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Executive Summary

The attached report details the completion of the combustion air preheater design for Nestlé Purina Petcare Co. and includes design justifications, analysis of the design, construction estimates and methods. The justification for the construction of a combustion air preheater is based on financial savings and energy conservation.  The goal of the design is to provide the client with measurable energy savings that can be translated into financial savings by reducing the fuel oil requirement of the plant.

The design must provide a measurable efficiency increase, be economically feasible, have a 3-year payback on the initial investment. The design must work with the existing systems, require minimal maintenance, and be safe.  The design is a 1.05-meter diameter duct that surrounds the stack and draws air from the ceiling downward along the stack and into the intake fan. The air gains heat energy from radiation and forced convection and reintroduces the energy back into the boiler and reduces the amount of fuel needed to produce the same amount of steam.  The duct is made of aluminum and will be supported according to Nestlé Purina standard construction practices. The design will provide Nestlé Purina with $8,500 in savings due to a reduced fuel oil requirement. The installation estimate is $2,000, which provides a payback of 1.3 years.
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1. Introduction

The purpose of this report is to provide the client with detailed documentation for the combustion air preheater design. This includes justifications for the design choices, results of all analyses on the design, construction methods and materials, and estimated costs. 

The combustion air preheater is a system that adds heat energy to the boiler intake air in order to reduce the amount of fuel oil needed to produce the same amount of steam. Since roughly 16 percent of the input energy is lost through the exhaust stack to atmosphere, a combustion air preheater has ample opportunity to recapture energy and re-route it into the boiler system.  

Figure 1.1 below is an example of a typical boiler energy balance. The main points to note from the figure are the energy leaving the exhaust stack and the energy associated with the boiler.  The combustion air preheater will gain energy from the exhaust stack and reintroduce it to the boiler through the combustion air.  Then, for the system to be in energy balance, the fuel oil energy number will decrease.
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Figure 1.1. Boiler Energy Balance

Source:  Reducing Energy Costs, KEH Energy Engineering, 1990.
The justification for the construction of a combustion air preheater is based on financial savings and the fact that fuel oil is becoming increasingly expensive.  Energy conservation is an important and timely topic that needs to be addressed- any energy saving design is relevant.  

The goal of this design is to provide the client with measurable energy savings that can be translated into financial savings through the analysis of current fuel oil prices and the evaporation rate of the boiler. The evaporation rate is the mass of steam produced per gallon of fuel oil burned.  By saving energy, the evaporation rate will increase since the same amount of steam will be produced by burning less oil.  

Nestle Purina set forth several requirements for the design:  the design must provide a measurable efficiency increase, be economically feasible and have a 3-year payback on the initial investment, and the design must work with the existing systems, require minimal maintenance, and be safe.  These client requirements set the basis for the design and laid the groundwork for the initial research phase of the design.

2. Design Concept

Major design criteria for the combustion air preheater include economic feasibility, low impact on the existing systems, measurable efficiency improvements, and safety.  The basic design of a concentric duct was chosen using the client requirements and the justification for this choice is explained in detail in section 2.2 of this report. The main components of a concentric duct preheater are a duct with an air inlet and outlet, and the transition from the preheater to the intake fan.  The duct surrounds the existing stack.  Intake air from the top of the boiler room is drawn down and around the stack, gaining heat as it passes through the duct. The existing fan draws the air into the boiler at a higher temperature and therefore decreases the amount of fuel needed to produce steam. Please refer to Figure 2.1 on the next page.
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Figure: 2.1. Concentric Duct Design.

Source:  Canadian Agriculture Library, http://www.agr.gc.ca/cal/calweb_e.html 

A concentric duct design encircles the exhaust stack.  The incoming combustion air is drawn in around the stack and heats up before entering the boiler.  
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Figure 2.2. 

The concentric duct design is shown above with the inner cylinder representing the stack and the outer cylinder representing the duct. The air flows between the two and increases in temperature via heat transfer from the stack.
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Figure 2.3.  The proposed design, the boiler is in blue, the preheater in yellow.

The boiler system can be seen above.  The stack and intake fan are the system components that the combustion air preheater interacts with.

2.1. Other Design Options

During the research phase, different combustion air preheater designs were considered, and included an air-to-air heat exchanger, a runaround design, and a concentric duct design. 

The runaround system uses a liquid to transfer heat from the exhaust gases to the incoming air, much like a radiator.  This design would also require custom- made coils, stack alterations and an additional liquid for heat transfer.
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Figure: 2.4. Runaround System.
Source:  Canadian Agriculture Library, http://www.agr.gc.ca/cal/calweb_e.html
A gas-to-gas plate heat exchanger runs exhaust gases over plates, which in turn heat up.  The incoming air flows on the other side of the plates and acquires heat from the plates.

The gas-to-gas plate heat exchanger operates on the same concept as the concentric duct design, but with heat transfer occurring through a series of coils situated in the stack. The gas-to-gas heat exchanger would provide higher heat transfer in a smaller area, but would require stack alterations and an expensive custom made series of heat exchanger coils.
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Figure: 2.5. Gas-to-gas plate Heat exchanger.
Source:  Canadian Agriculture Library, http://www.agr.gc.ca/cal/calweb_e.html
With the requirements of economic feasibility, efficiency improvements, safety, and low impact on existing systems taken into account, the design that best fit the scope of the design course and the client’s needs was determined to be a concentric duct design.  

2.2. Justification for the Design Choice

The choice of a concentric duct design is justified through all four major design criteria mentioned in section 2 of this report:  economic feasibility, efficiency improvements, low impact on existing systems, and safety.  

The design will have a low impact on existing systems, with no modifications needed to the stack, and will require minimal alterations to the intake of the boiler.

The concentric duct design will minimize installation costs, with the major prices coming from the duct materials and installation labor.  Please see section 5 for a detailed project cost that includes material and labor estimates.  The relatively low installation costs are due to the minimal modifications to the existing systems, availability of materials, and the simplicity of the design. 

3. Analysis

The analysis part of the report has been completed with mathematical modeling of the heat transfer methods that are present in the proposed system.  The heat transfer methods include radiation and forced convection. A counter flow heat exchanger analysis was applied to the system to verify the results in the forced convection model.  A counter flow heat exchanger consists of two oppositely flowing, convecting fluids separated by a wall through which conduction occurs.  The model for this system was taken from Fundamentals of Heat and Mass Transfer.7  Two analyses were performed for the convection model since it will provide the majority of the heat transfer in the system with radiation only accounting for approximately 10% of the energy transfer. 

The mathematical model of the combustion air preheater described in sections 3.1-3.5 is an analysis of forced convection and radiation through a concentric duct. The concentric duct design draws air from the top of the boiler room down around the stack, heating the intake air.  Two parts make up the main concentric duct design: the existing boiler stack, and the outer duct that surrounds the stack.  It is important to note that the system will experience radiation as well as forced convection.  The majority of the radiation will be absorbed by the inner surface of the outer duct, therefore increasing its surface temperature depending on the amount of insulation. The increase in surface temperature will contribute to the energy input of the preheater through forced convection from the outer surface.  Ultimately, the air will gain energy from both surfaces.  

The mathematical model is intended to prove that adequate heat transfer exists from the stack in order to meet final design goals. The mathematical model is based on Dittus-Boelter heat transfer equations to model forced convection.7 The model includes an energy balance to determine energy savings.  Free convection is not applied in the analysis since forced convection is the only form of convection present.  The surface temperature of the stack is known from measurement, rendering conduction calculations uneccessary.

The following sections (3.1-3.5, 4) show the calculations of the forced convection from the stack surface, the radiation from the inner duct surface, the drag caused by the duct, the insulation requirements, and the estimated energy and financial savings.  

3.1. Forced Convection

The following measurements and preliminary assumptions were used when modeling forced convection in the design.

· Air temperature at ceiling height where the air intake will be averages 100 degrees Fahrenheit as determined from infrared measurements on the surfaces at ceiling height.

· Boiler intake air is currently 80 degrees Fahrenheit. Infrared temperature measurements averaged this amount on the fan shrouds and on a piece of conduit left stationary in the room and allowed to adjust to ambient air temperature.

· Stack length is 14 feet from ceiling to the top of the boiler.

· The following Dittus-Boelter equation provides an accurate method for finding the Nusselt number.11       

Nud =0.023ReD 4/5 Pr0.4



Where       ReD = Reynolds number




        Pr = Prandtl number

· The Prandtl number 0.707 is appropriate for air at 300 K. 11 

· The Reynolds number in the duct would always reflect turbulent flow since it is greater than 10,000 for the duct sizes analyzed.

· For calculation purposes, all units are in SI units. The final energy savings is converted into Btu to adhere to Nestle Purina Standards.

The listed assumptions and temperature measurements were incorporated into an Excel spreadsheet that provided a way to alter duct sizes in order to determine optimum design characteristics based on velocity and drag. (See Appendix A)  Altering the duct size varies the temperature and flow rate in the duct. The optimum air speed and temperature are estimated to minimize the fan loading and maximize the forced convection heat transfer.  

Forced convection equations:

1. Nud =0.023Re D 4/5 Pr0.4   provides the Nusselt number

2. h = (Nu (k))/Dh    provides the convection coefficient (h) for a given hydraulic 

                                diameter(Dh). The hydraulic diameter is the outer duct diameter 

                                minus the stack diameter.

3. q” = h(Tstack-Tair) provides the heat flux from the stack.

These three equations are the basis for the convection spreadsheet.  All three equations are dependent on the hydraulic diameter. The hydraulic diameter was also linked to the airspeed.  The duct cross-sectional area was sized to provide duct airspeed equal to or less than the airspeed of the fan intake and to minimize drag load. These calculations are in section 3.4 with the goal of drag optimization being to prevent additional fan load.

See section 4 for financial and energy savings calculations.

3.2. Radiation

The outer duct internal surface will increase in temperature as a result of the stack radiating heat from its surface to the duct. The heat transfer to the duct due to radiation is determined through analyzing an infinitely long concentric duct and then applying the concept to the stack.  The radiation absorbed by the duct will heat its surface and provide  heat transfer to the air depending on the chosen insulation. An insulation value for the outer duct was assumed and will be finalized as materials are chosen for the final design.  The radiation spreadsheet is presented in Appendix B, and is derived from the equation shown below.

Concentric duct radiation analysis:  heat transfer =
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Where:


σ   = Stefan-Boltzmann constant, 5.67 x 10-8 W/m2K4


A1 = Surface area in m2


T1  = Surface temperature of stack in K


T2  = Surface temperature of duct in K


ε1 =  emissivity of stack surface 


ε2 =  emissivity of duct surface


D1 =  Stack radius


D2 =   Duct radius

See section 4 for energy and financial savings calculations.

3.3. Counter-Flow Heat Exchanger

The heat exchanger model is based on forced convection. The model was started with known values for the initial temperature of the hot side (stack), the initial temperature of the cold side (duct), the mass flow rates of each side, and the length of the duct.  

The stack information was used to determine hi and ho, the convection coefficients for the inside and outside walls of the stack, respectively. These values were used to calculate the overall convection coefficient, U.  

With the above values known, an iterative process was started using a series of equations to find the correct values for the final temperatures for the stack and duct, and also for the amount of energy transferred, in Watts.  The iteration began with a guessed value for the final temperature of the stack gases.  This, along with the mass flow rate, was used to find the total energy transfer.  This was then used to calculate the final duct temperature, and the (Tlm, which is a natural-log-mean difference between the hot and cold initial and final temperatures.  This (Tlm and the U value were used to solve for the area needed for convection.  

This first area value did not match the area of the actual stack because the final stack gas temperature was a guessed value.  Thus, the iteration involved varying the guessed final stack gas temperature, and comparing the required output stack surface area to the actual stack surface area.  When the two values matched, the solved values were correct.  This model provided accurate values for the final temperature of the stack gases, the final temperature of the preheated combustion air, and the total energy transferred in Watts.  This model was then used to more accurately calculate monetary savings.

(See Appendix C)

Counter flow heat exchanger equations:  
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	Total energy transfer in Watts equals mass flow rate of the stack gases times specific heat of the stack gases times the difference in the initial stack gas temperature and the final stack gas temperature.
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	Final intake temperature equals the total energy transfer divided by the product of the mass flow rate of the intake air times the specific heat of the intake air, plus the initial intake temperature.

	q = UA (Tlm
	Total energy transferred equals the overall heat transfer coefficient times the stack surface area times the log-mean temperature difference.
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	Overall heat transfer coefficient equals the reciprocal of the sum of the reciprocals of the individual convection coefficients for the inner and outer stack surfaces.

	Nud = 0.023Re D 4/5 Pr0.4
	Nusselt number as a function of the Reynolds and Prandlt numbers.

	hi = Nud ( k/Di)
	Inner convection coefficient equals Nusselt number times thermal conductivity divided by the stack diameter.

	ho = Nui ( k/Dh)
	Outer convection coefficient equals Nusselt number times thermal conductivity divided by the hydraulic diameter.
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	Stack surface area equals the total energy transferred divided by the product of the overall heat transfer coefficient and the log mean temperature difference.

	(Tlm = 
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	Log- mean temperature difference is a function of the differences of the initial and final temperatures of both the stack gases and the intake air.


3.4. Drag 

The drag calculations provide a basis for optimizing the duct diameter for the greatest forced convection, while minimizing additional load on the existing fan.  More additional load equates to more horsepower lost to drag, and subsequent increases in electricity costs.  The drag model started out with known values for the mass flow rate, the “a” value, and the “b” value.  The “a” value is the outer diameter, or duct diameter, divided by 2.  The “b” value is the inner diameter, or stack diameter, divided by 2.  The mass flow rate is constant at 4.52 kg per second.

The drag model was appended to the right side of the convection model, so when the duct diameter was varied by 0.05 meters in the convection model, the “a” value was automatically varied by 0.025 meters in the drag model.  The “b” value was held constant since there would be no alterations to the existing stack.  The “a” and “b” values provided a function for ζ, or Zeta.  Zeta was then used to solve for the friction factor f, which was in turn used to calculate the duct friction head loss hf.  The minor head loss, hm, was calculated by first summing the “K” values, which are minor loss values for different interruptions in fluid flows.  The “K” values were taken from figures 6.20-6.22 in Fluid Mechanics, fourth edition, by White, for the varying sizes of duct.  There were three “K” values for each duct size:  one for an angled entrance condition, one for a bend in the duct at the bottom, and one for a contracting exit condition, or vena contracta.  
[image: image9.wmf]
The hf and the hm were added together to get the total head loss.  This was then multiplied by gravity to get the specific energy loss in J/kg.  The specific energy loss was then multiplied by the mass flow rate in kg/s to get J/s, or Watts.  This number was used to calculate the number of extra kilowatt hours used per year to run with the added duct, along with the extra cost per year.  The cost calculation was based on an electricity cost of $0.06 per kWh.  This was then used to calculate a yearly and 5-year loss due to drag on the system.  The chosen duct diameter yielded a loss of 146 Watts, or 0.2 horsepower.

Please See Appendix D for the results of the drag mathematical model.

	Drag equations:

ζ = 
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	Zeta is a function of the differences of the squares of the “a” and “b” values.
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	Friction factor equals 64 times zeta, divided by the Reynolds number.

	hf = f
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	Friction head loss equals friction factor times velocity squared, divided by 2 times gravity, times the length of the duct, divided by the hydraulic diameter.

	hm = (ΣK) 
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	Minor head loss equals the sum of the “K” values times velocity squared, divided by 2 times gravity.

	Specific energy loss = (hf + hm)g
	Specific energy loss equals (hf + hm) times gravity.

	Power loss = (specific energy loss)* (mass flow rate)
	Power loss equals the specific energy loss times the mass flow rate.


3.5. Insulation 

The insulation model was used to determine how much, if any, insulation would be needed to cover the duct.  This model started with known values for the R-values of the preheated air, the duct and insulation material, which is rated per inch.  An R-value designates the amount of heat flux that will be transmitted through a material in Watts at a given temperature and thickness of insulation. The R-values were summed for different thickness of insulation, modeled as fiberglass.  This value was then multiplied by the area of the duct.  The reciprocal was then taken, which produced U, the overall convection coefficient.  This was then multiplied by the area again, along with the temperature difference between the preheated air and the room temperature air to get qx, which is the heat transfer rate in Watts.  This number was then converted to a yearly cost and a five year cost due to the energy lost through the insulated duct.  The results yielded a loss of only $2 over a 5 year time span, even with no insulation on the duct.  At a cost of roughly $300 to insulate the duct, it was obvious that insulation would not be a cost effective investment.  In conclusion, no insulation would be used on the duct. Please see Appendix E for the results of the insulation Mathematical model.

Insulation equations:

	U = 
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	The overall convection coefficient equals the reciprocal of the sum of the R-values times the area of heat transfer.

	qx = UAΔT
	The heat transfer rate equals the overall convection coefficient times the area times the temperature difference.


4. Energy and Financial Savings Calculations 

The final energy savings is a combination of the forced convection and radiation values to give a final heat transfer to the intake air. The energy is then converted from watts to Btu to determine a fuel savings number. The fuel savings number provides a yearly cost savings through fuel use reduction.  

The financial savings calculations are outlined below:

Combined Energy Savings from Convection and Radiation = 26,600 Watts  
1 Watt =    3.41 Btu/h  

3.41 * 26600 W = 90,800 Btu/h

Btu/h = 555,000 kBtu/year, note: 255 operating days per year, 24 hours a day.

1 gallon of No. 6 fuel oil = 150 kBtu = $0.46

555,000 kBtu per year / 150 kBtu = 3700 Gallons of Fuel oil saved.

$.46 * 3700 gallons =    $ 1700    saved per year        5 year savings = $8500

The mathematical model provides a basis for design to increase heat transfer and therefore increase yearly savings and fuel conservation.

Table 4.1. below shows the financial results summary for the mathematical models.  A total of $8,500 will be saved over 5 years.

Table 4.1. Savings Summary 

	Forced Convection
	$7,980

	Radiation
	$540

	Drag Loss
	- $270

	Insulation Loss
	- $2

	
	

	Total
	$8,500


5. Installation Costs

The project will include costs from materials and labor as outlined in the table below.

Table: 5.1. Installation estimate

	Item 
	Cost
	Source

	Labor for install
	$1650
	McGuire Construction Labor rates 

	Duct (Aluminum)
	$350
	Boyer Metal


The estimate for a total project installation cost is $2000 dollars.  

This is an estimate and the actual amount of labor hours may differ.

5.1. Bill of Materials

The material choice for the duct was 1/16 inch aluminum duct. Aluminum was chosen due to its high strength to weight ratio, high emissivity for maximum radiation, and its ready availability.  

Table 5.2.  Bill of Materials

	Item
	Quantity
	Cost 

	Aluminum sheeting
	7 (3’ x 8’ sheets )
	$300

	Threaded Rod supports
	4
	$30

	Spacer Material
	4
	$20

	Total:
	
	$350


5.2. Construction Methods

The design is simple with aluminum sheeting being the main component.  Insulation will not be needed, as stated in the analysis section above.  The aluminum sheeting will be rolled into two half tubes and then welded into place around the stack. Threaded rod supports will support the completed duct from the ceiling. Threaded rod supports will be according to Nestle Purina specifications called out in Appendix G.  Spacers will be placed at the bottom of the duct to prevent lateral motion of the duct. The spacers will be 3-inch carbon steel pipe welded to the stack and riveted to the duct.

6. CAD/FEA Model

The final CAD model can be seen in Figure 6.1 below and is intended as a visual aid. The figure demonstrates the entrance and exit conditions used in the drag model.
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Figure 6.1. CAD model

The FEA software program COSMOS was used to model the temperature distribution in the duct and can be seen in Figure 6.2 below.  The picture is a representation of 1/16 of the air flowing through the duct.
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Figure 6.2. Temperature Distribution modeled in COSMOS.

This models a section of the air flowing between the duct and the stack and provides a visual representation of how the air will behave. It is coolest where shown in blue at the entrance into the duct and hottest at the top when leaving the duct to the intake fan.

7. Conclusions

The design accomplishes the main goals originally set forth by the client:

· The design be economically feasible and have a 3 year payback.  

 - The design provides a 1.3 year simple payback.

·     The design must work with the existing systems and require minimal     

                maintenance.

  - The design requires minimal alterations to the existing system and no   

                       maintenance throughout its standard equipment life of 10 years.

·  The design must provide an increase in efficiency measured by and increase in    

 the evaporation rate.

   - The evaporation rate will increase by an average of 1% for daily readings.

The mathematical models prove that sufficient heat energy from the stack is available for reintroduction to the boiler to provide energy savings to the client.  The savings will be approximately $1,700 per year or $8,500 over five years.  The financial savings are directly related to fuel prices, so as fuel prices increase the energy savings and financial savings will also increase. This is important to note as energy conservation will become a key money saving opportunity in the future.

The design is simple and safe and could be installed on both boilers at the Nestle Purina Plant if desired.  The location of the fan on the South boiler is 90 degrees from the North boiler fan so additional ducting would be required to span this distance. This would add minimally to the drag and would not lower the effectiveness of the design. 

8. Client Acceptance

The final report is acceptable.  The report and the details of the design contained herein are now the property of Nestlé Purina Petcare Company.  This is the final deliverable to the client.

Client Signature:                                                                          Date:                                _

ME486 Design Team Members:

Signature:                                                                             Date:                                       _

Signature:                                                                             Date:                                       _

Signature:                                                                             Date:                                       _

Signature:                                                                             Date:                                       _
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10. Appendix A: Convection Model
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	Forced Convection Model
	
	
	
	
	
	
	
	
	

	
	
	Vol Flow rate (cms)
	
	
	
	
	
	
	
	
	

	
	
	2.837
	k = .0263 W/(m*K)
	kinematic visc. =
	
	2E-05
	
	T(K) surface=
	399.7
	
	

	
	
	
	
	
	
	
	
	T(K) air =
	299.7
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	variable
	
	
	
	
	
	
	
	
	
	
	

	O.D. 
	I.D. 
	hydraulic diameter
	X section area (m^2)
	airspeed (m/s)
	Re
	Pr
	Nu
	h (W/(m^2 K))
	Ts - Ta (K)
	q"
	stack S.A (m^2)

	1
	0.914
	0.086
	0.13
	22.04
	59300
	0.707
	131.8
	40.49
	100
	4050
	12.26

	1.05
	 
	0.136
	0.21
	13.56
	57800
	 
	129.1
	25.04
	 
	2500
	 

	1.1
	
	0.186
	0.29
	9.66
	56400
	
	126.6
	17.94
	
	1790
	

	1.15
	
	0.236
	0.38
	7.43
	55000
	
	124.1
	13.85
	
	1390
	

	1.2
	
	0.286
	0.47
	5.98
	53700
	
	121.8
	11.22
	
	1120
	

	1.25
	
	0.336
	0.57
	4.97
	52500
	
	119.6
	9.37
	
	940
	

	1.3
	
	0.386
	0.67
	4.23
	51300
	
	117.4
	8.01
	
	800
	

	1.35
	
	0.436
	0.77
	3.66
	50200
	
	115.4
	6.97
	
	700
	

	1.4
	
	0.486
	0.88
	3.21
	49100
	
	113.3
	6.14
	
	610
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	This is the original convection model.  Its purpose is to 
	
	
	
	
	
	
	
	

	optimize the duct size and calculate the drag on the intake fan.
	
	
	
	
	
	
	
	

	The shaded region indicates the chosen values for design.
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	Note: Air flow and temperature are taken from measurements.
	
	
	
	
	
	
	
	


	Forced Convection Model, continued
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	Estimate

	Energy transfer (W)
	Btu/h
	Yearly Btu Savings
	Gallons per year saved
	Yearly monetary savings
	5- year savings 

	49700
	169600
	1.038E+09
	6920
	$3,180
	$15,900

	30700
	104800
	6.410E+08
	4270
	$1,960
	$9,800

	21900
	74700
	4.570E+08
	3050
	$1,400
	$7,000

	17000
	58000
	3.550E+08
	2370
	$1,090
	$5,450

	13700
	46700
	2.860E+08
	1910
	$880
	$4,400

	11500
	39200
	2.400E+08
	1600
	$740
	$3,700

	9800
	33400
	2.040E+08
	1360
	$630
	$3,150

	8600
	29300
	1.790E+08
	1190
	$550
	$2,750

	7500
	25600
	1.570E+08
	1050
	$480
	$2,400

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	


11. Appendix B: Radiation Model
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	Radiation Model
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	variable
	
	
	
	
	
	
	
	
	
	
	
	

	O.D.
	I.D.
	ε1
	ε2
	σ (W/(m2*K4))
	stack S.A. (m^2)
	T1
	T2
	q (W)
	Btu/h
	Btu Savings/ year
	Gallons/ year saved
	Monetary savings/ year
	5- year savings

	1
	0.9144
	0.9
	0.15
	5.67E-08
	12.26
	399.7
	322
	1620
	5530
	3.38E+07
	225
	$104
	$520

	1.05
	 
	 
	 
	 
	 
	 
	 
	1690
	5770
	3.53E+07
	235
	$108
	$540

	1.1
	
	
	
	
	
	
	
	1750
	5970
	3.65E+07
	243
	$112
	$560

	1.15
	
	
	
	
	
	
	
	1820
	6210
	3.80E+07
	253
	$116
	$580

	1.2
	
	
	
	
	
	
	
	1880
	6420
	3.93E+07
	262
	$121
	$605

	1.25
	
	
	
	
	
	
	
	1940
	6620
	4.05E+07
	270
	$124
	$620

	1.3
	
	
	
	
	
	
	
	2000
	6820
	4.17E+07
	278
	$128
	$640

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Note: emissivities chosen from aluminum for the duct and mild steel for the stack. Ref.11 
	
	
	

	Temperatures are from infrared measurements.
	
	
	
	
	
	
	
	

	The shaded region indicates the chosen values for design.
	
	
	
	
	
	
	
	


12. Appendix C: Counter Flow Heat Exchanger Model
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	Heat Exchanger Model
	
	
	
	
	
	
	
	

	
	
	Cp,c (J/kg*K)
	Cp,h (J/kg*K)
	
	
	
	
	

	
	
	1007
	1030
	
	
	
	
	

	Hot side data
	
	
	
	
	
	
	
	

	hot air density (kg/m^3)
	stack X-section area (m^2)
	vhot (m/s)
	Re hot
	Pr
	NuD
	k (W/m*K)
	hi (W/m^2*K)
	ho (W/m^2*K)

	0.6964
	0.6566
	9.8900
	233140
	0.684
	388.9
	0.0407
	17.31
	25.05

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	variable
	
	
	
	
	
	result
	
	

	Th,o (K)
	Th,I (K)
	mdot h (kg/s)
	mdot c (kg/s)
	q (Watts)
	Tc,I (K)
	Tc,o (K)
	Delta Tlm (K)
	U (W/m^2*K)

	503.72
	509.10
	4.52
	4.52
	25050
	305.40
	310.90
	198.26
	10.24

	503.73
	
	
	
	25000
	
	310.89
	198.27
	

	503.74
	
	
	
	24950
	
	310.88
	198.28
	

	503.75
	 
	 
	 
	24910
	 
	310.87
	198.29
	 

	503.76
	
	
	
	24860
	
	310.86
	198.30
	

	503.77
	
	
	
	24810
	
	310.85
	198.31
	

	503.78
	
	
	
	24770
	
	310.84
	198.32
	

	503.79
	
	
	
	24720
	
	310.83
	198.33
	

	503.80
	
	
	
	24670
	
	310.82
	198.34
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	This model is more accurate than the convection model.  It is used here
	
	
	
	
	

	to calculate savings from forced convection.
	
	
	
	
	
	
	

	The shaded region indicates the chosen values for design.
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	Heat Exchanger Model, continued
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	check
	
	
	
	
	

	Area (heat transfer)
	Btu/h
	Yearly Btu Savings
	Gallons per year saved
	Yearly monetary savings
	5- year savings

	12.34
	85500
	5.23E+08
	3490
	$1,610
	$8,050

	12.32
	85300
	5.22E+08
	3480
	$1,600
	$8,000

	12.29
	85100
	5.21E+08
	3470
	$1,600
	$8,000

	12.27
	85000
	5.20E+08
	3470
	$1,600
	$8,000

	12.25
	84800
	5.19E+08
	3460
	$1,590
	$7,950

	12.22
	84700
	5.18E+08
	3450
	$1,590
	$7,950

	12.20
	84500
	5.17E+08
	3450
	$1,590
	$7,950

	12.18
	84400
	5.17E+08
	3450
	$1,590
	$7,950

	12.15
	84200
	5.15E+08
	3430
	$1,580
	$7,900

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	


13. Appendix D: Drag Model
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	Air Drag Model
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	mass flow rate (kg/s)
	a (O.D./2)
	b (I.D./2)
	
	f
	 duct friction head loss  hf
	Sum of K values
	minor losses hm
	specific energy loss (J/kg)

	4.52
	0.5
	0.4572
	1.500
	1.619E-03
	2.000
	0.25
	6.191
	80.3

	 
	0.525
	 
	1.500
	1.660E-03
	0.490
	0.3
	2.812
	32.4

	
	0.55
	
	1.499
	1.701E-03
	0.186
	0.31
	1.475
	16.3

	
	0.575
	
	1.499
	1.744E-03
	0.089
	0.35
	0.984
	10.5

	
	0.6
	
	1.498
	1.786E-03
	0.049
	0.37
	0.675
	7.1

	
	0.625
	
	1.498
	1.826E-03
	0.029
	0.4
	0.504
	5.2

	
	0.65
	
	1.497
	1.868E-03
	0.019
	0.44
	0.401
	4.1

	
	0.675
	
	1.496
	1.908E-03
	0.013
	0.47
	0.321
	3.3

	
	0.7
	
	1.496
	1.949E-03
	0.009
	0.53
	0.279
	2.8

	
	
	
	
	
	
	
	
	

	
	This is the drag model.  It was appended to the convection model to calculate air drag on the intake fan.

	
	The shaded region indicates the chosen values for design.
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	


	Air Drag Model, continued
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	power loss (W)
	kWh per year
	cost per year
	5 year cost 

	363
	2220
	$133.2
	$666

	146
	890
	$53.4
	$267

	74
	450
	$27.0
	$135

	47
	290
	$17.4
	$87

	32
	200
	$12.0
	$60

	24
	150
	$9.0
	$45

	19
	120
	$7.2
	$36

	15
	90
	$5.4
	$27

	13
	80
	$4.8
	$24

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


14. Appendix E: Insulation Model.
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	Insulation Model
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	modeled as fiberglass
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	insulation thickness (inches)
	
	preheated air
	duct
	insulation
	
	q (watts)
	Btu/h
	yearly cost
	5 year cost

	0
	R value
	0.559
	0.00041
	0.00
	
	5.36
	18.30
	$0.34
	$1.72

	1
	
	
	
	9.27
	
	0.31
	1.04
	$0.02
	$0.10

	2
	
	
	
	18.53
	
	0.16
	0.54
	$0.01
	$0.05

	4
	
	
	
	37.06
	
	0.08
	0.27
	$0.01
	$0.03

	6
	
	
	
	55.59
	
	0.05
	0.18
	$0.00
	$0.02

	8
	
	
	
	74.12
	
	0.04
	0.14
	$0.00
	$0.01

	
	
	
	
	
	
	
	
	
	

	
	Average Delta T (K)
	
	q = UA(delta T)
	
	
	
	
	
	

	
	3
	
	 (delta T)/ (sum R's)
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	This model was used to determine the required thickness
	
	
	
	
	
	
	

	of insulation to cover the duct.  The shaded region indicates the chosen value for the design.
	
	
	
	

	
	
	
	
	
	
	
	
	
	


15. Appendix F:  Team Time Log for the Semester

	Team Member
	Carl Vance
	Kofi Cobbinah
	Ryan Cook
	Matthew Bishop
	
	

	Week of
	13-Jan
	
	
	
	
	Week  Total

	Time (hours)
	4
	4
	4
	4
	
	16

	
	
	
	
	
	
	

	Week of
	20-Jan
	
	
	
	
	Week  Total

	Time (hours)
	6
	5.8
	5.7
	7
	
	24.5

	
	
	
	
	
	
	

	Week of
	27-Jan
	
	
	
	
	Week  Total

	Time (hours)
	12
	4.9
	5.2
	12
	
	34.1

	
	
	
	
	
	
	

	Week of
	3-Feb
	
	
	
	
	Week  Total

	Time (hours)
	5.7
	4
	5.5
	6.3
	
	21.5

	
	
	
	
	
	
	

	Week of
	10-Feb
	
	
	
	
	Week  Total

	Time (hours)
	6.4
	4.5
	6.7
	6.2
	
	23.8

	
	
	
	
	
	
	

	Week of
	17-Feb
	
	
	
	
	Week  Total

	Time (hours)
	9
	9
	9
	9
	
	36

	
	
	
	
	
	
	

	Week of
	24-Feb
	
	
	
	
	Week  Total

	Time (hours)
	12
	11.5
	10
	11
	
	44.5

	
	
	
	
	
	
	

	Week of
	3-Mar
	
	
	
	
	Week  Total

	Time (hours)
	10.4
	9.3
	0
	11.5
	
	31.2

	
	
	
	
	
	
	

	Week of
	7-Mar
	
	
	
	
	Week  Total

	Time (hours)
	12
	12
	12
	15
	
	51

	
	
	
	
	
	
	

	Week of
	14-Mar
	
	
	
	
	

	Time (hours)
	
	
	
	
	
	Week  Total

	
	15
	10
	12
	12
	
	49

	Week of
	21-Mar
	
	
	
	
	

	Time (hours)
	
	
	
	
	
	Week  Total

	
	
	8
	12
	12
	
	41

	Week of
	28-Mar
	
	
	
	
	

	Time (hours)
	
	
	
	
	
	Week  Total

	
	
	8
	8
	12
	
	40

	Week of
	3-Apr
	
	
	
	
	

	Time (hours)
	
	
	
	
	
	Week  Total

	
	15
	12
	12
	15
	
	54

	Week of
	10-Apr
	
	
	
	
	

	Time (hours)
	
	
	
	
	
	Week  Total

	
	12
	12
	12
	12
	
	48

	Week of
	17-Apr
	
	
	
	
	Week  Total

	Time (hours)
	15
	15
	10
	18
	
	58

	
	
	
	
	
	
	

	Week of  Times (hours)
	24-Apr
	
	
	
	
	Week  Total

	
	15
	12
	10
	14
	
	51

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	Avg Ind. Hours

	
	
	
	
	
	
	138.175

	
	
	
	
	
	
	Total Hours

	
	
	
	
	
	
	552.7

	
	
	
	
	
	
	


The team time log shown above shows individual and total team time devoted to the project throughout the semester. (Times are in hours)

Total team time on the project is 553 hrs for the semester.

16. Appendix G: CAD Drawings

17. Appendix H: Final Capstone Presentation
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