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Abstract 

The research and study conducted in this project focuses on determination of ways to 

reduce the heat loss in the exhaust port in the cylinder head of a 6G7 engine. This reduction in 

heat losses may improve the efficiency of an engine by reducing the load on the cooling system 

powered by the engine, resulting in an increased net output. Our modification will be the 

introduction of a heat shield. This modification will reduce the overall heat transfer of the 

exhaust gas into the exhaust port by introducing an air gap liner into the exhaust port. This 

project serves to increase the revenue generated by 100 kWh LMOP landfill gas projects which 

stimulates landfills to adopt generators driven by this engine, which uses landfill gas as fuel. 
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Objectives 

 The fundamental objective of this project is to increase the efficiency of a generator 

driven by a converted automobile engine. We are modifying a cylinder head for a converted 6G7 

engine, on account of professor Michael Swain and professor Matthew Swain, which uses the 

methane obtained in landfill gas as fuel; more specifically, the engine operates in low--methane 

concentration levels (~30% CH4). We aim to reduce the heat loss from the exhaust gas to the 

exhaust port walls in the cylinder head of the engine in order to increase the overall efficiency of 

the generator. With curtailment of heat loss in the exhaust port, less energy will be required or 

exerted to remove heat by the water jacket from the radiator. Because the engines referred to in 

this study are functioning as generators, they are stationary and do not have the airstream as a 

working fluid, as regular automobiles do. Therefore, the generator must also power a fan to 

artificially induce the airstream and this process can consume approximately 10% of the energy 

produced in the generator. If there is less heat load on the radiator, the fan will require less 

energy resulting in more net power output, thereby increasing the efficiency of the generator. 

With a more efficient generator, the energy out per input of landfill gas would increase, resulting 

in more money per input of landfill gas.  

Background 

In the United States alone, municipal solid waste landfills are the third largest source of 

human produced methane emissions in the form of landfill gas.[1,2,5] Landfill gases are naturally 

occuring emissions due to the decomposition of waste as a byproduct of microorganism activity. 

After the first year of aerobic decomposition of waste deposition, anaerobic conditions are 
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established and methane begins emitting from the landfill. Methane is a greenhouse gas which 

ranges anywhere from 20 to 30 times more active than carbon dioxide[2] and by transforming 

methane into carbon dioxide we can reduce the greenhouse effect.[1,2,3,5]  

LMOP, the Landfill Methane Outreach Program organized by the Environmental 

Protection Agency (EPA), aims to reduce and nullify methane emissions while also endorsing 

the retrieval and practical application of biofuels in environmentally friendly methods. Landfills 

account for 15.4% of the methane produced in the United States[8], which can be found on the 

‘Basic Information About Landfill Gas’ section of the LMOP website. Currently, any landfill which 

consists of 2.5 million metric tons or more are obligated by law to flare the landfill gas to stop the 

methane from entering the atmosphere[5]; however, this flaring procedure neither uses the 

methane for any useful purpose, nor to its full energy producing potential. These emissions 

represent a massive loss in opportunity of a significant energy source. Energy from landfill can 

be used to power homes and factories and can be refined for automobile fuel.[2,3] 

Our associated project takes part as one of the many LFG projects that LMOP is 

currently sponsoring. In 2014 the EPA reported 258 million tons of waste produced. Of the 258 

million produced 134.16 million was deposited into landfills[3]. This accumulates to 40248 cubic 

feet per minute or 2.115 billion cubic feet of waste was produced for the year.[3] As of February 

2019, there are 619 operational energy projects, comprised of 2,044 MegaWatt generators, in 

48 states; LMOP estimates that approximately 480 additional landfills are considerable 

candidates for such methane sourced energy projects.[9] Cooperatively, operational landfills 

annually produce approximately 15 billion kilowatt-hours of electricity and 100 billion cubic feet 

of LFG for direct use.  

Currently, diesel engines are being converted into 3000 kW (kilowatt) energy producing 

generators for the sole purpose of converting the methane fuel mixture into energy. The initial 

expense of such an engine along with the annual maintenance cost makes this a costly 
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investment for landfills and why many opt out of adopting this method of reducing methane 

production.  A 3 Megawatt engine that burns Methane costs around 5,250,000 dollars and the 

annual maintenance and repairs has been estimated to be upwards of 600000 dollars[3]. 

Dr. Michael Swain has performed research on how to properly convert and optimize the 

operation and conversion of a combustion engine to run leaner to use propane as a fuel[7]. This 

extensive research revolves around finding a proper method to convert the automotive engine 

into an electric generator at a low cost and minimal design changes. The research paper 

authored by Dr. Swain highlighted how the engine will have to meet EPA standards and operate 

at different conditions than what an internal combustion is designed for. The EPA standards for 

emissions dictate the emission requirements which are different for automobiles and generators. 

Since this fuel delivery is a conversion of an automobile into a stationary generator it will have to 

be adjusted to match this conversion. The paper explains how it is meant to reduce the cost of 

having and operating a generator and compete with industrial level equipment. The engine was 

optimized to function at 19 kW max to remain consistent with the  class II EPA emission 

requirements[7]. The engine was designed to drive a 4 pole generator so a speed of 1800 RPM 

was chosen to produce 60 cycle AC current[7]. Other variables that had to be accounted for are 

motion and turbulence that are decayed considerably by the end of the compression stroke 

which varies the lean limit of the fuel.  Several factors had to be considered such as reduction in 

friction and higher compression ratios. 

The repurposed engine application method is being implemented for utilizing landfill gas 

containing an lean methane concentration - 30% - for energy generation as an LMOP site 

generator. The available concentration of methane at any landfill site ranges from 30 to 60 

percent and engines currently used at qualifying landfill sites are able to produce energy from 

the methane gas at a concentration of 50%[2,5], but the converted automobile engine design by 

Dr. Swain will burn at a leaner concentration of approximately 30 percent.  
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As landfill gas is composed of compounds other than methane, the properties of the gas 

can vary. Thus, variations in gas temperature simultaneously cause variations in the ratio of 

specific heats of the gas, since specific heat is a function of temperature. In order to model the 

behavior of the gases, calculations were taken over a range of ratio of specific heat values from 

1.3 to 1.4 and pressures from 50 psi to 100 psi, found in Appendix A.2. Appendix A.2E shows 

that the ratio of specific heats of the the gases, however, do not vary the percentage of gases 

left in the cylinder greatly. As the ratio of specific heat values change, we find that as we 

increase in pressure, we get less variation of the volume of gases left in the cylinder. This 

implies that despite the leanness and temperature of the landfill gas, we can expect the gases 

to behave very similarly over a range of pressures. Appendix A.2E shows the standard deviation 

of the percentage of gasses left in the cylinder for each ratio of specific heat of which no value 

exceeds .91. Blow down percentages are also shown in appendix A.2E. 

Once the procedure for converting an automobile engine into an electric generator was 

established we designed an apparatus to improve the efficiency of the converted engines. We 

decided to decrease the heat exchange in the cylinder head exerted through the exhaust port. 

By containing the heat in the exhaust gas as it passes through the exhaust port and by reducing 

heat exchange we increase the efficiency of the engine. Most importantly, the efficiency of the 

generator would increase because less energy is required to cool the engine, due to the lower 

heat exchange, and subsequently, more energy is delivered as output. A higher efficiency 

results in a quicker payback that benefits the local communities of this project. 

In designing a solution to given this background, we operated within the set of Design 

Constraints listed below: 

Economic 

A portion of the appeal of the 100 kwh energy generator for landfills is that the time it takes the 

landfill site to obtain profit is very small compared to the 10 to 15 year payback of 3 MW units[8] 
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(Appendix A.6). We are constrained to retain relatively low maintenance and installation costs. 

The heat shield should be of minimal addition to obtain the highest possible efficiency increase. 

Therefore, our heat shield should consist of a minimal number of independent pieces for 

attachment, thus conserving cost in machining and installation. 

Environmental 

The EPA does not consider carbon dioxide created from combusting landfill gas in emission 

totals, the carbon dioxide created from the engine will not affect the total emissions for a landfill 

that adopts the modified engine as the methane is considered about 20-30 times more potent 

than carbon dioxide[2]. Therefore we are not environmentally constrained by carbon dioxide 

emissions. We are required, however,  to be sure not to incite the production of NOx, unburned 

hydrocarbons, and Carbon Monoxide from the exhaust gas through our design[10].  

Social Impact 

While a landfill gas engine project will provide revenue for landfills and jobs for installation and 

maintenance, our adjustment of the exhaust port heat transfer reduction is not constrained by 

the amount of jobs created or the revenue produce, despite increasing the overall revenue by 

increasing generator efficiency. 

Political 

With the EPA introducing LMOP in 1994[3], political forces encouraged the use of landfill 

methane gas as fuel for energy production. LMOP was established to create partnerships 

among states, energy users/provided, the landfill gas industry and communities. As the design 

will only promote this application of landfill methane gas, the design is not constrained politically.  

Ethical  

The result of this project would increase the efficiency of generating electricity from landfill 

methane gas. As this process produces carbon dioxide that is less dangerous as a greenhouse 
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gas than methane and our design will increase energy output, the project is not ethically 

constrained. 

Health and Safety 

Our design must not pierce the water jacket of the cylinder head as this would cause the engine 

to overheat due to the engine having no cooling potential. This will cause the engine to overheat 

and be unsafe. Furthermore, our design cannot allow for exhaust gas to leave the exhaust 

manifold as carbon monoxide is dangerous to anyone close to the engine, such as a mechanic.  

Manufacturability 

As welding the cylinder head can warp the shape of the cylinder which would allow for coolant 

leakage and subsequent overheating of the engine, welding the cylinder head is not considered 

for this project. Furthermore, the geometric changes in the cylinder head made through 

machining are limited to only existing geometry and areas that would not pierce the water 

jacket.  

Sustainability 

In 2014, 258 million tons of municipal solid waste was collected in the US and approximately 

134.16 million was deposited into landfills[5]. As waste will continue to be produced in the US, 

landfill methane will be consistently available; therefore, this project is not constrained by 

sustainability.  

Codes and Standards  

This project is limited by CFR 40 Chapter 1 Subchapter C Part 90 which mandates rules 

regarding the “Control of Emissions From Nonroad Spark-Ignition Engines at or below 19 

Kilowatts”[10]. These rules limit the emission of Non-methane hydrocarbons and NOx to 12.1 

g/kWh and CO to 610 g/kWh for a 19 KW engine which our test engine falls under[10].  
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Significance 

Certain automobile engines can be modified to utilize alternative fuels in consumption 

and energy production. Our project impacts sustainability and waste management - considering 

the global production of waste, this project bases consumption on a renewable resource, 

methane. Energy production through such an outlet has potential for typical electrical, 

residential and commercial consumption, as well as direct pipeline uses. 

This research serves to make a generator driven by a methane engine more efficient. 

Less cooling load is put on the radiator system because the exhaust gas transfers less heat to 

the cylinder head to be removed by the radiator. Because less cooling load is put on the 

generator, more energy is used for electricity production, resulting in a more efficient engine. A 

higher efficiency results in quicker payback and benefits the local communities of this project. 

Furthermore, the higher exhaust gas temperature will be acceptable in meeting exhaust 

emission standards for an engine with a three way catalyst, despite our application not 

containing a three way catalyst. Because the exhaust will be at a higher temperature due to the 

reduced heat loss, it will reach its activation energy with the catalyst earlier, meaning that the 

catalyst will be more efficient in catching NOx, CO, and unburned hydrocarbons and will last 

longer without replacement. This is an important benefit because the catalyst is made of 

expensive precious metals such as platinum, palladium, or rhodium. The longer these materials 

will last, the more effective the catalyst will be economically.  

An engine which has a turbo can also benefit from this increase in exhaust gas 

temperature. As the turbo recycles the exhaust gas to use during combustion, the combusted 

gases will have an overall higher temperature, resulting in a higher pressure during combustion, 
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resulting in a higher energy output during the power stroke. This serves to raise the efficiency of 

the engine with a turbocharger even more.  

The November 2018 electric rate found on Electricity Rates by State, the Choose Energy 

webpage, displays the cost of energy state by state; for reference, the charge ranges from 9.01 

cents in Louisiana to 34.43 cents in Hawaii. Florida was listed at 11.86 cents per kilowatt hour. 

Using the price per kilowatt hour, the number of hours in a year, and understanding the output 

of the engine, we can compute the revenue generated by Landfill gas in a year(Appendix A.6) 

and we can estimate the an engine’s cost return time. 

Our research will display the benefits of using smaller LFG engines compared to larger 

generators, such as caterpillars. A smaller 100 kilowatt industrial generator, automobile engine 

powered, costs around $25000[4]. Maintenance and upkeep costs are to be determined but are 

small compared to the maintenance of the 3MW unit. Investing in smaller generators results in 

quick and secure payback including much less maintenance cost. In the table below one can 

determine the payback from an engine with larger output is much greater, however 3 MW 

engine expenses are tremendous. Our design will seek to improve the performance of a 100 

kilowatt engine in order to see the benefits of LMOP LFG research. Table A.6 shows how much 

money is made each year from LFG.  

Design and Study Approach 

Design: 

To reduce the heat transfer of the exhaust gas to the exhaust port, we are implementing 

a 2 inlet, 1 outlet heat shield for the exhaust port. With an inner diameter of 1.054 inches which 

is approximately a 30% decrease in the flow diameter of the original port. The heat shield has 

an outer diameter of 1.13 inches which leaves an air gap insulator in the heat shield of 

approximately .185 inch depth in circumference around the shield. The overall reduction in heat 
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transfer surface area results in 30.5%. The shield will be made of aluminum to ensure that the 

material will not melt with the higher temperature exhaust gas and can be bonded with epoxy. 

Each piece of the shield will be coupled and cemented together using the epoxy bond JB Weld 

Extreme Heat inside of the head in order to have each piece fit inside the cylinder head. The 

cylinder head will be machined to allow for the cap to be flush with the side of the cylinder head. 

 

Fig 1. Assembled Heat Shield 
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Fig 2. Heat Shield Cap

Fig 3. Heat Shield Left Inlet Tube 
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Fig 4. Heat Shield Right Inlet Tube 

 

Fig 5. Heat Shield Flow Conduit 
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Study Approach: 

To determine the effectiveness of the design, testing must be conducted in two stages. 

The first stage is to determine the flow efficiency using a flow bench to test the flow coefficient of 

our design compared to the baseline flow coefficient of the unaltered exhaust ports to obtain the 

pressure drop across the part. The second stage of testing is to determine the heat rejection of 

the design as compared to the baseline unaltered exhaust ports. 

The first stage of testing will be conducted on the flow bench. As shown in Appendix A.5. 

using the amount of gases in the cylinder, the pressure, and the specific heat ratio we find that 

we will operate at flow rate of 14.62 Cubic Feet per Minute (CFM), the average amount of gases 

left in the cylinder after blowdown. The minimum gases left in cylinder, 10.90 Cubic Feet per 

Minute, will be tested also as well as the maximum gases left in the cylinder: 19.87 CFM . This 

flow rate occurs during the exhaust stroke of the engine. The purpose of this testing is to 

calculate the pressure drop across the designed heat shield by attaining the flow coefficient with 

the flow bench. If the pressure drop is too great along the heat shield, the design must be 

adjusted to operate closely to the baseline pressure drop. That being said there is leeway in that 

the engine is operating at approximately ⅓ the rated RPM (operating at 1800 RPM vs 5500 

RPM) for the cylinder head so there is space for alterations to be made. This stage of testing 

must be passed in order to proceed to the second stage of testing.  

The second stage of testing will be conducted with a ATI designed heating apparatus 

with thermocouples used to obtain temperatures. The heating apparatus will pass hot air of 

temperature  800 ०F, a standard exhaust gas temperature for similar engines under similar load 

according to Dr. Michael Swain, into the cylinder head into a port that will have the designed 

heat shield. The temperature of the hot air will be measured at the outlet of the heating 

apparatus, to obtain the initial temperature of the gas, and at the outlet of the exhaust port, to 

obtain the final temperature of the exhaust gas. Through comparison between these two 

 



15 
temperatures, the overall effectiveness of the designed heat shield can be determined as the 

percentage decrease in these temperature related to the baseline temperature. 

In this type of testing apparatus, thermocouples have been shown to report a wide range 

of temperatures in the exhaust port depending on the position of the thermocouple[6]. With this in 

mind, temperature will be taken at the center of the heating apparatus and at the center of the 

exhaust port. If this approach provides too much variance in the data, effectiveness can be 

determined by examining the temperature of the water jacket from inlet to outlet and applying 

the heat equation, Q = m*cp*dT. The effective change in Q from the baseline assessment to the 

altered exhaust port assessment will determine how effective the designed heat shield was at 

reducing the heat transfer in the exhaust port. However, measuring the mass flow rate of the 

water will be difficult and is outside the scope of the project if the thermocouples provide stable 

readings. 
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Results 

Flow Results: 
● Baseline 

○ Inclined Manometer Reading: 1.525 inH2O 
○ Corresponding CFM: 201.7 CFM 
○ Rated RPM: 5500 

● Heat Shield 
○ Inclined Manometer Reading: .225 inH2O 
○ Corresponding CFM: 77.5 CFM 
○ Rated RPM: 1800 

● Flow Ratios 
○ (RPM for our corresponding flow)/(Rated RPM) = 1800 / 5500 = .327 
○ 77.5 CFM / 201.7 CFM = .384 

Heat Transfer Results: 
Average Percentage of Exhaust Gas Heat Retained Over Flow Range 

Exhaust Gas Temperature 4.85 CFM 10.82 CFM 19.4 CFM 

250 °F 93.63221583 102.553870 103.4621578 

350 °F 90.52783803 98.2295831 99.94337486 

450 °F 82.29453944 94.81905181 98.21130985 

550 °F 86.32185979 89.81064022 ------------------------- 

650 °F 81.0707457 89.11965282 ------------------------- 

● We omitted data points for the higher temperatures at the higher flow because the readings 
were inconsistent between the two ports.  
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Fig 6. shows the performance for a flow of 4.85 cubic feet per minute for  
the baseline exhaust port. 
 

 
Fig 7. shows the performance for a flow of 4.85 cubic feet per minute for  
the modified exhaust port. 
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Fig 8. shows the performance for a flow of 10.82 cubic feet per minute for  
the baseline exhaust port. 

 
Fig 9. shows the performance for a flow of 10.82 cubic feet per minute for  
the modified exhaust port. 
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Fig 10. shows the performance for a flow of 19.4 cubic feet per minute for  
the baseline exhaust port. 

 
 
Fig 11. shows the performance for a flow of 19.4 cubic feet per minute for  
the modified exhaust port. 
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Fig 12.  shows a plot of the linear regression lines for each Flow Rate. 

Analysis 
Our Results show that our design can positively impact LMOP LandFill Gas Projects. 

Our baseline testing shows the percentage of the heat that is retained in the exhaust ports of 

small engines used in current LMOP projects. Our heat shield design performs better than the 

baseline cylinder head. This is evident by slope values of the two test shown in figure 12.  

According to the flow results, the heat shield flows sufficiently to be incorporated into a 

LMOP engine. The ratio of rated RPMs between the baseline port to the modified port can be 

approximated as the ratio of flow through the port assuming a constant diameter for the flow. 

The pressure drop along the test piece was brought to 28 in H20 (1 psi) and the corresponding 

flow rate was determined from the inclined manometer, shown in the data as “Corresponding 

CFM.” The ratio of the flow rates between the baseline port and the modified port was 

calculated to be .384. This is greater than the ratio of the rated RPMs, .327, meaning that the 

port flows well enough to ensure no gases are left in the cylinder and engine misfiring is not a 

concern. It is notable that this testing procedure is different than the proposed study approach 

for flow. This information is satisfactory to show the same conclusion using this method..0 
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Figures 6 through 11 show lines that plot inlet vs. outlet Temperature. The plots for the 

inlet vs. the outlet temperature represent how effectively heat is retained in the exhaust port. 

The greater the data point for the heat shield is above the baseline design at a given 

temperature, the better the performance. Figure 12 is a plot of the trendline for the slope at each 

flow rate. In Figure 12 we clearly see that the data points for the heat shield are above the data 

points for the baseline cylinder head. This means at each Flow Rate our design’s performance 

was higher than the baseline performance. At all three Flow Rates we can see that the Heat 

Shield performs more effectively than the cylinder head without the insert because the data 

point at each temperature is higher for the heat shield than the unaltered cylinder head.  

The difference between the two points at each temperature represents the increase in 

performance for our design.  The average of the difference of points of baseline and our design 

was about 5.81%. This means that on average at flow rates of 4.82, 10.82, 19.4 CFM the 

modified exhaust port can retain 5.81% more heat than the baseline cylinder head. 

 A portion of the power produced goes to the fan. The fan uses up approximately 10 

percent of the power. Because we know that our design retains 5.81% more heat than the 

baseline cylinder head, this means that we reduced 5.81% of the load on the fan. By having a 

greater heat retention in the cylinder head we can have the engine perform with a greater 

efficiency and help us meet the emission requirements set by LMOP.  

Our results show that our design does in fact generate more revenue than the baseline 

cylinder head. In Figure 13 we see that the cost outputs of the heat shield are greater than the 

cost output for the baseline data. On average we will save $578.65 per year if we implement our 

heat shield design on LandFill gas projects.  
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Figure 13. Payback Table 

The heat shield is subject to different sources of error. Exhaust inlet thermocouples 

display diverging temperature values which shows that there is disproportional flow at the 2 

exhaust inlets. Producing the heat shield subjects us to human error because the heat shield is 

assembled and bonded by hand. During testing we had to omit several data points due to 

exhaust inlets not being able to reach the desired temperature. 

 

 
 

Future Work 
Work can be done to improve the design and ensure efficient performance. One aspect 

which would improve the design is to make both exhaust ports more symmetrical. The flow test 

through the exhaust port clearly shows that one exhaust ports flows better than the other. This 

disproportional flow was proven by the difference in exhaust inlet temperatures. As we reached 
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higher temperatures, the difference became drastic, one exhaust port required longer time to 

obtain high temperatures. 

Testing the expansion properties of the Extreme Heat JB weld two-part epoxy would 

prove helpful in further design. During standard operation, the cylinder head will be heated and 

cooled so it is important to understand the epoxy’s ability to withstand being rapidly heated over 

time. Due to the composition, the epoxy will contract and expand at a different rate in 

comparison to the aluminum, galvanized steel, and cylinder head. With differing expansion 

rates, fluxuations may supply negative impacts on airflow and thus increased heat transfer. 

During the assembly of our design we applied the JB weld epoxy by hand however this 

may introduce potential error. Difficulties were faced when applying the epoxy during the 

assembly process, however, after allowing time for the epoxy to dry - 24 hours for completion - 

we were able to grind down excess remnants. Developing an efficient epoxy application process 

would prove beneficial in reducing potential restrictions on flow.  
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Appendix 

A.1. Purchased Items 

 

Cost of the cylinder head used  
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A.2. Blowdown Spreadsheet (All values range from pressures of 50 psi to 100 psi and a ratio of 

specific heats from 1.3 to 1.4 

This Appendix Section shows the theoretical values used for the blowdown calculations 

A 
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Sample of Average Temperature from Required Volume 

B
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Pound Moles of gases in State 1 at given specific heat ratio 

C 
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Pound Moles of Gases in state 2 at given specific heat ratio 

D 
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Percentage of gases left in the cylinder after blowdown 

E 
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A.3.  Calculations for amount of households that can be provided for with electricity from landfill 

gasses in 2008. 
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These calculations show approximately how much money can be made selling Electricity from 

Landfill Gas Projects.  
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A.4 Sample Blowdown Calculations
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A.5 Flow Rate Calculations
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A.6 100 KWH generator payback in Florida in 2017 
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A.7 Pressure Drop Calculation Note: Moody Chart used for friction factor with operating point 
marked in green. 
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Appendix A.8: Previous Designs 
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