
ABSTRACT 

MCCULLOUGH, AARON JAMES. Construction and Design Verification of a Heavy-Duty 

Optical Engine Test Bed. (Under the direction of Tiegang Fang). 

A newly-constructed Bowditch type, optically accessible, heavy-duty, diesel engine 

test bed platform is presented for combustion research. Optically accessible engines are the 

most realistic means to visually study the process of combustion within an internal 

combustion engine, and optical access is necessary to collect data on flame structure, flame 

propagation, concentrations of chemical species present, and regimes of combustion. 

Research in this area is driven by the need to further reduce emissions such as NOx, and 

particulate matter which are generated during combustion. Diesel engines today use after-

treatment systems to keep emissions below EPA guidelines, but emissions can further be 

reduced within the cylinder itself by employing new combustion strategies. The optical 

engine test bed gives researchers a way to visually quantify and compare the results of 

different combustion strategies. In this work, a method for the analysis of flame images is 

detailed, and necessary design considerations for the optical access window are presented. 

Auxiliary systems and necessary equipment for driving the optical engine, lubrication, 

cooling, exhaust, fuel delivery, and data collection are described. Initial motored results show 

that the newly-constructed optical engine system meets the requirements necessary to 

conduct further optical experiments. 
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1 INTRODUCTION 

Diesel engines are currently the most fuel efficient and reliable power source for 

heavy duty transportation in industry today. This fact coupled with the demand for constantly 

increasing fuel efficiency and stringent federal regulations on emissions have given a large 

push for research in the field of heavy-duty diesel combustion. A quick reference chart for 

emissions standards given by the EPA is found in reference [1] and shown in the figure 

below. 

 

 

 

 

Figure 1-EPA Diesel Emissions Standards 
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In order to comply with these standards and reduce expensive exhaust after treatment 

systems, cleaner and more efficient in-cylinder combustion strategies are needed.  

The process of combustion occurring inside an internal combustion engine cylinder 

has been the subject of intense study for well over a century. Most of the mechanisms 

governing combustion are still not fully understood, and because of the highly unsteady and 

turbulent nature of combustion within the cylinder, the necessary computing expense in 

terms of time and computer power to accurately model in-cylinder phenomena is sometimes 

too great for today’s engineers who need quick results. In these cases, a real engine is needed 

to reliably predict important engine performance and emissions metrics associated with given 

combustion parameters. The optically accessible engine is an experimental tool that has 

emerged within the past fifty years and has proven an excellent resource for studying in-

cylinder combustion phenomena. In reference [2], modern CFD engine combustion models 

are validated against a heavy-duty optically accessible engine. In an optically accessible 

engine, optical data is gathered via one or several transparent ports in the combustion 

chamber using various optical instruments such as lasers or high-speed cameras. The optical 

engine system to be discussed in this thesis is a heavy duty diesel engine which was modified 

for research purposes by Cummins and designated SCE-903. The optical access is a 

Bowditch type design which means that an extended piston cylinder is installed such that it 

can reciprocate around a stationary mirror which provides optical access through a piston 

crown window. This kind of design was first pioneered in 1961 by Fred Bowditch of General 

Motors, and his complete description of this design can be found in reference [3]. The figure 

below shows Bowditch’s simple proposed schematic for an optically accessible engine [3].  
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Figure 2-Bowditch Optical Engine Schematic 

 

 

 

The Bowditch article discusses some important structural considerations needed when 

designing the quartz window apparatus which are covered in chapter 3.  

A good reference for the design of the stock SCE-903 is found in reference [4]. This 

publication by the United States Army details bench tests conducted in San Antonio, Texas 

to evaluate high-temperature lubricants, and took place from January, 1990 to December, 

1993. The motivation behind the test was the U.S. Army’s desire to use low heat rejection or 

adiabatic engines in their future ground vehicles. The SCE-903 was simulated as a low heat 

rejection engine by employing several modifications to the engine block which kept cylinder 

and lubricant cooling to a minimum. Multiple lubricants were then tested at high-temperature 
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conditions. The results of this study found that only one oil designated “oil D” in the report 

was able to withstand 200 test hours at an average cylinder wall temperature of 275° C with 

minor degradation [4]. 

The specific SCE-903 described in chapter 3 of this thesis, was first used for 

experimentation in the late 1980s by a group at Rutgers University in New Jersey. Their 

findings are detailed in an article entitled “Instantaneous Heat Transfer over the Piston of a 

Motored Direct-Injection Type Diesel Engine” [5]. Temperature data in that experiment was 

collected by thermocouples placed at 10 locations which covered a 1/7th sector on the surface 

of the firing piston. Data runs were made at engine speeds of 900, 1100, and 1500 rpm, and 

intake manifold pressures of 1.0, 1.36, and 2.05 bar. Data was collected and averaged over 25 

successive motored cycles which were completed within a 2 second time frame. Surface 

temperature at each thermocouple probe location was then plotted against crank angle. The 

surface heat flux at probe locations was then calculated using the relationship between heat 

flux, temperature difference, and Nusselt number. Instantaneous heat flux was then plotted 

against crank angle as well. The Rutgers study concluded that heat transfer distribution 

models could be made based on the resulting heat flux data, but that heat flux could not be 

used to verify heat transfer correlation with variation of location [5]. 

In the late 1990s, Honda built three different types of optically accessible single 

cylinder spark ignition engines. The first engine was called a window type and had a quartz 

window placed at the side of the cylinder head. The view through this type of optical engine 

allowed phenomena occurring around the spark plug to be observed. The second engine was 

called a short sleeve type because it used a short quartz sleeve at the top of the cylinder to 
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give optical access at all angles around the cylinder axis. The third engine was called a long 

sleeve type because it featured a longer quartz sleeve than the short sleeve type. The long 

sleeve type was designed to allow full optical access to the air flow processes occurring at 

intake and exhaust. The figure copied below from this reference shows the three engine types 

and the location of access windows in each. The parts below the dashed lines in the left and 

right hand drawings are the same as those drawn in the center short sleeve type [6]. 

 

Figure 3 - Types of Optical Access 

 

 

 

The designers of these three optical engines list several important considerations to be 

accounted for when designing the optical access structure. The first consideration is that the 

optical window components must be kept free of contaminants. The Honda group achieved 

this by not lubricating the piston sliding area and also by sealing areas susceptible to oil loss 
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at the piston ring and valve guide. The second consideration is to keep the quartz window 

itself protected from damage due to coming into contact with metal surfaces, and also 

damage due to high combustion chamber pressures. This was achieved by placing gaskets 

between contact areas of the window and the extended piston. The figure below shows the 

Honda group’s method of installing and sealing their window within the extended piston [6]. 

 

Figure 4-Honda Window Installation 

 

 

 

The geometry seen in figure 4 is very similar to the SCE-903 to be described fully in 

chapter 4 minus the addition of a special window cup retainer. Reviewing Honda’s research 

on optical engine technologies is a good starting point for those who desire to build an optical 

engine. Their report points out critical considerations to be made when designing an optical 
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access apparatus, specifically and extended piston type such as the one added to the SCE-

903.  

The best example of the state of the art in heavy duty optical engine research is 

Sandia National Laboratories’ Combustion Research Facility (CRF). The Bowditch optical 

engine located there is based on the Cummins N-14 series engine. Research conducted on 

this single-cylinder research engine was first published in 1993 as detailed by Espey and Dec 

in reference [7]. The test bed design described in that paper is very similar to what this 

project seeks to achieve with the SCE-903 test bed. The N-14 and the SCE-903 dimensions 

are compared in the table below. 

 

 

 

Table 1-Single-Cylinder Optical Engine Comparison 

 N-14 SCE-903 

Engine Type Single-Cylinder, Four-

Stroke, DI Diesel 

Single-Cylinder, Four-

Stroke, DI Diesel 

Bore 139.7 mm 139 mm 

Stroke 152.4 mm 117 mm 

Displacement 2.34 liters 1.78 liters 

Compression Ratio 11:1 13.5:1 

 

 

 

Dec and Espey used three different optical diagnostic techniques in their initial study 

with the N-14: high-speed cinematography and still photography of flame luminosity, laser 

induced incandescence imaging, and elastic (Mie) scatter imaging [7]. Three optical access 

ports provided an upper image, a lower image, and a laser sheet entry plane. The upper image 

was captured via a window placed in one of the two exhaust ports, and the lower image was 
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captured via a piston crown window installed at the top of an extended cylinder. The laser 

sheet entry port was accessed through a hole bored through the side of the cylinder and was 

designed to allow the laser sheet to enter the chamber along the axis of the fuel jet. The 

figure below shows the optical cylinder geometry described by Dec and Espey [7]: 

 

Figure 5-Espey and Dec Optical Piston 

 

 

 

Dec and Espey’s work laid the foundation for heavy-duty optical engine research at 

CRF from 1993 to the present day. The N-14 optical engine test bed at CRF is still essentially 
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the same today compared to the original set-up by Espey and Dec as seen in the figure below 

taken from reference [8]: 

 

Figure 6-Sandia CRF N-14 

 

 

 

One of the most widely published researchers currently experimenting on the N-14 

test bed at CRF is Dr. Mark Musculus. Over the past decade, he and his colleagues have 

published numerous journal articles detailing experiments performed using the Cummins N-
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14 series diesel engine first developed by Espey and Dec and housed at CRF. Current 

research being conducted on the CRF N-14 optical engine is focused primarily on heavy-duty 

low-temperature combustion and diesel combustion [9].  

Several of the Musculus publications were found to be very relevant to future 

research that will be made possible by the SCE-903 test bed presented in this thesis, and it is 

worth the time to present a brief summary of each. The first was published in 2008 and is 

entitled “Optical Diagnostics of Late-Injection Low-Temperature Combustion in a Heavy-

Duty Diesel Engine.” In this series of experiments a low-temperature combustion (LTC) 

strategy was employed by using late injection and high exhaust gas recirculation (EGR). The 

following techniques were used to collect data on combustion phenomena occurring within 

the cylinder: 1) Mie scattering was used to investigate liquid-fuel droplets, 2) 

chemiluminescence imaging was used to visualize ignition and combustion events, 3) BB-

PLIF and OH-PLIF were used to indicate vapor fuel jet penetration, and 4) natural luminosity 

and LLI were used to detect soot [10]. Three distinct combustion phases were observed for 

the LTC strategy: 1) a cool flame phase, 2) a pre-mixed combustion phase, and 3) a mixing 

controlled combustion phase. The cool flame reaction was found to start before the end of 

injection by observation of cool-flame chemiluminescence which first appears mid-way 

between the injector tip and bowl rim. Premixed combustion begins after the end of injection 

and is indicated by OH radical imaging downstream in the jet and intensified 

chemiluminescence around the bowl rim. Finally, the mixing-controlled combustion phase is 

indicated by OH radicals which appear halfway between the injector tip and bowl rim. 
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Unburned fuel near the injector tip during this phase is assumed to be a source of unburned 

hydrocarbon (UHC) emissions [10]. 

The same group responsible for the research summarized above wrote another article 

which was published in November of the same year and entitled “Mixing and Flame 

Structures Inferred from OH-PLIF for Conventional and Low-Temperature Diesel Engine 

Combustion.” [11] This article is of particular relevance to the SCE-903 project because of 

the optical diagnostics employed in the study to study flame structure. Three techniques were 

used - chemiluminescence imaging, Mie-scatter imaging of liquid-fuel, and OH planar laser 

induced fluorescence (OH-PLIF). The images presented in this article are of greatest interest 

to this project because of their repeatability and potential to be analyzed using the code 

developed in chapter 2 of this thesis. Structures and boundaries defining different regions 

were studied by analyzing flame images gathered during the experiment. 

The next paper of note by the Musculus group at CRF was published in 2009 and is 

entitled “Mixing and Flame Structures Inferred from OH-PLIF for Conventional and Low-

Temperature Diesel Engine Combustion.” This test matrix employed three different 

combustion strategies: 1) conventional non-diluted high-temperature combustion (HTC) with 

near-TDC injection and a short ignition delay (HTC-short), 2) HTC with a medium ignition 

delay (HTC-medium), and 3) highly diluted low-temperature combustion (LTC) with a long 

ignition delay (LTC-long) [11]. The study concluded that the HTC conditions exhibited a 

short-lived first-stage ignition in upstream regions of the fuel jet. The LTC condition 

exhibited a longer first-stage ignition period starting 7° after start of injection (ASI) and 

lasting for 5 crank angle degrees (CAD). The ignition delay for second stage combustion in 
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the three different operating conditions ranged from approximately 4 CAD for the HTC-short 

to 11 CAD for LTC-long. The equivalence ratio within the flame structures of each of the 

three conditions was determined by OH planar laser-induced fluorescence (OH-PLIF). For 

the HTC-short condition the equivalence ratio was found to range from approximately 0.2–

1.6 in the 1-mm thick diffusion flame region at the jet periphery. For the HTC-medium 

condition, the equivalence ratio was found to range from 0.4 to 1.4 in 5-6 mm structures near 

the jet periphery. For the LTC-long condition, the equivalence ratio was found to range from 

0.5 to 1.2 throughout most of the 20-25 mm jet cross section in the down-stream region [11]. 

The findings of this study were instrumental in helping to quantify how quickly the vapor 

fuel mixes with the ambient gas at varied operating conditions. This is important in 

determining the degree of pre-mixing which can be achieved due to longer ignition delays. 

One of the most recent studies published by Musculus in October of 2014 is entitled 

“Effect of Load on Close-Coupled Post-Injection Efficacy for Soot Reduction in an Optical 

Heavy-Duty Diesel Research Engine.” In this recent study, Musculus and O’Connor 

investigate the soot-reducing technique of close-coupled injections in which short injections 

of fuel are triggered soon after the end of main fuel injection. The main purpose of the study 

was to determine further details about the mechanism which reduces soot due to close-

coupled injections, and also to determine engine operating conditions at which close-coupled 

injections are most effective. A Delphi light-duty common rail injector was used because of 

its ability to respond quickly to close-coupled injection commands, and n-heptane was 

selected as the fuel because of its low fluorescence when illuminated by ultraviolet laser 

light. Table 2 below gives a concise summary of all conditions used for the study [8]. Two 
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optical diagnostic techniques were used – soot natural luminosity (soot-NL), and planar 

laser-induced incandescence of soot (soot-PLII). The soot-NL was measured by a high-speed 

Phantom 7.1 complementary metal oxide semiconductor camera and soot-PLII was measured 

by a Spectra-Physics Quanta-Ray single-cavity Nd:YAG laser attenuated to 130 J/pulse and 

formed into a 30-mm wide, 1-mm thick sheet for laser-induced incandescence of soot within 

the engine cylinder [8]. Efficacy of soot reduction was determined by varying engine load 

according to a specified test matrix consisting of two types of injection schedules: a single-

injection schedule and a main- plus post-injection schedule. The four variables identified that 

could be tuned to test load effects on the efficacy of close-coupled injections were start of the 

main injection (SOI1), end of the main injection (EOI1), start of the post-injection (SOI2), 

and injection dwell (time between EOI1 and SOI2). In this study, SOI1 and SOI2 were kept 

constant, and the EOI1 and injection dwell were varied between three load conditions. This 

method is referred to as the “constant SOI” (CSOI) approach. 
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Table 2-Close-Coupled Injection Experimental Specifications [8] 

 

 

 

 

Results of the study indicated that 1) soot emissions increase with load on a single-

injection schedule, 2) Post-injection efficacy, compared to a single injection at the same load, 

decreases on a percentage basis with increasing load at a variety of intake-oxygen levels, 3) 

the structure of the post jet changes as a function of load, which is a result of the different 

thermal conditions at the time of the post injection, and 4) The enhanced soot formation in 

the post jet at higher loads ultimately decreases its net efficacy [8]. 
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The introduction above provides a high level overview of what has been done in the 

field of optical diagnostic research in heavy-duty diesel engines, but only skims the surface 

of available publications detailing this type of work. Researchers at CRF such as Mark 

Musculus and his colleagues and others such as John Dec and Christoph Espey who preceded 

him have helped to lay a broad foundation in the field of optical engine research, however, it 

is clear from this review that there are still many possibilities for further optical diagnostic 

research in the field of heavy-duty diesel direct injection combustion strategies. These 

possibilities stem from the ability to infinitely fine-tune combustion parameters such as 

injection timing, number of injections, charge composition, EGR, and others. The new 

Cummins SCE-903 optical engine test bed will provide a solid research platform for tuning 

combustion parameters, and provide this university the means to build upon the existing body 

of knowledge of diesel engine combustion. 
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2 A CODE FOR TURBULENT FLAME IMAGE ANALYSIS 

2.0 Motivation 

Chemiluminescence and laser imaging are some of the most frequently used 

experimental tools for combustion research. One area of particular interest in which this tool 

is utilized is that of turbulent flame imaging. Most scholarly articles on this topic deal with 

laser diagnostic techniques of flame experimentation, but the specific area to which this 

project seeks to contribute is that of turbulent flame tomography. Reference [12] provides a 

good example of what is being done in this field today. In that particular study, flame images 

were converted to binary images and Fourier transformations were used to determine flame 

curvature distribution. The method presented in the following pages takes a more visual 

approach by directly analyzing turbulent flame images. Once image data is obtained, the 

necessity arises for programming aids which can quickly analyze flame images and output 

parameters and graphical data to describe the nature of the flame. One such code has been 

developed by the author to achieve this goal, and the methods employed in its development, 

and the resulting output are the subject of this chapter. Given a set of frames from a high 

speed video of a turbulent flame in a constant volume combustion chamber, the primary 

objective of the program is to determine the degree of wrinkling of the flame by generating a 

probability density function of radius of curvature along the flame boundary. A secondary 

objective is to track the flame area and flame penetration into the chamber over flame 

lifetime. The code was written in MATLAB and is found in the appendix; however the 

following methods will describe the approach used in analyzing images rather than detailing 

MATLAB specific functions. 
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2.1 Methods 

A Diesel flame was ignited in a combustion chamber with the following ambient 

conditions -temperature of 1000 Kelvin, pressure of 44 Barr, density of 15 kg per cubic m, 

and 21% oxygen by volume. The flame was photographed with a high speed camera at a rate 

of 4500 frames per second. The resulting 400 x 128 pixel images were converted to .png files 

and were read into the program in this format - illustrated below in figure 7. Using a 

reference image with a grid of known dimensions, it was determined that there were 

approximately 35 mm per 148 pixels or .23 square mm per pixel. 

 

 

 

 

Figure 7-Flame Image 

 

 

 

The first step in image analysis is to determine the boundary points of the flame. Each 

pixel has a grayscale value between 0 and 255. It has been determined that the best results 

come from setting the threshold value at 40. This value can easily be tuned by the user if 

needed. The image is then scanned by the program and all pixels below the threshold value 

are set to zero; all above the threshold are set to 200. This scan results in a matrix whose 

corresponding image is shown below in figure 8. 
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Figure 8-Flame Threshold 

 

 

 

The next step in processing is to scan this image for boundary points. The condition 

for a boundary point is a value of 200 at the point and at least one value of zero in the 4 

locations adjacent to it. At this point in the program, the boundary is also converted from 

pixel location to real x and y values in mm. The resulting code generates a set of (x,y) points 

which have been plotted in the image shown in figure 9. 

 

 

 

 

Figure 9-Flame Boundary Points 
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Once these boundary points have been determined, they must be connected by a 

smooth contour. This step represents the most challenging part of the program because an 

algorithm must be employed to sort each boundary point based on which point is nearest to 

it. It has been ultimately discovered that a Delaunay triangulation of the plot is needed to 

determine each point’s nearest neighbor. A description of Delaunay triangulation is found in 

reference [13] and the nearest neighbor technique can be found in reference [14]. Figure 10 

shows the Delaunay triangulation of the example image. 

 

 

 

 

Figure 10-Delaunay Triangulation 

 

 

 

There are several complications that must be dealt with when using this technique. 

The first is caused by the nearest neighbor function. If the point of interest is used as the 

query point, it must be taken out of the triangulation, or else it will be counted as its own 

nearest neighbor. For this reason, the code removes each point from the data before 

performing a triangulation. It then inserts the point as a query point to find its respective 

nearest neighbor. This complication could possibly be resolved by using a function which 

finds the 2nd nearest neighbor to a point included within the triangulation. Such a function 
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was not researched because the method described above was found to work well, and 

because such a function could bring with it other unforeseen complications. A second 

complication arises from the fact that any data point can be counted as its nearest neighbor’s 

nearest neighbor. This would result in a matrix composed of only 2 distinct points, repeating 

for the duration of the nearest neighbor loop. To remedy this problem, each point was 

removed from subsequent triangulations once its nearest neighbor was found. This can be 

thought of as a “Pac-Man” type of mechanism which follows the flame contour, eating the 

used data points. The contour-sorting loop begins at the minimum x-value of the data set. If 

the original points were put back at the left end of the flame in figure 9, the nearest neighbor 

sort would find these points again at the close of the contour and re-trace the first section of 

the contour. The only unresolved problem found with the “Pac-Man” method is that once the 

data matrix is reduced to less than 3 points, triangulation is no longer possible. This means 

that the last 2 segments of the contour plot are not taken into account for flame wrinkling. It 

is assumed that this is not of concern when analyzing the flame because the distance 

represented by 2 contour segments is on the order of 0.5 - 0.7 millimeters which is close to 

the limit of resolution that can be achieved from the image. Figure 11 shows the resulting 

flame contour generated by the Delaunay triangulation and nearest neighbor method. 

 

 

 



21 

 

 

 

 

Figure 11-Flame Contour 

 

 

 

The creation of a defined contour now allows curve fitting techniques to be 

employed. Ideally, a moving cubic spline would be used here to find the best fit equation of 

the curve at each point. An unresolved error using the spline function precluded this method 

from being used. This part of the code represents a large opportunity for future improvement. 

Rather than a cubic spline, a 6th order polynomial fit on 20 point contour segments was found 

to give good algebraic expressions for this curve. Figure 12 shows the actual flame contour in 

black and the polynomial fit curve in red. 

 

 

 

 

Figure 12-6th Order Polynomial Fit Curve 
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It can be seen in figure 12 that the polynomial fit has the most difficulty in areas 

where the contour doubles back on itself and in regions of infinite slope. These areas 

specifically are examples of where a spline fit would be more accurate. Other than these few 

discrepancies between the true contour and the polynomial fit, the above figure shows a 

reasonably accurate algebraic representation of the flame boundary. Other images within the 

video were also found to exhibit a similar degree of accuracy. Now that an algebraic 

expression in terms of f(x) has been fitted to every segment of the flame boundary, the radius 

of curvature at each point can be found by utilizing the equation below: 

 

𝜌 =
(1 + 𝑓(𝑥)′)3/2

𝑓(𝑥)′′
 

 

Where ρ is the radius of curvature, f(x) is the position of the boundary point as a 

function of x, and f(x)’ and f(x)’’ are the first and second derivatives of f with respect to x. 

When evaluated at all of the points within the data set, this equation gives a distribution of all 

of the radii of curvature along the flame boundary, which is ultimately the desired end output 

of this program. When this distribution is normalized by the total number of radii 

measurements taken, the probability that a given radius will be present on the contour is 

given by a probability density function shown below in figure 13. 
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Figure 13-PDF of Radii 

 

 

 

The secondary objectives of the program are to plot both flame area and flame 

penetration from the nozzle. Flame area was calculated by simply taking the sum of the white 

pixels in figure 8 and multiplying by the conversion factor of 0.23 square mm per pixel. An 

alternative method is to integrate each individual polynomial fit curve represented by the red 

line in figure 12. This method was not used because of the higher run-time required, and 

because the pixel counting method gives just as high of a degree of accuracy. The flame 

penetration was calculated by taking the difference between nozzle position and x-position of 

the flame tip. From the experiment, the nozzle is known to be located at 19 pixels from the 

right edge of figure 7, which equates to 4.5 mm. The outputs of the program for these 

parameters are shown below in figures 14 and 15. 
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Figure 14-Flame Area 

 

 

 

 

Figure 15-Flame Penetration 

 

 

 

2.2 Discussion 

Two areas for improvement within this code are the triangulation method of nearest 

neighbor, and the method of curve-fitting the boundary. The current methods described 

above give acceptable results that can be used with a reasonable degree of confidence. They 

are not however completely flawless as can be seen in figure 12. Flaws inherent in the 

triangulation method become apparent when the data set for the flame boundary falls below 3 
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points. This results in an error due to an impossible triangulation. The consequence of this is 

that the short periods of ignition and extinction cannot be analyzed by this code because of 

very small flame boundaries which cannot be handled by the resolution of the images. This 

flaw however is not of great concern because boundary points plotted by the program as seen 

in figure 3 correspond to individual pixels within the image. Three pixels will never be able 

to give any accurate measure of flame wrinkling and therefore the code is ultimately limited 

by camera resolution. Future modifications to the code will allow all data points within the 

triangulation to be accounted for, but program outputs are essentially as accurate as the 

image resolution allows as it now stands.  

The second area of improvement which is of greater concern is that of curve fitting 

along the flame boundary. The 20 point segment fitted to a 6th order polynomial seems to 

work fairly well for the example flame described above, but serious errors would occur if a 

vertical flame were to be analyzed by this code. This is because the boundary points are fitted 

to a curve written as f(x), and the polynomial is not able to handle more than one value f(x) 

for a given x. Because of the programs inability to accurately fit segments in which the flame 

boundary doubles back upon itself (see figure 12), a new method needs to be researched to 

give better curve fits for the flame boundary. The most promising method seems to be a 

cubic spline technique. This will allow the curve to be broken into small enough segments 

that no double-valued solutions to f(x) would be necessary. 

Because the current 6th order polynomial method sometimes gives erratic solutions 

near segment cut-offs or in areas of infinite slope, the radii of curvature calculated in 

equation 1 must be filtered to throw out any extreme values that result from bad polynomial 
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fits. Extremely small radii of less than 0.25 mm were also thrown out because the images 

tested did not have this high of resolution. It was found that radii greater than 100 mm were 

generally the result of bad polynomial fits and could be neglected. As can be seen in figure 

13, there were very few radii found in the range beyond 20 mm. Based on the scale of the 

radii, various transport or chemical mechanisms can be assumed to influence the flame 

shape. Larger radii demonstrate larger eddies in the flow and smaller radii demonstrate 

smaller eddies. The most influential mechanism was seen to create radii between 0 and 2 

mm. Of course only those radii greater than 0.25 mm were taken into account since the pdf 

was cut-off at 0.25 mm. The influential radii tend to exponentially decrease in probability out 

to the 28-30 mm bin. After this, a few larger radii appear which represent the largest 

aerodynamic scales influential upon flame shape. Once radii become larger than the length of 

the flame itself, they do not give much useful information as to what scales are influential on 

flame propagation. Figure 15 gives a useful reference for determining important time periods 

within the flame’s lifetime. The time period of ignition and growth for this example is seen to 

occur from 1.5 ms to 6 ms. The flame then reaches a semi-steady state in which both flame 

length and area remain constant between 6 ms and 14 ms. Global extinction then occurs 

rapidly in the time period between 14 ms and 15 ms. 

Figure 16 shows pdf’s of flame radii at various points within its lifetime.  
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Figure 16-PDF of Flame Radii 

 

 

 

Figure 16 shows that flame curvature exhibits a fairly constant distribution 

throughout its lifetime. Larger scales effecting curvature are seen to exist in a more 

substantial way during extinction in the 58-60 mm bin, but even here the smaller scales 

represented by the 0 – 2 mm bin dominate curvature. This brings up another consideration - 

within the 0 – 2mm bin, which radii occur most frequently? Figure 17 shows the results of 

breaking the first bin into smaller 0.25 mm bins. 
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Figure 17-PDF of Radii between 0.25 and 2 mm 

 

 

 

From this consideration, the conclusion can be made that no one particular scale 

represented by the above bins seems to dominate curvature at the lower end of the radii 

spectrum. Because radii measurements are limited by image resolution, a higher resolution 

camera is needed to study scales in this regime. The code presented in the appendix is able to 

handle images of any size and resolution, and is only limited by memory and processing 

speed. All that can conclusively be said of this analysis is that the turbulent scales primarily 

responsible for flame curvature are represented by radii in the range of 0 – 10 mm. If the bins 

from 0 – 10 mm are given the same width as those in figure 17, the distribution shown in 

figure 18 results. 
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Figure 18-PDF of Curvature in the Range 0-10 mm 

 

 

 

Figure 18 shows that even within the bins from 0 to 10 mm, the most influential 

scales still exist at the lower end of the spectrum of curvature. To study these scales, a higher 

resolution image is needed. This could be achieved by placing the camera closer to the flame, 

or using a lens capable of higher resolution. 



30 

 

 

 

Figures 14 and 15 give useful references for what is going on in the flame lifetime at 

a given instant. These figures can be used in conjunction with curvature PDFs to give a better 

understanding of why the flame may be exhibiting a certain radii probability distribution at a 

given time. Future work in the area of flame area and penetration output could include a 

layered image showing all parts of the chamber touched by the flame within the flame 

lifetime, and an included flame cone angle. An output of lift-off length can also be easily 

added if the nozzle position is known. 

2.3 Application to SCE-903 Optical Engine Data 

Images captured by the SCE-903 optical engine will be taken through the piston 

crown window in future work, and should look similar to the images below taken from the 

CRF N-14 apparatus found in reference [15]. 
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Figure 19-Piston Crown Window Chemiluminescence Imaging 

 

 

 

The green curve at the right edge of the images in figure 19 represents the cylinder 

wall. Since cylinder diameter is known, a simple input can be added to the code to create a 

pixel-to-length constant which will be used to convert pixel location to real (x,y) coordinates 

as described in section 2.1. Once this is done, the same methods of Delaunay triangulation 

and curve fitting can be used to determine flame or soot curvature density functions. Flame 

area and temperature outputs can also be easily obtained by converting pixel area to real area, 

and calibrating image intensity to temperature.  
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2.4 Conclusion 

The method of image analysis described above represents an extremely useful tool for 

optical flame analysis. The code can be easily modified to calculate other parameters of 

interest such as luminosity, flame cone angle, lift-off length, or any other geometric data that 

can be extracted from 2-D flame images. Based on the outputs discussed above, various 

mechanisms responsible for flame curvature can be studied for turbulent flames. The 

example flame video studied for this project demonstrated the highest probability for radii of 

curvature within the 0 – 10 mm range. Future areas of study include smaller scale curvature 

regimes on the order of 0 to 2 mm using higher resolution images, or other types of flames 

which may demonstrate higher probability for larger radii of curvature. Major improvements 

on the code lie in the area of contour generation and curve fitting techniques. There is also 

the possibility inputting multiple images from the same instant to obtain a more complete 

picture of flame geometry. Photographs taken at 900 from the plane shown in figure 7 could 

be analyzed in the same way in order to generate a PDF with more data points. After taking 

all of these considerations into account, the program as it now stands still represents a highly 

useful tool in turbulent flame analysis, and has been proven to be a strong foundation for 

improvement and future modifications.  
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3 OPTICAL ACCESS DESIGN REQUIREMENTS 

As discussed in the introduction, the optical access on the SCE-903 is a Bowditch 

type design. Figure 20 below illustrates a cross-section of the SCE-903 optical piston with a 

quartz window insert installed. In order to ensure that the window and window retaining 

structure is designed with sufficient strength to withstand combustion forces, the highest in-

cylinder pressures and inertial forces must be calculated. In-cylinder pressure was estimated 

by means of a dual air standard cycle analysis with light diesel fuel.  Table 3 below lists the 

parameters used to complete the dual cycle analysis. 
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Figure 20-Extended Optical Piston 
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Table 3-Dual Cycle Analysis Parameters 

Displacement  1.78 L 

Compression Ratio 13.5:1 

Air to Fuel ratio 20.7 

Light Diesel Fuel Lower Heating Value 43.2 MJ/kg 

Combustion Efficiency 1.0 

Fraction of fuel burned at constant volume 0.5 

Specific heat ratio, γ (cp/cv) 1.35 

 

 

 

From this analysis, the following P-V diagram shows that the maximum theoretical 

in-cylinder pressure will not exceed 95 bar.  

 

Figure 21-Dual Cycle Pressure vs. Volume 
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Once this maximum in-cylinder pressure was calculated, a finite element analysis was 

completed to ensure that the optical insert and window assembly could withstand the stress 

generated by in-cylinder pressures. A pressure load of 100 bar instead of 95 bar was used in 

the analysis to increase the factor of safety. Three materials were used for the structural 

analysis – 316 stainless steel for the window retaining cup, fused silica (quartz) for the 

window itself, and copper 101 for the gasket which cushions the window between itself and 

the stainless steel. The structural properties used in the analysis of these three materials are 

listed in table 4 below [16], [17], [18].  

 

 

 

Table 4-Properties of Optical Insert Materials 

Material 
Density 

(kg/m3) 

Young’s 

Modulus 

(GPa) 

Poisson’s 

Ratio 

Tensile 

Strength 

(MPa) 

Compressive 

Strength 

(MPa) 

316 Stainless 

Steel 
8000 200 0.27 480 170 

Fused Quartz 2200 72 0.17 48 1100 

Copper 101 8941 117 0.32 241 69 

 

 

 

Figures 22 and 23 below show exploded and cross-sectional views of these 3 parts 

modeled in SolidWorks. 
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Figure 22-Quartz Insert Exploded View 

 

 

 

 
Figure 23-Quartz Insert Cross-Sectional View 
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 The SolidWorks assembly was loaded into ANSYS and the mesh illustrated in the 

following 2 figures was generated: 

 

 

 

 

Figure 24-ANSYS Window Assembly Mesh 

 

 

 

 

Figure 25-ANSYS Mesh Cross-Section 
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This mesh used elements sized to a characteristic length of 5 mm with mesh 

refinements applied to the bottom faces and edges where stress was expected to be highest. 

The bottom face of the window was set as a fixed support to simulate the threaded 

cap which sits below the insert as seen in figure 20. The ramped pressure load illustrated in 

figures 26 and 27 below was applied to the top face of the window. 

 

 

 

 

Figure 26-Ramped Pressure Load 
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Figure 27-Surfaces of Applied Pressure 

 

 

 

The model described above was evaluated as static structural system in ANSYS and 

the equivalent stress distribution shown in figures 28 and 29 below was given. 
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Figure 28-Von Mises Stress on Piston Top 

 

 

 

 

Figure 29-Von Mises Stress on Piston Bottom 



42 

 

 

 

The only area in which stress was seen to exceed the strength of any material used 

was at the copper gasket interface. An expanded view of this region is shown below in figure 

30. 

 

 

 

 

Figure 30-Copper Gasket Stress Region 

 

 

 

The highest stress value seen in the solution was 225 MPa, but this is not visible in 

the topographical output shown above because it exists only at a small point somewhere 

along the edge of the copper gasket. A better approximation of maximum stress can be seen 

in figure 31 where the maximum stress at the copper gasket edge is seen to be approximately 

125 MPa. 
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Figure 31-Copper Gasket Maximum Stress 

 

 

 

Since the stress predicted along the inner edge of the copper gasket is expected to 

exceed its compressive strength, it will need to be inspected for damage, and replaced if 

necessary after operating combustion cycles. This is an acceptable if not necessary feature, 

since the purpose of the gasket is to cushion and seal the quartz window against the stainless 

steel cup.  

A second design of the optical insert assembly features a sapphire window instead of 

quartz in order to allow for a wider view of the chamber. Sapphire is a stronger window 

material than quartz, therefore a larger diameter window can be designed when sapphire is 

used. Figure 32 below shows the design of the sapphire window optical insert.  
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Figure 32-Sapphire Window Insert Design 

 

 

 

The table below gives the material properties of sapphire needed to complete a finite 

element analysis [19]. 

 

 

 

Table 5-Sapphire Properties 

Material 
Density 

(kg/m3) 

Young’s 

Modulus 

(GPa) 

Poisson’s 

Ratio        

C-Plane 

Tensile 

Strength 

(MPa) 

Compressive 

Strength 

(MPa) 

Sapphire 3980 345 0.31 
355 @ 

1000 ˚C 
2000 
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Because sapphire is anisotropic, Poisson’s ratio is dependent upon orientation. For 

optical grade sapphire, the window is oriented such that Poisson’s ratio is taken parallel to 

the c-plane, which is also known as the optical plane. Analysis was conducted as described in 

detail above for the quartz window using the same pressure load, and the following 

equivalent stress solution was given: 

 

 

 

 

Figure 33-Sapphire Insert Von Mises Stress 

 

 

 

Once again, the points of greatest stress are seen to be along the inner lip at the 

window/gasket interface. Figure 34 below gives a zoomed in view of this region. 
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Figure 34-Maximum Stress Region of Sapphire Insert 

 

 

 

The copper gasket is predicted to be pinched in the corner under a load of about 53-54 

MPa according to the model above. Another area of interest is the bottom corner of the 

retaining cup seen to be under a stress of 16-17 MPa as indicated by the left probe point in 

figure 34. This is intuitively the place where failure might occur due to high stress 

concentration at the corner, but as seen in table 10, 316 stainless steel has a tensile strength of 

480 MPa which should provide sufficient strength for any foreseeable pressure loads. The 

finished sapphire insert is shown below in figure 35. 
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Figure 35-Sapphire Insert Assembly 

 

 

 

As seen above, the results of the ANSYS finite element analysis confirmed that both 

optical insert and window designs are strong enough to withstand combustion loads within 

the cylinder. One other load that must be considered is the inertial force on the window due 

to piston acceleration. Figure 20 shows that the window is restrained from being pushed 

down into the piston by the lip of the stainless steel cup which sits below it, however there is 

no physical feature holding the window itself from flying up and out of the piston. During the 

compression and combustion strokes, this is not of concern since the window is pressed 

down with high gas pressure. At exhaust TDC however, pressure differential across the 
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window is relatively low and inertial forces acting on the window in the upward direction 

will tend to throw the window out of its insert. A layer of RTV adhesive will form a seal 

between the window side walls and the metal retaining cup. It must be determined if this 

adhesive will be able to hold the window in place when it is subjected to inertial loads. These 

inertial forces can be estimated by calculating piston acceleration. Piston acceleration is the 

differential of piston velocity which is defined by the following equation [20]: 

 

Where v is velocity, s is displacement, r is crank arm radius, ω is angular velocity, 

and t is time. Note that the term rω is equivalent to crank angle in radians. This equation can 

be simplified to a more easily differentiable form which is accurate to within 1% of the exact 

value, given by the equation [20] 

 

When this expression is differentiated, the following equation for piston acceleration 

results [20]: 

 

Engine speed was set to 750 rpm for the above calculations because this higher than 

the highest operational speed currently achievable by the driver. Once piston acceleration is 

calculated using the above expression, the inertial force acting on the window can be 

calculated using Newton’s second law by multiplying acceleration by window mass which 
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was measured to be 0.25 kg. The net force acting on the window can be calculated by adding 

this inertial force to the force due to pressure. When this is done, the following plot can be 

generated showing net force acting on the window: 

 

 

 

 

Figure 36-Window Net Force 

 

 

 

In this figure, positive force is taken to be pushing down on the window, and negative 

force which is due only to inertial forces is taken to act upward, tending to fling the window 
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about 116 Newtons or 26 lbs. in magnitude for the heavier quartz window design. This force 

is expected to be small enough that the RTV adhesive will be able to hold it in place at 

exhaust TDC. After the quartz window has been sealed into its retaining cup with RTV and 

allowed to cure, a 26 lb. force will be applied to the back face of the window to test that the 

RTV can hold it in place. 

One special tool is needed for installation and removal of the optical insert. Since the 

threaded cap which holds the optical insert in place must obviously have a hole the same 

diameter as the window cup lower hole to maintain optical access, a special spanner wrench 

had to be made to tighten the cap in place. The figures below show the bottom side of the cap 

and how the spanner wrench fits into it. 

 

 

 

 

Figure 37-Under Side of Cap 
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Figure 38-Cap Spanner Wrench 

 

 

 

Figure 39 below shows the Bowditch optical access view through the piston crown 
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Figure 39-Optical Access Piston Crown View  
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4 TESTBED DESIGN OF A HEAVY-DUTY DIESEL OPTICAL ENGINE 

4.0 Structural Considerations 

Both the driver and speed reducer must be mounted on frames to align their shafts 

with the driveshaft of the SCE-903. To accomplish this, two custom frames made of 3/8” 

thick angle iron were welded together to raise the driver and speed reducer to the correct 

level. These stands can be seen in figure 45. When initially designing a base and any 

structures to hold system components in place, careful considerations must be made for not 

only static loads such as weight, clamping loads and moments due to torque, but also 

dynamic loads due to system vibrations. The following measures were taken to prevent 

dynamic loads and vibration from damaging the test bed over time. 

Rubber 2 foot square damping pads were placed underneath all 8 corners of the 2 

steel base plates. These served to damp large scale vibrations and helped to suction the plates 

to the floor to prevent the system from shifting position during operation. The figure below 

shows these pads installed on the inner left-side corners of the plates.  
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Figure 40-Base Plate Damping Pads 

 

 

 

Three steel alignment beams were placed in the three aligning channels of the base 

plates. The beams were tapped for 5/8-11 bolts at either end so that angle iron plates resting 
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in the perpendicular channels could be used to clamp the plates together tightly. This 

alignment technique is illustrated in the figure below. 

 

 

 

 

Figure 41-Alignment Beam 
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Small 4 inch square pads were placed between individual stands and the plate. This 

serves to reduce the shock of metal-to-metal contact during engine operation. The figure 

below shows the stand pads installed.  

 

 

 

 

Figure 42-Stand Pads 

 

 

 

Special vibration-damping washers were installed at all bolt mounting points. This 

further helped alleviate the shock between stand and plate and also between the speed 

reducer, and driver and their respective stands. The figures below show the use of damping 
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washers at the mounting points between the driver and its stand and the speed reducer and its 

stand. 

 

 

 

 

Figure 43-Driver Damping Washers 

 

 

 

 
Figure 44-Speed Reducer Damping Washers 
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By implementing the above vibration damping precautions, the frames supporting the 

optical engine test bed should last for years to come. These dampers also have the advantage 

of being easy to replace when their vibration damping properties have significantly degraded. 

 

4.1 Cummins SCE-903 

As mentioned in the introduction, the optical engine used for this study is a Cummins 

SCE-903, which is a modified research version of the commercial Cummins VTA-903T. The 

SCE-903 is a quarter cut of the VTA-903T. This results in a single vee consisting of two 

cylinders – one which fires and one which contains a balance piston. The report documenting 

the bench test conducted by the U.S. Army in the early 1990s gives a concise description as 

follows: 

“The SCE-903 block consists of Cylinder Nos. 7 and 8 separated from an 8-

cylinder block at the mid-plane of Cylinder No. 5. This configuration allows for 

two main bearing webs, two camshaft bearing webs, the rear-mounted camshaft 

gear train, rear engine cover, flywheel, and flywheel housing to remain. The 

front of the engine is closed off with 16-mm (0.625-in.) steel plate fastened to 

the cylinder block with socket head cap screws.” [4] 

Figure 45 is a photograph of the SCE-903 used for this system. 
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Figure 45- Cummins SCE 903 Engine 

 

 

 

The specifications of the SCE-903 are listed below in Table 3 

 

 

 

Table 6 - SCE 903 Specifications 

Engine Type Single-cylinder direct injection diesel 

Bore 139 mm (5.49 in) 

Stroke 117 mm (4.59 in) 

Displacement 1.78 l (109 cu in) 

Compression Ratio 13.5:1 

Connecting rod length 208.1 mm 

Crank arm radius 58.5 mm 
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The proceeding sections will detail all sub-systems of the test-bed. A schematic of the 

system is shown below in figure 46 

 

 

 

 

Figure 46 - Test Bed Schematic 

 

 

 

4.2 Driver 

The SCE-903 optical engine is driven by a 1.195 liter single-cylinder diesel engine. 

This engine is started electrically by a standard 12 Volt automotive battery. The output shaft 

speed of the driver engine is reduced by a 3:1 Hub City model 200 parallel shaft speed 
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reducer. The two tables below list the specifications for the driver and the Hub City speed 

reducer respectively. 

 

 

 

Table 7- Driver Engine Specifications 

Model ZS1115G 

Type Single-cylinder, four-stroke, direct injection 

Bore 115 mm 

Stroke 115 mm 

Displacement 1.195 liters 

Average piston speed 8.44 m/s 

Compression ratio 17:1 

Rated power 14.7 kW at 2200 rpm 

Mean effective pressure 739.75 kPa 

Fuel consumption 238 g/kW-hr 

Oil consumption 1.47 g/kW-hr 

Injection pressure 18.13±0.49MPa 

Cooling method Water cool evaporation 

Net weight 185 kg (408 lb.) 

Overall dimensions 858 × 450 × 699 mm 

 

 

 

Table 8-Hub City Speed Reducer Specifications 

Model 200 

Type Single reduction parallel shaft drive 

Gear type Helical 

Ratio 3:1 

Input and output shaft diameters 1.5 in. 

Dry weight 83 lb. 

Lubrication oil type Synthetic 75W-90 or GL-90 or equivalent 

Lubrication oil quantity 1.5 pints 

 

 

 

In order to transfer power from the driver to the speed reducer, a special flywheel 

adapter had to be designed which would bolt to the flywheel and hold a 1.5 inch diameter 
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output shaft. The figures below show the adapter design and how it is installed on the 

flywheel. 

 

 

 

 

Figure 47-Flywheel Adapter Design 
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Figure 48-Installed Flywheel Adapter 

 

 

 

4.3 Lubrication System 

Lubrication is accomplished by a closed-loop circulation system comprised of an oil 

reservoir, a heater, a liquid level switch, an oil filter, a reducer, a pressure regulator, an oil 

sump pump, and an oil pressure pump. The lubrication system schematic is illustrated figure 

49 below. Off-the-shelf hardware used in the lubrication system is listed in table 9 below. 
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Table 9-Lubrication System Hardware 

Heater TEMPCO SP02205 

Liquid level switch Omega LV-1202 

Oil filter Parker 12AT10CN 15BBH 

Reducer Cashco ¾” NPT D CS/CS/S2 

Pressure Regulator WIKA 0-160 psi 

Oil Sump Pump WEG HYPRO-5036OS1BJP56J, 1/2 hp 

High Pressure Oil Pump Dayton 4K8E8 Rotary Gear 
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Figure 49-Lubrication and Coolant System 

 

 

 

The engine oil is Shell Rotella 15W-40 and is stored in a 7 gallon metal reservoir. A 

screw-plug immersion heater is mounted to the reservoir in order to heat up the engine oil 
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before it is delivered to the engine. Under normal operating conditions, the oil is heated to 

about 165 °F to simulate a warm engine. Since the temperature rise of the engine oil is too 

slow to reach this temperature under experimental operating conditions, the heater will be 

turned on for the entire duration of a test run. 

Engine oil is pumped from the reservoir using the 2HP Dayton rotary gear pump 

through an oil filter. A pressure regulator controls the oil pressure to the engine between 50-

70 psi. The table below summarizes all oil operating specifications. 

 

 

 

Table 10-Oil Specifications 

Oil Grade Shell Rotella 15W-40 

Oil Reservoir Capacity 7 gallons (26.5 liters) 

Engine Oil Pan Capacity 2 gallons (8 liters) 

Operating Oil Pressure 70 psi (480 kPa) 

 Operating Oil Temperature 165 F (74 C) 

 

 

 

The sump pump pumps the oil in the crankcase back to the oil reservoir. The pressure 

pump works continuously, but the sump pump is turned on only when the reservoir oil level 

drops below the level line, and is controlled by the liquid level switch mounted in the 

reservoir. When the oil is full in the reservoir, the power to the sump pump is cut off, and 

when the oil level drops to a pre-set height, the sump pump is turned on to drain the oil from 

the crankcase. This setup ensures that the oil is always kept at the pre-set level in the 

reservoir so that no air is pumped through the oil circulation system. 
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Figure 50-Lubrication System 

 

 

 

4.4 Coolant System 

Like the lubrication system, the coolant system is a simple closed-loop circulation 

circuit that consists of a water reservoir, a heater, and a water pump. The schematic of the 

coolant system is shown in figure 49, and off-the-shelf hardware used in the coolant system 

is listed in table 11 below. 
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Table 11-Coolant System Hardware 

Pump WEG HYPRO-5036OS1BJP56J, 1/2 hp 

Heater TEMPCO SP02205 

 

 

 

The coolant is stored in a 7 gallon metal reservoir. To simulate a warm engine, the 

coolant is heated to about 165 °F before experiments start. This is done using the screw-plug 

immersion heater (120V, 1000W) that is mounted to the coolant reservoir with immersed 

heating coils. The coolant is then pumped from the reservoir through the engine using the 

WEG pump. 
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Figure 51-Coolant System 

 

 

 

4.5 Exhaust System 

Exhaust from both the driver engine and the SCE-903 is routed out of the laboratory 

through a 6” diameter exhaust tube and routed through the side of the building by means of a 

blower. The blower and tube are shown below in figure 52. 
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Figure 52-Exhaust Blower 

 

 

 

The majority of the exhaust will come from the driver, since the SCE-903 is to be 

skip-fired, meaning that it will not run consecutive combustion cycles, but rather fire once for 

every 6-10 motored cycles. The driver engine exhaust pipe has been modified to route 

exhaust into the 6” diameter blower which is positioned on the floor of the laboratory. Figure 

53 below shows the driver exhaust piping. 
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Figure 53-Driver Exhaust Pipe 

 

 

 

4.6 Fuel Delivery 

Fuel is to be delivered to the injector via a Bosch common rail shown below in figure 

54. Common rail pressure is to be set to approximately 1000 bar and maintained by the high 

pressure fuel pump shown in figure 55. The fuel pump is powered by a 2 HP 3-phase motor 

shown in figure 56. 
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Figure 54-Common Rail 

 

 

 

 

Figure 55-High Pressure Fuel Pump 
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Figure 56-High Pressure Fuel Pump Motor 

 

 

 

All fuel system components are listed below in table 12 for quick reference. 

 

 

 

Table 12-Fuel System Components 

Component Model 

Common rail Bosch 18985 

High pressure fuel pump Bosch CR/CP/1S3/R70/10 – 16S 

Fuel pump motor GE 5K49TN4333AX 

Fuel filter CAT 1R-0751 

Injector Bosch 0445110816 

 

 

 

The cylinder head of the SCE-903 is designed to fit the original 1980’s series injector 

produced for the Cummins V-903. Since the engine will using a more modern commercially 

available injector, an adapter had to be designed which would seal the new injector into the 
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cylinder head. Figure 57 below is taken from the original V-903 shop manual and shows a 

cut-away of the cylinder head, and figure 58 shows the commercial injector. 

 

 

 

 

Figure 57-Cylinder Head Cut-Away 

 

 

 

 

Figure 58-Commercial Injector 
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The injector adapter is made up of a top part, a bottom part, a copper gasket which 

seals the injector to the adapter, two wing-locks which hold the inside the adapter, and two 

Viton high temperature O-rings – one to seal the two adapter halves, and one to seal the 

adapter within the cylinder. The figures below show each of these components and the full 

assembly. 

 

 

 

 

Figure 59-Injector Adapter Bottom with O-Ring 
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Figure 60-Injector Adapter Top with O-Ring 

 

 

 

 

Figure 61-Wing Locks and Copper Gasket 
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Figure 62-Injector Adapter Assembly 

 

 

 

 

Figure 63-Cross-section of Injector Adapter Assembly 

 

 

 

4.7 Cylinder Pressure and Crank Angle Indication 

In-cylinder pressure is measured by a Kistler model 6067B water-cooled pressure 

sensor. A model 6067C1 is shown in the figure below, however it is almost identical in 

appearance to the 6067B. 
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Figure 64-Kistler Pressure Sensor 

 

 

 

The 6067B is a dynamic pressure transducer whose signals are passed through a 

charge amplifier before being read by the oscilloscope. The pressure sensor sensitivity is 25 

mV per bar, which is then amplified to 20 bars per Volt by the charge amplifier. 

The crank angle is measured by a shaft encoder with 2 output channels. Channel Z 

gives one pulse every 360 degrees, while channel B̅ gives one pulse per half-degree. A Hall 

Effect sensor measures the revolutions of a single-tooth steel disk which rotates at a 1:2 ratio 

to the crank shaft. Since the SCE-903 operates on a 4-stroke cycle, this effectively gives one 

signal per cycle. The Hall Effect sensor, single-tooth disk, and shaft encoder are shown in 

figure 65 below.  
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Figure 65-Shaft Encoder and Hall Effect Sensor 

 

 

 

Currently pressure sensor, encoder, and Hall Effect sensor signals are displayed by a 

Tektronix 2014B oscilloscope. Pressure sensor signal from the charge amplifier is input on 

channel 1, exhaust top dead center signal is input on channel 2, and crank angle degree 

measured by encoder channel B̅ is input on channel 3. Exhaust top dead center indication is 

accomplished via an AND operation performed on the 1-per-rev signal from encoder channel 

Z, and the 1-per-cycle signal from the Hall Effect sensor. The circuit built to perform this 

task is shown below in figure 66, and the oscilloscope, charge amplifier, and AND black box 

are shown in figure 67. 
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Figure 66-AND Circuit for Injection Timing 

 

 

 

 

Figure 67-Cylinder Pressure and CAD Instrumentation 
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Injection timing is to be accomplished via the exhaust TDC signal output by the AND 

black box. This signal is to be input into a LabVIEW virtual instrumentation program or VI 

which will then set start of injection and end of injection to specified crank angles beyond 

exhaust TDC.  

4.8 Optical Cylinder Hardware 

The full design of the optical cylinder is found in chapter 3. The optical cylinder is a 

steel piston extension which houses the optical window insert assembly, and has a 

rectangular cut-out in the cylinder wall to allow for optical access to the window via a 45 

degree mirror. The optical insert assembly consists of a stainless steel cup, which holds the 

window in place and seals the cylinder from the combustion chamber along the 45 degree 

flange at the top of the cylinder. This is accomplished with a bronze seal ring which is 

squeezed against the flange surface as seen in figure 20. The window itself sits inside the 

stainless steel cup, and is cushioned by a copper gasket which is placed between it and the 

cup. A threaded cap is placed below the insert and is used to hold and clamp the insert 

assembly in place. The photographs below show each of these components: 
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Figure 68-Stainless Steel Retaining Cup 

 

 

 

 

Figure 69-Copper Gasket 
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Figure 70-Bronze Seal Ring 

 

 

 

 

Figure 71-Threaded Cap 



83 

 

 

 

 

Figure 72-Optical Insert Assembly 

 

 

 

4.9 Pre-Start Checklist  

Before motoring the system, the following precautions must be taken to avoid injury 

or damaged components: 

 Tighten all 5/8” bolts clamping the engine stands to the base plates. There are 

17 of these – 5 on the SCE-903 base, 4 on the front side of the speed reducer 

stand, 2 on the rear of the speed reducer, and 6 on the driver stand. The figure 

below shows 2 of the SCE-903 plate bolts. These should be hand tight such as 

to compress the damping pads slightly from their natural position. 
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Figure 73-5/8" Plate Mounting Bolts 

 

 

 

 Tighten all bolts securing the speed reducer and drivers to their respective 

stands. There are 8 of these – 4 on each stand. Again, these should be hand 

tight so as to compress the damping washers slightly from their original 

thickness. The figure below shows the driver bolts which secure the driver 

engine to its stand. 
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Figure 74-Stand Mounting Bolts 

 

 

 

 Tighten all coupler set-screws which clamp shaft keys in place. There are 7 of 

these – 1 on the flywheel adapter, 1 on each side of the driver-to-speed 

reducer coupler, 2 on the u-joint between the speed reducer and SCE-903 

coupler, and 1 on each side of the speed reducer-to-SCE-903 coupler. Also 

tighten all hose clamps which hold shaft spacers in place. The figure below 

shows the driver-to-speed reducer coupler with shaft spacer and hose clamps. 
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Figure 75-Shaft Couplers and Clamps 

 

 

 

 Tighten the three bolts securing the flywheel adapter to the flywheel. The 

correctly mounted flywheel adapter is shown in figure 48. 

 Ensure that the optical piston cap is tightened sufficiently with the cap spanner 

wrench shown in figure 38. 

 Clear the exhaust openings of any debris that could be sucked into the blower 

and cause damage. 

 Check the oil level of the SCE-903 and the driver engine. 

 Cycle the oil and coolant pumps. Check for any fuel, oil, or coolant leaks and 

repair if any are found. 



87 

 

 

 

 Clear the base plates of any loose tools and objects. Check for loose objects 

and tools which may be sitting on top of system components or the engine. 

 Turn on the oscilloscope, charge amplifier, and AND box for monitoring 

pressure and crank angle. 

 Power exhaust blower, coolant sump pump, oil sump pump, and oil pump. 

 Set oil and coolant heaters to 165 F 

 Position your body behind the driver or well in front of the SCE-903. Stand 

clear of any rotating components, and stay out of the plane of rotation of 

flywheels and shafts. 

 Set the driver engine fuel pump control lever to the start position. Turn the 

key to start the engine.   
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5 INITIAL MOTORED RESULTS 

An initial in-cylinder pressure scan was conducted on the system using the equipment 

described in section 4.7. Data was saved from the Oscilloscope to a 500 Mb flash drive and 

then processed in Excel. The figure below shows a raw data screenshot captured by the 

oscilloscope: 

 

 

 

 

Figure 76-Pressure, TDC, and CAD Oscilloscope Output 
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As stated in section 4.7, channel 1 is pressure sensor signal, channel 2 is exhaust TDC 

indication, and channel 3 is crank angle degree. Encoder channel B̅, which measures crank 

angle degree was also put through an AND operation with a +5V signal to boost the signal. 

From the above figure, channel 3 is seen to be giving a pulse for every half degree of crank 

shaft rotation. Because of the resolution of this screenshot, this CAD signal appears as a solid 

bar with a 5V amplitude. The exhaust TDC signal is seen to be working well as indicated by 

the blue spike on channel 2 occurring 360 degrees before compression TDC.  

This initial pressure scan performed on the engine can be used to do several useful 

things such as find the polytropic compression index for the engine, and measure typical 

operating speeds. The polytropic compression index is used in the equation below, where 

pressure at compression top dead center is defined by the expression 

𝑃2 = 𝑃1𝑟𝑐
𝛾
  

where P2 is pressure at compression top dead center, P1 is intake pressure, rc is compression 

ratio, and γ is the polytropic compression index or ratio of specific heats. A pressure data set 

collected on channel 1 at low range driver engine speed is plotted against time in the figure 

below: 
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Figure 77-SCE-903 In-Cylinder Pressure Scan 

 

 

 

When the data in figure 77 was analyzed, it was found that the average low voltage 

reading before the pressure spike at compression TDC was -0.09 Volts with a standard 

deviation of 0.01 Volts, and peak voltage reached 1.28 Volts. The assumption was made that 

the intake pressure is ambient which corresponds to the -0.09 Volts. At the time of this 

pressure scan, ambient pressure was taken to be 1.05 bar as measured by a weather station 

within a 2 mile radius of the lab location. The voltage data was shifted upward by 0.09 Volts 

so that the low pressure line would be centered at zero. By taking zero Volts to correspond to 
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ambient pressure and applying the conversion of 20 bar/Volt as output by the charge 

amplifier, the following plot of pressure vs time was generated: 

 

 

 

 

Figure 78-In Cylinder Pressure vs Time 

 

 

 

Figure 78 shows pressure peaks at 28.51 bar which indicates peak pressures at 

compression TDC. The two figures above represent only a single run, and are intended to 

show the form in which data was collected and analyzed. Several pressure data sets were 

taken in this way, and points within the compression regime were plotted against 
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instantaneous cylinder volume on a logarithmic scaled graph. The resulting figure shows the 

trend line through these points whose slope indicates the polytropic compression index for 

this engine. 

 

 

 

 
Figure 79-Polytropic Compression Trend line 

 

 

 

As seen in figure 79, the polytropic compression index is indicated as 1.24 from the 

slope of the trend line, which fits the data to an R2 value of 0.97. When this value for γ is 

plugged into the expression for peak motored compression pressure, the peak pressure is 

found to be 25.45 bar.   

A more in-depth analysis to determine predicted peak motored pressure was 

conducted using a single zone combustion model of an air standard cycle. The SCE-903 

geometry was loaded into the program, and compression ratio was set to the geometrically 
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verified value of 13.5. The single-zone model assumes a single, working fluid within the 

combustion chamber which is regarded as a thermodynamic system whose property values 

are assumed to be that of the working fluid. The specific program used for this analysis takes 

into account the variation of property values with temperature. The first law of 

thermodynamics is applied to the system as it undergoes energy exchange with its 

surroundings in the form of combustion. Once the thermodynamic state is calculated, the 

pressure at each crank angle degree is output. The results of this analysis yielded a value of 

33.54 for peak pressure. Five pressure data sets were taken at engine speeds of 484, 487, 496, 

540, and 573 rpm. This data was interpolated from -110 to 110 crank angle degrees at 0.5 

degree increments. The mean pressure at each half crank angle degree was then calculated to 

create an average in-cylinder pressure curve plotted in figure 80 below. The single zone 

model is plotted in green on the same graph for comparison. 

 

 

 



94 

 

 

 

  
Figure 80-Single Zone Model and Average Pressure  

 

 

 

The difference in peak motored pressure between the green single zone line and the 

actual measured pressure data can be explained by the presence of leaks and excess heat 

transfer in the real engine. The single zone model represents a theoretical “best case 

scenario” for the engine, but real peak motored pressure will statistically fall closer to the 

25.45 bar predicted by the engine’s polytropic compression index of 1.24.  

Engine operational speed can be found by measuring the time between exhaust TDC 

indicator and maximum pressure as seen in figure 76. Knowing that there is one full 
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revolution between these two points, the inverse of this time period will give engine speed in 

revolutions per second. Data analysis shows that there is 0.1232 seconds between these 2 

points. This indicates that low range driver speed setting will rotate the SCE-903 at 8.12 

revolutions per second or 487 rpm. Other data sets were analyzed in this way, and the 

average engine operating speed was seen to be 500 rpm. Optical experiments should be 

conducted at an engine speed between 500-1000 rpm. As seen in table 7, the driver’s rated 

speed is 2200 rpm which will be able to rotate the SCE-903 to 730 rpm after being 

transferred through the 3:1 speed reducer.  
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6 CONCLUDING REMARKS 

The newly constructed SCE-903 Optical Engine test bed described in the preceding 

chapters will provide combustion researchers at North Carolina State University the means to 

collect optical data and perform experiments like those currently being done at CRF. One 

method for optical image analysis has been presented, and the MATLAB code which utilizes 

this methodology is given in the appendix. The Bowditch optical window design has been 

put through an ANSYS finite element analysis which shows that it is strong enough to 

withstand gas pressure forces generated within the cylinder during diesel combustion. The 

driver engine and drivetrain components, and lubrication, coolant, exhaust, and 

instrumentation systems have all been demonstrated to work well. The final sub-system to be 

verified before optical experimentation can begin is the fuel delivery and injection timing 

software. The mechanical components such as the high pressure fuel pump, injector, and 

motor have already been tested, and a LabView VI which controls injection timing is 

currently being modified for the SCE-903 system. The current test bed is shown in figure 81 

below. The fuel rail, fuel filter, and fuel tank still need to be mounted in their final positions. 

The next step on the optical access side is to take images of fuel spray through the quartz 

window. Future work will include building an air intake system with a second pressure 

sensor to measure intake pressure, and setting up optical imaging equipment. 
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Figure 81-Current Optical Engine Test Bed 
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MATLAB Code for Flame Image Tomography 

% Aaron McCullough 

% Post-processing of Flame Imaging in a Combustion Chamber 

  

clear all 

close all 

clc 

  

% Ambient Conditions 

% T = 1000; % Temp in Kelvin 

% P = 44; % Pressure in Barr 

% X02 = .21; % Ambient percent oxygen 

%% Image Processing 

start = input('Enter the first frame number '); 

finish = input('Enter the last frame number '); 

nframes = finish-start+1; 

duration = nframes/4500; % length of video in seconds. Each frame is 1/4500 sec 

t=(start:finish)/4500; 

Area = zeros(1,nframes); FP = zeros(1,nframes); % Area and Flame Penetration data 

allocation 

NozzlePos = 19*35/148; % Nozzle position in mm 

time = 0; 

% Loop to read specified frames within the video 

for k = start:finish 

    % Individual Frame Work 

    clear frame; clear f; clear xvect; clear yvect; clear img; 

    img = sprintf('1_%i.png',k); 

    frame = (imread(img)); 

    frame(:,:,1) = fliplr(frame(:,:,1));frame(:,:,2) = fliplr(frame(:,:,2));frame(:,:,3) = 

fliplr(frame(:,:,3)); 

    f = frame(7:125,:,1); % Cut off top and bottom white bars 

    % Dimensions of image matrix X columns by Y rows 

    X = size(f,2); Y = size(f,1); 

     

    % Set threshold and redefine image (matrix f) 

    for y = 1:Y 

        for x = 1:X 

            if f(y,x)<40 % Threshold value 

                f(y,x)=0; 

            elseif f(y,x) >= 40 



103 

 

 

 

                f(y,x) = 200; 

            end 

        end 

    end 

    Area(k-start+1) = sum(sum(f))/200*(35/148)^2; % flame area in mm^2 

     

    % find x and y values for boundary 

    i=1; % index for x and y vectors 

    xvect = zeros(1,length(f)); 

    yvect = zeros(1,length(f)); 

    for x = 2:X-1 

        for y = 2:Y-1 

            if f(y,x) == 200 

                m(1)= f(y+1,x);m(2)=f(y,x+1);m(3)=f(y-1,x);m(4)=f(y,x-1); 

                if length(find(m))~=length(m) 

                    xvect(i) = x*35/148 - NozzlePos; % convert pixels to mm 

                    yvect(i) = (Y - y)*35/148; 

                    i=i+1; 

                end 

            end 

        end 

    end 

    lg = length(find(xvect)); 

    xvect(lg+1:end)=[]; 

    yvect(lg+1:end)=[]; 

    xvect = xvect';yvect = yvect'; 

    FP(k-start+1) = max(xvect); 

     

    % Nearest Neightbor Sort 

    map = [xvect yvect]; 

    map2 = zeros(size(map)); 

    lmp = length(map); 

    DT = delaunayTriangulation(map); 

    count = 1; 

    i=1; % index for old map 

    j=1; % index for new sorted map 

    while count < lmp-4 

        map1 = map; 

        qp = map(i,:); % Set query point 

        map1(i,:) = []; % Take out qp from map so that it won't count itself as nearest neighbor 

        DT1 = delaunayTriangulation(map1); % triangulate the new map without qp 

        vi1 = nearestNeighbor(DT1,qp); %Find index of nearest neighbor to query point from 

original map 
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        map2(j,:) = map(i,:); 

        map2(j+1,:) = map1(vi1,:); 

        map(i,:)=[]; % Pacman eats the used point ( < * * * 

        i = vi1; % next index in original map 

        j = j+1; % index for next slot in the sorted map 

        count = count + 1; 

    end 

    map = map2(1:end-4,:); % Redefine the map as an ordered set of data 

     

    % Spline map polyfit groups of 20 as 6th order 

    % From polynomial, the radius of curvature is found at every point 

    lmp = length(map); 

    l = 1; % counter for while loop 

    spl = []; 

    radii = []; 

    while l <= lmp-20 

        section = map(l:l+20,:); 

        fit = polyfit(section(:,1),section(:,2),6);clc; 

        %pp = spline(section(:,1),section(:,2)) % attempt to use spline. Gives 

        %chckxy error. This is the biggest area for code improvement. 

        df = polyder(fit); % first derivative of polynomial 

        dff = polyder(df); % second derivative of polynomial 

        xs = section(:,1); % x values 

        for i = 1:length(xs) 

            xpowers = [xs(i).^5 xs(i).^4 xs(i).^3 xs(i).^2 xs(i) 1]; 

            yprime = sum(df.*xpowers); % Value of y' at specific point 

            ydubprime = sum(dff.*xpowers(2:end)); % Value of y'' at specific point 

            ROCsect(i) = sqrt(1+yprime.^2).^3/ydubprime; % Equation for radius of curvature at 

point 

        end 

        ROCsect(1) = []; % erase the repeated point 

        radiisect = ROCsect'; 

        pval = polyval(fit,section(:,1)); 

        new = [section(:,1) pval]; 

        spl = vertcat(spl,new); % spline made up of polynomial fits 

        radii = [radii;radiisect]; 

        l = l+19; % overlap 2 points from last segment to avoid spikes. 

    end 

    % Repeat the loop once more to include the last segment 

    section = map(l:end,:); 

    fit = polyfit(section(:,1),section(:,2),6);clc; 

    df = polyder(fit); % first derivative of polynomial 

    dff = polyder(df); % second derivative of polynomial 
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    xs = section(:,1); % x values 

    for i = 1:length(xs) 

        xpowers = [xs(i).^5 xs(i).^4 xs(i).^3 xs(i).^2 xs(i) 1]; 

        yprime = sum(df.*xpowers); % Value of y' at specific point 

        ydubprime = sum(dff.*xpowers(2:end)); % Value of y'' at specific point 

        ROCsect(i) = sqrt(1+yprime.^2).^3/ydubprime; % Equation for radius of curvature at 

point 

    end 

    ROCsect(1) = []; % erase the repeated point 

    radiisect = ROCsect'; 

    pval = polyval(fit,section(:,1)); 

    new = [section(:,1) pval]; 

    spl = vertcat(spl,new); % spline made up of polynomial fits 

    radii = [radii;radiisect]; 

    % Filter Radii data 

    i = 1; 

    lrd = length(radii); 

    while i <= lrd 

        if or(radii(i)>100,radii(i)<.25) 

            radii(i)=[]; 

        else 

            i = i + 1; 

        end 

        lrd = length(radii); 

    end 

    time = time + 1/4500; 

    xlbl = sprintf('radii (mm), time = %1.2e',time); 

    % Histogram of Radii 

    bins = 1:2:99; 

    N = hist(radii,bins); 

    prob = N./numel(radii); 

    figure(k) 

    subplot(3,1,1) 

    image(frame) 

    subplot(3,1,2) 

    plot(map(:,1),map(:,2),'k',spl(:,1),spl(:,2),'r');title('Flame Boundary');xlabel('Jet 

Longitudinal Axis (mm)Nozzle at x = 0');ylabel('Jet Lateral Axis (mm)') 

    axis([0 100 0 30]) 

    grid on; 

    subplot(3,1,3) 

    bar(bins,prob) 

    xlabel(xlbl);ylabel('probablility'); 

    axis([0 100 0 1]) 
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    %grid on 

    F(k-start+1)=getframe(figure(k)); 

    %close(k) 

end 

%% Output 

play = 'y'; 

while play == 'y' 

    fps = input('how many frames per second? '); %frames per second 

    figure(k+1) 

    movie(F,3,fps) % Plays movie of flame 

    play = input('play again? ','s'); 

end 

close(k+1) 

% Flame Area and Penetration Plots 

figure(k+2) 

subplot(2,1,1) 

plot(t,Area);title('Flame Area vs Time');xlabel('time (s)');ylabel('Area mm^2') 

grid on 

subplot(2,1,2) 

plot(t,FP);title('Flame Penetration vs Time');xlabel('time (s)');ylabel('Length mm') 

grid on 

 


