relationship between the flow rates, the level of radon, and the characteristics of the room. What we found was that for each situation no matter the size of the inputs the levels of radon eventually reached an equilibrium level. In some cases the levels of radon grew until an equilibrium level was reached and in others it decreased to almost zero. The main reasons that caused the graph to decay or grow were the flow rates compared to the generation rate used in the pressure driven model of the radon source. As shown in Figure 14 and 15, if the generation rate of the radon is increased and nothing else is changed then the equilibrium level of radon is much higher. These plots show concentration of radon in pico-Curies per liter (pCi/L) versus hour of the day for January 1st. 
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Figure 14 - Decay of Radon in Model 1; 100 pCi/L Gen. Rate
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Figure 15 - Decay of Radon in Model 1; 500 pCi/L Gen. Rate
If the flow rate was not great enough to overcome the generation of the radon then the levels grew drastically. If the difference between the two was not too significant then the equilibrium value was raised but the graphs followed the same curve. If the incoming flow rate was far greater than the generation rate of the radon then the levels of radon decayed almost instantly. This poses a problem to our spreadsheet because a radon mitigater using our spreadsheet will not be able to accurately measure the generation rate of the radon. In order to overcome this problem we are going to have a function in our spreadsheet that will use a variation of the conservation of mass equation and the equilibrium level of radon measured in the room to estimate the generation rate of the building/room. Equation (8) is the conservation of mass equation.
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(8)
Where m refers to the mass flow rate and the subscripts; a, w, and r, refer to air water and radon respectively. G is the generation rate of radon and the i subscript refers to incoming flows and the o subscript refers to outgoing flows. Our spreadsheet will use this equation and solve for the generation rate from knowing the input and exit mass flow rate of the air and radon, it will also have to know the humidity of the air in order to estimate the mass flow rate of water associated with the air. 


When the flow rates of the supply and return are varied the contaminant plot varies drastically. When the supply flow rate is barely larger than the return flow rate the plot shows the normal trend of the radon decaying and finding an equilibrium level of about 4pCi/L as can be seen in Figure 14. When the return rate is far less than the supply flow rate the contaminant plot makes a drastic change and increases until the equilibrium value is close to 27pCi/L. The return rate is 20cfm and the supply is 45cfm. This growth of radon happens because more air is being inputted to the volume and not enough air is being removed from the volume in order to drop the levels of radon therefore a sharp increase in the equilibrium level of radon is seen. 


We also ran simulations where we added another door or a window to the room. This was done in order to see the significance of the leakages through the doors and windows. The results showed that the addition of a non-weather stripped door caused the equilibrium level of radon to drop by only 2pCi/L. Another test was done where the size of the window was increased tenfold. This test only showed a decrease in the radon level by about 5pCi/L. These tests showed that the leakage through the doors and windows is not a dominant factor in the mitigation of radon from a building and that the actual mitigation is based more on the pressure difference between zones of the building and the flow rates seen between zones. 


CONTAM also shows pressure differences and air flows between zones. Figure 16 shows a screenshot of CONTAM showing the pressure differences and airflow for the control conditions of 100pCi/s generation rate, 45cfm supply, and a 40cfm return rate.
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Figure 16 - Pressure and Airflow for Control Model #1

The green lines represent airflow and the pink lines represent pressure differences. This screenshot shows that the supply flow is greater than the return flow and the door leaks more air than the window, window frame, or door frame. The pressure difference is almost the same for each air flow element. This is expected because there is only one zone and the pressure difference between the ambient zone and the living room zone should be constant throughout the zone. Altering the flow rates for the supply and return ducts had effects on the amount of air flowing through the door and window, but had minimal effects on the air flow through the door and window frames. These changes also had minimal effect on the pressure differences between the zones. There were small changes in pressure because there is only one zone and the overall air transfer coming in to the zone from the air handler is constant no matter the supply and return flow rate. Therefore the pressure does not change unless another flow element is introduced or the overall outside air flow rate of the air conditioner changes. When the supply duct’s flow rate is increased and the return duct is held constant the air flow through the elements (doors and windows) is decreased. Whereas if the return flow rate is increased and the supply flow rate held constant then the air flow through the elements increases. This is because more air is being pumped into the room then is being taken out by the return which means the air has to have somewhere to go, so it escapes through the doors and windows. These changes in air flows through the elements cause changes in the time in which the radon is diluted to its equilibrium level. Although these flow differences change the time for the radon to reach the equilibrium level they do not change the actual equilibrium level of the radon. 


Now that we have an idea of how radon is mitigated through a closed space and what aspects cause changes in these flows and pressure differences we decided to generate a more complex model.
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Figure 17 - CONTAM Model #2
The second more complex CONTAM model is a more accurate model of an apartment building. This model consists of two apartments and 3 different zones; the first is apartment 1 which is the apartment on the north side of the building, the second zone is a hallway separating the two apartments, the third zone is apartment 2 and is located on the south side of the building. The two apartments have a floor area of 1000 ft^2 and a volume of 8000 ft^3. Both apartments contain a double hung window to the exterior and a single not weather-stripped door that connects each apartment to the hallway. The hallway has a double door that is not weather-stripped that connects to the ambient zone. Both apartments have a supply and return connected to separate air handling systems. The hallway does not have a supply or a return and is connected to the other zones through air flow elements only. Pressure driven radon sources have also been placed in each apartment. The pressure driven sources have a generation rate of .02Bq/s and a pressure coefficient of 1. These values were chosen because of their use in previous apartment building models. The initial concentration level in both the apartments and the hallway is 10pCi/L. The hallway does not contain any sources, supplies, or returns. It only has an initial concentration of radon. This was done in order to understand how radon is transported between zones without an air handler or source supplying the radon. Figure 18 shows the control pressure and air flow representation of model 2 and contamination results can be seen in Figure 19.
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Figure 18 - Control Pressure and Airflow Model #2
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Figure 19 - Control Contamination for Model #2
The red curve represents the apartment 1 and the green curve represents apartment 2. The brown curve represents the hallway. These control values were found at supply rates of 45cfm, return rates of 30cfm, and an outside airflow from the air handling system of 45cfm. The supplies and returns also have an initial concentration of 0pCi/L. The graph shows apartment one and apartment two follow the same mitigation trend and are mitigated to the same equilibrium level of 1pCi/L. However, you cannot see the trend of apartment 1 because it is directly behind apartment 2. So, all that is shown are the green and brown curves. The figures also show that the hallway followed a similar trend to the apartments except it was mitigated at a slower rate because it has no supply or return. The hallway also eventually reached the same equilibrium level as the apartments because eventually the air in the apartments diluted the hallway as much as they could. The time frame to reach the equilibrium level was much higher in the second model compared to the first. In the second model it took about 4 days to reach the diluted level whereas it only took one day to reach it in the first model. 

As shown in Figure 18 the pressure differences across each air flow element in apartment 1 is the same as the equivalent element in apartment 2.  As was true in the first model the pressure difference across each window is very large compared to the air flow across it. The pressure difference across each window is 12.88Pa and the air flow across it is 2.9cfm. The two interior doors that connect the apartments to the hallway show large airflow and small pressure differences. Their airflows were 12.09cfm and their pressure difference was 1.01Pa. Doors in general leak more air than windows do so this is expected. This is mainly due to the gap underneath a door or faulty seals. The exterior door had a large airflow across it of 24.2cfm and 11.8Pa.

In order to see how these values varied for different conditions in each apartment we first altered the generation rate in apartment 1 from .02Bq/s to .2Bq/s in order see the effects on the contaminant in the hallway and in apartment 2. As can be seen below in Figure 20 when the generation rate of the radon in apartment 1 is increased tenfold the only factor that is changed for the apartment 1 contamination curve is the equilibrium level of radon, which is increased from 1pCi/L to 3pCi/L. The apartment 2 concentration curve does not change at all which tells us that the air in apartment 2 does not become contaminated by apartment 1 when they are on separate air conditioning units. The hallway concentration curve is shifted to the right which means that it has a longer dilution time and a higher concentration. Once the concentration of the hallway drops below the concentration of apartment 1 the concentration curve for the hallway is a direct combination of the apartment 1 curve and the apartment 2 curve. The equilibrium level of radon in the hallway is 2pCi/L which is directly in the middle of apartment 1 and apartment 2. This shows that radon is simply diluted by both of the incoming apartment air in the hallway. The change in the initial concentration did not affect the pressure or the air flow of any of the elements. 
Next we changed the generation rate back to the control value and wanted to see the effect on the pressure change in apartment 1 when we varied the supplied flow rate. We increased the supply rate from 45cfm to 60cfm. The results can be seen in Figure 21. With the increased supply the radon levels in apartment 1 dropped more drastically then before and eventually went to a decreased equilibrium value of about 1.75pCi/L.
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        Figure 20 - Increased Generation Rate in Apt 1
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Figure 21 - Increased Supply in Apartment 2
As was expected the hallway followed exactly in the middle of the two curves. The pressure differences between each element changed as was expected.
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Figure 22 - Pressure Results with Increased Supply in Apt1
The pressure flows across the windows were similar to each other apartment 1 was 25Pa whereas apartment 2 was 22Pa. Each window saw the same airflow across it 4cfm. The window pressure in apartment 1 was expected to be higher than apartment 2 because we are inputting more air into apartment 1. The interior door for apartment 2 saw a pressure difference of .88Pa and airflow of 10.7cfm whereas the interior door for apartment 1 saw a pressure difference of 3.3Pa and airflow of 25cfm. The pressure on apartment 2’s door is lower than apartment 1’s door because more air is leaving through apartment 1’s causing a negative pressure on apartment 2’s door that counteracts the pressure created in apartment 2. The exterior door saw a pressure difference of 22Pa and airflow of 36cfm. 


The next test we tried was adding an extra door to apartment 1 to see how it affected the mitigation of the radon. These results can be seen in Figure 22, 23, and 24.
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Figure 23 - Adding a Sliding Glass Door
Adding a sliding glass door to apartment 1 greatly decreased the pressure differences seen across the building but had little effect on the mitigation of the radon. As can be seen in Figure 23 by the way the apartment 1 curve (red line) follows the exact curve of apartment 2 (green line) except towards the end where apartment 1 has a slightly lower, by about .2pCi/L, equilibrium level of radon then apartment 2. This shows that the addition of a new element has little effect on the radon concentration which is the same as model #1. The pressure differences changed which can be seen in Figure 24.
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Figure 24 - Pressure and Airflow with Sliding Door
The pressure seen across the two windows was the same for both apartments 11Pa and airflow of 2.6cfm. The sliding glass door saw a pressure drop of 11Pa and airflow of 3cfm. The interior door for apartment 2 saw a pressure drop of 1Pa and airflow of 12cfm whereas the interior door for apartment 1 saw a pressure drop of 0.7Pa and airflow of 9cfm. The exterior door saw a pressure drop of 10Pa and airflow of 21cfm. The pressure changed as expected as well as the flow rate but the changes in pressure were not drastic enough to alter the concentration levels enough.


Overall these CONTAM models give us a very good idea of how radon is transported through high rise residential buildings and will be used next semester to check our results from the spreadsheet.
Conclusion
Radon has a half life of 3.8 days which results in the need of mitigation to reduce the radon levels. We produced some simulations using the CONTAM software which were very useful in understanding the behavior of radon in an apartment and the process of mitigating it. We modeled the radon on this software as a pressure driven source with varying generation rates. We did this because of the use in previous apartment building models stated it’s the best way to model radon in this software. The modeling we performed in CONTAM consisted of two different models. The first model was a one story, single zoned residential structure. The second model was a one story, 3 zoned residential structure. The simulations plotted the radon levels in the unit throughout a given time frame. This allowed us to see how the radon level is reduced according to the set parameters. We changed several parameters to see how they affected the results. 

The generation rate was increased which resulted in an increase of the equilibrium radon level in the unit. The generation rate varies greatly throughout different apartments. This value is directly dependent on the porousness of the concrete used in the construction of the unit. Concrete is the dominating source of radon production in these units. We analyzed the dominating sources of air flow through the path flow elements given in CONTAM. The dominating path flows were primarily doors and windows, but doors more than any. Windows are generally well sealed but doors usually have a gap under the door that leads to high leakage rates. The weather-stripped doors have lower leakage coefficients but still play a dominant role in air flows. The door frames and window frames did not affect the results much at all. We may conclude from this that they can be disregarded. 

Flow rates for the supply and return ducts were changed for analysis; increasing the supply flow while leaving the return constant created an increase in pressure difference and generally reduced the radon levels. If the flow rates of both supply and return are increased but the difference between them remains constant then the rate at which the radon is mitigated increases significantly and also lowers the equilibrium level of the radon. Adding a door or large window greatly decreases the pressure difference from the inside to the outside if the pressure difference is originally high, otherwise it did not change much.
The second more complex CONTAM model is a more accurate model of an apartment building. This model consists of two apartments and 3 different zones; the first is apartment 1 which is the apartment on the north side of the building, the second zone is a hallway separating the two apartments, the third zone is apartment 2 and is located on the south side of the building. Both apartments have a supply and return connected to separate air handling systems. The hallway does not have a supply or a return and is connected to the other zones through air flow elements only. It also does not contain any contaminant sources and only given an initial concentration of radon. This was done in order to understand how radon is transported between zones without an air handler or source supplying the radon. The figures also show that the hallway followed a similar trend to the apartments except it was mitigated at a slower rate because it has no supply or return. The hallway also eventually reached the same equilibrium level as the apartments because eventually the air in the apartments diluted the hallway as much as they could. The time frame to reach the equilibrium level was much higher in the second model compared to the first. In the second model it took about 4 days to reach the diluted level whereas it only took one day to reach it in the first model. This is mainly due to the increase in volume of the building.

Overall, these CONTAM models give us a very good idea of how radon is transported through high rise residential buildings and will be used next semester to check our results from the spreadsheet. After analyzing the results from the simulations, we now understand what parameters dominate the mitigation of radon. We will use these considerations to help simplify our spreadsheet. We will use the conservation of mass equations and try to replicate the values obtained from CONTAM. This spreadsheet will then be tested in a real apartment to assure the accuracy of our spreadsheet. This will also determine the validity of our assumptions. The test results may differ from our spreadsheet results because there may be certain parameters we have not considered in real life simulation. We are solely relying on the results from CONTAM to generate our initial spreadsheet. We will also analyze the flow rates required and see how these flow rates perform with the building efficiency standards. If the values obtained exceed the standards permitted we will suggest the use of an ERV.
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Appendix B – Ventilation Systems Energy Standards for Residential Buildings
SECTION 13-609 VENTILATION SYSTEMS 

13-609.ABC Mandatory requirements for Methods A, B and C. 

13-609.ABC.1 Buildings operated at positive indoor pressure. Residential buildings designed to be operated at a positive indoor pressure or for mechanical ventilation shall meet the following criteria: 

1. The design air change per hour minimums for residential buildings in ASHRAE 62, Ventilation for Acceptable Indoor Air Quality, shall be the maximum rates allowed for residential applications. 

2. No ventilation or air-conditioning system make-up air shall be provided to conditioned space from attics, crawl spaces, attached enclosed garages or outdoor spaces adjacent to swimming pools or spas. 

3. If ventilation air is drawn from enclosed space(s), then the walls of the space(s) from which air is drawn shall be insulated to a minimum of R-11 and the ceiling shall be insulated to a minimum of R-19, space permitting, or R-10 otherwise. 

TABLE 13-608.ABC.3.2F GAS- AND OIL-FIRED BOILERS MINIMUM EFFICIENCY REQUIREMENTS 
	Equipment Type4 
	Size Category (Input) 
	Subcategory or Rating Condition 
	Minimum Efficiency1 
	Test Procedure2 

	Boilers, Gas-Fired
	<300,000 Btu/h
	Hot water
	80% AFUE
	DOE 10 CFR Part 430



	
	
	Steam
	75% AFUE
	

	
	≥300,000 Btu/h and <2,500,000
	Maximum Capacity3
	75% Et1
	H.I. Htg Boiler Std.

	
	>2,500,000 Btu/h4
	Hot Water
	80% Ec
	

	
	>2,500,000 Btu/h4
	Steam
	80% Ec
	

	Boilers, Oil-Fired
	≥300,000 Btu/h and _250,000,000 Btu/h
	 
	80% AFUE
	DOE 10 CFR Part 430



	
	≥300,000 Btu/h and _250,000,000 Btu/h
	Maximum Capacity3
	78% Et1
	H.I. Htg Boiler Std.

	
	>2,500,000 Btu/h4
	Hot Water
	83% Ec
	

	
	>2,500,000 Btu/h4
	Steam
	83% Ec
	

	Oil-Fired (Residual)
	 
	Maximum Capacity3
	78% Et1
	H.I. Htg Boiler Std.

	
	>2,500,000 Btu/h4
	Hot Water
	83% Ec
	

	
	>2,500,000 Btu/h4
	Steam
	83% Ec
	


	For SI: 1 Btu/h = .2931 W. 

1. Et = thermal efficiency. See reference documents for detailed information. 

2. Subchapter 13-3 contains a complete specification of the referenced test procedure, including the referenced year version of the test procedure. 

3. Minimum and maximum ratings as provided for and allowed by the unit's controls. 

4. These requirements apply to boilers with rated input of 8,000,000 Btu/h or less that are not packaged boilers, and to all package boilers. Minimum efficiency requirements for boilers cover all capacities of packaged boilers. 


SECTION 13-610 AIR DISTRIBUTION SYSTEMS 

13-610.ABC.1 Air distribution system sizing and design. All air distribution systems shall be sized and designed in accordance with recognized engineering standards such as ACCA Manual D or other standards based on the following: 

1. Calculation of the supply air for each room shall be based on the greater of the heating load or sensible cooling load for that room. 

2. Duct size shall be determined by the supply air requirements of each room, the available static pressure and the total equivalent length of the various duct runs. 

3. Friction loss data shall correspond to the type of material used in duct construction. 

13-610.ABC.2 Air distribution system insulation requirements. All air distribution system components which move or contain conditioned air, including but not limited to, air filter enclosures, air ducts and plenums located in or on buildings shall be thermally insulated in accordance with the requirements of Sections 13-610.ABC.2.1 through 13-610.ABC.2.3. 

13-610.ABC.2.1 Insulation required. The minimum installed thermal resistance (R-value) for air distribution system components shall be as specified in Table 13-610.ABC.2.1. 

Exception: Air distribution system component insulation (except where required to prevent condensation) is not required in the following cases: 

1. Within conditioned space. 

2. Exhaust air ducts. 

3. Factory-installed plenums, casings, or ductwork furnished as a part of HVAC equipment tested and rated in accordance with Section 13-607.ABC.3 or 13-608.ABC.3. 

TABLE 13-610.ABC.2.1 MINIMUM INSULATION LEVELS AIR DISTRIBUTION SYSTEM COMPONENTS1 
	Location 
	R-Value 

	On roof
Exterior of building
Attic with ceiling insulation
Between conditioned floors2
Enclosed attached garages
Unconditioned basement
Vented crawlspace 
	R-6
R-6
R-6
R-4.2
R-4.2
R-4.2
R-4.2 


13-610.ABC.2.2 R-value determination. All duct insulation and factory-made ducts shall be labeled with R-values based on flat sections of insulation only at installed thickness and excluding any air film resistance. The thermal resistance (R) shall be determined using the relationship R = t/k where t (inches) is the installed thickness and k (Btu-in/hr.ft2°F) is the measured apparent thermal conductivity at 75°F (24°C) mean temperature and at installed thickness tested in accordance with ASTM C 518 or ASTM C 177. 

The installed thickness of duct insulation used to calculate R-values shall be determined as follows: 

1. Duct board, duct liner and factory-made rigid ducts not normally subjected to compression shall use the nominal insulation thickness. 

2. Duct wrap shall have an assumed installed thickness of 75 percent of nominal thickness (25-percent compression). 

3. Factory-made flexible air ducts shall have the installed thickness and calculated R-values determined in accordance with Paragraph 3.4 of the ADC Standard, Flexible Duct Performance & Installation Standards. 

13-610.ABC.2.3 Condensation control. Additional insulation with vapor barrier shall be provided where the minimum duct insulation requirements of Section 13-610.ABC.2 are determined to be insufficient to prevent condensation. 

13-610.ABC.2.4 Fibrous glass duct liner. Fibrous glass duct liner shall be fabricated and installed in accordance with the provisions of the NAIMA Fibrous Glass Duct Liner Standard. 

13-610.ABC.3 Air distribution system construction and installation. Ducts shall be constructed, braced, reinforced and installed to provide structural strength and durability. All transverse joints, longitudinal seams and fitting connections shall be securely fastened and sealed in accordance with the applicable standards of this section. 

13-610.ABC.3.0 General. All enclosures which form the primary air containment passageways for air distribution systems shall be considered ducts or plenum chambers and shall be constructed and sealed in accordance with the applicable criteria of this section. 

13-610.ABC.3.0.1 Mechanical fastening. All joints between sections of air ducts and plenums, between intermediate and terminal fittings and other components of air distribution systems, and between subsections of these components shall be mechanically fastened to secure the sections independently of the closure system(s). 

13-610.ABC.3.0.2 Sealing. Air distribution system components shall be sealed with approved closure systems. 

13-610.ABC.3.0.3 Space provided. Sufficient space shall be provided adjacent to all mechanical components located in or forming a part of the air distribution system to assure adequate access for: (1) construction and sealing in accordance with the requirements of Section 13-610.ABC.3 of this code; (2) inspection; and (3) cleaning and maintenance. A minimum of 4 inches (102 mm) is considered sufficient space around air-handling units. 

Exception: Retrofit or replacement units not part of a renovation are exempt from the minimum clearance requirement. 

13-610.ABC.3.0.4 Product application. Closure products shall be applied to the air barriers of air distribution system components being joined in order to form a continuous barrier or they may be applied in accordance with the manufacturer's instructions or appropriate industry installation standard where more restrictive. 

13-610.ABC.3.0.5 Surface preparation. The surfaces upon which closure products are to be applied shall be clean and dry in accordance with the manufacturer's installation instructions.

Appendix C – CONTAM User Manual (Theoretical Background)
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Figure � SEQ Figure \* ARABIC �5� - Smoking Comparison





Figure � SEQ Figure \* ARABIC �7� - Blower Door





Figure � SEQ Figure \* ARABIC �8� - High Rise Buildings
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