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Abstract 

 High temporal resolution heat flux measurements were performed in two different 

internal combustion (IC) engines.  Measurements in a large compression ignition engine were 

conducted with a wireless telemetry system utilizing fast-response thermocouples mounted on 

the piston surface.  Parametric studies were conducted over a range of operating conditions and 

different combustion strategies were investigated and compared to one another including 

conventional diesel combustion and Reactivity Controlled Compression Ignition (RCCI) 

combustion.  The conventional diesel combustion heat fluxes were characterized by the existence 

of large heat flux differences between thermocouples that are the result of spray targeting and 

impingement and spatial stratification within the chamber.   In contrast, during RCCI combustion 

the heat fluxes among the different thermocouples were found to have increased homogeneity, 

and were of lower magnitude, which gave rise to lower piston temperatures.   

 Measurements performed in a small, air-cooled spark ignition engine were conducted 

with a spark plug-mounted coaxial thermocouple.  The single-point measurements were used to 

analyze the processing method used for the calculation of surface heat flux, and the fundamentals 

of the surface temperature measurement.  It was demonstrated that the advanced inverse 

techniques utilizing regularization improved the accuracy of surface heat flux estimates by 

incorporating the temperature variance data.  Regularized surface heat flux estimate are 

intentionally biased yet the regularization procedure does not decrease the overall accuracy of 

the solution.  Inverse methods were found to increase the solution stability by directly calculating 
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the surface heat flux, thus, avoiding amplification of temperature measurement errors common 

with finite differences used in analytical inversion techniques.       

 The high-load SI data recorded an anomaly during the expansion stroke, where the heat 

flux reversed direction turning negative and reaching a negative value that was 8% of the peak 

magnitude recorded during combustion.  A 2-D, axisymmetric numerical model of the coaxial 

probe with an imposed surface heat flux was used to investigate this phenomenon.  The 

simulation results showed that significant lateral conduction between the adjacent 

thermoelements occurred at the surface and extended to a depth of 150 microns.  The 

temperature bias produced by radial conduction could account for 3% of the observed heat flux 

reversal seen in the engine data.    

 The presence of multi-dimensional heat transfer effects led to the design and fabrication, 

of a new array-based temperature sensor capable of recording rapid transient data without 2-D 

effects biasing the temperature measurement.  The sensor was fabricated on silicon using 

lithographic techniques, but did not survive an engine test long enough to produce usable data.   
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1. Introduction  

1.1 Motivation 

 Internal combustion engines (IC) provide power for the majority of the world’s 

transportation systems.  As the world’s population grows so do the world’s transportation 

demands and fuel usage.  This trend has been accelerating since the invention of the IC engine.  

The fuel used to power IC engines is a scare resource - its demand is starting to exceed the 

readily available supply.  When demand increases, price increases tend to follow as well.  This is 

clearly shown in the chart of average annual oil price per barrel since 19831.    
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Figure 1. Average yearly oil prices since 1983 

                                                 
1  U.S. Energy Information Administration, OK Cushing Crude Oil Futures 
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 Increased oil prices put an emphasis on the desire to increase the efficiency of the IC 

engine.  Improvements to efficiency are tantamount to advances in reducing engine emissions as 

well.  Heat transfer plays a large role in determining both thermal efficiency and emissions 

production in the modern IC engine.  In addition, with the current drive to better understand low 

temperature combustion (LTC) strategies that hold the promise of increased efficiency with low 

emissions, our understanding of heat transfer processes has increased in importance.   

1.2 Research Objectives 

 The objective of this research is to conduct a thorough investigation of instantaneous heat 

flux measurements in IC engines.  This objective will be achieved by performing engine heat 

flux measurements and by examining the science behind heat flux instrumentation.  The methods 

used to conduct a heat flux measurement, the current state of technology in this field, the 

implementation of the measurement system, and the issues associated with the technology will 

all be investigated.  This study will also look at how heat flux data are processed and how the 

measurement can be improved at a fundamental level.   

1.3 Outline 

 This dissertation is divided into 6 chapters.  Chapter 2 contains a literature review of 

previous investigations of heat flux measurements applied to engine combustion systems and 

analyses of the measurements themselves.  Chapter 3 discusses the processing codes used to 

convert thermocouple temperature data into instantaneous heat flux including a review of current 

methods and more advanced techniques.  Chapter 4 discusses experimental measurements in a 

large compression ignition (CI) engine operating under different combustion regimes including 
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conventional diesel combustion and a LTC regime known as Reactivity Controlled Compression 

Ignition (RCCI).  Chapter 5 examines heat flux measurements recorded in a small, spark ignition 

(SI) utility engine and numerical simulations conducted to further examine the recorded data.  

Chapter 6 provides the summary of the work performed in this study and provides 

recommendations for future work.   
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2. Background  

The theory behind one-dimensional heat transfer measurements and the associated processing 

codes used to reduce the temperature data will be discussed first followed by a discussion of the 

design and characterization of heat flux sensors in general.  In the following sections, transient 

heat flux measurements in different fields of study will be reviewed with an emphasis on the data 

reduction schemes used to process the temperature data into surface heat flux estimates.   

2.1 Transient One-Dimensional Heat Conduction and Data Processing Codes 

 Numerous methods are available to convert temperature data into surface heat flux 

estimates.  Three different solution classes have been used to estimate the surface heat flux from 

coaxial thermocouple probe data: analytical methods, finite difference solutions, and inverse 

solvers.  The procedures used to calculate heat flux with each method, and the complexity in 

implementing each solution technique varies between the different methods and will be 

discussed in the following sections.  The assumptions governing each solution and the accuracy 

of each technique will be discussed in Chapter 3.   

2.1.1 Analytical Methods 

 Analytical methods are characterized as exact matching techniques - conservation of 

energy dictates that the solution produced exactly matches the data recorded, i.e. errors in the 

temperature data will be reflected in the estimated surface heat flux.  In addition, closed form 
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analytical solutions are linear - temperature dependent properties are not accounted for - and only 

one material can be represented in the model.   

2.1.1.1 Fourier Method (FFT) 

 A method commonly used to convert temperature data into a surface heat flux estimate is 

the Fourier method, so named because a FFT is used to determine the harmonic modes.  

References to this data reduction method can be identified starting in the 1960s with work by 

Overbye et al [6] and more recently by Alkidas [7] and others [46, 69].  The instantaneous 

surface heat flux in an IC engine is obtained from surface temperature measurements by 

assuming that heat transfer into the wall is one dimensional and the system generates a sustained 

response, i.e. the surface heat flux signal is cyclical.  This practical assumption allows use of the 

semi-infinite solid solution modified for periodic boundary conditions.  According to Carslaw 

and Jaeger [19], the surface temperature can be represented as a harmonic function of time 

(Fourier series) having the following form 

 [ ]
1

( ) (0) cos sin
N

w w n n
n

T t T A n t B n tω ω
=

= + +∑  (1) 

where (0)wT  is the time-averaged surface temperature, An and Bn from n = 1 to N are the Fourier 

coefficients used to represent the surface temperature history, t is time, and ω is one half the 

angular velocity of the engine.  

 The surface temperature history, (0, ) ( )wT t T t=  can be used in conjunction with a 

boundary condition at a distance δ  below the surface ( , ) ( )T t Tδ δ= where the thermal wave 
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ceases penetration and the temperature is a constant, steady-state value to solve the one-

dimensional unsteady heat conduction equation 

 
2

2

1d T dT

dx dtα
=  (2) 

where 
k

c
α

ρ
=  is defined as the thermal diffusivity.  The instantaneous surface heat flux as a 

function of time, " ( )wq t  can be found as 
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where the first term represents the steady-state heat transfer, and the second term is the time-

varying heat transfer component.  Equivalent solutions utilizing Duhamel’s Theorem, complex 

combination, or a Laplace transformation could also be used [24].   

2.1.1.2 Cook-Felderman Technique (C-F) 

 A closed-form solution to Eqn. 2 for a step change in surface temperature at t = 0 is given 

by Diller [79],  

 
0

01)("
tt

TTck
tq

−
−

=
π
ρ

 (4a) 

where the subscript 0 refers to an initial condition and the subscript 1 represents a time later than 

0.  Since the problem is linear, the principle of superposition can be used to extend the solution 

for a generic number of step changes given by Eqn. 4b 
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where n is the total number of time steps, and j is the current timestep not equal to 0 or 1.  Using 

Duhamel’s Theorem, it is assumed that the estimated flux is constant between discrete measured 

surface temperatures and this allows calculation of the transient surface heat flux.  The analytical 

closed form solution of Equation 4b was derived by Schultz and Jones [44].  The numerical 

algorithm used to implement equation 4b is known as the Cook-Felderman technique [32], given 

by equation 4c.   

 ∑
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 The Cook-Felderman technique uses a summation series to numerically calculate the 

surface temperature gradient.  The Kendall-Dixon procedure [45] could also be used in place of 

the Cook-Felderman technique.  The Kendall-Dixon procedure provides a greater amount of 

smoothing by averaging the calculated heat flux across four timesteps.  Gatowski [10] uses the 

Cook-Felderman technique to analyze calibration data for coaxial thermocouple probes but does 

not use the procedure to calculate engine heat flux rates.   

 The Cook-Felderman technique benefits from ease of use and adequate accuracy given its 

assumptions (1-D, linear).  However, since the technique does not make use of a backside 

temperature measurement (it was derived for short duration experiments), the routine cannot be 

readily used to make an estimate of the steady-state heat transfer rate in an IC engine without 

further measurement information.  Since an engine cycle is a periodic process, the steady state 
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temperature gradient in the cylinder wall must be accounted for by some means.  If the cylinder 

pressure and other diagnostic measurements (e.g. water, oil, and intake temperature) are 

available, then the steady state heat transfer rate can be estimated as shown by [92] and more 

recently [69].   

 If the C-F technique is iterated to find the sustained response, the calculated C-F heat flux 

will match transient heat flux term from the Fourier solution (the second term of Eqn. 3) as 

shown in Equation 4d.      
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 Iteration of the C-F technique is needed to eliminate the transient startup portion of the 

solution which is a result of specifying a uniform initial condition.  However, if a cold-start test 

is conducted (where the engine test surface is at a uniform temperature), the uniform temperature 

initial condition is correct and the C-F technique will be the only analytical method that can 

provide the correct solution.  This is because of the periodicity boundary condition requirements 

mandated by the Fourier method.  Furthermore, Equation 4d allows one to make the assumption 

that an error uncertainty propagation analysis calculated for the C-F technique can also be used 

to characterize the uncertainty in the transient portion of the FFT heat flux computation method.   

2.1.2 Finite Difference Methods 



9 
 

 

 A one-dimensional finite difference code can be implemented to process surface 

temperature data to mitigate some of the issues associated with analytical methods.  In general, 

numerical methods, such as finite difference or finite element methods, allow multiple material 

effects to be accounted for and permit non-linear analysis.  Secondly, more boundary conditions 

can be accommodated than analytical methods because the calculated surface heat flux is based 

on a converged temperature distribution resulting from the solution of a generic conduction 

model.  The surface heat flux for a simple finite difference model is calculated according to [42]. 

 x

T
k

t

T
c

x
tq

∂
∂+

∂
∂∆= ρ

2
)("

 
(5) 

The surface heat flux is calculated by performing an energy balance at the surface that includes 

the finite energy storage term at the surface node which has half the volume of an interior node.  

The recorded surface temperature data is used as a boundary condition at the front of the domain 

and the backside temperature sets the boundary condition at the back of the domain, just as with 

the analytical models.  More information about matrix methods used with generic, direct 

conduction solvers can be found in [88].  

 Once the energy balances are written for each node in the computational domain, a set of 

linear equations can be assembled and solved utilizing numerous integration schemes.  In this 

study, the implicit Crank-Nicolson integration routine was used and it is implemented according 

Eqn. 6.   

 )(\1 bBTAT jj +=+  (6a) 
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2

θ∆+= SCA  (6b) 

 
2

θ∆−= SCB  (6c) 

 θ∆= rb  (6d) 

where C is a sparse matrix containing the energy storage terms for each control volume, S is a 

matrix containing the conductance terms between adjacent control volumes, r is a vector 

specifying the boundary conditions applied to each node, and θ∆  is the integration time step.  

The integration timestep,θ∆ , can be chosen arbitrarily chosen, and is usually based on the 

physics of the problem.  In this study, the timestep was set equal to the sampling rate of the data 

acquisition system ( DAQt∆ ).   

 For a given step size, care must be taken to ensure numerical stability for a given nodal 

density.  In general, if the time step is fixed, increasing nodal density decreases solution stability.  

Explicit integration schemes such as the Euler technique or the Runge-Kutta method decrease 

computation time compared to implicit methods but can suffer from increased stability problems.  

Nonetheless, several investigators [22, 90] have used explicit numerical methods to reduce IC 

engine temperature data without issue.     

 Although the Crank-Nicolson solution is a predictor-corrector technique, which is 

implicit and therefore unconditionally stable, the solution can exhibit numerical oscillations.  

Numerical oscillations can be avoided if the timestep is chosen such that the integration timestep 

is smaller than the critical timestep defined by Eqn. 7 
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where N is the number of spatial nodes in the finite difference scheme, ci,i is the capacitance of a 

given control volume located inside the global C matrix 

 iiiii Vcc ρ≡,  (7b) 

where Vi is the volume of each individual nodal control volume. si,j is the conductance associated 

with the same control volume 
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jiji
ji L
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s
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,,
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where jik ,   is the thermal conductivity between nodes i and j, A is the cross sectional area 

through which thermal energy conducts, and L is the distance between nodes i and j.  As N 

increases, the critical timestep decreases.  As nodal density increases, the integration timestep 

must be increased to avoid oscillations, which reduces the ability of the solution to recover high 

frequency components.  When the timestep increases, capacitance effects at the surface limit the 

accuracy of the solution. Note: Equation 7 can also be used to predict stability issues with 

explicit techniques.      

 Alternatively, the Crank-Nicolson routine can be modified to utilize an adaptive timestep 

routine that minimizes error at each step. The integration sequence is shown by Eqn. 8.   

 )(\ θ∆+= rBTAT jEst  (8a) 
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The solution process proceeds in the following manner.  First, the vector TEst is calculated, this is 

an estimate for the next timestep assuming the current timestep is an appropriate size, and is 

identical to Eqn. 6a.  Next the current timestep is cut in half and an estimate for the temperature 

solution, THS, is calculated by Eqn. 6b.  The results from the half step solution (THS) are used to 

calculate another temperature estimate at the full step, TFS.  A constant is calculated (Const) that 

compares the temperature solutions assuming the routine uses the current timestep (TEst) or cuts 

that timestep in half and moves forward using two separate timesteps (THS and TFS).  The two 

different solution vectors are compared using a tolerance (tol) specified by the user that 

determines the level of allowable error between the solutions.  This error tolerance and the 

constant (Const) are used to calculate the timestep that is actually used in the integration routine 

to move the solution forward in time and calculate the new temperature vector, Tj+1, in Eqn. 7f. 

Further details about Crank-Nicolson integration schemes utilizing an adaptive timestep routine 
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are detailed by Press et al [18].  With this integration routine, the solver determines the 

appropriate step size for the next timestep, instead of relying on user specification, to preserve 

numerical stability as is required with a constant step size routine.  Secondly, the solution allows 

increasing the nodal density without having to worry about exceeding the critical time step.  

Chapter 3 will demonstrate the use of the adaptive timestep routine in regards to data processing 

and its effect of the estimated surface heat flux.  An adaptive timestep routine will also be used 

to generate residual estimates for surface heat flux values calculated by the various routines used 

in this study.     

 For the case of a single material, the solution generated by a finite difference solution 

should exactly match that of one of the analytical methods mentioned previously.  Secondly, to 

reduce temperature data from an IC engine, the sustained response of the process must be 

captured by the numerical method which requires an iteration scheme to ensure the thermal 

gradient within the wall is fully converged.  The need to iterate the calculated temperature 

distribution creates an additional complexity that analytical methods do not require.  

Furthermore, numerical methods in general require considerably more time to implement than 

algebraic methods. 

2.1.3  Inverse Heat Conduction Solvers 

 Temperature measurements made below the surface, i.e. inside a given wall, can also be 

utilized to estimate the surface heat flux.  The resulting problem is designated as an ill-posed 

problem whose solution is characterized by a lack of existence, instability, and a lack of 

uniqueness as specified by Hadamard [89].  Ill-posed problems can be solved, however, but they 
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require a much more sophisticated solution methodology than those of the analytical and 

numerical methods previously mentioned.   

2.1.3.1 Background on Inverse Heat Conduction Problem    

 Early work in ablative coating experiments in the aerospace industry used a derivative of 

a numerical procedure originally developed by Stolz [31] to solve for the surface heat flux rate 

given an interior temperature measurement.  Note: variations in surface temperature are always 

damped by the substrate interior, and therefore once the temperature sensor is placed below the 

surface, higher frequency signal information is lost and cannot be recovered from any numerical 

technique.  Therefore proper experimental design will place a given temperature sensor as close 

to the surface as possible to include high frequency temperature variations.   

 The Stolz method uses an inversion of the semi-infinite body solution found in Carslaw 

and Jaeger [19] to solve the inverse problem. The problem was treated as a linear system, and 

therefore, no material property variations were allowed and disturbances due to the presence of a 

thermocouple could not be accounted for.  Burggraf [33], building on this work, developed an 

exact analytical solution with a rapidly convergent series using the lumped capacitance 

approximation as the leading term.  Burggraf subdivided the initial problem into two separate 

entities as shown in Figure 2 for a slab configuration.   
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Figure 2. Subdivision of an inverse heat conduction problem into an inverse and direct 
problem.  Taken from Taler [35]. 

 If the temperature-time history and the heat flux,( )tqE
" ) are known at a depth of x=E then 

the surface heat flux, ( )tqW
"  can be calculated according to equation 9.  Note: ( )tqE

"  can be 

calculated using an analytical method such as the Cook-Felderman technique.   
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All time derivatives are explicit, and since the higher order terms are calculated from 

experimental data, the series must converge rapidly otherwise inaccuracies in the higher order 

derivatives may lead to numerical oscillations or large errors in calculated surface heat flux.  The 

Burggraf and Stolz method both suffer from numerical instabilities due to the use of finite 

derivatives.  Furthermore if higher order derivatives are required in a given solution, numerical 

instability will be amplified even further.  An example is shown in Figure 3 where a known heat 

flux input is used with a 1-D model to generate a temperature profile 5.2 microns below the 
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surface.  The calculated temperature profile, consisting of noise-free data, is then used in 

conjunction with Equation 4 to estimate the surface heat flux at the surface.   
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Figure 3. Use of errorless temperature data to reconstruct the surface heat flux with the 
Burggraf solution (1st and 2nd Order terms).   

 Figure 3 demonstrates the instability inherent with the analytically derived inverse 

solution compared with the exact solution.  The calculated derivatives amplify the ringing even 

with perfect, errorless data; however the integrated surface heat flux from the Burggraf solution 

matches the integrated heat flux from the exact solution to within 0.1%.  The timestep in this 

example could have been decreased to improve stability, but when faced with a true combustion 

problem with a rapidly varying heat flux, and discretized temporal data, the usefulness of the 
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solution may be limited with increased duration timesteps.  As stated by Beck [20], the utility of 

the Burggraf solution is to provide beneficial insight into inverse heat conduction problems.   

 Considering that many of the methods used to solve inverse heat transfer problems are 

complex and time consuming to implement, it is helpful to first estimate when such methods are 

required.  An estimate can be made by calculating the Fourier number  

 
2

t
Fo

E

α=  (10) 

which describes the dimensionless ratio between the rate of conduction heat transfer and the rate 

of energy storage through a given characterisitc length, E.  In the following example, E 

represents the distance between the surface and the first thermocouple, as  shown in Figure 2.  A 

Fourier number much greater than unity indicates that heat conduction through the material 

occurs at a fast enough rate that a lumped capacitance approximation (the first series of the 

second term on the RHS of equation 9) is adequate to approximate the energy storage term at the 

surface, i.e. the temperature gradient at the surface is assumed to be small.  When the Fourier 

number starts approaching unity, the storage term becomes more significant and should be 

accounted for.  An example demonstrating this concept is shown in Figure 4.  In this example, 

data from a simulation, detailed in Chapter 3. are used to calculate the surface heat flux using 

only the lumped capacitance term in eqn. 5 to calculate the energy storage between the 

thermocouple node, located at a distance E, and the surface.  The relative error is defined as the 

difference in the calculated peak heat flux and the true peak, which is an input to the model.   
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Figure 4. Fourier number as a function of thermocouple distance from surface compared to 
relative error for a Macor simulation 

Figure 4 shows that as the characterisitic length increases, i.e. temperature data from further 

below the surface is used to calculate the surface heat flux, the Fourier number falls and the 

relative error increases.  The error rises quickly because the thermal diffusivity of the material is 

low and within microns of the surface, the energy storage term becomes significant and higher 

order terms are necessary to improve accuracy.  Therefore, for this example, if a sensor can only 

be placed within 10 microns of the surface, then an inverse method should be used to calculate 

the surface heat flux, otherwise, the error in determining the true peak heat flux will exceed 8%.   

 The Burgraff solution and the Fourier number exercise highlight the need for an 

improved estimation technique for calculating the surface heat flux based on interior temperature 

measurements.  The next section discusses a methodology designed to address the inherent 
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instabilities and noise limitations of analytical inversion techniques.  The methods described 

solve the inverse heat conduction problem (IHCP) and will be referred to as inverse methods.  In 

general, inverse methods are numerical techniques that use temperature data from timesteps in 

the future, and (possibly) multiple locations within the solid to directly calculate the heat flux at 

the current timestep.  The future temperature information enables the model to look ahead in 

time to predict the surface heat flux, and provides a degree of smoothing that is independent of a 

specified filtering frequency, allowing the solution to capture both high and low frequency 

components.  Furthermore, inverse methods can directly calculate the heat flux at the surface (as 

compared to other methods that deduce the heat flux from a calculated temperature distribution),  

and thus eliminate the need to calculate finite derivatives, which decreases the associated 

ringing.  Lastly, advanced inverse methods can incorporate statistical information, such as the 

measurement variance, into the surface heat flux prediction to relax the constraint that the 

calculated temperatures exactly match the recorded data.   

2.1.3.2  Sequential Function Specification (SFS) Method  

 The generalized methodolody of inverse solutions can be primarily attributed to Beck 

[36] and was developed to calculate the surface heat flux of atmospheric re-entry vehicles where 

surface ablation limits thermocouple mounting options to subsurface locations far removed from 

the incident surface flux.  The methodology developed allowed for non-linearities in the solution 

[37], i.e. temperature dependent thermal properties, and composite bodies.  The solution is very 

flexible and allows a wide range of boundary conditions and geometries (including 2-D and 3-D 

domains).  The solution uses temperature data from a limited number of locations to calculate the 

surface heat flux and minimizes the error between the calculated temperature distribution 
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(described in detail below) and the recorded temperature data by minimizing an objective 

function S. A description of the solution process and the inverse algorithm can be summarized as 

follows: 

1.)   An initial surface heat flux rate m
oq" , is assumed at the surface at the domain 

2.) This heat flux rate is used to solve for the temperature distribution, m
jT , in the model 

using an appropriate direct conduction solver.  Note: As stated earlier, temperature 

dependent thermal properties and multi-dimensional models are allowed.   

3.) An objective function S is created according to equation 7a which describes the error 

between the measured temperature, Y, at location j, for the current timestep m and i=1  to 

r future times and the calculated temperature distribution from step 2, jT at the same 

times and locations.  Note: the objective function allows multiple sensors and the use of 

multiple future-time temperature information, i.e. the algorithm looks out in time to help 

predict the response.  The solver makes the temporary assumption that the heat flux from 

the current timestep remains constant (q” = C ) when calculating the temperature 

distribution for r future timesteps.   
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4.) S is minimized by taking the partial derivative of the objective function with respect to 

the surface heat flux giving 
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A two term Taylor series expansion of temperature in heat flux is given by 11d and 

provides the relation that enables the temperature solution to advance by one timestep,    

 ( ) ( ) "

"
0

1
0

1
0

1 q
q

T
qTqT

m

m
mim

j
mim

j ∆
∂
∂+= −−+−+  (11d) 

5.) Substitution of 7d into 7b yields the heat flux correction term ( "q∆ ) in algebraic (11e-1) 

and matrix form (7e-2) 
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6.) The initially assumed heat flux is corrected by equation 11e and the heat flux estimate for 

the current timestep is calculated in equation 11f.  The algorithm then advances the 

timestep by one and returns to step 1 until the simulation is finished.   

 

 The solution methodology highlighted by equation group 11 summarizes the algorithm 

used to commonly solve the IHCP with the SFS method.  Looking closer at Eqn. 11e we realize 

spatial information is not directly incorporated into the heat flux correction term which means 

that this algorithm can be utilized for one-dimensional or multi-dimensional problems.  
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Secondly, we can also use the inverse algorithm with surface temperature data (even though this 

algorithm was originally designed for subsurface inverse problems). Third, since derivatives of 

the temperature distribution are not used to calculate the estimated flux, errors in the temperature 

measurements are not amplified by the estimated heat flux solution as is the case with the 

Burggraf or Stolz methods.  Finally, examining the heat flux correction term, we recognize that 

the only unknown in the equation group above is the variable 1−+im
jX , which is defined as the 

sensitivity step function coefficient.  The derivation of the sensitivity step function coefficients is 

detailed next.   

 Sensitivity step function coefficients are calculated weighting factors sensitive to their 

spatial location.  Their effect on the calculated surface heat flux varies based on their spatial 

location and the timestep (current or future) they are calculated for.  To better understand how 

the sensitivity coefficients are calculated, it is instructive to examine how a physcially real heat 

flux curve can be viewed as a piecewise constant function as shown in Figure 5.   



23 
 

 

 

 

t∆ t∆

"
1+mq

"
1−mq

"
mq

mt  

Figure 5. Piecewise constant representation of piecewise linear heat flux curve 

 At each timestep (t∆ ) in Figure 5, the change in heat flux can be viewed as a step 

change, and the heat flux is then assumed constant over each individual timestep.  Figure 5 

shows the piecewise constant representation overlaid onto a solution generated by the Cook 

Felderman technique which assumes that the heat flux is piecewise linear between timesteps.  

Viewing the surface heat flux function in this manner is analgous to the method by which the 

sensitvitiy coefficients are calculated and updated.  At each new timestep the model calculates 

new information about the sensitivity coefficients to weight the algorithm’s predicted response to 

the system input, i.e. a step function change in heat flux.  The calculated sensitivity coefficients 

are a gauge of the model response to a step function.  The sensitivity coefficients are recalculated 

at each timestep unless the analysis is linear, in which case the sensitivity coefficients only need 

to be calculated once at the start of the simulation.  Non-linear models have continuously 
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variable thermal properties that will affect the calculated model response to the step function, i.e. 

the sensitivity coefficients will be different at each timestep for all times and locations.   

 From a physical standpoint, the sensitivity coefficients in the algorithm are based on the 

solution of the direct conduction problem (how the temperature distribution and thermal 

properties change within the body due to thermal conduction), and are therefore more 

sophisticated than a simple filter that attenuates a signal based on a given cutoff frequency, or a 

weighted average that calculates filter coefficients based solely on timing.  The sensitivity 

coefficient matrix assigns higher weights to sensors closest to the surface at times that are closest 

to the current timestep while accounting for different materials that may exist within the domain.   

This means that a sensor at x/L = 0.25 will have a larger impact on the estimated surface heat 

flux than a sensor buried at x/L = 1.0, and the sensitivity coefficients will be larger at tm+1 than at 

tm+3 (r = 3 future times) assuming a constant heat flux between times.   

 From a mathematical standpoint, the step function sensitivity coefficients arise from the 

minimization of the objective function, which requires differentiation of the heat conduction 

equation and its associated boundary conditions. The transformation of the governing diffential 

equation and its boundary condtions is shown in Eqn. 12 taken from [80].  
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At the active surface, x = 0, for all times greater than or equal to the current timestep tm, the 

sensitivity coefficient rate of change with respect to x  is unity (1).  At all times before the 

current timestep, the coefficients are equal to zero.  This simplistic representation conveys the 

idea that the sensitivity coefficients act like weighting factors that gauge the response to a unit 

step function spanning from 0 to 1.    

 The same routines used to solve a direct conduction problem can then be utilized to solve 

the governing differential equation for the sensitivity coefficients subject to the boundary 

conditions identified in Eqn. 11.  For efficiency, the sensitivity coefficients can be calculated by 

inverting a matrix.  A perturbation method, as described by Beck [20], can also be used to solve 

for the sensitivity coefficients.  Perturbation methods eliminate the need for matrix inversion, but 

add another set of computations at each timestep.  

 Following equations 11-12, the inverse heat conduction problem algorithm (SFS method 

of Beck) was implemented on a test problem, a triangular ramp function with a sensor located at 

the back of an insulated domain (x+ = 1) shown in Figure 6.   
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Figure 6. Triangular ramp function test case showing domain geometry 

 The goal of this test case is to estimate the surface heat flux using only the domain 

geometry and the data from a single interior temperature sensor.  Using future temperature steps 

enhances the stability of the solution such that data from only one sensor located at x/L = 1.0 can 

be used to estimate the surface heat flux with remarkable accuracy as shown in Figure 7 from 

[20].   
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Figure 7. Calculated surface heat flux for triangular heat flux case with errorless data and 
a temperature sensor located at x/L= 1.0 using the function specification method and four 

future temperature steps (r = 4)..  The x-axis shows dimensionless time and the y-axis 
specifies a dimensionless heat flux.   

 Using four future temperature steps (r = 4) as shown in Figure 7, the algorithm is able to 

maintain stability and does a good job of maintaining a high degree of accuracy with regards to 

the exact solution.  The algorithm does produce some biasing especially at the points where the 

change in heat flux is abrupt and this will be explored in depth in later sections.   

 The results generated by an inverse solver created in this study using the function 

specification method of Beck can be compared with the results generated using the Burggraf 

solution.  The results are shown in Figure 8 
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Figure 8. Comparison of estimated surface heat flux using the function specification 
method of Beck and the Burggraf solution. 

Figure 8 demonstrates that the SFS method produces superior results when compared to the 

analytical inverse solution.  The inverse method also utilized data much further below the surface 

than the Burggraf solution (25 microns versus 5 microns), meaning it has less information to 

work with in generating an estimate for the surface flux.     

 Software packages are also available that efficiently solve inverse problems.  One such 

program for processing one-dimensional test data is the Sandia One-Dimensional Direct and 

Inverse Thermal (SODDIT) code [80].  SODDIT uses the SFS method of Beck to estimate of the 

surface heat flux and can utilize data from up to 16 temperature sensors buried in the wall.   
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 Despite their widespread use in the aerospace industry for over 60+ years, inverse 

methods have not been used for heat transfer analysis in the IC engine community.  Chapter 3 

will present comparisons between engine data processed with inverse methods and more 

conventional analytical and finite difference methods.   

2.1.3.3 Regularization Techniques   

 Tikhonov regularization, or more simply regularization, is an extension of the SFS 

inverse technique that incorporates the noise present in discrete measurements in the model to 

reduce fluctuations in the unknown function (heat flux) being estimated [91].  Regularization 

adds stability by relaxing the requirement that the estimated temperature distribution exactly 

match the recorded data by intentionally adding a small of bias to the solution.  Relaxation is 

allowed within the variance of the measured data.  For instance if the variance calculated at a 

specific crank angle is T +/- 0.3K then a regularization code will allow the solver to calculate a 

heat flux that produces a temperature equal to T+0.3K or T-0.3K, or anywhere in between.  This 

type of solution procedure dampens oscillations and increases solution stability.  The 

regularization technique incorporates the measurement variance (σ) into the inverse model by 

adding a term to the objective function S,   
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where α  is the regularization parameter and iW is a binary (0 or 1) switch used to turn 

regularization effects on or off for trial purposes .  The scheme depicted here is first order in 

nature and limits the change in flux gradients.  Based on the definition of the variance, which can 

be a constant or a function of time (or temperature), the influence of noisy data can be controlled.  

The objective function can be minimized and then rearranged to solve for the flux correction 

akin to Equation 11e given by [42] in matrix notation.   
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 In equation. 14, an additional term is added to the objective function.  Ψ  is defined as the 

matrix of measurement variances, and once again, α  is a smoothing (regularization) parameter 

whose influence is also determined by the variance of the discrete measurements.  Variables in 

bold are matrices, I is the identity matrix, and H is a finite difference coefficient matrix which 

depends on the regularization scheme order.  Note: A second order scheme may be used to 

control rapid oscillations; the second order formulation is further described by [20].   The matrix 

notation indicates that a system of linear equations needs to be solved at each timestep when the 

model order is greater than zero.  The flux estimate, "q  also needs to be iterated by calculating 

the flux correction, "q∆ , and the then updating the initial guess, "oq  until the correction is small 
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and then proceeding to the next time step.  If the relative temperature changes are small, and 

therefore non-linear effects are minor, iteration of the sensitivity coefficients (and therefore the 

heat flux correction) is probably unnecessary.  If the regularization parameter is set equal to zero, 

the regularization technique reduces to the function specification method originally formulated 

by Beck.   

 Similar to the SFS method, regularization methods work well with noisy data.  Figure 9 

presents shock tunnel surface temperature data collected and analyzed with a regularization 

method and finite difference codes.   

 

Figure 9. Shock tunnel heat flux data estimated with regularization (Inverse) and finite 
difference methods (Calspan and Simple Implicit) and their residual with measured 

temperature data from [43]. 

 The heat flux history depicted in Figure 9 shows large variations in the calculated flux 

that all three models capture adequately although the estimated function provided by the 

regularization routine is smoother in general.  However, the calculated residuals clearly show 
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that the regularization (Inverse) method is superior to the two finite difference routines (Calspan 

is a proprietary code).  The finite difference codes suffer from their inability to adequately 

capture the temperature gradient at the surface because of their reliance on numerical derivatives.   

 Looking at the number of solution steps needed to implement a formal regularization 

scheme it appears that using an explicit method to calculate the surface heat flux estimate would 

save considerable computational effort and would be significantly easier to implement.  Walker 

and Scott [42] developed an explicit regularization scheme that utilizes the heat flux estimate 

from the previous timestep along with the measurement variance to add smoothing to the 

calculated heat flux.  The formulation of the heat flux correction for the explicit regularization 

model is given in  
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Where "
oq , is the initial heat flux estimate from the current timestep, and "

1−iq  is the estimate from 

the previous timestep, and α is defined by equation 14.  If X is calculated by a perturbation 

method then equation 17 completely avoids inverting a matrix since no future steps are used in 

this procedure because the temperature measurements are made on the surface and therefore the 

problem is well-posed in that its solution is unique, and it does not technically need future time 

steps, but it still suffers from stability issues due to noise which the regularization term helps 

dampen out.    

 Similar to the SFS method, regularization methods have been utilized for years to 

estimate surface heat flux rates in the aerospace industry but have not seen use in the IC engine 
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community.  Regularization (formal and explicit) codes have been developed for use with IC 

engine data in this study and will be presented along with the SFS codes outlined previously.     

 The analytical and finite difference methods discussed in the previous section have been 

utilized by numerous authors and investigators in previous work to calculate instantaneous 

surface heat flux  and quantify engine heat transfer.  Their experiments and conclusions will be 

reviewed and expanded upon in the following sections to analyze their methods and 

measurements, and identify areas where closer investigation may lead to improved 

measurements and better analysis during data processing.  More background on sensor design, 

characterization, and measurment anomalies will also be discussed.   

 As stated earlier, the inverse methods presented in this section have been applied by the 

aerospace industry for decades, but as far as this author knows, these techniques have never been 

utilized to examine engine heat transfer or surface temperature measurements in IC engines.  

More work will be presented in later sections exploring more advanced inverse techniques and 

their application to IC engine data.   

2.2 Heat Flux Sensors 

 The following sections will give information on the design, characterization, and 

application of specific technologies used to make heat flux measurements.  The two most 

common sensors used for measurements are surface thermocouples and thin-film gauges.   

2.2.1 Probe Design and Construction 

 As previously stated, coaxial thermocouples have found widespread use in a variety of 

applications and industries.  The sensor is self-powered and common sizes for these devices are 
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on the order of 1 mm in diameter or less making them convenient for use in small spaces.  The 

sensor can survive oxidative environments, sustained use up to 500 C is frequently encountered, 

and calibration is not required.  The thermocouple is formed by arranging standardized metal 

thermoelements in a coaxial configuration.  More specifically, one thermoelement is wrapped 

with a thin layer of dielectric insulation (Al2O3) and swaged inside of a second tubular 

thermoelement.  At the surface, plating material can be applied to establish the measurement 

junction [25], as shown in Figure 10 and known as a Bendersky-type thermocouple named after 

its inventor, or the surface can be abraded to cold-weld slivers of one material to the next 

establishing the thermocouple junction [26].   

 

Figure 10. Bendersky-type surface thermocouple showing different thermoelements.  
Taken from [26]. 
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The thermoelements are composed of commonly used metal material combinations such as Iron, 

Copper, Nickel, and Platinum.  Common mounting options include press fit, threaded 

installation, and epoxy-based bonding into the mounting substrate.  After installation, the coaxial 

thermocouple can be machined flush with the mounting substrate surface.     

 Another common configuration uses thin ribbons of thermocouple material sandwiched 

between 3 thin layers of Mica and pressed into a wide variety of substrates including aluminum 

or steel, see Figure 11.   

 

 

 

Figure 11. Detailed construction of eroding type surface thermocouple with coaxial 
thermoelement ribbon separated by dielectric insulation [13]. 
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 This configuration allows more design freedom in trying to minimize thermal disturbance 

to the parent material.  Note: As we will see in later sections, thermal disturbance in the parent 

substrate can cause/create many anomalies in a given temperature measurement.  The general 

compactness of the generic sensor design allows almost limitless mounting configurations as 

displayed by Figure 12 which depicts multiple coaxial thermocouples mounted inside of a piston 

ring that was then installed in a fired IC engine.   

 

Figure 12. Coaxial thermocouples installed in piston ring from Woschni [59] 

 The small size, ruggedness, and simple operation of the coaxial thermocouple have made 

it an invaluable research tool over a long time span, however, the sensor usually requires 

machining of the parent substrate for mounting and this has distinct disadvantages related to 



37 
 

 

instrumentation access and strength degradation of the parent material.  A different technology, 

the thin film gauge, overcomes these hurdles.    

 In general a coaxial thermocouple is mounted through an object while a thin film gauge is 

mounted on top of a substrate.  The thin-film sensor can be a resistance thermometer or a 

thermocouple pair.  Thin-film gauges require a small profile (distance normal to the surface) and 

should be mounted in close proximity to the surface, i.e. if using an embedding technique for 

thermal, oxidative, or chemical protection; the protective mask should only be thick enough to 

protect the thin film from damage.  Furthermore, mounting the gauge close to the surface enables 

accurate measurement of the higher frequency components of the surface temperature; however 

the gauge needs to avoid disrupting the surface flow or boundary layer.  These key ingredients 

are accomplished by manufacturing on an incredibly small scale, mµ  or smaller, and by 

insulating the gauge from direct electrical contact with the substrate. Figure 13 shows an 

example of a turbo pump blade that displays these two features.       
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Figure 13. Thin film thermocouples bonded directly to substrate [53]  

The blade is coated with a thin ceramic layer to provide thermal and electrical insulation and 

then a thermocouple is bonded directly to the surface.  This application has survived a 1000o C 

environment for long durations.  Investigators have also written dielectric materials directly 

under the gauge itself before fabrication of the thin film gauge [50,63].  Figure 14 displays a 

thin-film K-type thermocouple arrangement with its associated dielectric insulation layers that 

was embedded in a nickel substrate using a lithographically written thermocouple combined with 

a unique film transfer technique.    
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Figure 14. Thin-film thermocouple showing layout and different material layers 

Figure 14 shows a fabricated total thickness of less than 6 microns with a thermocouple film 

thickness of 30-200 nm.  This small size enables a fast response time (< 70 ns for a 200 nm thick 

film) as well as good electrical isolation due to the presence of the dielectric isolation of the 

gauge and the nickel substrate.    

 A multi-layered or composite sensor, as shown in Figure 15, can be used to measure heat 

flux directly without an inversion process. 
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Figure 15. Thermal resistance layer heat flux sensor [52] 

This heat flux sensor utilizes a thermopile arrangement with a known thickness thermal 

resistance layer between the upper and lower thermocouple pairs.  The total thickness of this heat 

flux sensor is less than 2 µm and subsequently its response time is only 17 µs [51].  This lattice 

arrangement allows a large number of thermocouple pairs to be positioned on a relatively small 

surface area increasing the signal to noise ratio substantially.  However, the thermopile 

arrangement gives a sensor diameter of 6.3 mm, therefore this sensor cannot be used when high 

spatial resolution is a requirement.   

 An anisotropic heat flux sensor, described by Suslov et al [81], is another thin film sensor 

that can also make a direct heat flux measurement.  This novel technology exploits the 

anisotropic properties of single Bismuth crystals to directly infer heat flux.  A voltage is 

generated by the crystal in linear proportion to the incident heat flux.  The manufacturing process 

does not allow the crystal sensors to be machined flush with the test surface after installation; 

therefore the flow field around the sensor can be adversely affected.  Secondly, the thermal 

inertia of the sensor limits their characteristic frequency to approximately 100 Hz.     

 The thin film arrangements reviewed so far have focused mainly on thermocouples; the 

thermocouples in these examples could alternately be replaced with resistance temperature 

detectors (RTDs) in certain situations as shown in Figure 16, which is similar to the application 

shown in Figure 13.   
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Figure 16. Turbine stator blade instrumented with thin film resistance gauges [54] 

As seen in Figure 16, a thin polyamide sheet is bonded to the entire turbine stator blade for 

electric insulation and then a nickel thin-film resistance gauge is bonded directly to its the 

surface via sputtering.  For an RTD, the electrical resistance is a function of temperature.  

Platinum is a popular material choice for fabrication in resistance measurements because it 

withstands high temperatures, exhibits excellent stability, and offers superior corrosion resistance 

as a noble metal [49].  Traditional manufacturing techniques include vacuum deposition or 

painting of the resistance thermometer onto an electrically insulated substrate such as Macor™  

with special metallo-organic paints that sinters the metal paint onto the ceramic substrate when 

baked [48].  Platinum-Rhodium thermocouples are also robust in high temperature environments 

which is necessary for operation in furnaces or other high temperature environments such as 

turbines or IC engines.  
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2.2.2 Sensor Characterization 

 The following section reviews calibration and modeling of coaxial thermocouples and 

thin-film gauges.  Work is this area aims to determine and correct the biases in the measurement.  

For example, the experimentally determined time response of a coaxial thermocouple can 

identify when a given sensor diverges from classical one-dimensional theory indicating multi-

dimensional heat transfer effects are becoming important at that time scale.   

2.2.2.1 Calibration 

 Calibration work with coaxial thermocouples and other temperature measurements aim to 

quantify a given sensor’s response to a sudden step change, and most importantly, to ensure that 

the response time of the instrument is much less than the characteristic time of the event being 

investigated.  The response is typically analyzed by recording and analyzing the temperature-

time history of the gauge surface after it is irradiated by a high energy light source.  More 

importantly, direct calibration also tries to reconcile differences between the theoretical response 

of a substrate without a thermocouple disturbance and the experimentally measured values in the 

presence of the sensor.   

 Kovacs [55] used a flashtube to impose a surface heat flux step change on a coaxial 

surface thermocouple.  He observed response times on the order of 0.1 ms and also took 

measurements of the response when coating the surface with different thickness layers of carbon 

black to simulate embedding the thermocouple in a wall.  He compared his measurements with 

an analytical solution given by Carslaw and Jaeger [19]. The response times measured are 

greater than the expected times of 10 µs due to the slow response of the flashtube itself (>50 µs).  
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Gatowski [10] used a laser impulse calibration method to accurately determine the time response 

of numerous heat flux sensors including eroding surface and Bendersky-type (co-axial) 

thermocouples, platinum resistance temperature detectors, and others.  The eroding-type 

thermocouples had a response time of 21 µs for the configuration tested and the Bendersky-type 

thermocouples tested also exhibited similar performance.  This response time was shorter than 

the characteristic time for engine heat transfer, which is measured in milliseconds, and is more in 

line with the initial estimates given by Kovacs and other researchers [14].   

 Buttsworth [12] and  Wang [14] also conducted direct laser calibrations and gathered 

time response data.  Both investigators used these data to empirically derive an impulse response 

function that allows direct comparisons between 1-D and 2-D models and the data, and both 

concluded 2-D models more closely match experimental data.  Wang also noted that if a 1-D 

model must be used to calculate surface heat flux with an aluminum mounting substrate, then the 

thermophysical properties in the model should be based on Alumel. 

 Similar studies have been performed for thin film gauges and yield similar results.   

Response times are comparable to coaxial thermocouples or faster than the latter due to 

decreased film thickness and hence decreased sensor mass.  Following work by Jones, et al. [57], 

Wilson et al. [56] sputtered thin film platinum RTDs onto a piston and combustion chamber of a 

single cylinder utility engine and demonstrated a frequency response greater than 100 kHz.  

Boggs [58], fabricated a platinum RTD probe with seven resistive elements and quotes a 

response time of 4 µs.   
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 The preceding sections on sensor calibration have demonstrated that the response times 

for coaxial thermocouple probes and thin-films are on the order of microseconds or faster.  This 

can be improved (up to nanoseconds) with advanced lithographic techniques as described earlier 

in section 2.2.1.   

2.2.2.2 Modeling 

 The preceding section indicated that modeling could help partially explain the deviations 

from semi-infinite body theory with regards to the surface heat flux measured by coaxial 

thermocouples [12].  This section will further investigate thermal modeling and how that work 

aims to correct, or at least account for, measurement errors and uncertainties in thermocouples 

and thin-film gauges.     

 Early work performed by Beck [30] quantified the significance of the thermocouple 

intrusion in relation to measurement accuracy.  He generated a group of dimensionless variables 

used to characterize and correct for thermocouple temperature disturbances.  A main conclusion 

is that mounting a high thermal conductivity material (metal thermocouple) in a low thermal 

conductivity substrate (ceramic) creates a significant thermal disturbance in steady state 

applications and this error is amplified in the transient case.  Essentially, the thermocouple wire 

acts as a thermal energy sink draining heat from the surface.      

 Enomoto et al [60,61] studied the problem extensively with a finite difference model to 

determine the optimal Copper plating thickness used to establish the surface junction of a coaxial 

(Loex-Constantan) thermocouple to minimize measurement bias.  Assanis [11] quantified errors 

resulting from the presence of non-homogeneous wall materials used in simple one dimensional 



45 
 

 

models to calculate surface heat flux according to Eqn. 4 and concluded that standard NIST K-

type co-axial type thermocouples are capable of measuring transient temperatures within an 

accuracy of 98% when embedded in iron walls.  Furthermore, large errors of up to 80% in peak 

and oscillating heat flux may occur when using standard thermoelements in Aluminum 

substrates.  Assanis also implemented a design to correct heat flux measurements made on 

ceramic surfaces using a thin layer of Copper to laterally move thermal energy into the 

surrounding substrate and reduce apparent heat flux measurement errors similar to Enomoto.  

Ishii et al [29] updated the work with alternative thermocouple designs and plating materials.   

 In a second paper, Buttsworth [13] applied a finite element model to the sensor and made 

an important observation that the thermal properties of the sensing element are as important as 

the thermal properties of the surrounding material in determining the actual heat flux rate at the 

surface.  Consequently, the author observed lateral conduction between the thermoelements of 

the sensor and the mounting substrate between timescales of 1-10 ms (in a metal engine 

installation).  Two-dimensional conduction behavior was used to partially explain an anomaly 

encountered in IC engine measurements with coaxial thermocouples.  The anomaly, introduced 

here and covered extensively in section 2.2.3.2, occurs after the flame passes over the coaxial 

thermocouple during combustion.  The surface heat flux falls rapidly and actually turns negative 

for a brief period.  The bulk gas temperature exceeds the wall temperature, which suggests that 

this heat flux reversal should not be possible.     
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 Models, simulations, and data reduction techniques have also been used extensively to 

model coaxial thermocouple sensors in aerospace applications.  As seen earlier, many of these 

applications required inverse methods to solve for the calculated flux.      

 In general, the complex methods used to solve the IHCP (linear algebra and statistical 

modeling) are very sophisticated because they were developed for shock tunnel experiments that 

are single-shot measurements prone to noisy data requiring high frequency response (~100kHz) 

despite being ill-posed problems.  In IC engines, ensemble averaging is commonly used to 

smooth data containing temperature errors and this lowers the required complexity needed to 

solve the IHCP unless single-cycle analysis is desired.  Furthermore, material properties can 

usually be evaluated at the cycle temperature average because the surface temperature of the wall 

does not change by more than ~20o C, which allows a linear solution methodology, this may not 

be the case when ceramic coatings are used however [70], where temperature swings may be on 

the order of a hundred degrees or greater.  Lastly, IC engine surface temperature measurements 

require less frequency response (<500 Hz for non-knocking).  Data will be presented later that 

will help determine if more advanced inverse solutions are required.    

 Kidd [71] details a FE model used to analyze a null-point calorimeter (a near wall surface 

TC) and gives a set of design curves relating measured heat flux versus sensor indicated heat 

flux.  Most importantly, the research provides data on how close to the surface the TC can be 

located without adversely affecting the measurement and it gives guidance on some of the 

general dimensions required for the thermoelements and their placement in the substrate along 
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with temporal estimates for the validity of the model before the thermal wave reaches the back of 

the test piece.    

 Thin film gauge modeling work seeks to 1.) Examine the assumption that the thermal 

resistance of the thin film of the RTD or thermocouple (including the glue layer or bonding 

agent) is negligible 2.) Determine the temperature distribution within the thin film and base 

substrate caused by the presence of the gauge itself 3.)  Find the theoretical temporal response of 

a given gauge 4.)  Estimate the theoretical signal output.   

 A quick estimate of the required gauge thickness to avoid disrupting the surface 

temperature response can be calculated using the Biot number according to equation 18 

 chL
Bi

k
=  (18) 

where h is defined as the heat transfer coefficient, cL is a characteristic length, usually the gauge 

thickness, and k is the thermal conductivity.  Assuming a gas side heat transfer coefficient of 

2000 W/m2-K, a thermal conductivity of 1.0 W/m-K, and a characteristic length of 50 microns, 

the Biot number is 0.1.  At Bi = 0.1, the conductive resistance through the gauge, insulation, and 

glue layer is much less than the convective resistance and it is reasonable to assume the 

measured gauge temperature is equal to the undisturbed surface temperature.  Most thin-film 

gauges used today are on the order of this calculated thickness or smaller [56, 57, 50], thus the 

inconvenience associated with having to correct the measured temperature back to the 

undisturbed temperature is eliminated.  Even though the gauge is technically unobtrusive, models 

are still sometimes used to account for the presence of the gauge.        
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 Piccini [75], Doorly and Oldfield [76], and Ainsworth [77] used Laplace transform 

methods to model surface heat flux from multilayer gauges.  The layers typically studied are the 

thin-film gauge, the insulating layer, the glue layer thickness, and the parent substrate.  

Ainsworth conducted a parametric study on the insulating layer, the gage thickness and the 

thermal properties of the two.  The study examined the predicted frequency response for various 

designs using a vitreous enamel insulator and a metal substrate.  He concluded that with an 

insulating layer thickness of approximately 100 microns, the insulating layer starts behaving in a 

semi-infinite fashion, and decreasing the insulating thickness layer will not result in improved 

frequency response unless the input frequency falls below 100 Hz, i.e. the response is invariant 

for input frequencies greater than 100 Hz.  The insulating layer in this study possessed a thermal 

conductivity equal to 1.35 W/m-K similar to Macor.      

 Holmberg and Diller [78], created an implicit finite difference code to model their sensor 

layers, layout shown in Figure 17, and calculate the theoretical signal output and frequency 

response.    
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Figure 17. Gauge layout for thin film direct measurement heat flux sensor (Vatell Corp.) 

              Figure 17 shows the alternating thermocouples pairs created to form the thermopile 

corresponding with Figure 15.  The use of a 1-D finite difference code also allows easy 

integration of all the different material properties of multiple layers and the use of changing 

thermal properties.  A unique in-situ heat flux sensor calibration method was also developed in 

this work using this 1-D model.  The model calculated transient surface temperature and 

compared it with the measured surface temperature, which in turn was used to calibrate the 

gauge sensitivity using an error minimization routine.  The calculated gauge sensitivity is a 

function of the calculated heat flux and measured voltage signal from the sensor.  A heat flux 

sensor gauge sensitivity of 49.3 µV/(W/cm2) was achieved with an uncertainty of +/- 12%.               

2.2.3 Heat Transfer Measurements 

 In this section, measurements made in IC engines will be reviewed, and measurement 

anomalies will also be discussed.     
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2.2.3.1 Spark Ignition and Compression Ignition Engines 

 Coaxial surface thermocouples have been widely used to measure surface temperature, 

and thus heat flux, in both diesel [1,2,3,4,5] and spark ignition engines [6,7], with early studies 

[1,2,3,4,5] focused on developing correlations to predict the in-cylinder heat transfer rate.  A 

shortcoming of these early studies is that local measurements are used to predict the global bulk 

heat transfer rate.  LeFeurve, Myers, and Uyehara [5] and later Wimmer, Pivac, and Sams [69] 

made comparisons between the heat transfer rates predicted by the correlations of Woshni, 

Annand, Eichelberg, and others with experimental engine data.   The predicted heat transfer rates 

were in error by 25% or more on average.   

 Overbye [6], along with providing another correlation for motored operation, studied 

engine deposits from various fuels and their effects on measured heat transfer.  He also details a 

derivation to calculate surface heat flux through combustion chamber deposits knowing only the 

time-temperature history at the wall which lies underneath the combustion chamber deposits. 

This analysis can be combined with the Fourier analysis outlined in Eqns. 1-5 to solve an inverse 

heat conduction problem.   

 Alkidas [7] performed a parametric study of load, speed, and ignition timing effects.  One 

end result states that the initial high rate of heat flux rise correlates well with calculated time of 

flame arrival. Another important, although intuitive conclusion from this study, is that the spatial 

variations in heat flux are attributable to the spatial variations in temperature and velocity fields 

in the combustion chamber stemming from combustion non-uniformities induced in part by 
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turbulence.   This result gives further evidence to the premise that a local measurement does a 

less than satisfactory job of predicting global heat transfer rates.   

 Enomoto et al [62] made measurements of the instantaneous heat flux flowing into the 

cylinder liner with unique coaxial thermocouples embedded in the wall utilizing a copper thin-

film layer deposited on the thermoelements after installation, and later machined flush with the 

wall surface.  This study also showcased coaxial thermocouples mounted inside the piston rings, 

similar to Furuhama [64], and a system used to retrieve the thermocouple data recorded by 

piston-mounted probes via a grasshopper linkage.  The use of many local coaxial thermocouples 

allowed the authors to assemble a more complete estimate of global heat transfer to the liner, 

chamber walls, and piston surface.  The authors also conducted knocking studies which showed 

heat transfer to piston surface increased by 70% compared to nominal operating conditions.  The 

authors also made size recommendations for the general dimensions of the sensor assembly that 

give the most accurate measurements when compared with simulation data.  They concluded that 

the outer thermoelement should be no greater than 3.0 mm, the inner thermoelement should be 

less than 0.15 mm in diameter, the insulating layer should have a thickness equal to 10 microns 

and the plating thickness should be 10 microns or less.     

 A three dimensional study of surface heat transfer was made by Lin and Foster [65] 

utilizing a sensor with 5 surface thermocouples and a backside thermocouple shown in Figure 

18.   
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Figure 18. 3-D finite difference heat flux probe showing construction details [65] 

The heat flux transducer allowed examination of the 1-D heat flux assumption during transient 

operation.  The authors found that under low load conditions the 1-D assumption was only in 

error by 8% but errors as large as 60% were observed under high load conditions.  Lateral 

conduction was transferring energy from the radial edge of the probe inwards to the central 

sensor; however it is unclear whether this was due to the disruption caused by the entire sensor 

assembly itself, or the sensor assembly location at the edge of the piston bowl and therefore the 

heterogeneous nature of the flame passage.    

 The majority of thin film gauge measurements have been conducted in the aerospace 

industry although a few notable examples of use in IC engines are given below.  Many of the 

thin-film sensors use polyamide mounting substrates glued to the parent substrate.  Usually the 
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maximum temperature the polyamide gauge backing sheet can withstand is on the order of 300o 

C which is marginal for IC engine use (pyrolytic decomposition occurs at 500o C).  Lately, 

manufacturing improvements have been made and different bonding substrates and materials are 

being introduced, enabling higher maximum temperature operation [53].   

  To date, RTDs have seen more widespread use in the IC engine community thus far, and 

this is partially attributed to their robustness and excellent frequency response.  As stated earlier, 

Boggs [58] used a 7 sensor RTD to make integral length scale measurements under fired 

conditions, Gatowski [10] utilized an RTD in a rapid compression machine for comparison 

against other transducers and concluded that the significant differences in measured temperature 

between an eroding TC and the RTD are not due to random errors but to a mismatch in parent 

substrates which perturbs the transient boundary layer.   

 Wimmer [69] conducted a study on heat transfer to the combustion chamber and port 

walls and performed a test characterizing accuracy, response, and range for three different heat 

flux sensors.  He tested traditional coaxial thermocouples, resistive temperature sensors (RTD), 

and a thermal resistance layer sensor.  All three performed well under fired conditions in the 

combustion chamber although the coaxial thermocouples were not suitable as a heat flux sensor 

in the intake or exhaust system due to the thin material wall and the relatively low temperature 

swing.  Here, RTDs were a more logical choice partly due to the absolute nature of the 

measurement.    

 Measurements in IC engines have also been made with some thin-film thermocouple-

based systems.  Assanis [68], building on work by Kim [66] and similar to work performed by 
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Dixon [67], developed a thin-film thermocouple pair for use in adiabatic engine research [70].  

This design is shown in Figure 19.    

 

Figure 19. Thin-film gauge fabricated and used by Assanis [11]. 

The design strives to minimize the disturbance to the parent material by placing the high thermal 

conductivity wires far away from the actual measurement junction thereby making the 

measurement more one-dimensional, i.e. a more accurate measurement of the actual heat flux 

moving through the ceramic coating, and not the lead wires, is made.  The thin film 

thermocouple response matches that of commonly available eroding ribbon thermocouples while 

surviving annealing conditions at 1000o C in a calibration furnace.  The design is capable of 
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measuring peak heat flux rates to within 95% of their true value when compared with simulation 

data.    

 As stated earlier, the author has been unable to find any research in the literature 

referencing IC engine temperature measurements made using subsurface temperature sensors and 

the appropriate inverse solver to estimate the surface heat flux.  Overbye [6] presents a method to 

determine the metal surface temperature with a soot layer coating but this is an analytical method 

that is prone to stability issues similar to the Burggraf solution and Stolz method discussed in 

Section 2.1.3.1.   

2.2.3.2 Anomalies and Measurement Influences 

 Sensor characterization and modeling work on coaxial thermocouples and thin film 

gauges is conducted to correct for biases and errors that are inherent in the measurement.  As 

previously stated, the presence of the sensor itself is the main cause of the bias and sometimes 

the construction of the gauge introduces further difficulty in determining the measurement 

accuracy.  Specific anomalies and measurement errors will now be explored in greater detail.   

 The effect of inserting a coaxial thermocouple into different parent substrates and the 

errors resulting from material property mismatches has already been examined [11, 14] in the 

current review.  The main bias is that the thermocouple actually measures it own temperature and 

not that of the surrounding substrate.  Numerous techniques have been discussed that try to 

overcome this issue, including the use of copper plating to increase thermal communication 

between the sensor and the parent substrate [60].   
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 Another area of frequent study is the assumption of one-dimensional heat transfer.  

Buttsworth [13] and others [7, 14, 29, 46] have studied this topic partly to investigate the 

measurement anomaly first mentioned in Section 2.2.2.2 Modeling, the heat flux reversal during 

the expansion stroke.  An example is given in Figure 20.   
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Figure 20. Heat flux reversal during the expansion stroke in a small utility engine [46]   

The heat flux reversal occurs around 45o after top dead center (ATDC), even though the bulk gas 

temperature (~2000o K) is much greater than the wall temperature (~400o K).  Alkidas [7] 

attributes this to low signal to noise ratio.  Buttsworth [13], using a two-dimensional FEA 

analysis, attributes the reversal to observed lateral conduction between timescales of 1 ms and 10 

ms (in a metal engine installation) and Wang [14], in a similar fashion claims the anomaly is an 

artifact of the 1-D processing codes used in data reduction.  Hendricks [46] examined the role 



57 
 

 

that data processing codes played in heat flux computations and determined that constant time 

step routines could not replicate analytical results with 1-D solutions; two dimensional results 

were inconclusive due to inadequate grid resolution.   

 Two common themes reappear in many of the papers listed above, 1.) Deviation from 

one-dimensional behavior, although small, can become significant under certain conditions, and 

2.) The materials that compose the thermoelements and their surroundings are important in 

determining the magnitude of lateral conduction and must be analyzed with the appropriate finite 

difference or finite element package when interrogating new designs for heat flux measurement 

sensors.   

 The previous authors examined the measurement for bias and error while others have 

addressed this problem from a physical standpoint.  Oude Nijeweme [21] and Wendland [23] 

used unsteady boundary layer temperature gradient reversal to explain the period of heat flux 

reversal.  During a rapid decrease in pressure, such as during expansion, the temperature gradient 

in the thermal boundary layer can suddenly flip and allow thermal energy to flow out from the 

wall even though the wall is colder than the bulk gas temperature 

 Wilson [56] and Tillock [8] performed measurements on an engine similar to Hendricks 

[46] and they did not record heat flux reversal as shown in Figure 21.  Wilson used thin film 

gauges and Tillock used a thermopile direct heat flux measurement sensor from Vatell 

Corporation, the same sensor displayed in detail and cross section in Figure 15 and Figure 17, 

respectively.     
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Figure 21. Surface heat flux from Wilson [56] for multiple sensors 

No heat flux reversal takes place during the expansion stroke in Figure 21.  The work by Tillock 

showed similar results.  Therefore, these results tend to reinforce the idea that if the same 

measurements are conducted in similar engines (small utility engines) with similar load and 

speed conditions, and heat flux reversal occurs only when making measurements with traditional 

coaxial thermocouples, then further investigations are needed to look into some of the more 

fundamental operational principles of both coaxial thermocouples and possibly thin film gauges.       
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3. Analysis of Methods Used to Convert Temperature Data into Instantaneous 

Surface Heat flux 

 This chapter further examines the processing methods previously identified and explored 

in the Literature Review to convert temperature data (below and on the surface) into 

instantaneous surface heat flux.  The results from each individual method will be compared and 

discussed.  Comments on accuracy, complexity, and other technical details will be presented, and 

recommendations concerning the use of each processing method will also be made.     

3.1 One-Dimensional Surface Temperature Data Test Set 

 The following sections will detail how the temperature data shown in Figure 22 are used 

to calculate the instantaneous heat flux.  These data were collected in a preliminary experiment 

by the author [46]. The temperature measurements were made with a fast-response J-type coaxial 

thermocouple (TCS-061-JJU-2.00-0-GGS-A2-0) from Medtherm Corp., and another J-type 

thermocouple that was mounted 3.31 mm behind the surface of the chamber and slightly off axis 

from the fast-response sensor.  The fast response sensor is mounted flush with the surface of the 

combustion chamber and is located in between the exhaust and intake valves.  Further 

information about the design of the heat flux sensor is contained in Chapter 4.    
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Figure 22. Representative temperature history for a small utility engine operating at 3060 
RPM, 100% load, fixed spark timing (18o bTDC).   

 Figure 22 shows ensemble-averaged surface temperature data as a function of crank angle 

and collected over 350 cycles, and assembled using a Fourier series representation of the surface 

temperature given by Eqn. 1 in Section 2.1. The backside temperature a thermocouple is also 

shown in Figure 22.  The median value of the time invariant, backside temperature data was used 

in the heat flux computation to eliminate the unsuppressed noise (i.e. the negative dip) that arose 

from the ignition system.   

 The data in Figure 22 are referenced to 0o at firing top dead center.  The surface 

temperature decreases during the compression stroke until relatively late in the compression (45o 

bTDC) when it begins to increase.  The surface temperature rapidly increases during the flame 

propagation period, then decreases during the expansion stroke.  The increase in temperature 
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around 400o aTDC corresponds with the inlet valve opening; this effect was seen in all test data 

acquired.  The large dip in the backside junction temperature is a result of spark noise that 

propagates through the amplifier circuit.  The slow, first-order response of the signal back to its 

nominal value is due to a capacitor (10 µF) placed on the circuit to help filter noise.  These 

temperature data set are used in the remainder of this chapter as the test bed for the different 

processing methods examined.     

3.2 Evaluation of Heat Flux Using Analytical Methods  

 One-dimensional models are partly defined by their ability to accommodate only one set 

of thermophysical property data which is as a major drawback when using coaxial 

thermocouples to calculate the surface heat flux; coaxial gauges are composed of multiple 

materials that are parallel to the primary direction of heat transfer.  The gauges are mounted by a 

variety of methods that sometimes introduce additional materials, such as epoxy, which further 

complicates analysis.  The first two methods examined in this section, as in the literature review, 

are the Fourier Method (FFT) and the Cook-Felderman (C-F) technique; both are based on 1-D 

analytical solutions and cannot accommodate temperature-dependent thermophysical data.  The 

assumptions required to implement these methods are:   

1.)  A semi-infinite medium through which the thermal wave travels 

2.)  No radial / lateral conduction, i.e. 1-D behavior only 

3.) The mounting substrate is constructed of the same material as the sensor   (or the effective 

thermal properties of the sensor are an average of all the materials used in the construction 

of the measurement gauge) 

4.) The thermal properties of the gauge and substrate are constant and, therefore, the problem 

is linear.   
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3.2.1 Cook – Felderman and Fourier Method Solutions 
  

 In order to further examine some of the assumptions listed; it is instructive to calculate 

the surface heat flux rate using the analytical methods before further analyses are conducted.   

Figure 23 presents the surface heat flux calculated with the temperature data from Figure 22 

using both the Fourier Method and the Cook-Felderman technique which was iterated for 200 

cycles to eliminate the startup transient.   
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Figure 23. Instantaneous heat flux rate calculated using the FFT and C-F techniques with 
iron property data for engine data of Figure 22. 
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 The heat flux is slightly negative during the compression stroke up until 40 bTDC 

because the bulk gas temperature is colder than the surrounding walls, which causes the wall to 

supply energy from the previous cycle back into the combustion chamber.  The heat flux grows 

during combustion and the large heat flux increase coincides with the arrival of the flame at the 

sensor.  After combustion completes and during the expansion stroke, the heat flux decreases 

rapidly and reverses, i.e. turns negative, as seen in Figure 23.  The surface temperature data 

strongly suggest that this reversal should not occur; at the minimum heat flux level of -4.1x 105 

W/m2 the wall temperature is approximately 572 K whereas the gas temperature is significantly 

higher, approximately 2000 K based on the heat release analysis.  As stated earlier in Chapter 2, 

this phenomena was observed by Alkidas [7],  Wang et al. [14], and  Buttsworth [13].   Others 

researchers [14, 22, 23, 90] propose the heat flux reversal is the result of pressure work within 

the boundary layer, and the reversal is a real physcial phenomenom that does not occur because 

of a bias in the processing code used to calculate the surface heat flux.  During the gas exchange 

strokes the heat flux is relatively low, with a slight deviation during the intake stroke.  

 There are some differences between the C-F and FFT solutions in Figure 23.   The C-F 

technique does not include the steady state heat transfer rate which is included in the FFT 

solution.  To compute the steady state heat transfer rate, a backside temperature measurement is 

required, as stated in Section 2.1.1.2.  If the backside measurement is omitted, the FFT solution 

converges to the C-F solution.  The FFT solution without the steady state component is identified 

as FFT-Steady in Figure 23.  As shown, the curves C-F and FFT-Steady are nearly identical.  

Neglecting the steady state component, the instantaneous heat flux curves are identical for the 
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two different solution methodologies, which is expected since both solutions originate from the 

analytical semi-infinite solid solution.   

 The C-F solution allows no modifications to the solution except for changes to the 

thermal properties of the substrate.  The FFT solution permits thermal property changes and the 

choice of the number of harmonics used in the summation term of equation 3.  Limiting the 

number of harmonics provides a degree of filtering if noise is an issue, but care must be taken to 

avoid filtering out the desired high frequency components of interest.   

3.2.2 Material Property Effects 

 The effects of thermal property changes can be seen in Figure 24.  The instantaneous heat 

flux rate has been calculated with the FFT solution using the average temperature for the front 

and backside thermocouples to set the thermal properties of the sensor.   
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Figure 24. Thermal property effects on the estimated surface heat flux rate using the FFT 
analytical solution.  Thermal properties can only be evaluated at one temperature.   

 Figure 24 displays the instantaneous heat flux rate calculated with Equation 3 using the 

thermal properties of Iron, Constantan (Cu/Ni), and 6061 Aluminum to set the thermal 

diffusivity term.  Three findings are identified, 1.)  These materials are only three of six materials 

present in the sensor domain of [46]; although the remaining materials occupy a very small 

percentage of the sensor volume other solutions could be possible, 2.)  The peak values vary by a 

factor of two between the Constantan (Cu/Ni) solution and the Aluminum solution which have 

the highest and lowest thermal diffusivities of the metallic materials respectively.  The solution 

for Constantan (composed of 45% Nickel and 55% Copper) produces the lowest observed peak 

magnitude because the presence of Nickel in the Constantan alloy dominates the thermal 
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diffusivity. The iron thermoelement comprises the largest percentage of volume within the 

sensor assembly and possesses a slightly higher thermal diffusivity than Constantan.  If Iron is 

chosen as the correct thermal property for the gauge without further testing or calibration, this 

would provide a conservative estimate for the surface heat flux.  3.)  The difference in the steady 

state heat flux rate between the Cu/Ni and Aluminum solutions (9.5 x 104 W/m2) is even greater 

than the difference calculated when excluding the steady state term using the FFT method, 

indicating that an uncertainty in the effective thermal properties of the sensor will dominate the 

absolute uncertainty of the measurement.   Although Aluminum is not used in the manufacturing 

of this sensor, the possibility of multi-dimensional effects leading to a short-circuiting of thermal 

energy from the sensor to the wall substrate is possible.  This scenario dictates that a possible 

solution set includes the result for Aluminum properties.  This also highlights the need to account 

for the thermal properties of the mounting substrate when specifying a specific gauge as 

discussed in Section 2.2.2.2.  The parametric study of material property effects places limits on 

the true value for the surface heat flux rate provided the choice of the correct material property 

used in evaluation is the only uncertainty in the system.    

3.2.3 Cook-Felderman Uncertainty Analysis 

 Along with the uncertainty associated with choosing the correct material property for use 

with the 1-D model, uncertainty lies in the temperature measurement itself and the actual thermal 

property values.  The uncertainty in the C-F technique is calculated according to Equation 19 
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 where 
ck

e ρ is the absolute uncertainty of the thermal product (i.e. the thermal diffusivity), for 

the case of Constantan this is reported as 7.6% [108], and j is the timing index. The uncertainty 

of the temperature measurement Ye can be found by examining the variance of the data.  For all 

times during a given cycle other than during combustion, the variance for the trial data set in 

Figure 22 is approximately 0.32 K.   The calculated uncertainties for the temperature 

measurement and thermal properties describe the absolute uncertainty in the C-F technique 

which is assumed to be equivalent to the uncertainty in the transient portion of the FFT heat flux 

calculation.  If the C-F solution is iterated, the uncertainty due to the temperature measurement 

exponentially decreases as the timing index increases, and if i � ∞, this term converges to zero. 

The second uncertainty term utilizes the temperature summation and is therefore a function of 

time and finite.  However, the calculated uncertainty is a small contributor to the overall 

uncertainty and can therefore be ignored.  The uncertainty in the transient heat flux calculation 

due to thermal properties is presented in Figure 25.   
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Figure 25. Uncertainty in the transient portion of the 1-D analytical solution due to thermal 
property uncertainty 

As Figure 25 displays, the uncertainty is a small fraction of the peak signal (~0.01%).  Therefore, 

the total uncertainty is only a function of the steady state uncertainty.         

  The uncertainty in the steady state heat flux measurement (first term of Eqn. 3 for the 

FFT method) is calculated according to equation 20  
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where the absolute uncertainty in the depth of the backside measurement δe is 0.005 in or 1.27 x 

10-4 m, ke is the uncertainty in the thermal conductivity which is taken to be equivalent to the 
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relative uncertainty of the thermal diffusivity, 
wT

e_ is the uncertainty of the average wall 

temperature measurement which is set as the variance of the measurement (0.32 K), and 
ST

e_ is 

the absolute uncertainty of the steady temperature measurement which is conservatively set the 

same the same as the wall temperature uncertainty (0.32 K).   The total calculated steady state 

heat flux uncertainty for this example is +/- 1.01 x 104 W/m2 which is equivalent to a relative 

uncertainty of approximately 14%.  The individual contributions to the total steady state 

uncertainty are summarized in Table 1. 

Table 1. Steady State heat flux uncertainty contributions 

  q" [W/m2] k [W/m-K]  δ [mm] Tw [K] T s [K] 

Value 74387 57.39 3.31 570.34 566.56 
Uncertainty 10084 4.362 0.127 0.32 0.32 

% Uncertainty 14 31 8 30 30 

 

  The errors in the thermal conductivity and the temperature measurements are the largest 

contributions to the steady state uncertainty, comprising over 91% of the total uncertainty in the 

steady state measurement.  One can notice that using a thermopile to measure the temperature 

difference in the wall instead of two separate measurements would significantly reduce the total 

uncertainty.  As mentioned previously, this technique is employed by the Vatell Corporation [51] 

which manufactures a sensor that directly measures the surface heat flux using a thermopile.  The 

uncertainty in the distance between the temperature measurements could be reduced by x-raying 
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the sensor to determine the exact location of the second junction; this technique was employed 

by Alkidas [7].     

 Aside from issues associated with material property selection and the uncertainty 

analysis, the Fourier method also suffers from ringing due to the truncation of the data set to a 

finite number of modes (known as Gibb’s phenomenon [109]).  Ringing can distort the 

calculated surface heat flux, but using a window function to limit spectral leakage can attenuate 

the original signal, therefore a balance between error from ringing and attenuation must be 

sought.  The Cook-Felderman Technique does not use a Fourier transform but its solution does 

utilize finite temperature derivatives that when coupled with noise in the original solution 

amplify solution instabilities as described by Beck [20], Kendall [45], and Walker [42]. 

 The analysis of material selection for thermal property evaluation and the measurement 

uncertainty analysis highlight the difficulty in using one-dimensional analytical routines for 

surface temperature data evaluation.  Based on the material chosen to represent the thermal 

properties of the sensor, peak heat flux values can vary by a factor of two.  The material choice 

also affects the steady state heat transfer rate.  The variation in the steady state heat flux rate is 

the same magnitude as the calculated value.  Uncertainties in the transient solution are negligible 

and decrease as a function of time.  Uncertainties in the steady state heat flux calculation are 

approximately 14% of the steady state uncertainty.  Returning to Figure 23 all of the salient 

features of the combustion event are captured entirely by the transient measurement portion of 

the surface heat flux, and combined with the uncertainty in the steady state measurement due to 

thermal properties and measurement error, the utility of measuring the steady state heat flux can 

be questioned.  Furthermore, this analysis does not address the fact that 1-D measurements are 
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more than likely 2-dimensional in nature and that coaxial TCs make a point measurement which 

makes computing a global steady state heat transfer rate very difficult without a large number of 

measurements.   

 Along with these limitations, the analytical methods do not allow temperature-dependent 

properties (or any other type of spatial variation) and require specific boundary conditions be 

enforced to obtain a solution.  Numerical methods relax some of these constraints.   

3.3 Evaluation of Heat Flux Using Finite Difference Methods 

 

 The one-dimensional numerical methods analyzed in this section will focus on finite 

difference routines.  As mentioned in Section 2.1.2, finite difference routines use the converged 

temperature distribution to directly calculate the surface heat flux.  Since the routines use a grid 

to discretize the problem, numerical stability issues must be addressed.  An estimate for the 

critical timestep was outlined and different integration routines were presented to help mitigate 

stability concerns.     

3.3.1 Spatial and Temporal Grid Effects for Finite Difference Methods 
 

 To further investigate numerical methods, spatial and temporal grid resolution studies 

were conducted using the data set of Figure 22.  The Crank-Nicolson (CN) method is the only 

integration routine investigated here since its implicit nature renders it unconditionally stable; 

however modifications to implement an adaptive timestep routine were also investigated.  In this 

example, a 1-D domain is composed of a number of nodes, N, with a time invariant temperature 
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set at the back of the domain (beyond the reach of the thermal wave) and a time varying 

temperature at the surface.  The boundary conditions utilize the data from Figure 22.  At the end 

of the simulation, the temperature distribution is compared to the temperature distribution at the 

start of the simulation, if the sum of squares error between the two data sets is greater than a 

specified tolerance, the solution iterates until convergence is achieved.  The model is initialized 

with a gradient based on average temperatures, but this method usually requires a few iterations 

to ensure the correct thermal gradient is established in the computational domain during the 

entire engine cycle.   

 Figure 26 displays the surface heat flux rate calculated using different integration routines 

(CN v. CN-Adaptive) and different nodal densities where N is the total number of nodes. 
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Figure 26. Calculation of surface heat flux data using finite difference formulations with 
and without an adaptive timestep routine compared with the FFT solution. 

 

 In Figure 26, the adaptive timestep routine (CN-Adaptive, N = 300) calculates the 

t∆ required to maintain a specified tolerance level between half steps in the integration routine.  

In this case 2513 timesteps are required, and the calculated surface heat flux identically matches 

the FFT solution.  Furthermore, a closer look reveals that the calculated heat flux rate is 

significantly smoother than the FFT, i.e. it lacks the high frequency ringing mentioned in Section 

3.1.   

 If a constant timestep based on the sampling rate of the data acquisition system,DAQt∆ , 

which for the case of Figure 26 is one data point per crank angle (720 timesteps) is chosen, then 

for the same number of spatial nodes (CN, N = 300), the calculated surface heat flux fails to 

match the adaptive timestep solution by a significant margin.  In Figure 26, the nodal density for 

the curve CN, N = 300 is large enough that the critical timestep,critt∆  calculated by equation 6 is 

smaller than the timestep of the data acquisition system meaning the solution for CN, N = 300 

nodes without the adaptive timestep is unstable. The solution shown in Figure 26 appears stable 

because of the implicit nature of the CN solution (Euler solutions would always be unstable in 

this example).  Increasing the number of nodes to N=1000 a stability issue is obviously present 

but due to the implicit integration technique, the solution is non-divergent.  To fully eliminate 

numerically induced oscillations due to instability (which are obscured in the CN, N=300 case 

due to noise), the number of nodes must be reduced to N = 80, which now impacts the method’s 

ability to adequately resolve the surface gradients.  The temperature data can be resampled to 
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decrease the integration timestep and improve stability; but the adaptive timestep routine 

alleviates these issues and should be utilized.     

 Two competing constraints can be identified by this brief study, 1.)  The number of nodes 

needs to be minimized to reduce stability concerns for a given timestep, and 2.) The number of 

nodes needs to be maximized to resolve the temperature gradient at the surface well enough to 

accurately calculate the surface heat flux.  These two competing constraints dictate that an 

adaptive timestep routine be utilized (or the sampling frequency is increased), but the adaptive 

timestep increases the computational memory requirements in this example by over a factor of 4.  

Furthermore, resolution in this example is determined in the context of how well the numerical 

solution matches the analytical solution even though the analysis of the analytical solution shows 

that a wide range of solution possibilities exist due to uncertainty in the materials and the 

temperature measurement, i.e. even if we can match the analytical solution the answer may still 

be incorrect.      

 This exercise focused on determining the nodal requirements needed to adequately 

resolve the surface heat flux using a finite difference routine with a CN integration scheme.  We 

find that using an adaptive timestep integration routine solves stability issues for a given nodal 

density.  We also determined that a high nodal density is required at the surface in order to 

adequately resolve the temperature gradient at the surface.      

 Alternately, it was thought that a grid that increases nodal density at the surface while 

limiting the node count at the rear of the domain could overcome some of the resolution issues 

mentioned above while maintaining the appropriate timestep required for stability and decreasing 
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overall computational requirements.  However, a variable density gridding routine was not 

created for the 1-D model investigation here.   

3.4 Evaluation of Heat Flux Using Inverse Heat Conduction Techniques 

 The numerical and analytical models discussed above calculate the temperature gradient 

at the boundary surface with finite derivatives that amplify uncertainties present in the raw 

signal, especially temperature measurement noise.  The reference data set used in this study and 

shown in Figure 22 is a surface temperature trace ensemble averaged over 350 cycles, and is 

therefore fairly smooth, however it is clearly seen that noise is still present in the resulting trace.  

If the temperature data are examined on a cycle-by-cycle basis and used to compute the surface 

heat flux using the Fourier Method or Cook-Felderman Technique, uncertainties in the 

measurement data eclipse the real signal as shown in Figure 27.   
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Figure 27. Calculated cycle by cycle heat flux for 4 sequential cycles (#101-104) [46]. 

 The temperature data could be filtered to dampen the noise amplification before 

calculating the temperature gradient at the surface.  However, this requires a priori knowledge of 

the frequencies of interest to avoid filtering out high frequency components that are real and 

critical to understanding the true nature of a combustion event.  A different approach is sought 

that avoids using Fourier’s law to calculate surface flux gradients; inverse methods accomplish 

this goal.   

 Inverse conduction methods avoid calculating finite derivatives by inverting a matrix to 

directly solve for the surface heat flux.  Secondly, inverse methods use least squares 

minimization to limit the influence of measurement noise and utilize future temperature 
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information to maintain solution stability.  Finally, a more advanced inverse technique can 

include a regularization term that enhances solution stability.  Stability is achieved by relaxing 

the requirement that the calculated temperature distribution exactly matches the recorded 

temperature data, this is done through statistical methods.   

3.4.1 Bias Associated with Using Future Temperature Information 
 

 As discussed in the Literature Review, inverse conduction methods were originally 

developed to estimate the surface heat flux rate using discrete, interior temperature 

measurements.  Since the measurement takes place below the surface, and contains noise, the 

problem is ill-posed and the solution exhibits instabilities.  Coaxial thermocouples measure 

temperature on the surface of the engine, but the presence of noise in the recorded data makes an 

inverse solution desirable because the method will damp out instabilities resulting from noise in 

the data by relaxing the exact matching requirement of the recorded data (regularization).  The 

data from [46], the example test case, can be processed with an inverse method to compare with 

the results generated by the analytical and finite difference methods.  Figure 28 shows the effect 

of increasing the number of future steps (r) to dampen noise overlaid on the Fourier (FFT) 

solution.   
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Figure 28. Biasing of the calculated surface heat flux as the number of future steps (r) is 
increased for ensemble averaged temperature data of [46].   

 The use of future temperature information improves stability (smoothing), but also 

apparently biases the solution.  The inverse method eliminates a significant portion of the chop 

associated with the solution generated by the FFT as the number of future steps (r) is increased.   

However, as r increases, the bias increases, the estimated peak heat flux is lower and phasing 

differences (in relation to the FFT solution) increase.  To minimize bias, Beck et al. [20] 

recommends using the fewest number of future times required to maintain stability.  Since a 

coaxial sensor makes a surface measurement and the heat flux calculation in this example is a 

well-posed problem, multiple future time steps are not technically required and the solution 

exhibits good stability with only one future temperature step as shown in Figure 28.  Even with 
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one future timestep, the inverse method and the analytical solution exhibit a distinct phasing 

difference.  For the ensemble averaged data set in this example, the inverse solution appears to 

yield little benefit when compared with the FFT solution.  Once again, however, it is difficult to 

say which method is ultimately correct given the uncertainties previously discussed, and Walker 

[42] has stated that analytical methods can overestimate the surface heat flux, which would result 

in the analytical solution being advanced in time in relation to the solution generated by the 

inverse method.  A latter section in this chapter will demonstrate that this is indeed the case for 

the sample data set.  Beyond r = 4 future timesteps, the bias becomes even more prevalent as 

demonstrated by the trace with r = 8.  

3.4.2 Cycle-by-Cycle Heat Flux Computation with Inverse Methods 
 

 When the uncertainty in the recorded data increases due to noise (without the noise 

suppression provided by ensemble averaging), as is the case when examining single-cycle engine 

data, the inverse solution provides a better estimate for the surface heat flux than analytical 

methods as shown in Figure 29.   
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Figure 29. Estimated surface heat flux from individual cycle engine data from [46] for 4 
cycles (101-104) using the Cook-Felderman technique and the inverse solution previously 

described with r = 3 and r =5 future time steps 

 The inverse solution is clearly superior to the Cook-Felderman (or Fourier Method) when 

considering noise suppression ability.  The inverse method does not specify a cutoff frequency 

and is thus able to avoid filtering out high frequency components of interest; secondly since the 

method avoids differentiating the temperature distribution at the surface, ringing is also 

decreased which makes it a good choice for data reduction of temperature measurements.  As the 

number of future times is increased, the amount of smoothing, i.e. regularization, increases as 

also demonstrated in the previous section.  The inverse method decreases the average spread by a 

factor of 10 when examining the calculated heat flux at times other than combustion.   
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3.4.3 Ensemble Averaging Effects using the SFS Inverse Method 
 

 The calculated single-cycle  heat flux can be ensemble averaged to further decrease noise 

and compared with the heat flux calculated with the ensemble averaged temperature curve (r = 

4) from Figure 28 as shown in Figure 30.   
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Figure 30. Ensemble averaged heat flux (r = 4) for data from [46], compared with 
calculated heat flux generated with ensemble averaged temperature curve (Inverse solution 

with r = 4) compared with heat flux calculated by an analytical method 

 Figure 30 shows the ensemble averaged heat flux in blue compared with the heat flux 

calculated by the ensemble averaged temperature curve in red and the FFT result shown in black.  

Both inverse methods used four future timesteps.  The curves for the inverse methods are nearly 
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identical, i.e. the method by which the data is averaged are not important when considering the 

SFS method.  Using an inverse method to solve for the estimated surface heat on a cycle-by-

cycle basis is computationally expensive and therefore this result eliminates the need to calculate 

the single-cycle heat flux and then average it.         

3.4.4 Noise and Uncertainty Data Utilization in Formal Regularization Techniques 

 The ability to utilize the measurement variance and uncertainty in estimating the surface 

heat flux from temperature data sets the formal regularization routine outlined in section 2.1.3.3 

apart from the other processing techniques (analytical, finite difference, and SFS) discussed.  

This unique capability relaxes the exact data matching requirement that the other methods 

(except the SFS method of Beck to a limited degree) must adhere to.     

 To understand how the statistical data from the measurement will be used in estimating 

the surface heat flux, it is instructive to look at the entire data set from Figure 22.  For the fast 

response surface thermocouple, a matrix of data is recorded that contains 350 cycles of data with 

720 data points per cycle (for 1ocrank angle resolution).  An ensemble average variance trace for 

the data set can be produced by calculating the variance at each crank angle.  The ensemble 

average variance for the data set of Figure 22 is shown in Figure 31.  
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Figure 31. Ensemble average variance for test data of Figure 22.  This data set can only be 
used for the case where the heat flux is calculated with the ensemble averaged temperature 

(EAT) trace.   

 Figure 31 shows that, aside from the combustion event where turbulence and others 

factors contribute to produce different burn rates and therefore different surface temperature 

profiles, and the spark event, the variance, which is defined as the square of the standard 

deviation, is relatively constant with a median value of 0.15 K2, i.e. a standard deviation of 0.38 

K.  The data from Figure 31 are placed into a vector that is used to calculate the scalar 

regularization term α and the matrix of non-constant variancesΨ , according to equations 10 and 

12, which both vary in time.  The estimated surface heat flux calculated with the regularization 

technique and the time varying variance is shown in Figure 32 and demonstrates first and second 
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order regularization effects compared to the SFS method (W1 = W2 = 0) and the analytical 

Fourier method (FFT).  
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Figure 32. Estimated surface heat flux profiles calculated using 1st (W1 = 1, W2 = 0,) and 
2nd order (W1 = 0, W2 = 1) regularization techniques, the SFS of Beck (W1 = 0, W2 = 0) 

with r = 3 future time steps, and an analytical method (FFT)  

 
3.4.5 First and Second Order Regularization Effects 
 

 According to Figure 32, the regularization techniques calculate heat flux estimates that 

are similar to the heat flux profiles calculated with the SFS as shown in Figure 28 and Figure 30.  

The inverse regularization techniques produce a significant amount of smoothing in comparison 
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with the FFT, and the regularization scheme has a slight increase in bias when compared with the 

SFS due to the addition of the regularization term.  The increase in bias is within the variance of 

the temperature data and does not necessarily increase the uncertainty of the heat flux estimate.  

Indeed, if we turn regularization effects off (W1 = 0, W2 = 0, r = 3), we recover the result 

generated using Becks’s SFS method outlined by Equations 7 and 8.   

 The heat flux estimate calculated using the 1st order regularization routine (W1 = 1, W2 = 

0, r = 3) demonstrates how the regularization parameter α limits the estimated heat flux 

gradients.  Within insert A, the estimated heat flux during combustion is considerably smoother 

than the results produced by the other three solutions.  During the expansion stroke, detailed in 

insert B, the 1st order solution is less choppy when compared with the FFT and the SFS.  

Examining 2nd order regularization effects (W1 = 0, W2 = 1, r = 3) while turning off first order 

effects, it appears that the solution detailed within insert A now closely matches the peak 

calculated without regularization, but the dip after combustion (seen clearly after peak heat flux 

in the FFT and the SFS of Beck) has disappeared.   

 The 2nd order regularization scheme decreases rapid oscillations without limiting flux 

gradients, i.e. it picks up the peak value of the main heat flux event while limiting the influence 

of noise (by smoothing), especially at low signal-to-noise ratios.  During expansion, examined in 

insert B, 2nd order regularization also limits the noisy chop seen in the FFT and the SFS, but not 

as much as the first order regularization scheme.  Since the noise is statistically modeled, the 

regularization techniques will allow a prediction that is mathematically impossible with the 

analytical methods, and to a smaller extent, the SFS due to exact matching requirements.  In the 

FFT solution and the SFS, the dip after peak heat flux is likely a result of measurement error, the 
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exact matching requirement forces a dip in the estimated heat flux after peak conditions for the 

FFT.  With the regularization techniques, the model biases the estimated solution (within the 

variance of the data) to allow a solution that is much smoother and likely more accurate than the 

analytical model.  The sequential function specification (SFS) method, i.e. the Beck method, 

limits the influence of measurement error through the use of future time steps and least squares 

minimization.  Measurement error effects will still be seen in the final solution (as depicted by 

insert A of Figure 32) although its influence will be effectively limited based on the number of 

future steps used.   

3.4.6 Ensemble Averaging Effects Using Regularization Techniques 
 

 Similar to the SFS, where the use of future time steps adds enough stability to allow 

meaningful single-cycle analysis, formal regularization techniques can also be used to look at 

cycle-to-cycle variability.  The cycle-by-cycle regularized heat flux can be ensemble averaged 

and compared with the heat flux calculated by the regularization routine using an ensemble 

averaged temperature curve as the front side boundary condition.  This is different than the 

comparison made before with Beck’s sequential SFS because the variance data is now modeled.  

If the ensemble averaged temperature data is loaded into the regularization inverse solver, the 

ensemble averaged variance data from Figure 31 should be used for making heat flux estimates.  

If a single-cycle heat flux analysis is conducted, only a single value of the variance can only be 

used for the entire cycle duration (this value can be constantly updated as sample size increases, 

but it does not vary as a function of crank angle in a cyclical pattern, i.e. it is not ensemble 
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averaged for 350 engine cycles) A comparison between the first order regularized solutions is 

displayed in Figure 33.   
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Figure 33. Comparison of ensemble averaged solutions using 1st order regularization with 
r = 3 future steps 

 Examining Figure 33, the differences between the ensemble averaged temperature 

solution and the ensemble averaged heat flux (from the cycle-by-cycle analysis) are significant.  

The ensemble averaged heat flux curve (EAHF) closely follows the FFT.  The regularization 

term is approximately 25 times smaller than that calculated for the ensemble average temperature 

curve (EAT).  The variance data, which feeds into the regularization parameter, drives the 

differences between the two regularized heat flux estimates.  Also notice that since the amount of 
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regularization in the EAHF curve is limited, the solution is more coarse than the EAT generated 

curve.       

3.4.7 Grid Effects with Regularization Techniques 
 

 Along with decreased sensitivity to data processing methods, regularization techniques 

also demand less spatial resolution to achieve a converged solution.  Figure 34 shows estimates 

generated by the 1st order regularization routine with different nodal densities.   
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Figure 34. Grid convergence for 1st order regularization technique 

 



89 
 

 

According to Figure 34, above N = 80 nodes, the solution changes very little.  Compared to the 

finite difference routines in Figure 26, the regularization routine requires approximately ¼ the 

amount of nodes to obtain grid convergence.  Since inverse techniques (regularization and SFS) 

do not require calculation of finite temperature derivatives at the surface, they can use a fraction 

of the nodes that are normally required with finite difference methods.  In Figure 26, 

convergence is nominally defined as equivalence to the analytical solution since by definition the 

finite difference methods should match the analytical solution.  This in turn requires exact 

matching of temperature data to the generated solution.  Regularization routines allow a bias 

within the variance of data and exact matching is not required to obtain solution convergence. 

  3.4.8 Explicit Regularization  
 

 Looking at the number of solution steps needed to implement a formal regularization 

scheme it appears that using an explicit method to calculate the surface heat flux estimate would 

save considerable computational effort and would be easier to implement.  Walker [42] 

developed an explicit regularization scheme that utilizes the heat flux estimate from the previous 

timestep along with the measurement variance to add smoothing to the calculated heat flux of the 

current timestep.  The formulation of the heat flux correction for the explicit regularization 

model is given by equation 21 
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where "
oq , is the initial heat flux estimate from the current timestep, and "

1−iq  is the estimate from 

the previous timestep.  If X is calculated by a perturbation method then Equation 21 completely 

avoids inverting a matrix since no future steps are used in this procedure.  As stated before, since 

temperature measurements are made on the surface, the conduction problem is well-posed, its 

solution is unique, and it does not technically require future time steps to converge.  Stability 

issues are present due to noise, and the solution instabilities arising from this noise are dampened 

by the regularization term.   

 The estimated surface heat flux calculated using the explicit regularization technique can 

be compared with the solution from the FFT and the solution generated by the SFS inverse 

method with r = 1 future timestep to minimize the bias added using future steps when comparing 

against a method that technically does not use any future steps (although it does look back one 

timestep).  The calculated heat flux profiles are shown in Figure 35.  Also shown in Figure 35 is 

a solution using an inflated value (15x) for the variance to increase the smoothing capability of 

the regularization termα .  The inflated variance was investigated because the solution would not 

allow for a non-constant variance to be implemented due to stability issues.  For the initial 

solution examined, the mean variance (0.38 K2) was used to calculate the regularization term.   



91 
 

 

0.009 0.01 0.011 0.012 0.013 0.014 0.015
-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5x 10
6

Time (s)

H
e

at
 F

lu
x 

(W
/m

2 )

 

 

FFT
Exp. Reg., Variance = C
Exp. Reg., Variance = 15 x C

 

Figure 35. Comparison of explicit regularization technique and analytical method (FFT) 
using test data set from [46].  

 Compared with the FFT, the explicit regularization method (Exp. Reg., Variance = C) 

does not appear to add significant smoothing to the estimated solution, and the explicit 

regularization estimate overshoots the analytical estimate.  Artificially increasing the variance 

(Exp. Reg., Variance = 15 x C) to alter the value of the regularization term to more closely match 

the values seen in Figure 31 during combustion (and therefore to increase smoothing) actually 

increased the oscillation in the solution indicating that stability issues are present for this 

application due to the lack of future steps. 

3.5 Temperature Dependent Properties 
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 One benefit of inverse solvers is that they can easily accommodate temperature 

dependent thermophysical properties.  This quality improves the accuracy of the solution but also 

makes the solution non-linear, and the computational expense associated with solving this heat 

transfer problem increases dramatically because the capacitance and conductance matrices must 

be rebuilt at each timestep.  A non-linear solver is only needed when temperature variations are 

large or a phase change occurs.  With engine applications, the baseline temperature of one 

operating condition to the next can change wildly, but the surface temperature swings during 

combustion itself are relatively small, and the associated backside temperature is also close in 

value to the surface temperature.  This situation allows for a linear solver with thermal property 

data evaluated only once and in this application the properties are evaluated at the mean surface 

temperature.   

 This assumption was investigated with third party software (ANSYS 12.1) comparing 

solutions with constant property data against those utilizing a non-linear solution.  The 

differences in estimated surface temperature profiles and heat flux were negligible.  A linear 

analysis works well for 1-D models but care must be exercised when dealing with 2-D models 

with ceramic materials (i.e. epoxy based bonding materials or dielectric insulators).  For these 

materials, the surface temperature may rise at a much faster rate than surrounding metal 

materials.     

3.6 Residual Surface Temperature Calculation 

 A commercially available finite element analysis package (ANSYS 12.1) was 

programmed to calculate the resulting temperature distribution produced by the different heat 



93 
 

 

flux estimation techniques (analytical and inverse) examined in this study.  It is hoped that an 

independent, third party software program would provide the most unbiased assessment of which 

estimation technique does a better job at predicting the surface heat flux.  The calculated heat 

flux profiles set the frontside boundary condition while the backside temperature was constant 

and set at the same temperature as the reference test set. Non-linear properties were enabled to 

include any possible temperature dependent property effects.  The resulting surface temperature 

profiles were subtracted from the real data set to produce a residual estimation.  The calculated 

residuals as a function of time for the various heat flux estimations are shown in Figure 36 
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Figure 36. Residuals of various heat flux estimation techniques generated with test data.   
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 As Figure 36 demonstrates, the use of finite derivatives by the analytical solution (FFT) 

to estimate the surface heat flux creates a surface temperature response that is advanced in 

relation to the true solution.  This creates a phasing error both before and after peak conditions.  

The phasing issue creates a large spike in residual before and after peak temperature.  The large 

negative residual in the FFT trace is actually larger than the mean variance for the reference 

temperature set (0.38 K).  Furthermore, the residual plot for the FFT is the noisiest solution of 

the traces shown indicating the estimated heat flux has a fair amount of ringing in the solution.  

The residual plot for Beck’s SFS with r =1 is a comparatively smooth curve when examined next 

to the other residual plots.  The smoothness of this curve is due to the fact that the solution only 

looks ahead by one time step without any noise modeling (i.e. regularization) and thus closely 

follows the analytical solution which includes errors due to temperature measurement noise.  The 

residual plot for the r = 1 curve with Beck’s SFS also trades a positive bias before and after 

combustion for a decrease in bias during combustion.   Comparing the two regularized solutions 

utilizing only first order (i.e. flux gradient limiting) regularization, it is clear that the ensemble 

averaged heat flux provides the lowest overall residual even with the increased bias of an 

additional future time step.  It also lacks the phasing error before peak temperature conditions 

that all other residual plots contain.  It is however, the most computationally expensive solution 

to obtain.  The regularized solution using the ensemble averaged temperature curve with r = 2 is 

similar in performance to the ensemble averaged heat flux trace (with a slight increase in bias) 

but is much cheaper to obtain.  Lastly, it should be noted that all the solutions generated with the 

inverse solvers (up to and including solutions with r = 4) produced solutions with residual traces 

well below the average variance for the test set and are therefore technically acceptable 
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solutions.  However, this analysis was conducted using a finite element package that by its very 

design utilizes finite derivatives to calculate temperature gradients and this may unrealistically 

skew the results.  It is unclear how big of an effect this may be although it would seem to favor 

solvers that try to match data exactly, i.e. solutions with fewer future steps and no regularization.   

This exercise does indicate that inverse solvers and regularization are an effective way to 

compute surface heat flux rates  that give a physically more realistic solution based on the 

physics of the actual problem, that are less prone to influence from noisy data, and display 

greatly enhanced stability.   
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4. Piston Heat Flux Measurements in Compression Ignition Engines 

 Conducting heat transfer measurements on the surface of a moving piston requires a 

telemetry system capable of accurately and reliably transmitting a thermocouple voltage signal to 

a stationary data acquisition system.  Two completely different avenues were used to achieve the 

goal of transmitting piston temperature data: 1.) A physical connection utilizing a four-bar 

linkage system connecting the piston to the crankcase, and 2.) A wireless system that transmits 

the thermocouple signal to a receiver in the crankcase using a microwave transmitter.  Other 

wireless transmission methods are available [110, 111] but the system utilized in this study was 

available commercially and is the most commonly used system today.    

 The mechanical linkage system must be designed to carry signal wires while minimizing 

wire bending (twisting frequency of ~87 Hz at 1300 RPM), limiting peak acceleration loads (up 

to 20 g), designing for infinite fatigue life with the bearing and linkage bars used in the system 

due to high cycling of the system, and operating in an oily environment (oil jet at 80 psi targeting 

the underside of the piston) at high temperatures (>90oC).  The linkage system must be 

physically small relative to the size of the piston and connecting rod in order to meet the 

clearance requirements inside the crankcase and piston skirt where the majority of the 

mechanical linkage system parts are maintained.   

 The wireless system does not have the mechanical cycling limitations of the linkage 

system but care must be taken to ensure proper antenna placement to minimize signal loss and 

distortion, and packaging is a concern because the battery pack and transmitter occupy a fair 
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amount of space within the piston skirt, and this can interfere with the oil jet operation, antenna 

placement, and crankshaft counterweight clearance.     

 This chapter will focus on presenting piston surface temperature data recorded using both 

of these signal transmission systems during two separate experiments.  The data set are in turn 

used to compute the instantaneous surface heat flux rate with the methods discussed in Chapter 

3.  The heat flux data are used to investigate performance trends in the engine and to look more 

in-depth at spatial effects due to spray targeting/impingement.  Other thermal events can also be 

examined with this data such as the impact of oil cooling jets, the role of chemical kinetics in 

heat flux evolution, and the use of low temperature combustion strategies to alter combustion 

timing, performance, and emissions.   

4.1 Experimental Apparatus 

 The first part of this chapter describes the experimental setup of the engine used in these 

experiments including the ancillary systems used in performing these complex measurements.   

4.1.1 Laboratory Setup 

 The mechanical linkage system and the wireless telemetry experiments were both 

conducted on a 2.44L displacement Single Cylinder Oil Test Engine (SCOTE) manufactured by 

Caterpillar and identified as model # 3401.  At its maximum engine speed of 1800 RPM, the 

SCOTE is rated at 62 [kW].   

4.1.1.1 Engine Description 

 The specific engine geometry is given by Table 2 (adapted from Splitter [93]).   
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Table 2. 3401 SCOTE Geometry and Specifications 

Bore x Stroke  13.72 x 16.51 (cm) 
Connecting Rod Length 21.16 (cm) 
Squish Height 0.157 (cm) 
Geometric Compression Ratio 16.1:1 
Effective Compression Ratio 15.1:1 
Swirl Ratio 0.7 
Piston Bowl Design Mexican Hat 
Number of Valves 4 

Intake Valve Opening -335o aTDC Firing 

Intake Valve Closing -143o aTDC Firing 

Exhaust Valve Opening 130o aTDC Firing 

Exhaust Valve Closing -355o aTDC Firing 
Engine Cooling System Engine Driven Pump, with wet liner 

Engine Oiling System 
External Electrically Driven Oil Pump, 
With Rotella T15W-40 with Advance 

Soot Control Oil 

 

4.1.1.2 Intake and Exhaust Systems 

 The research engine is equipped with a choked flow metering orifice system that supplies 

building air to the engine.  Two 4.5 kW immersion-type heaters are used to raise the intake 

temperature as required.  The air system tees into the exhaust gas recirculation loop to provide 

dilution if necessary and the mixture of air and exhaust gas is plumbed into an intake surge tank 

to dampen wave dynamics.  After leaving the engine, a small exhaust sample is directed towards 

the emissions analyzer while the bulk of the exhaust gas passes through the exhaust surge tank.  

Upon leaving the surge tank, a sample is taken by the smoke meter, with the rest exhausting to 

the building ventilation stack or the exhaust gas recirculation loop.  The exhaust gas that is 

recirculated first passes through a diesel particulate filter and then finally a heat exchanger before 
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being pumped into the intake system.  The entire air handling system is shown schematically in 

Figure 37.   

 

Figure 37. Engine lab schematic and air handling system [94]. 

Along with associated controls used to measure and meter the EGR fractions, numerous 

thermocouples are located along the flow paths of the engine.  These thermocouples, the 

diagnostic purpose they serve, and their location within the engine cell are further described by 

[93].   
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4.1.1.3 Fuel Systems  

 The SCOTE is outfitted with two independent fuel systems:  a low pressure port fuel 

injection system and a high pressure common rail system.   

4.1.1.3.1 Low Pressure System 

 The low pressure port fuel injection system consists of a fuel pump skid with its 

associated plumbing and hardware and is shown in Figure 38.   

 

Figure 38. Low pressure fuel system adapted from Hanson [94]. 

The low pressure fuel injector in Figure 38 injects high volatility, low reactivity fuel into the 

intake runner of the cylinder head.  The system is capable of supplying fuel at a pressure of 5.17 

bar with a steady flow rate of 750 cc/min at 3 bar.  More information concerning the operation of 

the low pressure fuel system can be found in [94].  
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4.1.1.3.2 High Pressure Fuel System 

 The high pressure fuel system utilized in this study was a Bosch common rail injector and 

pump.  A schematic of this system is shown in Figure 39. 

 

Figure 39. Bosch Common Rail System and associated lab hardware from [93]. 

The system uses a PID control loop originally developed by Weninger [95] to maintain the rail at 

the command pressure specified by the user. Pressure is maintained by modulating the solenoid 

valve at the end of the rail and returning excess fuel back to the fuel reservoir.  Various heat 
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exchangers and pumps are used in this system to ensure accurate measurement of the delivered 

fuel.  The maximum pressure of this system is 1500 bar.  The flexible architecture of this system 

allows the use of injectors from different manufacturers with relative ease.   

4.1.1.4 Engine Controls and Data Acquisition 

 The engine is controlled with a National Instruments (NI) LabView system.  The fuel 

injection systems are controlled by Drivven NI PXI Controller cards.  Along with the fuel 

injection systems, the control system independently controls and monitors the engine airflow, the 

fuel systems, the emissions bench, and the EGR valve while logging all critical temperature, 

pressures, and flow rates for future analysis.  It is beyond the scope of this work to completely 

outline the entire suite of diagnostic measurements available on this engine except when required 

to understand the current investigation; the reader is referred to [93] for full details.     

4.2 Grasshopper Mechanical Linkage System 

 This section describes the design, implementation, and operation of the mechanical 

grasshopper linkage system.   

4.2.1 Thermocouple placement and installation 

 To achieve maximum measurement sensitivity, piston surface thermocouples were 

aligned along an injector spray axis where impingement effects produce large heat flux gradients.  

The thermocouples were positioned along the injector spray axis to provide information about 

targeting, impingement, and in-cylinder bulk motion.  The swirl ratio for the SCOTE engine is 

given as 0.7, see Table 1.    The swirl ratio was used to as a boundary condition for a preliminary 
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heat transfer study on the SCOTE.  The simulation was conducted by Yoshikawa [112] using 

KIVA 3V [113] combined with a conjugate heat transfer model of the 1Y-3401 piston that used 

the in-cylinder heat flux predictions to set the boundary conditions on the piston surface.  The 

results from this simulation identified the most sensitive axis for thermocouple placement.  

Sample results from the simulation are shown in Figure 40 .  

 

Figure 40. KIVA simulation results predicting surface heat flux and temperature within 
piston cross section used for thermocouple placement on 1Y-3401 piston 

The red areas are the areas of highest heat flux, which gives the best measurement sensitivity.  

After identification of a suitable thermocouple installation axis, final locations for the 

thermocouples were chosen based on geometry considerations.  Figure 41 displays the TC 

installation points in cross section.   
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Figure 41. Thermocouple placement on the installation axis identified in Figure 40 

As Figure 41 demonstrates, the thermocouples are installed at locations where the backside 

wiring is accessible and where machine tools can gain access on the front side.     

 The thermocouples used in this study (PN# TCS-J(JN-0.157)-24-10702A) were produced 

by Medtherm Corporation with backside junctions located 4 mm behind the front side junction.  

The backside junctions enable steady state heat flux measurements.  The installed TCs are shown 

in Figure 42.  The number of TCs utilized in this study was constrained by wire packaging within 

the transmission links themselves as detailed below.  
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Figure 42. Installed TC and crown and underside wiring 

As Figure 42 shows, the installed TCs are flush with the surface of the piston and since they are a 

J-type configuration, the thermal disruption they create is minimized since the piston crown is 

constructed of a steel alloy and the TCs are installed with an interference type press-fit.  It should 

be noted that although the thermal disruption is minimized, the presence of the coaxial sensor 

still biases the measurement itself.    Although the exact alloy of the piston crown is unknown, it 

is very similar to the iron jacket of the coaxial sensor. Kidd [96] reports that even the slightest 

difference in alloy content creates an additional unwanted thermoelectric EMF, which decreases 

measurement accuracy.  However, it was felt that this error was minimal compared to the error 

introduced by assuming one-dimensional heat transfer.   
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 The wiring of the TCs from the factory is composed of 36 AWG gauge, extension-grade 

TC wiring.  This wiring is fragile and was never intended for use in an engine environment with 

high acceleration loads and high cycle fatigue.  Since the wiring will pass from a moving piston 

to a stationary data acquisition system, the wire must be changed to a more robust alloy with a 

high fatigue life.  The wiring associated with the mechanical grasshopper linkage is a complex 

system that is explained in full detail in a later section.  The next section will detail the design of 

the mechanical grasshopper linkage system used to route the wires from the underside of the 

piston to the data acquisition system.   

4.2.2 Preliminary Linkage Design 

 The grasshopper mechanical linkage system designed for this experiment was 

implemented to obtain surface temperature measurements from the moving surface of the piston.  

Numerous studies have been conducted over the years using some type of grasshopper linkage 

[118, 119, 121, 123] to obtain a wide array of signals such as rod bearing clearances [120, 116], 

piston ring temperatures [59], and even ring friction  measurements [122].  Almost all of these 

studies have involved numerous design iterations with correspondingly long development cycles 

to accomplish their initial goal, this study was no different.  The moving piston and connecting 

rod impose difficult design constraints and create competing objectives that must be balanced 

when implementing any given design.  The design constraints and the solutions to these 

problems will be detailed in the following sections.  

4.2.2.1 Geometry 
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 Packaging constraints drove the initial design process and identified possible mounting 

locations for the linkage system connection to the crankcase, hereafter referred to as the anchor 

pivot block.  A 3D CAD model was generated using SolidWorks 2008 to identify clearance 

issues from the initial onset.  An image of the entire solid model is shown in Figure 43 with 

names identifying major components of the linkage system.    

 

Link B

Link A

Anchor 
Pivot Block

Connecting 
Rod

Piston Crown

Piston Skirt

Piston Pin

Connecting Rod (CR) Adapter 

Pivot Block 
Mounting 
Surface

α

α ≡ transmission angle

 

Figure 43. 3D CAD model of the engine crankcase, piston / connecting rod assembly and 
the final linkage system 
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The design of the links and the pivot block required iteration to achieve a functioning design that 

was compatible with the kinematics of the system and still packagable.         

 The oil sump geometry, the large size of the crankshaft and the connecting rod combined 

with the small clearance provided by the crankcase prohibits attaching the anchor pivot block to 

the bottom of the oil pan or directly to the crankcase covers.  The packaging problem is further 

compounded by the long stroke of the engine, which requires long links to cover the associated 

distances within the crankcase.  If the pivot block was located inside the crankcase and the 

minimum length links were used, their range of motion would prohibit using the interlocking 

finger design [120] required for operating the linkage pins in double shear due to an unrealistic 

increase in the angular displacement clearance (reference this dimension in figures).  As Figure 

43 shows, these constraints required relocation of the pivot block mounting surface outside of the 

actual engine crankcase.  This required an additional housing and mounting platform to be 

designed and fabricated to clear the moving links, accurately locate the pivot block, and seal the 

entire assembly.  Figure 44 shows the resulting design based on the requirement that the linkage 

system pivot block is located outside the crankcase.   
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Figure 44. Detailed schematic of the design of the anchor pivot block mounting adapter and 
the alignment system 

 The pivot blocks rests on the mounting adapter surface.  A precision ground, tool steel 

drill rod was imbedded into the mounting adapter surface and functions as a bearing surface 

when mated with the 45o V-notch on the underside of the pivot block.  This allows linear 

translation of the pivot block during installation and simplifies alignment of the linkage arms 

with the CR adapter.  Upon installation, the pivot block is loosely installed, the engine is rolled 

over by hand a few times and the pivot block is allowed to slide along the mounting adapter 

linear bearing and align itself.  Once aligned, the swivel pad set screws are tightened to prevent 

further lateral motion and then the main pivot block attachment screws are tightened down to 
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hold the pivot block to the mounting adapter with a friction fit An increase in surface area to 

improve the clamping force of the attachment screws is provided by the large diameter hold 

down nuts.  This alignment and attachment system worked very well in practice.    

4.2.2.2 Link Length and Kinematics 

 The two links of the linkage system allow a physical connection between the crankcase 

and connecting rod to be maintained at all times during an engine cycle, enabling use of 

electrical wires to transmit signals.  A single link design would be impossible to implement for 

this purpose.  The four bar linkage [Dynamics text] requires a numeric design tool to solve for 

the forces acting on the system, which feeds back into the design of the links themselves.  The 

links need to be long enough to cover the range of motion of the connecting rod and manage the 

angular displacements between the links (to avoid pinching and bending issues with the wires).  

However, longer links increase the mass of the links and introduce lateral stability issues [124], 

while shorter links increase bearing loads at the joints [Mechanics of Materials].        

 The 3D CAD program and the associated kinematic solver, COSMOSMotion, were used 

to perform a parametric study on the effect of link length and link mass.  A link length of 150 

mm provides the best balance between link length, mass, angular transmission angles, and 

acceleration forces. The kinematic program outputs the reaction loads on the linkage pins and a 

plot of the pin loads as a function of crank angle is shown in Figure 45.   

.   
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Figure 45. Reaction forces at linkage pins from kinematic solver. 

The pin attaching the linkage arms to the connection rod adapter reaches a peak load of 

approximately 1132 N at 198o according to Figure 45.  This is highest load in the pin system and 

is chosen as the design reference load.  The peak pin load is used to calculate the normal and 

shear forces in the links and pins based on the geometry of the system at the time of peak loading 

as identified by the free body diagram in Figure 46.   
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Figure 46. Free body diagram of linkage system during peak loading 

 The free body diagram was used to resolve the reaction loads into forces normal and 

parallel to the neutral axis of the link for each link according to the methodology outlined in 

[118].  Shear forces are perpendicular to the neutral axis and normal forces are parallel to the 

neutral axis. Since the links are pinned, bending moments do not exist except during lateral 

instability.  The shear and normal forces dictate the bearing loads that the pins need to resist and 

they provide limits for the dimensions of the interlocking fingers.  A schematic of the link design 

geometry with the interlocking finger design feature is shown in Figure 47.  
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Figure 47. Link design and geometry 

Between each finger, ground stainless steel shims are inserted.  The shims are used to prevent 

galling of the aluminum fingers shown in Figure 47 and to maintain a clearance of 0.004 (in) 

between each finger according to [114] to allow for oil splash lubrication and unrestricted sliding 

movement.  The journal bearings are oil impregnated bronze that are press-fit into the Aluminum 

links, and machined flush.  The pin hole is then reamed to provide a 0.001-0.002” slip fit.   

4.2.2.3 Material Selection and Design for Fatigue 

 All aluminum parts in the linkage assembly use 6061-T6 Aluminum except for the links.  

This choice was made based on the availability, ease of machining, and good weldability of 6061 

when compared with other Aluminum alloys.  For the link pins, 4140 Chrome-Moly Steel was 

chosen based on its high strength and exceptional toughness [125], 4340 was considered since it 

is stronger but it is not widely available in convenient diameters for fabrication of the link pins.  

The links themselves are made from 7075-T6 AL.  7075 is stronger than 6061, has a higher 
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fatigue service life when compared with 6061, and has better toughness than 6061 [126].  

Aluminum does not have a defined fatigue limit [127], technically, it can fail at any time due to 

fatigue, but proper design can ensure that the ratio of alternating stress to maximum stress 

remains below limits required to achieve 99% reliability in other materials (such as steel) 

ensuring a predicted cycle life of 107+ cycles which is considered infinite life in this design. The 

calculations for the predicted fatigue life and its associated modified Goodman diagram are 

contained in Appendix 1.    

4.2.2.4 Linkage Connecting Rod Adapter (CR Adapter) 

 Previous studies [124, 114] involving mechanical telemetry systems have utilized CR 

adapters that mount to the bottom of the connecting rod.  Due to the tight confines of the 

crankcase, this was not feasible. This design called for an adapter that connected to the side of 

the connecting rod and tied into the upper and lower half of the connecting rod.    A design was 

conceived that would allow assembly after the piston and connecting rod were installed in the 

engine and is shown in Figure 48 
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Figure 48. CR adapter installed on CR with wiring connector located on top of CR adapter 

 The design used precision shoulder bolts to precisely locate the linkage connector to the 

connecting rod and to withstand the normal and shear forces imposed on the connecting shoulder 

bolts by the mass of the linkage system moving inside the crankcase.  A few design studies were 

conducted on this part to ensure the design was as stiff as possible (to avoid inducing bending 

moments in the link bars due to movement of the adapter) while fitting within the confines of the 

crankcase (and between the crank counterweights).  In the final design iteration, the stiffening 

web was increased in thickness to minimize the potential for transmitting bending loads in the 

link bars.  The results of this simulation are shown in Figure 49.   
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Figure 49. FEA of CR adapter 

4.2.2.5 Wiring, Wire Routing, and Wire Management 

 The thermocouple signals coming from the TCs on the piston surface travel an 

approximate distance of 1 m before they come to a stationary point on the crankcase.  Along the 

way, the wire material changes 5 times.  Starting at the thermocouple, the wires are changed 

from the extension-grade TC wires (+Iron and -Constantan for J-type TCs) to a more reliable, 

fatigue resistant 36 AWG mutli-strand, stainless steel wire with Teflon® insulation from Cooner 

Wire (AS633).  The wire is changed to the stainless wire in order to survive the journey from the 

underside of the piston and onto the CR.  A changing in wiring material creates a junction with 

two dissimilar materials, which creates a thermoelectric voltage.  To provide compensation, the 

wiring change is made on terminal pads (BTP-4) bonded to aluminum plates, which are assumed 

to function isothermally.  With this assumption if we monitor the temperature of the isothermal 

reference plate with a thermistor from GE Panametrics (BRK55) then we can correct for the 



117 
 

 

change in wire material.  A picture of isothermal plates with the thermistor used for cold junction 

compensation (CJC) is shown in Figure 50.     

 

 

Figure 50. Isothermal pads and thermistor used for Cold Junction Compensation (CJC) 

 The isothermal pads are mounted on the wire carriage, also shown in Figure 50 which 

was machined to fit into a U-shaped channel machined into the underside of the piston crown. 

The wire carriage serves to route the wires onto the next wire routing device, a flat steel spring.  

 Given the limited space available within the confines of the skirt and between the 

connecting rod and the piston crown bottom, a compact method is needed to transfer the signal 

wires from the piston crown to the connecting rod.  The SCOTE uses an articulated piston design 

which mounts a floating Aluminum skirt concentrically on the piston pin axis along with the 
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piston crown.  This provides an additional degree of freedom for the piston crown relative to the 

piston skirt.  To avoid another possible failure point a spring was designed to gently guide the 

signal wires from the piston crown wire carriage to the connecting rod while bypassing the skirt 

using a piece of spring steel, similar to others [118].  To enable this, a long piece of spring steel 

was fixed to the crown and CR with a specialized clamping system detailed in Figure 51.   

 

Figure 51. Steel spring and spring clamp rotational DOF mounting system. 

 The spring clamp mounts utilize a special clamshell design that clamped onto the spring 

end and connects to a small pin, which was allowed to freely rotate.  This pin (one on both ends 

of the system) was hollow allowing wires to enter on the sides of the pin, along the pin axis, and 
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has a chamfered, radiused hole in the center allowing the wire bundle to exit out onto the spring. 

Once on the spring the wire bundle was glued to the spring with a flexible RTV sealant.   

 Once on the CR the wire bundle was routed down along the I-beam of the connecting rod 

to the point where the bottom of the CR meets the CR cap.  A specialized connector was 

designed to serve as a disconnect point for the entire wiring harness.  The disconnect feature was 

needed because the piston/CR combination cannot be installed with the linkage system attached.  

The wiring connector is identified in Figure 48 and after the two halves of the wiring systems 

were connected, the connector was secured to the CR.     

 After the wiring connector, the wire bundle entered the linkage system.  Within the link 

bars, the wires were run through machined channels and through the centerline axis of each 

individual linkage pin as displayed in Figure 47.  It is this design feature that enables the wires to 

survive longer than a few minutes.  Instead of repeated bending, the wires are subjected to a 

twisting motion.     

 Once the wiring traverses Link A to Link B through the three pins in the system, the 

wiring completes the journey from the piston to the stationary anchor pivot block.     Once 

outside the crankcase, the wiring was changed from stainless steel back to copper and it was 

connected to the thermocouple amplifiers before the signals were recorded by the data 

acquisition system.   
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4.2.2.6 Thermocouple Amplifiers   

 The thermocouple amplifiers used in the study are monolithic type amplifiers 

manufactured by Analog Devices (AD594CD) with built in cold junction compensation and a 

frequency response of 15 kHz.  The wiring schematic for the amplifier circuit is displayed in 

Figure 52.    

Wire bundle 
from anchor 
pivot block Analog Devices: AD594

To DAQ

 

Figure 52. Thermocouple amplifier wiring diagram 

The chips are laser trimmed at the factory to provide a linear output of 10mV/oC at low 

temperatures and to provide a linear gain at higher temperatures.   The chips also come with a 

convenient diagnostic indicator that can be used to drive an LED light when a broken 

thermocouple junction is detected.  This feature was used during the linkage tests to check signal 

integrity and continuity.  A thermocouple amplifier was built for each thermocouple including 

the steady state thermocouples.   
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4.2.2.7 Data Acquisition System 

 An NI based data acquisition system was created to acquire the thermocouple signals 

while also recording cylinder pressure and Z pulse from the engine crankshaft encoder wheel. A 

Z pulse is a 5V square wave generated by the crankshaft encoder when the piston reaches TDC.  

The Z pulse is used for timing and triggering the DAQ system.  Data were digitally sampled 

every ½ CA by NI 9215 Modules using a cDAQ-9172 CompactDAQ chassis.  The data were 

sampled at 21 kHz.  The thermocouple amplifiers, junction boxes, and data acquisition system 

were mounted on a cart for increased mobility within the lab as shown in Figure 53.    

Noise- Isolated Amplifier Power Supply (Battery)

cDAQ with DAQ modules

Thermocouple Amplifiers
 

Figure 53. Data Acquisition cart  

The recorded signals were post- processed in Matlab.   

4.2.3 First Test Run with Mechanical Grasshopper Linkage 

 The first test run with the linkage system ended within 30 minutes of startup, no data 

were collected.  Previous dry runs had tested the linkage system with the instrumented piston and 
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numerous design improvements were made based on these initial tests.  The spring steel strap 

which for numerous researchers [118] has been a development issue, remained intact during this 

first full test and showed no sign of fatigue failure (the clamping mount was previously 

redesigned after another dry run to eliminate a spring failure mode induced by a stress riser 

stemming from a design flaw).  However the strain-relief of the wires bonded to the steel spring 

was inadequate and almost all wires were broke at one single location as shown in Figure 54.   

 

Figure 54. Location of wire failure during initial test run with complete mechanical linkage 
system 

4.2.4 Failure Analysis and Design Development 

 The use of the RTV along the spring altered the bend radius of the spring and forced it to 

behave as a thicker, stiffer spring.  The increased mass also decreased the fatigue life of the 

spring due to increased acceleration forces.  Furthermore, although it seems to be 

inconsequential, the wires were placed into a bending mode as they transited the spring, which 

may have also contributed to their early demise.  However, the use of the flat steel spring 

allowed full load and speed operation of the SCOTE for fired testing.  If the connecting rod was 
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pinned to the piston pin with a roll-pin and the signal wires were routed through the piston pin, 

as demonstrated by other researchers [124, 114], the spring and its complicated mounting system 

could be eliminated.  This would also eliminate the possibility of another failure due to 

inadequate strain relief along the flat spring through its entire range of [bending] motion.  

Despite the load and speed limitations that were imposed by this modification, it was decided 

this would give the best chances of collecting a large amount of data during the short lifespan of 

the test rig.  Furthermore, the new method would twist the signal wires passing through the 

piston pin eliminating the bending mode realized with the flat steel spring.   

4.2.4.1 Linkage System Modifications 

 Modifying the piston assembly to eliminate the flat spring required a few modifications 

to route the signal wires from the underside of the piston to the connecting rod.  First a method 

was devised to route the signal wires into the piston pin via the piston skirt oil galley as shown in 

Figure 55.   
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Figure 55. New signal wire routing utilizing the oil galley and piston pin to transfer wires 
from the piston crown to the connecting rod 

A piece of hypodermic needle tubing was bent and positioned to bring the signal wires into the 

skirt oil galley close to the U shaped valley and to have them exit the tubing perpendicular to the 

piston pin axis.  This required designing and machining a bridge to feed the wires into the center 

of the central portion of the piston pin that also bolted into the skirt for reliability concerns. The 

bottom of the hypodermic tubing actually secures the top of the wire skirt bridge with a tight slip 

fit. Close attention was paid to making smooth bends and chamfering all rough edges in the 

system, which allowed the wires to be pulled through the tubing after the crown, skirt, and 

connecting rod were assembled on the piston pin as shown in Figure 56.  Once within the piston 

pin, the wires proceed down the centerline axis until they enter another radiused transition piece 

which turns the signal into the roll pin that is now tying the connection rod to the piston pin.   
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Figure 56. Diagram of wires passing through roll pin into connection rod 

 Once outside the roll pin, the wires were routed down the connecting rod I-beam as 

previously described.  A final design change was implemented with respect to the wiring 

connector.  A commercially available connector manufactured by Omnetics and marketed as the 

Nano Connector (A79104-001, A79105-001) was used in place of the custom machined 

connector previously used.  The Omnetics connector is shown in Figure 57 
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Figure 57. Omnetics Nano Connector installed on connecting rod…breathtaking 

 The connector is prewired and rated for 100g accelerations under MIL-DTL-32139 and is 

made to withstand temperatures up to 360o C.  Its physical size was very small (.23” in diameter) 

compared to the old connector that was 1.125” wide by 0.438” deep, and 1.75” tall.    This design 

update immensely simplified assembly between the crankshaft counterweights.   

4.2.4.2 Thermocouple compensation from wiring material changes 
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 The use of the Nano connector introduced 2 additional material changes to the wiring 

system (another connector was used outside the engine).  A final wiring system schematic 

detailing the different wiring materials and where the material changes occur is show in  
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Figure 58. Complete wiring schematic for linkage system detailing material changes and 
compensation strategy 

Figure 58 shows where the material changes occur in different parts of the system.  The Law of 

Intermediate Metals allowed cancellation of the thermoelectric EMF contributions to the total 

voltage from the introduction of the Nano connectors since the temperature at locations C and D 

was assumed equal along with the temperature at locations E and F.   To calculate the total EMF 
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along a single thermocouple circuit, the isothermal junction temperature needs to be measured 

and the NIST J-type thermocouple calibration needs to be applied.  The isothermal reference 

temperature was measured with a thermistor as mentioned previously.   

4.2.5 Second Fired Test Run with Mechanical Linkage System 

 The second test run of the linkage system lasted approximately 4 hours.  The lifespan 

achieved was consistent with previously published work [117, 114, 115] and wire fatigue 

gradually resulted in a loss of signal amongst the 2 remaining surface thermocouples during the 

time period where the linkage transmission angle was at a minimum suggesting wire pinching 

and abrasion was the root cause of the signal failure during the second test.   

 During this second test, injection system pressure sweeps were conducted at 900 and 

1300 RPM under light and medium loads of 5 and 10 Bar IMEPg.  High speed tests were not 

conducted due to strength concerns stemming from the use of the roll pin to tie the connecting 

rod to the piston pin.  An example of the data collected is shown in Figure 59.   
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Figure 59. Heat flux data at TC 1 for injection pressure sweep at 900 RPM, 5 Bar IMEPg, 
with φ = 0.37  

Figure 59 depicts a conventional diesel combustion trend whereas the injection pressure was 

increased, spray momentum increased, which increased turbulence and thus heat transfer.  The 

temperature data at TC 1 is generally colder than at location 2.  This trend was also observed 

with the telemetry system data analyzed in the next section.   

 Within the four hours of run time for the linkage system, a significant amount of data was 

collected over 16 different test conditions.  It would be difficult, and of limited utility, to 

describe the diesel combustion trends observed with the 2 surface thermocouple channels 

available with the linkage system when the telemetry system has 12 surface thermocouples 

available for use in analysis.  To avoid redundancy the reader is directed to Appendix 2 for more 

information on the data taken with the mechanical grasshopper linkage system.   
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4.3 Wireless Telemetry System  

 After reviewing the total run time achieved with the mechanical linkage system, the 

amount of data generated, and its associated processing time, a decision was made to pursue a 

telemetry system without load limitations and uncertain test life.  The wireless telemetry system 

chosen was provided by IR Telemetrics [105] and has been utilized by other researchers in the 

field to collect piston temperature data [128].   

4.3.1 Overview of wireless telemetry system electronics package 

 The wireless system uses a multiplexed microwave transmitter to communicate with a 

receiver outside the engine.  The EMF generated by an individual thermocouple is first converted 

to a frequency modulated square wave where the pulse width is proportional to thermocouple 

EMF over the range of 10 kHz-50 kHz.  After conversion to the square wave form, a voltage-

controlled oscillator converts this signal into a microwave, and the wavelength of this signal is 

proportional to the original temperature.  The microwave signal is routed to the transmitter and 

broadcast across the crankcase to a receiving antenna.  The collected signal is amplified and then 

converted back into a modulated square wave before being downconverted to recover the 

thermoelectric EMF.  The entire signal conversion process is diagrammed in Figure 60.     
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Figure 60. Signal conversion process for wireless telemetry system [105]. 

The electronics and signal conversion process provides a degree of filtering, but the advertised 

bandwidth of the system is approximately 10 kHz [105].  The system has 15 channels and 

multiplexes to transmit one signal at a time.  The multiplexing process was configured transmit 

1.16 seconds of data per channel.  This is independent of engine speed; if the engine is operating 

at a higher speed, the unit will transmit more engine cycles than at slower engine speeds.   

The data streaming off the engine are collected based on the desired acquisition time.  Since the 

time per channel is fixed, the telemetry system needs 18.56 s to multiplex through all 15 

channels (+1 marker channel).  At 1300 RPM, 18.56 s of data will yield approximately 7-8 full 

cycles of temperature data.  This channel cycle loop of 18.56 s worth of data is output to an IRT-

provided digital data acquisition system that produces an ensemble average of the temperature 
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data from each channel.  To produce a 100 cycle ensemble average, the telemetry system will 

continue recording past the full 18.56 s timespan and will continuously output individual 

ensemble average files that will have to be averaged together as well.   

4.3.1.1 Antenna Design and placement 

 To obtain high fidelity transient surface temperatures, the receiving antenna must be in a 

direct line-of-sight with the transmitter at all times during the engine cycle.  Signal fallout will 

occur if the crankshaft counterweights or any other components momentarily pass between the 

transmitter and the antenna.  Signal fallout is missing data and avoiding signal fallout at all 

times, especially during the combustion period, was an important experimental objective.  The 

antenna was placed within the bore of the engine and positioned to fit in the space between the 

transmitter face and the small end of the connecting rod to maximize signal reception as shown 

in Figure 61.    
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Figure 61. Antenna placement within the crankcase between the transmitter and the 
crankshaft counterweights 

As Figure 61 shows, the antenna and its rigid mounting pipe come within 5 mm of the crankshaft 

counterweights.  The antenna was positioned directly adjacent to the moving transmitter.  

4.3.2 Thermocouple Placement 

 The telemetry system accommodates 15 channels and the mechanical drawings detailing 

the exact coordinates of the thermocouples is contained in Appendix 3. The 4 radial locations 

previously chosen for the mechanical linkage system piston (thermocouples 1, 2, 3, and 4) were 

utilized in the new design and placed on installation plane A-A to directly align with a spray jet.  

Installation plane A-A is shown in Figure 62.   
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Figure 62. Spray axis thermocouple installation plane A-A and top view of piston detailing 
other TC installation planes 

Thermocouples 5, 6, and 7 were placed on the same installation place as the original 4 TCs, but 

are located on the other side of the crown to provide room for the additional thermocouple wiring 

on the back side of the piston while still laying on an injector spray axis.  To detect wall jet 

effects off axis, additional thermocouples were placed on two other planes, B-B and C-C.  Piston 

cross sections depicting these two planes are identified in Figure 63.   
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Figure 63. Alternate thermocouple installation planes B-B and C-C 

Planes B-B and C-C provide an increased amount of surface area coverage and could also be 

used with an 8-hole injector instead of the current 6-hole unit.  Plane D-D is located along a 

different spray plume and was used for a TC located in the top piston ring land.  This 

thermocouple was used to measure crevice volume surface temperatures and is shown in  

Section D-D

12
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Figure 64. Crevice volume thermocouple installation plane D-D 

Finally, three other thermocouples were installed on the underside of the piston crown.  These 

thermocouples are large bead diameter thermocouples designed to measure steady-state metal 

temperatures at the inlet and outlet of the oil galley, and the metal temperature at the bore center 

on the underside of the crown as shown in Figure 65.   

13

14

15

 

Figure 65. Underside of piston showing steady state TC locations at center of piston crown 
and at the inlet and outlet of the oil gallery 

 Thermocouples 5, 6, and 7 can be mirrored about the bore centerline to produce a virtual 

sensor map as shown in Figure 66.  It is easier to visualize the heat flux data if we assume these 

thermocouples are actually located on the other side of the piston.   
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Figure 66. Virtual thermocouple map of a 60o piston crown sector constructed by 
mirroring half of Plane A-A to the other side of the piston crown 

If half-symmetry is assumed to hold on either side of the spray jet, then the current virtual layout 

provides almost full 60o sector coverage.  Spray jet symmetry requires a quiescent environment 

where swirl is not a major influence on bulk in-cylinder motion.  As previously mentioned, the 

SCOTE has a low swirl ratio, and to make qualitative assessments of the piston surface heat flux 

distribution, the half-symmetry assumption is reasonable.   

4.3.3 Temperature Data Processing and Heat Flux Computation 

 As stated earlier, the data recorded by the digital data acquisition system was ensemble 

averaged into data sets of 7-8 engine cycles (at 1300 RPM) and saved by the vendor software as 

a .CSV output file.  An example of the ensemble average data output is shown in Figure 67.   
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Figure 67. Ensemble average data set example from telemetry unit operating at 1300 RPM 
(7-8 full cycles) depicting 15 individual TC channels 

TC 4, on the primary spray axis in Figure 67 failed upon startup and registers no activity (a 

wiring short has occurred).  On the other thermocouples, signal fallout occurred frequently 

during combustion and it was more prevalent at other times (~270o and ~630o).  The combustion 

events were not properly aligned and lot of noise was present on all channels including the 

steady state temperature channel (14) on the crown underside.  To utilize these data, multiple 

ensemble average data files must be merged into one.  Simple averaging will fail to eliminate the 

signal fallout so more advanced processing methods were required.  A brief description of the 

data processing and merger of multiple data files is discussed below.  

 The multiple .CSV output files (11-13) for each test run, containing individual ensemble 

average temperature profiles, as shown above in Figure 67, were collected and imported into 
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Matlab to create ~100-cycle ensemble averages (12 curves that are each 7-8 cycle ensemble 

averages).   An example is shown in Figure 68 for a single thermocouple.   
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Figure 68. Example of ensemble averages of all files for a given test condition for an 
individual TC 

Figure 68 contains all the temperature data for a given test run that was then used to build a 

composite temperature curve using statistical arguments to eliminate outliers in the data set for 

each individual thermocouple.   

 The code examined a single temperature (one curve in Figure 68) and eliminated data 

points that were larger than 3x the (provided) standard deviation (σ).  The 3σ specification is 

important because it specifies that for a normal distribution, 99.73% of all data lie within three 

standard deviations of the mean, implying that any data falling outside this range is probably 

erroneous.  This simple filter eliminates many of the spurious spikes in the data set for each 
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curve in Figure 68 allowing the combustion events to be aligned relative to each other as shown 

in Figure 69.  
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 Figure 69. Combustion event alignment achieved after simple filtering of each ensemble 
averaged temperature curve 

With the combustion events aligned, the processing code reverted back to the original 

unmodified (no selective outlier elimination) temperature data curves to restart the filtering 

process with a more selective, statistically robust filter. 

 The processing code filtered the sorted data with the same 3σ standard deviation-based 

filter performed previously, but now the rejection criteria was further increased to 5σ to avoid 

eliminating good combustion data.  After the rejection pass, the data was considerably cleaner as 

shown in  
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Figure 70. Aligned temperature curves after coarse outlier filtering (>5x σ) 

 If a data point was eliminated, the crank angle at which that data point is eliminated is 

tracked and recorded (as shown at the bottom of Figure 70).  This avoids using interpolation 

schemes to fill the missing data points back in until the very end of the signal conditioning 

process.  The eye can now clearly see the expected trend.  To further clean the data set, Peirce’s 

method [107] was applied at each crank angle.  Peirce’s method is a statistical test that eliminates 

outliers using a criteria test.  It is similar to Chauvenet’s criterion [106] but it allows the 

existence of multiple outliers at once.  Normally, Chauvenet’s criterion would eliminate an 

outlier, and then recalculate a new σ for that crank angle and perform the test again.  The new 

standard deviation is based on a smaller data set and this leads to a lower confidence interval in 
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determining if a data point is an outlier or if it is part of normal combustion variation.  Peirce’s 

principle avoids this pitfall and only performs a statistical test once per crank angle degree.  The 

technique will actually remove almost all the data points at a specific crank angle if it determines 

they are outliers (this happened regularly during signal fallout).  

 Application of Peirce’s method eliminates more outliers and the result of this operation 

on the sample data set is shown in Figure 71.   

1218/7931 points eliminated

 

Figure 71. Sample data set after application of Peirce’s method 

Tracking the data elimination in Figure 71, we observe that ~15% of the data has been 

eliminated based on statistical arguments.  At this juncture, the data were ensemble averaged at 

each crank angle.  The composite curve is a combination of many different data points (that were 
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originally their own ensemble averaged curve) and at each crank angle the sample size varies 

from the outlier rejection methods implemented.     The spikes at CA = 180o and 540o were 

eliminated by fitting a cubic polynomial to these areas of signal fallout.   

 The final composite temperature curve for the sample data set is shown in Figure 72.   
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Figure 72. Final filtered composite temperature curve created from telemetry output with 
associated temperature variance 

In the areas where data were completely eliminated, a linear interpolation scheme was used to 

expand the temperature curve back to 720 crank angles.  In spite of the large amount of variance 

in this data, the composite temperature curve appears comparatively noise-free.  Throughout the 

entire signal conditioning process, the temperature variance data were tracked for use with the 

regularized inverse codes, the estimated surface heat flux calculated for this example is shown in 

Figure 73.   
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Figure 73. Estimated surface heat flux of sample data set using regularization and other 
temperature filtering methods 

Figure 73 again demonstrates the utility of the inverse solver compared to the analytical methods 

and classic filtering techniques.  The FFT produces an unacceptable amount of ringing at all 

times.  Two lowpass frequency FIR filters were also applied to the ensemble average 

temperature to reduce the noise in the FFT solution. The heat flux derived from the 3 kHz 

filtered temperature data still exhibited a high degree of noise; the 1 kHz filtered data had 

sufficiently low noise, but the increase in heat flux at the  start of combustion is incorrectly 

predicted, i.e. it is too washed out while the high frequency FIR oscillates wildly during high 

heat flux conditions.  The regularization process, however, allows the inverse solver to cleanly 

pick up the start of combustion, even with a large number of future steps, and exhibits low noise 

over the entire trace, while relaxing the temperature matching constraint during peak heat flux 

conditions.   

4.4 Parametric Study of Diesel Combustion Operating Variables 
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 This section analyzes a few select data sets recorded with the wireless telemetry system.  

These data were study not chosen to examine every single trend, but to analyze and look at 

interesting spatial and temporal effects using the temperature data and other engine data provided 

by the data acquisition system.  When possible, detailed in-cylinder mechanisms, such as spray 

targeting or chemical kinetics will be used to explain and analyze the trends.  However, a 

complete and thorough understanding of the data will only be possible with a detailed CFD 

model.  A listing of the test conditions investigated in this document are contained within 

Appendix 4 and include average heat flux values for the period of IVC to EVO.  A complete 

copy of the data set can be obtained by contacting Prof. Jaal Ghandhi at the Engine Research 

Center.   

 Typical calculated heat fluxes are displayed in Figure 74 and show generic spatial effects 

along the primary spray axis.   
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Figure 74. Generic spatial features of calculated heat fluxes for a general case at 1300 
RPM, φ= 0.42, 9.1 IMEPg Bar load, and SOI = -10.7o 

The earliest heat flux rise occurred first at TC 5 in Figure 74 and progressed radially outward on 

TC installation plane A-A.  The next thermocouples to detect the combustion event were 2, 6, 3, 

and 7, respectively.  The detection of the combustion event is strongly tied to geometry and 

spatial effects and this statement is true for most conventional diesel combustion (CDC) cases 

investigated.    TC 1 is physically the closest to the bore centerline but its detection of 

combustion is always retarded compared to the phasing of TC 2 and 5.  It is thought that the 

diesel spray actually targets past TC 1 which would explain the phasing delay.   

On the alternate TC installation plane C-C, similar spatial effects are also present as shown in 

Figure 75.   
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Figure 75. Spatial effects on alternate TC installation plane for a 1300 RPM, φ = 0.42, and 
9.1 Bar IMEPg load test case. 

As the burn moves out towards the cylinder liner, the TCs ability to detect heat flux rise is based 

on their spatial distance from the bore centerline.  First TC 10 detects the heat flux rise followed 

by 9 then 11 in the squish.  Also note that this plane is off the primary spray axis and so phasing 

differences are noted between TC2 and TC 9.   

 Along with the generic heat flux results presented, the Apparent Heat Release Rate 

(AHRR) was often used often as a combustion diagnostic to aid the analysis of the heat flux 

results.  Readers are further directed to Heywood [129] more information about the phases of 

heat release and its calculation with cylinder pressure data.   

4.4.1 Engine Speed 
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 Increases in engine speed generally result in an increase in heat flux for a given 

equivalence ratio and load.  Three speeds were examined in this investigation: 900, 1300, and 

1750 RPM.  An example of speed scaling is shown in Figure 76 
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Figure 76. Example of engine speed scaling of heat flux for a high load condition with a 
rich equivalence ratio 

 A dedicated speed-scaling sweep was not conducted, but different data sets were 

examined to find three test cases with approximately the same load, equivalence ratio, and SOI 

timing.  TC #11 is located in the squish and usually exhibits a very high heat flux rate under most 

conventional diesel combustion conditions due to the high relative gas velocities present.  The 

local high velocities and high temperature from the mixing-controlled combustion regime 

combine to substantially increase the heat flux in the squish compared to a location off the spray 

axis and within the bowl.   



149 
 

 

 In theory, the speed scaling trend should hold over the entire range of data.  Locally, 

enough variation can exist when examining individual thermocouples that the well-established 

speed scaling relationship will not be strictly upheld as seen in Figure 77 and in a later section.   
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Figure 77. Peak heat flux for each thermocouple location as a function of engine speed 

The breakdown in the speed scaling relationship on the local level is attributed to the large 

spatial variations in heat release due to spray jets and their interactions with the piston.  A more 

generic speed scaling investigation would place a surface-mount TC on the fire deck away from 

the moving piston and the injector spray plumes.  The heat flux from this sensor would be more 

representative of global conditions and generic trends.    Secondly, the geometric layout of the 

TCs on the piston is not scaled according to surface area in Figure 77.  The area that TC #11 

encompasses (where the relationship holds up) accounts for over 37% of the piston surface area 
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and therefore the contribution of this thermocouple to the observed heat release and other 

relationships should be weighted to reflect this.   

4.4.2 Start of Injection (SOI) 

 The SOI timing sweep produced the most interesting results for the conventional diesel 

combustion (CDC) test cases as far as the in-cylinder heat flux evolution is concerned.  A range 

of timings (16.7o �4.2o bTDC) was chosen to move from a partially premixed condition to a 

more mixing-controlled (diffusion flame) combustion regime.  A series of figures will be 

presented to explain some of the trends realized.   

 In general, SOI timing must be optimized to initiate combustion around TDC when the 

compressed unburned mixture is hottest.  If fuel is injected early enough that combustion 

initiates before TDC, peak heat flux will be lower compared to optimized injection timing.  

Obviously, determining optimal timing is complicated by the ignition delay quality of the fuel 

and the differences between command timing and actual injection timing.  Figure 78 shows data 

from TC#2 (within the bowl along the spray axis) displaying some of the general features of the 

timing sweep.  The equivalence ratio was held constant for this sweep at φ = 0.39.  



151 
 

 

    

-30 -20 -10 0 10 20 30 40 50 60
-1

0

1

2

3

4

5

6

7

8

9

10x 10
6

Crank Angle (Deg)

H
e

at
 F

lu
x 

(W
/m

2 )

 

 

SOI = -16.7o

SOI = -14.2o

SOI = -11.7o

SOI = -9.2o

SOI = -6.7o

SOI = -4.2o

08/10/11
Run #
9,8,7,10,11,12
TC # 2

2

 

Figure 78. SOI timing sweep on TC #2 

As seen in Figure 78, as SOI timing is retarded, peak heat flux increases and reaches a maximum 

with an SOI timing of -9.2o, after this, peak heat flux starts decreasing with further advances in 

SOI.  The heat flux profile also increases in duration with an SOI advance, a trend also seen in 

the heat release data.  With an SOI of -4.2o, by the time combustion commences, the piston is 

already past TDC and is expanding the reacting fuel and air mixture lowering the bulk gas 

temperature and leading to a corresponding decrease in peak heat flux.   

 Figure 78 can be compared with Figure 79 where peak heat flux occurs at a more 

advanced timing of 14.2o bTDC on TC #11 (off the spray axis and in the squish) and this 

difference highlights the importance of spatial effects.    



152 
 

 

-30 -20 -10 0 10 20 30 40 50 60
-1

0

1

2

3

4

5

6

7

8

9

10x 10
6

Crank Angle (Deg)

H
e

at
 F

lu
x 

(W
/m

2 )

 

 

SOI = -16.7o

SOI = -14.2o

SOI = -11.7o

SOI = -9.2o

SOI = -6.7o

SOI = -4.2o

08/10/11
Run #
9,8,7,10,11,12
TC # 11

 

Figure 79. SOI timing sweep for TC #11 

 Figure 79 displays some other effects worth mentioning as well.  First, a knee is 

prominent in every heat flux profile except the cases where SOI was later than -6.7o.  This 

suggests a spray targeting effect and was also seen by Miers [128].  During advanced SOI cases, 

some fraction of the spray glances off the bowl area and starts reacting within the squish creating 

a small amount of energy release that is recorded by the TC 11.  By 6.7o bTDC, the spray effect 

is no longer obvious and this indicates that either the spray now completely targets the bowl 

without spill-over into the squish, or the spray completely vaporizes before entering the squish, 

or that the combustion process is occurring within a larger volume (the combustion volume is 

expanding), has more time for mixing and therefore combustion occurs more evenly throughout 

the chamber.  Comparing the SOI = -4.2o case for Figure 78 and Figure 79, it seems that the 

combustion process is more uniform/ homogenous in nature, the start of the heat flux rise occurs 
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at the same CA, and the peak, duration, and shape are fairly well matched between the figures as 

well.   

 For a given test condition, the heat flux profiles from all thermocouples can be 

simultaneously examined and compared to each other to gain a better understanding of 

stratification and jet effects during the SOI sweep.  The AHRR curves for each case are also 

examined to determine what combustion regime characteristics are present and detectable.  As an 

example, Figure 80 shows the heat flux profiles for all the TCs on the piston surface as a 

function of CA and the apparent heat release rate (AHRR) for the same test condition with SOI = 

-16.7o. 
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Figure 80. Heat flux profiles and AHRR for all TCs for an SOI = -16.7o, a load of 7.9 bar 
IMEP g, φ = 0.39 and an engine speed of 1300 RPM 

According to the heat release in Figure 80, the operating condition results in a premixed burn 

that transitions to a diffusion flame, i.e. mixing controlled regime at approximately -5o.  The 

phasing relationship of TCs 2, 6, and 10 with respect to the AHRR and their initial rise rate 
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compared to the other TCs seem to indicate that these TCs can partially detect the premixed 

combustion event. At the end of the premixed event, these 3 TCs are already registering 

3.0MW/m2 and are rising in value.  The premixed combustion initiation process occurs on the 

periphery of the fuel spray and this corresponds with the physical location of thermocouples 2, 

and 6.   If the spray impacts the bowl wall and mushrooms into a wall jet expanding radially, 

then TC 10 should detect this occurrence.   

 The other thermocouples (3, 5, 7, 8, and 9) have a much shallower rise rate and this 

indicates they are responding to the diffusion flame combustion.   

 The first inflection point in the heat flux of TCs (3, 5, 7, 8, and 9) occurs at the end of the 

mixing controlled phase around +5o and seems to indicate a transition to late combustion burn-

out where fuel rich combustion products and soot are consumed.  However, TCs 3, 5, 7, 8, and 9 

remain relatively steady in value and TCs 3, 7, and 8 even increase until +10o aTDC when the 

AHRR starts rapidly declining.  Once the AHRR rapidly declines, the heat flux falls except in the 

squish region (TC 11) where combustion phasing lags appreciably and a reaction may still be 

taking place.  The phasing delay in the squish is most likely a function of geometry and targeting 

effects.  

 To gain a better understanding of the thermal gradients the spray interactions create, false 

color plots of heat flux on the surface of piston are generated using Delaunay triangulation to 

map the recorded discrete heat flux triplet data onto an evenly spaced polar grid.  The piston 

surface is projected onto a flat 2-D plane using total arc length between thermocouples to set 

radial distance spacing.  The contour grid is filled by interpolating between the discrete 
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thermocouple locations using natural neighbor interpolation.  Heat flux surface maps were 

created for the combustion period of Figure 80 and are presented below in Figure 81.  Note: data 

from TC 11 is used in place of TC 4 to generate the heat flux map since this TC 4 failed upon 

start up.   
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 The combustion sequence provides a more complete picture of how the spatial heat flux 

patterns develop.  At 5o
 bTDC, TC 6 starts registering the effects of the spray and its possible 

impingement.  From TDC to 7o aTDC a wall jet / mushroom pattern is obvious.  This period also 

corresponds with the mixing-controlled stage and suggests that soot radiation is a player in the 

observed heat flux.  Also during this time, thermocouples 3 and 7 register hotter temperatures but 

have reduced heat flux compared to locations 6 and 10 suggesting a rich local equivalence ratio 

could be keeping the heat flux lower.  From CA = +10 o to CA = +13 o the squish region sees a 

larger heat flux and then heat flux decreases quickly after 15o aTDC.   

 When comparing all the test conditions for the SOI sweep (-16.7o to -4.2o) at the same 

time, with the corresponding plots for the AHRR, a few other trends present themselves as 

displayed in Figure 82.   
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 The plots for test condition #9 in Figure 80 are the same as those of Figure 80.  

Continuing the examination of the AHRR rates for the timing sweep, we see that the premixed 

combustion phase decreases in peak heat release as the SOI timing is retarded (ignition delay 

decreases) while the mixing controlled heat release remains approximately the same in 

magnitude and duration.  We should, thus, see a gradual diminishing influence of the premix 

burn event of the thermocouple heat flux rates.  For run #12 (SOI = -4.2o), at +8o, the premixed 

combustion event is finished and the thermocouples have not responded indicating the rise in 

heat flux is due entirely to the diffusion flame burn.   

 For the entire timing sweep, a transition process is also visible on thermocouples 3,5,7,8, 

and 9.  In geometric terms, these thermocouples are all in the bowl region.  For the timing sweep 

these thermocouples behave similarly except for TC 2 which always has an earlier heat flux rise 

rate suggesting a spray targeting issue (or it sees the premixed burn event).  The other 

thermocouples measure heat fluxes that seem to increase in duration and attenuate in magnitude 

as the SOI timing is retarded.    

 With an SOI of -11.7o, which corresponds to run #7, the double inflection points of 

thermocouples 3, 5, and 9 have now entirely disappeared indicating that the heat flux rise is 

entirely influenced by the mixing controlled combustion regime.  The AHRR for SOI = -11.7o 

indicates that the premixed phase is entirely over before an appreciable rise in heat flux rate has 

occurred at any thermocouple location.  Thermocouples 3 and 8 have the same shape, and since 

they are located next to each other on the bowl this points once again to the strong spatial 

influence of a spray interaction.   
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 More generalized patterns are also recognizable in the SOI timing sweep.  For the later 

SOI timings of runs 7, 10, 11, and 12 (-11.7o, -9.2o, -6.7o, and -4.2o.), the premixed burn portion 

of the combustion regime exerts a minimal influence on the recorded heat flux signals according 

to the AHRR.  Initiation of heat flux rise is due to diffusion controlled combustion only and we 

specifically note a softer rise in heat flux among some of the TCs on the wall of the bowl as the 

SOI timing retards.   

 `The peak in heat flux of thermocouples 1, 2, 5, 9, and 10 always occurs earlier than 3, 6, 

7, 8, and 11.  Generally speaking, this corresponds to locations within the bowl witnessing the 

end of combustion before locations against the bowl wall (or in the squish region) receive the 

same signal.  This is a somewhat obvious conclusion since combustion appears to always initiate 

around TC 2 for this timing sweep (since it is the first to always see a rise in heat flux) and 

progress radially outward.  Some specific fluid dynamic and spray effects can alter the exact 

timing and sequence of the combustion events but the trends hold up in the general sense.   

4.4.4 Injection Pressure 

 Common rail system injection pressure was another parameter varied for this study.  The 

load and equivalence ratio were held constant at approximately 4.85 bar and φ = 0.35, 

respectively.  Figure 83  presents the heat flux rates from thermocouple 2 swept over three 

injection pressures: 60, 90, and 150 MPa.   
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Figure 83. Injection pressure sweep and associated AHRR for a sweep at 1300 RPM, φ = 
0.35, 4.9 Bar IMEPg, and a constant CA50 
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According to Figure 83 , as injection pressure increases, combustion duration decreases.  This is 

consistent with the general trend seen across all thermocouples on the piston surface.   As the 

injection pressure increases, the global mixing rates during the premixed phase and the mixing 

controlled phase of combustion both increase and drive shorter combustion duration.  The 

mixing rates are increased because the same amount of fuel is injected in a shorter amount of 

time and this leads to higher injection momentum, which enhances turbulence and, thus, heat 

transfer.  

4.4.5 Equivalence Ratio (Boost Sweep) 

 The fueling rate, load, and 50% combustion timing point (CA50) were held constant, 

while varying the intake air pressure to vary the equivalence ratio.  An equivalence ratio sweep 

will examine the effects of fuel enrichment on a global scale.  In general, the closer the 

equivalence ratio gets to stoichiometric (i.e. 1), the higher the bulk gas temperature and the 

higher the heat transfer rate.  Since diesels always operate lean, increases to the equivalence ratio 

should result in higher heat flux rates.  Figure 84  displays some observed trends from an 

equivalence ratio sweep detailing localized effects.   
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Figure 84. Equivalence ratio sweep for φ = 0.342, φ = 0.356, φ = 0.375, φ = 0.417, φ = 0.431, 
and φ = 0.467 for TC 2 and 11 at 1300 RPM, 9.3 bar IMEPg  

Within the bowl region (TCs 1, 5, 2, and 9), fuel enrichment drives a locally rich condition 

where the heat flux rate increases as more fuel is added.  Up against the bowl wall (TCs 6, 3, 8, 

10), at the edge of the bowl (TC 7), and in the squish region (TC 11), the heat flux actually 

decreases as boost is decreased which is exactly opposite of the expected trend.  As recorded by 

others [129], as the boost level decreases (fuel enrichment increases), the premixed phase heat 

release increases as seen in Figure 85.   
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Figure 85. AHRR for equivalence ratio (boost) sweep for φ = 0.342, φ = 0.417, and φ = 
0.467 for TC 2 and 11 at 1300 RPM, 9.3 bar IMEPg 

It is unclear whether the trend outside the bowl is a spray-driven effect.  It is possible that for this 

parameter sweep the combustion near the wall and in the squish is primarily influenced by the 

mixing controlled combustion phase and when the boost decreases, the small amount of bulk 

swirl further decreases and this drops the local burn rates and results in a decrease of the local 

heat flux rate as well.   

4.4.6 Load 

 Increases in engine load are achieved by simply injecting more fuel into the combustion 

chamber and to achieve a matched equivalence ratio, more air is also inducted into the engine.  

This increase in trapped mass drives a well-established correlation between increases in load and 

heat flux.  As seen with the engine speed scaling exercise, generalized global relationships do not 
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always hold up in the spatial data.  A similar trend with load was seen in this study and once 

again heat flux in the recorded load sweeps was influenced heavily by the injection timing, 

where the piston is traveling in relation to the spray during injection, and what type of 

combustion phases are present.  Table 3 presents test condition data used for the load sweep 

study.  Load sweeps were also conducted across different engine speeds.   

Table 3. Load and RPM sweep parameters 

φ = 0.6, Pinj = 150 MPa 

 
Load (bar) 

Speed 
(RPM) 

900 7.7 12.1 14.87 

1300 8.48 12.44 15.48 

1750 7.85 12.51 15.1 

 

 A sweep was also conducted at an equivalence ratio of φ=0.35 but the load control was 

not as a precise as the test points outlined in Table 3.  Figure 86 presents heat flux data for TC 2 

as a function of load (IMEPg in units of bar) for the three engine speeds given with the 

accompanying heat release (NOTE: AHRR x-axis is a different scale than the heat flux x-axis 

scale).   
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Figure 86. Load and speed sweep for TC 2 at 1300 RPM, φ = 0.6, and a CA50 = 5o 
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Figure 86 presents the results of the combined load and speed sweep.  Examining the heat flux 

and AHRR for an engine speed of 1750 RPM, it is apparent that as the duration and magnitude 

of the mixing controlled phase is increased, then the generic load scaling formula holds up well 

and heat flux increases with increases in load.  As the amount and phasing of the premixed burn 

varies, the relationship between load and heat flux becomes less well defined.  The speed and 

load scaling relationship at 1300 RPM is given as an example.  The recorded heat flux for the 

three different load rates are approximately the same, and this is attributed to the complex 

interaction between the amount of premixed phase and the diffusion flame combustion phase.   

 According to Figure 86, at higher loads the speed scaling trend holds up well and this is 

attributed to the increase in the mixing controlled combustion rate where the majority of heat 

release takes place.  TC 2 is located at along the spray axis and Figure 86 serves to show that the 

layout of the thermocouples and spray plume interactions produce complicated patterns that 

difficult to correlate with simple relationships based on global trends.   

4.5 Reactivity Controlled Compression Ignition (RCCI) Studies  

 Combustion regimes utilizing multiple fuels were also investigated with the wireless 

telemetry system.  For this study, ethanol and hydrous ethanol were used to accomplish in-

cylinder fuel blending with diesel.  The ethanol fractions injected into the intake port and 

entering the cylinder can be as high as 90% of the total fuel mass.  The latent heat of 

vaporization of this fuel and the lower overall combustion temperatures common with this 

combustion regime demand closer scrutiny of in-cylinder heat transfer and specifically on the 
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piston surface.  According to a literature survey, piston heat flux has not been measured 

experimentally for this type of combustion process. 

 As before, generic features of the data set will be presented, followed by some parametric 

studies performed with RCCI, and finally comparisons between matched test conditions will be 

analyzed.  The comparisons are made for RCCI with E-85 and hydrous Ethanol and conventional 

diesel combustion cases.     

4.5.1 General Features of RCCI 

 RCCI has demonstrated high thermal efficiency and low emissions potential with a wide 

range of fuels over a wide range of loads [99, 100, 101, 102, 103, 104]. The high thermal 

efficiency is a result of: 1.) The combustion duration is short and near TDC which maximizes 

work extraction and 2.) Heat transfer losses are smaller than conventional diesel combustion.  

Highly premixed and more homogeneous strategies like RCCI result in lower peak bulk gas 

temperatures [98].  This decrease in peak bulk gas temperatures is due to an increase in 

uniformity of global equivalence ratio and this lowers the local adiabatic flame temperature [0].  

Reduced reaction temperatures decrease heat transfer losses.   

 An overriding characteristic of the RCCI data collected in this study is that the piston 

temperature was significantly colder than a matched case utilizing conventional diesel 

combustion.  Furthermore the temperature distribution on the surface of the piston, on a whole, 

was much more uniform compared to the highly stratified conventional diesel results.  Finally, 

the resultant heat flux profiles indicate a more uniform volumetric combustion event.  An 
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example is given in Figure 87 comparing temperatures for two cases, one with conventional 

diesel combustion and the other with RCCI.   
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Figure 87. Comparison of temperature and heat flux for conventional diesel combustion 
and RCCI at 1300 RPM, 9 bar load, with φ = 0.37 

 According to Figure 87, temperature is reduced by up to 60o and heat fluxes are reduced 

by a factor of approximately 2x between conventional diesel and RCCI.  The temperature 

profiles within the bowl are nearly homogenous for RCCI when compared with the highly 

stratified temperature profiles recorded during diesel operation except in the [near-] squish 
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region (TC 7 and 11 identified on the piston image).  The heat flux calculated for RCCI show 

more uniformity in magnitude and phasing when compared to the diesel case as well.  The 

increased uniformity of the RCCI case over diesel stems from the large amount of mixing before 

combustion initiates.  This is a typical case; examples exist where the hottest recorded 

temperature in the RCCI case is lower than the coldest temperature recorded under diesel 

operation.  The large differences in temperature have wide implications for emissions as well 

since most emissions and emission oxidation mechanisms are extremely temperature dependent 

(i.e. the Zeldovich NOx mechanism).   

4.5.2 Parametric Studies of RCCI  

 As with conventional diesel combustion, load, SOI timing, and boost sweeps were 

conducted with RCCI.  Injection pressure was found to have little effect on combustion with 

RCCI and therefore data from an injection pressure sweep was not presented but is included in 

the Appendix.   

4.5.2.1 Boost Sweep 

 The boost sweep in this study was conducted in the same manner as the conventional 

diesel case.  The two injection timings of the port fuel and direct injection fuel were held 

constant as well at -61o and -37o.  Heat flux data from thermocouple measurements within the 

bowl at location 11 are presented in Figure 88.   
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Figure 88. Heat flux for boost sweep with RCCI, 1300 RPM, 9.3 bar, 50 MPa injection 
pressure at TC 11 

 In the conventional diesel study, as the equivalence ratio rose, the heat flux increased 

within the bowl while decreasing in the squish.  For the RCCI sweep, a different trend appears.  

The early fuel injection events result in a long ignition delay period, which increases the mixing 

time resulting in greater air-fuel uniformity (mixedness) when ignition occurs.  Since the mixture 

in the squish is no longer locally leaner as the global mixture gets richer, the peak heat flux 

increases slightly as depicted in Figure 88.   

4.5.2.2 SOI Sweep  

 The SOI sweep for the RCCI data set altered the timing of the two injection events 

simultaneously.  The total crank angle split between the two events remained constant at 24o but 

the initial timing of the port fuel injection event swept from -66o to -29o with the direct injection 
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event starting at -42o and sweeping to -5o.  The load and equivalence ratio were held constant 

during the sweep and the fuel split percentages were adjusted to maintain constant combustion 

phasing.  The first and last cases of the timing sweep are shown in Figure 89.   
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Figure 89. Temperature and heat flux for two RCCI conditions at 1300 RPM, φ = 0.36, 
with constant CA50 and -66/-42 and -29/-5 SOI timings 

According to Figure 89, for Run 10 where the two injection events occur considerably before 

TDC, the resulting air-fuel mixture was fairly homogenous resulting in uniform reaction 

temperatures within the bowl.  The squish and bowl lip region (TC 11 and 7 respectively) still 
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have higher temperatures as seen before.  The resulting heat flux profiles for run 10 maintained 

the same degree of uniformity with similar phasing and initial heat flux rise rates indicating a 

global volumetric reaction.   

 In Run 17 (-29/-5), the fuel injection events occurred later in the cycle and closer to TDC.  

The second injection event now occurred at -5o bTDC and similar to CDC, spray effects became 

more prominent.  The insert of the piston shows geometric groupings of thermocouples that have 

similar temperature and heat flux patterns indicative of increased spatial effects.  The TC 

grouping on the spray axis (5, 2, and 9) detects a localized temperature rise due to the late 

injection event.   The phasing of the initial heat flux rise of TCs 5, 2, and 9 was also consistent 

with the start of a small amount of high temperature heat release as shown by the AHRR in 

Figure 90.   
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Figure 90. AHRR of runs 10 and 17 for RCCI SOI timing sweep at 1300 RPM, φ = 0.36 and 
-66o/-42o and -29o/-5o SOI timings 

 The grouping of TCs 3, 8, and 10 in the bowl wall also have a distinct temperature and 

phasing pattern as well.  The heat flux rise rate is much slower and the peak magnitude of the 

estimated heat flux is much smaller when compared with the other thermocouples for run 17.  In 

general the SOI sweep displays a transition from a more homogeneous, volumetric reaction 

(when injection occurs well before TDC) to a reaction sequence where thermal stratification and 

spray effects are increasing prevalent.   

4.5.2.3 Load Sweep 

 Load sweeps with RCCI combustion were performed in a similar manner as conventional 

diesel combustion.  With RCCI, the fuel % splits were modified to phase the combustion event at 

a constant CA50, for a given engine speed.    Figure 91 displays the heat flux recorded at 

locations 2 (spray axis) and 11 (squish region) for a 1300 RPM load sweep 
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Figure 91. RCCI load sweep at 1300 RPM at 5.3, 9.5, and 12.7 Bar IMEPg 

The timing of both injection events remained constant at -59o and -36o. Both injection events 

targeted the squish region while relying on piston motion to sweep the fuel-air mixture into the 

bowl region and increase mixture homogeneity.  According to Figure 91, for the 9.5 and 12.7 bar 

cases, combustion first occurs in the squish region since the phasing of the initial heat flux rise is 

advanced compared to the initial heat flux rise rate recorded on TC 2.  For the low load case of 

5.3 bar, this trend is less pronounced with combustion initiating at both locations nearly 

simultaneously.   

 Other thermocouples were examined and they produce a trend similar to TC 2 except the 

three wall TCs (3, 8, and 10) where the combustion phasing is delayed, similar to the trend 
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shown in Figure 89.  A load sweep was also performed at 1700 RPM but is omitted here for 

space considerations since the observed trends were very similar to the 1300 RPM load sweep.   

4.5.2.4 Hydrous Ethanol (70% CH3CH2OH, 30% H2O) RCCI 

 As part of the production process, ethanol-based fuels are dehydrated to remove residual 

water.  Lately, combustion regimes are being investigated that directly burn “wet” ethanol to 

increase overall efficiency.  The addition of the non-reactive water (30% by volume for this 

study) has a large impact on the recorded surface temperatures and the calculated heat flux.  

These results are presented here and according to the literature this is the first time heat flux 

measurements have been conducted to examine wet ethanol combustion.   

4.5.2.4.1 Wet Ethanol RCCI Intake Temperature Sweep 

 The aforementioned water addition acts as a diluent and increases the required energy 

input required to achieve stable combustion and power compared to an E-85 RCCI case.  The 

intake temperature was swept at a constant load of 9.1 Bar IMEPg with a φ = 0.36 and a constant 

CA50 = +6.0o and the standard RCCI SOI timings of -37o and -61o to investigate the wet ethanol’s 

effect on the calculated heat flux displayed below in Figure 92.   
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Figure 92. Calculated heat flux for wet ethanol RCCI intake temperature sweep at 1300 
RPM, φ = 0.36, 9.0 Bar IMEPg, Pinj= 80 MPa 

The heat flux profiles for TC 2 in Figure 92 demonstrate that as the intake temperature increases, 

the heat flux slowly increased until the intake temperature was increased to 55o C.  At this point 

heat flux increased rapidly (although this trend would be better substantiated with another data 

point). Increases in intake temperature correlate with increased steady state heat flux [129], but it 

is uncertain if increases in intake temperature increased the average piston surface temperatures 

in this case.  The heat release rates shown in Figure 93 however, help explain the observed trend 

with intake temperature.   
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Figure 93. AHRR for intake temperature sweep (oC) with wet ethanol at 1300 RPM, φ= 
0.36, 9.0 Bar IMEPg 

 The heat release increases slowly until the 55o C case which rapidly increases around 

TDC compared to the other two lower intake temperatures.  This seemed to indicate that some 

thermal mechanism (besides kinetics) was responsible for the sudden increase in heat release and 

heat flux above a certain temperature range.  It should be acknowledged that ethanol and water 

form an azeotropic mixture that has a lower boiling point than pure water or pure ethanol and 

other unique distillation properties that may contribute to the trend shown here.    

4.5.2.4.1 Wet Ethanol RCCI Load Sweep 

 The load sweep conducted with wet ethanol exhibits the same trends as seen with E-85 

RCCI, a uniform, almost volumetric combustion reaction takes place around TDC, and this 

generated heat flux estimates for individual thermocouples that lacked the large spatial variations 
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seen with conventional diesel combustion where the calculated heat fluxes differences between 

thermocouple neighbors were usually significant (i.e. large gradients in heat flux).  The load 

sweep shown in Figure 94 was conducted at 1300 RPM with a constant intake temperature of 

~58oC, a constant φ = 0.36 and a constant CA50.   

-20 -10 0 10 20 30 40 50 60 70
-1

0

1

2

3

4

5

6x 10
6

Crank Angle (Deg)

H
e

at
 F

lu
x 

(W
/m

2 )

 

 

9.1 bar TC 11
8.0 bar TC 11
5.3 bar TC 11
9.1 bar TC 2
9.1 bar TC 3 3

2

11

 

Figure 94. Heat flux profiles for wet ethanol RCCI load sweep with a constant speed of 
1300 RPM, φ = 0.36, a constant 58oC intake temperature, and a SOI timing of -61o/-37o for 

all the load cases 

As indicated in Figure 94, heat flux rises as load is increased in a linear fashion; the heat release 

rates of Figure 95 correlate well with the observed heat flux of thermocouples 2 and 3 for the 

high load case within the bowl as well.    
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Figure 95. Heat release for wet ethanol RCCI  load sweep with a constant speed of 1300 
RPM, a constant φ = 036 , and 58oC intake temperature 

 When examining Figure 95 and Figure 94 simultaneously, an interesting trend becomes 

apparent.  The heat release occurs at roughly -10o for 9.1 bar case, the initial heat flux rise of TC 

2 and 3 indicate that the reaction starts within the bowl and propagates outward radially until +8o 

where the squish TC detects the combustion event.  At this point the heat flux rates for the three 

separate thermocouples continue rising and falling in unison.  The combustion event is more 

uniform overall (the heat flux signals from other thermocouples over the other 2 load cases were 

checked as well), but it still exhibits some spatial dependence.     
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4.5.3 Matched test cases for E-85 RCCI, Wet Ethanol RCCI, and Diesel Combustion 

 While performing tests for the different combustion strategies, attention was paid to the 

matching operating conditions to enable direct comparison between combustion regimes.  This 

section presents the results from a few select matched cases.   

4.5.3.1 E-85 RCCI and Diesel Boost Sweep 

 Speed and load are maintained at 1300 RPM and 9.3 Bar IMEPg, respectively for the 

boost sweep comparison.  The φ ratios are not the same for matching intake pressures between 

RCCI and diesel because the higher efficiency of the RCCI regime requires less fuel (for a given 

airflow) to maintain a constant load.  A comparison of recorded heat flux rates, at three different 

locations (2, 3, and 11) is presented in Figure 96 along with heat release profiles for the 

individual RCCI and diesel comparison cases in Figure 96.   
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 Figure 96 allowed a direct comparison of intake pressure effects for the two different 

combustion regimes.  With RCCI, the spatial effects are less pronounced compared with 

conventional diesel combustion as demonstrated previously.  The long ignition delay enhances 

mixing processes in the bowl and squish.  Some stratification effects are still present however, 

although their impact is much reduced.  TC 3, 8, and 10 showed a delayed heat flux rise and a 

much smaller peak magnitude, the phasing of this group of thermocouples was also retarded 

when compared with TCs 2 and 11 (and the rest of the TCs) however heat flux still increased as 

boost levels fall.     

 The timing of the conventional diesel cases not only results in dramatically increased heat 

flux levels but increased spatial variation among the thermocouples.  An important aspect of this 

comparison is that diesel combustion has 2 distinct phasing patterns but with opposite trends.  

Within the bowl and off the primary axis (TC 8), heat flux decreased with decreasing boost while 

on the primary plane on the spray axis (TC 2) the heat flux increased with decreasing boost.  In 

the squish, the heat flux decreased even though the global equivalence ratio increased.  The 

increase in thermal stratification increased thermal gradients in the piston, and this increases heat 

transfer through the piston which ultimately hurts thermal efficiency according to Table 4.
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Table 4. RCCI and diesel efficiencies for boosted operation 

Diesel 
Run # 3 4 6 

ηthermal 51.2% 50.4% 49.5% 

φ 0.36 0.42 0.47 

E-85 RCCI 
Run # 5 6 7 

ηthermal 52.7% 52.6% 52.3% 

φ 0.35 0.39 0.43 

  

ηdiff. 1.6% 2.3% 2.7% 

 

As boost levels decrease, thermal efficiency falls, the differences in gross thermal efficiency 

between the two regimes increased because the efficiency for conventional diesel combustion 

(CDC) decreased at a faster rate.   

4.5.3.2 E-85 RCCI and Diesel Matched High Load Test Case 

 A 1300 RPM, 12.7 Bar IMEPg load matched case was examined to further investigate 

heat flux variations and spatial patterns under high load conditions without the use of EGR.  The 

heat flux at thermocouple locations 2 and 11 are presented in Figure 97 along with the associated 

AHRR for the two cases in Figure 98.   
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Figure 97. Heat flux for thermocouples 2 and 11 for 1300 RPM, 12.6 bar IMEPg 
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Figure 98. AHRR for matched RCCI and diesel comparison at 1300 RPM and 12.6 bar 
IMEP g 
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The heat flux rates in Figure 97 exhibit the same spatial trends that have been observed so far 

except at this high load condition the differences between RCCI and CDC are amplified further.  

The phasing, magnitudes, and duration of the observed heat flux rates between the two 

thermocouples are significantly larger for CDC than with the RCCI case.  Furthermore, note that 

combustion initiated in the squish and moved radially inward for RCCI and displayed the 

opposite trend for conventional diesel combustion.  Once again, this is attributed to the early 

injection timing of the RCCI case.   

 The heat release rates of Figure 98 depict the higher apparent heat release of the RCCI 

case and also displays the rapid conclusion of primary heat release while the CDC case is still 

burning (+14o).  Smaller combustion duration helps extract more work and contributes to 

increased efficiency.  Lastly, the relatively long duration of the heat release for the CDC case 

correlates well with the large duration of the heat flux in the squish at TC 11.  For CDC this is 

the last region to ignite and is the last to finish burning.   

 Returning to the Figure 97, it appears that both combustion cases exhibit peak heat flux 

around 11-12o after TDC.  The heat flux plots were generated at the point of maximum average 

heat flux which occurs at CA = +12o for conventional diesel operation and CA = +11o for RCCI 

and this view offers a snapshot in time of piston surface conditions as seen in Figure 99.    
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Figure 99. Piston heat flux maps for matched RCCI (CA = +11o ) and diesel combustion 
case (CA = +12o ) at 12.6 Bar IMEPg and 1300 RPM 

Figure 99 provides a look at the thermal events detected by the thermocouple array.  Although 

not technically a quantitative measure of thermal gradients at the piston surface, the data 

nonetheless offers some insight into heat transfer through the piston and ultimately its effect on 

thermal efficiency over the whole cycle.  The RCCI case is more uniform and the maximum heat 

flux rate is approximately 7 x 106 W/m2 compared to 12.5 x 106 W/m2 seen with CDC.  For the 

CDC case, the residual effects of spray targeting along the primary spray axis are seen but a cold 

spot at the bowl wall (3, 8, and 7) is also depicted.  The cold spot behavior and its impact on the 

observed heat fluxes for thermocouples 3, 8, and 7 was previously identified and has been seen 

across a variety of operating conditions.   
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  Lastly, for the CDC case, the off-axis squish region TC (11) and the off-axis bowl TC 

(10) have extremely high heat flux rates.  This pattern suggests a mushroom effect from spray 

impingement at the back wall of the bowl.   

4.5.3.3 E-85 RCCI, Diesel, and Wet Ethanol Matched Load Comparison 

 Direct comparisons between the wet ethanol RCCI, E-85 RCCI, and CDC were studied to 

understand how the intake temperature and fuel composition affect heat flux evolution under 

matched conditions.  In this case, engine speed was held constant at 1300 RPM, load was 

constant at 9 bar IMEPg, and the intake temperature was held constant at 32o C. The AHRR for 

the three cases is depicted in Figure 100.   Heat flux maps generated at peak heat flux conditions 

(CA = + 10-12o) are depicted in Figure 101.   
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Figure 100. AHRR for matched 9 Bar Diesel, E-85 and Wet Ethanol RCCI conditions 
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Figure 101. Heat flux map at peak conditions for diesel, E-85 RCCI, and Wet Ethanol 
RCCI 9 Bar load case at 1300 RPM 

The presence of a distinct premix combustion phase and diffusion flame phases for the CDC case 

in Figure 100 indicate spray effects are going to influence the heat flux map significantly.  The 

average peak in heat flux occurred at CA = +10o for the CDC case, +11o for the E-85 RCCI case, 

and +12o for the wet ethanol case.  The slow take off in heat release for the RCCI cases indicated 

that overall heat fluxes (which are measures of temperature rate of change) should be 

significantly lower than the CDC case.  The heat flux maps confirmed this theory and the 

increased heat release duration of the wet Ethanol case indicated that the heat flux map at peak 

conditions should be colder still.  The CDC map indicates a fairly strong injection event occurred 

even when compared to the higher load diesel case of Figure 99.  The two RCCI events are 

coldest against the bowl wall and towards the lip of the bowl.  The decrease in heat flux for the 

wet ethanol case over the E-85 RCCI case is attributed to the presence of water in the fuel which 

acts as a diluent.   
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4.5.3.3 E-85 RCCI and Wet Ethanol Comparison Fuel Reactivity and Inlet Temperature 

Comparison 

 The final test case compared three test cases at a constant engine speed of 1300 RPM 

with a load at 9 Bar IMEPg.  A constant combustion phasing was maintained, and the fuel energy 

was matched among the three test cases.  The intake temperature was held constant to examine 

variations in fuel reactivity splits, and the inlet temperature effects were examined by altering the 

fuel reactivity.  The heat release for the three cases is depicted in Figure 102.   
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Figure 102. AHRR for E-85 and Hydrous Ethanol matched load case investigating 
reactivity splits and inlet temperature effects at 1300 RPM and 9 Bar IMEPg 

The heat release rates show that when the reactivity split is matched (E-85 and 55oC wet 

Ethanol), the AHRR was very well matched.  When the intake temperatures are matched (E-85 

and 32oC wet Ethanol) a large difference exists in the heat release isolating a temperature effect.  
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Surface heat flux maps generated at peak magnitude conditions (CA = +10o) further explain 

these trends in heat release and are shown in Figure 103.   
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Figure 103. Surface heat flux maps for matched E-85 and Hydrous Ethanol RCCI cases 

Looking at Figure 103, the “hot” wet Ethanol case shows higher heat fluxes in the squish than 

the reactivity matched case with E-85 owing to the increased intake temperature.  An interesting 

hot zone appears around TC 9 and 10 which are off the primary spray axis.   For the “cold” wet 

Ethanol case the squish is similar in magnitude to the E-85 case although the matching is not 

perfect.  In general though the 32oC wet Ethanol case is much cooler than the E-85 case and 

shows that reactivity plays a large role in the observed heat flux, similar to the trends seen with 

the heat release rates.   
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5. Local Heat Flux measurements in a Small Utility Engine 

5.1 Introduction 

 In addition to the experiments performed on the large compression ignition engine of 

Chapter 4, heat flux measurements were also performed on an air-cooled spark ignition utility 

engine using a fast response thermocouple.  Data were collected over a range of speeds and loads 

typical for this engine.  The measured heat flux data were used to estimate a global heat transfer 

rate, and this was compared with the heat transfer rate calculated by a single-zone heat release 

analysis. Similar to the CI engine where the observed heat fluxes were dominated by spatial 

variations, the SI engine measurements also exhibit spatial patterns that do not correlate well 

with global trends.  As mentioned previously in Chapter 2, the high load data showed an 

unexplainable negative heat flux during the expansion stroke while the gas temperature was still 

high.  A numerical investigation of the heat flux reversal during the expansion stroke revealed 

that two dimensional effects play a role in biasing the surface temperature measurement.  A 

nanosecond response, spatially homogeneous sensor fabricated with a photolithographic 

technique was developed to eliminate the 2-D effects that bias the coaxial probe measurement 

and verify or disprove the existence of heat flux reversal.  The sensor structure did not survive a 

fired test at high load long enough to acquire meaningful data.  The design and development of 

the sensor will be presented to explain its intended benefits. 

5.2 Experimental Setup 
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 An air-cooled, single cylinder, four-stroke, vertical shaft, overhead valve engine was used 

in this study.  The test engine was rated at 6.5 horsepower and the specifications for this engine 

are given in Table 5. 

Table 5: Engine Specifications 

Bore 68.26 mm 2.688 in 

Stroke 46.00 mm 1.797 in 

Connecting Rod Length 88.57 mm 3.487 in 

Displacement 167.4 cm3 11.58 in3 

Compression Ratio 7.0:1 

IVO 335o aTDC 

IVC  118o bTDC 

EVO 106o aTDC 

EVC  385o aTDC 

Spark Timing 18o bTDC 

 
 Cylinder pressure was measured using a liquid-cooled Kistler 6061 piezoelectric pressure 

transducer and a Kistler 5010 charge amplifier.  The original spark plug location was used to 

mount the heat flux sensor and the spark plug was relocated to the center of the combustion 

chamber.   The intake absolute pressure was measured downstream of the throttle using an 

automotive-type MAP sensor (MotoTron SENSPRES-001H00).   

 Heat flux was derived from a fast-response J-type coaxial thermocouple (TCS-061-JJU-

2.00-0-GGS-A2-0) from Medtherm Corp. that was mounted flush with the surface of the 

combustion chamber.  Another J-type thermocouple was mounted 3.31 mm behind the surface of 

the chamber and slightly off axis from the fast-response sensor.  The two thermocouples were 
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wrapped with a thin layer of Kapton tape for electrical isolation and potted in an aluminum spark 

plug adapter using thermally conductive epoxy from Cotronics Corp (Duralco 133).  The heat 

flux sensor is shown in Figure 104. 

 

 

Figure 104. Heat flux sensor potted in spark plug adapter and cross section of assembly 

 
The voltage output from the thermocouples was routed to an amplifier using extension-grade 

wire that was shielded with foil-backed Mylar tape and a stainless-steel braided wrap.  The 

signals were amplified with Analog Devices monolithic thermocouple amplifiers with cold 

junction compensation pretrimmed for J-type thermocouples (P/N# AD 594).  The amplifier 

circuit was powered by a 6V battery from a lawn tractor and a standard 5V fixed-voltage 

regulator (Model # 7805) to reduce noise.          

 All engine experiments were performed using a vertical shaft, DC engine dynamometer 

with a steady-state load cell attached to a 0.3 m torque arm.  A 1 crank angle degree resolution 

optical shaft encoder was used to determine the angular crankshaft position.  The MotoTron suite 

of electronic engine control systems was used to control fuel injection, spark timing, spark 

energy, and throttle angle.  The fuel injection system consists of an air-assisted injector that 
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delivers highly atomized fuel 1 m upstream of the intake valve; the intake pipe was wrapped with 

heater tape to provide a fully vaporized homogeneous mixture at the intake.  The engine controls 

and fueling system are further described by Haugle [15].   

5.2.1 Operating Conditions 
 
 Tests were performed at two different engine speeds and three different load conditions.  

The test conditions are summarized in Table 6.  The full load reference condition was defined as 

WOT, 3060 RPM, 12.0:1 A/F, 101.3 kPa intake surge tank pressure.  The fuel used in this 

experiment is US EPA Tier II EEE Certification Fuel.   

 

Table 6: Test conditions 

Test 
Speed 
(RPM) 

Load 
(%) 

IMEP 
(kPa) 

1 1750 10 78.4 

2 1750 25 182.1 
3 3060 10 81.92 
4 3060 25 187.9 
5 3060 100 605.2 

 
 All of the measurements were made by simultaneously collecting the crank-angle-

resolved cylinder pressure, manifold pressure, and temperature readings from the two 

thermocouples.  All measurements were acquired with a fixed spark timing of 18o bTDC and an 

A/F of 12.0:1.  Data were acquired for 350 consecutive cycles and then ensemble averaged.   

5.3 Surface and Backside Temperature Measurements and Heat Flux Computation 
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 The temperature measurement example shown in Figure 22 in Chapter 3 and the heat flux 

shown in Figure 23 in Chapter 3 originated from this experiment.  The investigation into inverse 

methods and regularization was conducted with this data as well.  When shown in this chapter, 

heat flux is calculated with the FFT method for this experiment and makes use of the backside 

temperature data to calculate and include the steady state heat flux.     

5.4 Results  

5.4.1 Load and Speed Effects 
 
 Figure 105 shows the surface heat flux as a function of crank angle for all test cases.  It 

should be mentioned that for the cases of 25% and 10% load the combustion duration is quite 

long compared to the 100% load condition, because of the fixed spark timing and absence of 

significant in-cylinder mixture motion.  The charge is still burning during much of the expansion 

stroke and CA90 is not reached until 69o aTDC for 10% load and 50o aTDC for the condition of 

25% load.  Brossman [16] gives a detailed burn rate analysis of this engine at the conditions used 

in this study.   

 The peak in surface heat flux is seen to increase as engine load is increased, which has 

been previously observed in the literature and is a result of the increased gas density.  The 

observed change in the phasing of the heat flux profiles with load is a result of the retarded heat 

release phasing with decreased load as described above.   
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Figure 105. Surface heat flux data for all test conditions. 

 
Figure 105 also shows the heat flux data for both engine speeds.  It can be seen in the data that 

the peak heat flux magnitude does not depend strongly on speed.  There is a slight advance in the 

heat flux at the lower engine speed.  Literature reports suggest that the peak heat flux increases 

with engine speed and the initial heat flux rise rate also increases with engine speed.  For the 

limited speeds available in the present data, however, these trends are not strictly observed.  In 

particular, at 25% load the low speed data have an advanced heat flux peak that is larger in 

magnitude than that at 3060 RPM.  This is believed to be an effect of the heat release profile, 

which will be discussed below 

 The initial heat flux rise rate (IHFRR), which has been found by previous authors [7] to 

correlate almost linearly with load and peak heat flux, was calculated by computing the slope of 

the heat flux profile during the passage of the flame past the heat flux sensor.  The rise rate was 

nearly linear and a two-point approximation was found to work well.  Figure 5 shows the IHFRR 

and peak heat flux as a function of engine load, as well as the direct correlation between IHFRR 

and peak heat flux.  Both the IHFRR and peak heat flux are found to have a nearly linear relation 
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with load; more data between 25% and 100% load would augment the analysis.  The two 

parameters, therefore, also show a nearly linear interdependence.  The surface temperature swing 

is also included in Fig. 5, and shows the expected dependence on load.   
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Figure 106. Comparison of surface temperature and heat flux data as a function of load. 

 

5.4.2 Thermal Wave Penetration Depth 
 

 In order to obtain a better understanding of the underlying assumptions in the heat flux 

profiles shown in the results section, we can further examine some of the important terms in eqn. 

4.  The first term of eqn. 4 represents the steady state heat flux and the second term is dependent 

on time and represents the unsteady heat flux component.  The term 

 

2 t

n
u

ω
α

=  (22) 
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represents the thermal penetration velocity composed of a frequency term and the thermal 

diffusivity.  Manipulating the thermal penetration velocity using a characteristic length scale, we 

arrive at the thermal penetration depth according to Buttsworth [13].   

4t tδ α≈  (23) 

 
 Fitting the data for the test cases shown in Figure 106 to the functional form given by 

equation 23, a prediction can be made of the thermal penetration depth for a given case as shown 

in Figure 107.  This prediction can be utilized in a design scenario and will help specify the 

minimum distance the backside thermocouple can be placed to prevent interference with the 

thermal wave.  
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Figure 107. Plot of thermal penetration depth as a function of time with test data 

The penetration depth is calculated by examining the minimum and maximum temperature along 

every node as a function of time using a 1-D numerical model (described in Chapter 3).  When 

the maximum difference at a given node as a function of time is less than 0.5% of the 

temperature swing at the surface, the model reports the x position and this demarcates the 
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maximum depth of the penetration wave.  The thermal penetration depths were calculated using 

thermophysical properties equivalent to iron at 500 K.  .     

 Figure 107 demonstrates that the calculated penetration depths from the 1-D numerical 

model follow the same trend as the analytical form, albeit with a different constant.  The final 

form used to fit the data in Figure 107 is given by equation 9.   

 

11t tδ α≈                  (24) 

 
 The individual data points use combustion duration time, CA10-90 as their relevant time 

scale.  The location of the data on the curve indicates that the ½ power dependence on time and 

thermal diffusivity is maintained although a large data set would improve the accuracy of 

developed scaling relationship.  Comparisons of the data in Figure 107 and examination of the 

corresponding heat release rates and combustion durations for each case show that a shorter 

duration combustion event, although higher in load, will penetrate less than a longer duration 

event.  After combustion, the wave stops penetrating, and if the temperature at the surface falls 

below the wall temperature, the thermal wave will reverse direction.  However, after combustion 

the bulk gas temperature is significantly hotter than the wall as noted earlier and according to the 

data, the heat flux reverses direction.  As a bridge to the 2-D model, the 1-D model will be 

examined briefly to examine wave penetration.     

5.5 1-D Numerical Model 

 The heat flux reversal was studied with the 1-D numerical model using the adaptive 

timestep CN routine discussed in Chapter 3.   



202 
 

 

Figure 108 displays a temperature-time history as a function of depth into the wall from 

the 1-D numerical model generated with the full load, full speed data.   

 

Figure 108. Temperature as a function of depth and time for a test point at 3060 RPM, 
100% load. 

 
The finite difference model sets the surface node at the temperature of the fast response 

thermocouple which varies as a function of time and the last node is held constant at the median 

temperature of the backside thermocouple which is time invariant.   

   The high resolution of the 1-D model allows a closer look at the expansion event after 

combustion.  Energy from the combustion event penetrates the wall, but when the driving 

potential for conduction falls, i.e. flame passage has occurred, the wall starts injecting energy 

back into the cylinder.  This is seen in Figure 109 where the temperatures at node 1 through node 

5 behind the surface actually rise above the surface temperature.   
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Figure 109. Time after peak heat flux during expansion stroke where heat flux reverses in 
1-D numerical for test condition of 3060 RPM with 100% load. 

 
Based on the constraints of the 1-D model, Figure 12 provides an explanation for the region of 

heat flux reversal during the expansion stroke when using a 1-D model.  However, this model 

does not fully capture the physics of the combustion and expansion event.  With a 2-D model, 

one would anticipate some 2-D effects taking place that enable lateral conduction of heat away 

from the sensor junction during the expansion stoke and a subsequent decrease or elimination of 

the heat flux reversal during expansion.  To examine potential lateral conduction, a 2-D model 

was generated and will be discussed next.  The following 2-D finite difference numerical model 

also uses an adaptive timestep Crank-Nicholson routine following the methodology of the 1-D 

numerical model described above.   

5.6 Two-Dimensional Numerical Model 

 The finite difference model used in the 1-D study was extended to allow lateral heat 

transfer between the various materials as listed in  
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Table 7.  The domain extends beyond the epoxy bonding the sensor to the aluminum by another 

0.136 mm.  At the radial extent of the domain, the boundary is considered adiabatic.  The 

centerline is also another adiabatic boundary.  All nodes on the backside and surface are set at 

the median of the backside temperature and the instantaneous surface heat flux, respectively.   

 Material properties were examined for the different materials present in the coaxial 

thermocouple used in this experiment.  The center element is composed of constantan (55% Cu – 

45% Ni) with a diameter of 0.787 mm.  This wire is separated from the second thermoelement by 

a 0.013 mm thick layer of high dielectric strength ceramic with material properties assumed to be 

equal to that of Al2O3.  The outer element is composed of iron with an outer diameter equal to 

1.549 mm.  In this experiment background noise required additional shielding and a high 

temperature dielectric tape (Kapton), 0.064 mm thick, was wrapped around the outer iron 

element.  This assembly was then potted in a 6061 Al spark plug adapter with high temperature 

epoxy that is approximately 0.025 mm thick.   

Table 7 summarizes the density, specific heat, thermal conductivity, and calculated thermal 

diffusivity for each material.   

Table 7. Material Properties of sensor 

  ρ k c α 

 Material kg/m3 W/m-K J/kg-K m2/s 

Aluminum 2662 236 991 8.95 x 10-5 

Iron 7807 62.1 518.5 1.53 x 10-05 

Constantan 8831 31.1 466 7.56 x 10-06 

Alumina 3970 25.7 1025 6.31 x 10-06 
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Epoxy 1560 5.77 1883 1.96 x 10-06 

Kapton 1420 0.12 1090 7.75 x 10-08 

 

 The computational domain of the numerical model is composed of 6 different materials 

in Table 3 and the layout of the sensor and its mounting is shown in Figure 110. 

 

Figure 110. Different materials within computational domain of numerical model, from L 
to R: Constantan, Alumina, Iron, Kapton, Epoxy, and Aluminum.  Note: Distances not to 

scale. 

5.6.1 Model for Incident Surface Heat Flux 

 The model simulates not only the combustion event where the input heat flux is high, but 

also the other three engine stokes that occur during engine operation where the surface heat flux 

was negligible in comparison.  Actual surface heat flux data could be used as the boundary 

condition for the simulation, but due to its computational expense, a model of the incident 

surface heat flux was used instead.  The incident surface heat flux model was based on a 1-D 
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Gaussian profile.  The peak of the Gaussian curve roughly matches the recorded peak heat flux 

for a wide range of conditions, and the width of the Gaussian distribution curve roughly matches 

the combustion duration.  The input surface heat profile is overlaid on the curve in Figure 111 

and is shown in Figure 111 along with a sampling of other input profiles simulated.   
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Figure 111. Gaussian profiles used as surface heat flux boundary condition for numerical 
model overlaid on calculated surface heat flux from engine data. 

Along with the 5 MW/m2 peak, 2.5 ms duration pulse shown in Figure 111, a wide array of other 

operating conditions were also simulated.   Table 8 presents the test matrix of peak heat flux and 

pulse time duration conditions simulated in the current study where X indicates test conditions 

simulated.   

Table 8. Test matrix of simulated conditions  

  Peak Heat Flux (MW/m2) 
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Gaussian Pulse Duration 
(ms) 

1 2.5 5 10 15 

1 X X X X X 

2.5 - - X - - 

5 X - X - - 

 

5.6.2 Grid  

 The grid used in the simulations was designed to concentrate nodes at the surface of the 

domain and at the different material interfaces.  A coarse grid of 50 x 30 nodes (radial x axial) is 

displayed in Figure 110 for illustrative purposes.  All simulations in the current study were run 

with a grid of at least 200 x 100 (radial x axial) nodes.  The scheme used to generate the grid in 

the radial direction involves an exponential function given by: 

 

  (25) 

Where Dr is the differential radius, j is the radial node index, M is the total number of radial 

nodes, and σ is a grid concentration factor.  In this grid, equation 25 is used a total of 4x across 

the radial extent of the domain with an iterative loop to match the differential radii across the 

Alumina.  A plot of the radial width, Dr, as a function of radius (r) is shown in Figure 112 for the 

model.   
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Figure 112. Differential radius as a function of radius for the numerical model in this study 
with different domain materials overlaid 

At the interface between the two thermoelements, Constantan and Iron, a 0.013mm thick layer of 

Alumina is located.  The exponential grid enables the model to place 10 differential control 

volumes across this material with a maximum spatial resolution of 1.4 microns.  16 elements are 

placed across the Kapton material and 8 across the epoxy layer with a corresponding resolution 

of 3.0 and 3.6 microns respectively.  The axial direction uses the same exponential grid scheme 

with a maximum spatial resolution of 0.88 microns at the surface.     

5.6.3 Solver Routine 

 The numerical model uses an adaptive timestep Crank-Nicolson routine during the 

combustion phase when increased accuracy is desired and a fixed timestep CN program during 
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the other three strokes of the simulation cycle.  This hybrid approach improves model accuracy 

when the thermal gradients are largest during the heat flux pulse.       
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Figure 113. Representative surface temperatures trace showing integration timesteps from 
numerical integration routine for 5MW/m2, 1 ms pulse with insert showing adaptive time 

step region for a surface node at the centerline of the model 

In the example shown in Figure 113, the adaptive timestep routine automatically specifies 1671 

timesteps to resolve the combustion pulse, while the constant timestep portion allocates only 39 

timesteps to cover the rest of the simulation time frame.  This method saves computational 

resources for the most important timespan of the simulation when thermal gradients are the 

largest.  
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5.7 Numerical Model Results for 5 MW/m2, 1 ms Combustion Duration Pulse 

 For the test matrix of simulation runs shown in Table 8, the results presented below 

simply scale according to magnitude and duration of the heat flux input.  These simulations were 

all based on the 1-D Gaussian distribution scaled to match combustion durations and magnitudes 

and therefore this is not an entirely unexpected result.  

 Three thermal analysis tools are used to examine multi-dimensional conduction effects in 

the current simulation and are stated as follows: 1.) One-Dimensional apparent surface heat flux 

computations (Fourier method) based on nodal surface temperature histories, 2.) Energy balances 

on the global domain and individual materials, and 3.) Lateral heat transfer estimates along the 

material interfaces.  These tools will enable a closer look at the micron-scale heat transfer 

occurring on and near the surface of a coaxial thermocouple during micro-second timescales.   

 The first model analyzed the heat transfer effects from a 5 MW/m2, 1 ms duration pulse.  

After 1 ms, the incident heat flux rate falls to zero till the end of the simulation at 0.04 s.  The 

total simulation time corresponds to an engine speed of approximately 3060 RPM.  The 

computational domain examined is the same as shown in Figure 110 and described by  

Table 8.  A representative surface plot of the surface temperature as a function of radial position 

is presented in Figure 114 for the original domain represented by Figure 110.   
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Figure 114. Surface temperature as a function of radial position at t = 5.77 x 10-4 s for 5 
MW/m2, 1 ms pulse with all 6 materials represented in the computational domain 

Figure 114 shows that the grid scheme concentrates nodes at all the material interfaces and 

allows the model to capture the subtle temperature changes occurring at the material interfaces 

for the Alumina and Epoxy.  However, the response of the Kapton dominates the radial 

temperature distribution.  This is a result of the low thermal diffusivity of the Kapton insulation 

tape which is 2 orders of magnitude lower than the Alumina.  The conduction model used in the 

current study is linear, i.e. the thermal properties of each material are assumed constant over the 

temperature range calculated by the model.  For all materials in the model except Kapton, this 

assumption is justified, as shown by Figure 113 where the centerline temperature increases only 

by three degrees over the entire simulation.  This curve is representative of all the other nodal 

metal surface temperature histories in the model.   
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 According to thermal data from Morikawaa and Hashimoto [130], the thermal diffusivity 

of Kapton decreases from 1.2 x 10-7 m2/s at approximately 300K to 0.6 x 10-7 m2/s at 570K.  The 

specified curve fit for this material is an exponential decay function, therefore extrapolating out 

to 700K the thermal diffusivity would fall even further, but it would change little from the 

reading at 570K and, thus, the error in assuming constant thermal properties for Kapton is 

minimal.  A consequence of a low thermal diffusivity material is that the thermal energy storage 

potential of the material at the surface is low and the Kapton behaves as an excellent thermal 

insulator, interacting little with its surrounding materials.  Figure 114 clearly shows that the 

thermal influence of the Kapton does not extend into the iron substrate more than a few nodes 

and it certainly does not influence the heat transfer at the Alumina layer separating the Cu/Ni and 

Fe layers where the thermocouple junction is most likely located.    

 The 1-D model used to calculate the instantaneous heat flux from IC engine surface 

temperature data can also be used to examine multi-dimensional effects in the simulation results.  

Local surface heat fluxes were calculated with individual nodal temperature histories.  Since the 

junction location on the surface of the coaxial probe is unknown, any location could 

hypothetically represent the location where the actual thermocouple junction is formed.  The 

temperature “measured” at this location would be combined with an analytical solution to 

calculate the surface heat flux.  In the simulation, the apparent heat flux is the resultant heat flux 

calculated with the surface temperature produced by the model even though the input heat flux is 

known; it is the heat flux that is apparent to an outside observer.     
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  The front side BC of this model is a spatially uniform heat flux, and if the input heat flux 

curve is recovered at a given spatial location (e.g. at the minimum extent of the Cu/Ni material), 

then multi-dimensional effects are small at this specific nodal location.  If a significant deviation 

from the input curve is recorded (e.g. at the maximum extent of the Cu/Ni which is at the 

interface between the Alumina and the Cu/Ni), then the assumption of 1-D conduction behavior 

is in error.  This analysis simulates the expected variation that could be encountered using a 

sensor for multiple tests.  Each time a new test is conducted and the probe is reinstalled in the 

engine, the junction is polished off and then re-established, leading to a movement of the actual 

junction location.    Since this is a generic input simulation, the model will indicate where and if 

2-D effects are important and could be further used to interpret engine data.  In Figure 115, the 

nodal temperature histories for 3 points in the Constantan material are used to calculate the 

apparent surface heat flux rate using the analytical inversion (FFT).     
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Figure 115. Surface heat flux rates for three different nodal temperature histories in 
Constantan material. The colorbar corresponds to the domain surface shown in Figure 110.  

 The apparent heat flux rates calculated for the nodes located at the centerline and 

midpoint of the material exhibit very little bias when compared to the input curve due in part to 

their physical isolation from other materials, specifically the Alumina dielectric.  The Cu/Ni 

node immediately adjacent to the Alumina (Max) has a negative bias for the entire cycle and 

exhibits heat flux reversal during expansion.  The heat flux reversal suggests that a significant 

amount of thermal energy is being transferred from the Constantan through the Alumina and into 

the Iron near the surface of the sensor, i.e. the Cu/Ni node is being overcooled and this pushes 

thermal energy directly into the Iron.  The Constantan temperature traces for the other simulation 
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runs exhibit the same negative bias but are scaled according to the magnitude and duration of the 

Gaussian simulated combustion event. 

 The nodal heat flux histories within the Iron thermoelement exhibit corresponding trends 

that agree with the analysis of thermal events occurring in the Constantan.  Surface heat flux data 

from three locations in the Iron thermoelement are presented in Figure 116.  
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Figure 116. Calculated surface heat flux rates for three locations in Iron thermoelement for 
5 MW/m2, 1 ms combustion pulse.   
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 The isolated midpoint node in the Iron thermoelement recovers the input curve while the 

nodes adjacent to the Kapton and Alumina do not.  The Iron node adjacent to the Alumina (Min) 

and the Kapton (Max) are biased by the higher local temperatures seen in the adjacent materials.   

The localized overheating of the Iron node also produces a positive bias for well over half of the 

combustion time frame.   

 The apparent heat flux reversal in the simulation data presented in Figure 116 suggests 

that the sliver junction that produced the observed heat flux reversal in Figure 20 was located 

close to the Alumina dielectric material, and on top of the Constantan thermoelement.  The 

simulation cannot identify an exact location for the sliver junction on the surface of the coaxial 

thermocouple used in the previous experimental study, but it effectively limits the range of 

possible sliver junction locations.       

 The overcooling of the Constantan material adjacent to the Alumina and the overheating 

of the Iron in close proximity to the Alumina is a consequence of the differing thermal 

diffusivities within the sensor assembly.  The Constantan surface nodes can be thought of as a 

source of energy for the Iron surface nodes, which act as a thermal sink; the thermal energy 

short-circuits across the Alumina to reach the Iron.  The difference in the thermal diffusivities 

between the two materials allows this lateral heat transfer to occur.  The Iron represents the path 

of least resistance to the backside of the domain when compared to the Constantan or Alumina.  

The Alumina layer is too thin to thermally insulate the two materials and this allows a significant 

amount of thermal energy to freely pass from the Constantan to the Iron materials.  This 
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proposed mechanism is validated by an energy balance performed on the computational domain 

for the current 5MW/m2, 1 ms combustion event and is displayed in Figure 117.     
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Figure 117. Energy balance on the computational domain for a 5MW/m2, 1 ms duration 
combustion event 

The global energy balance tracks the total thermal energy entering and leaving the system and is 

accurate to within 3% for the 5 MW/m2, 1 ms case.  Energy balances are also performed for each 

individual material and the average accuracy of each balance is on the order of 2% with the 

energy balance on the Iron being the best with 0.4% total error and Kapton the worst at 

approximately 5% error.  The error in each case is a function of the number of nodes in a given 

material and the average differential radius for each element in the material.     
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 The energy balances on the Iron and Constantan materials given by Figure 117 confirm 

the hypothesized mechanism responsible for the biases in the calculated apparent heat flux rates 

of Figure 115 and Figure 116 for the nodes immediately adjacent to the Alumina dielectric.  

Roughly half of the total energy that enters the Constantan through the front side surface is 

transferred through the Alumina, and passed to the Iron.   

 Although the energy balance validates the proposed heat transfer mechanism used to 

explain the apparent heat flux biasing and sliver junction location for the experimental data 

shown in Figure 20, it does not provide a quantitative measure of the lateral heat transfer rate 

between the Iron and Constantan at specific depths.   To further examine the micron-scale heat 

transfer occurring near the surface, the instantaneous lateral heat flux rate was calculated for 

select nodes in the Iron and Constantan thermoelements immediately adjacent to the Alumina 

dielectric.  The locations below the surface and the heat transfer rates are presented in Figure 

118. 
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Figure 118. Lateral heat transfer rates for select nodes in the Iron and Constantan 
thermoelements for the 5 MW/m2, 2.5 ms combustion duration simulation.  The control 
volumes for the calculated heat fluxes are adjacent to the Alumina dielectric material 

located at depths specified by the numbers in the graph (microns).   

In Figure 118, the dashed lines are the input curve and positive values indicate energy leaving 

the Constantan material and/ or entering the Iron material.  For the Iron nodes at the surface of 

the coaxial sensor, the positive heat flux indicates that initially the Alumina is supplying energy 

to the Iron nodes.  The Constantan has a phasing lag in relation to the Iron and therefore its peak 

response is not recorded until after 1.25 x 10-3 seconds whereas the Iron responds much sooner 

(shortly after 1 ms) and the magnitude of the heat flux at each surface nodes is different.  As time 
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increases, lateral heat flux for the Iron surface node remains positive even after peak combustion 

due to the supply of thermal energy from the Alumina and Constantan into the Iron.   

 This trend continues until 50 microns below the surface, at this depth the lateral heat flux 

in the Iron briefly turns negative (indicating energy is now leaving the Iron) in the first half of 

the simulation before reversing direction and re-entering the Iron.  The high thermal diffusivity 

of the Iron, as compared with the Iron, allows the thermal wave to move through the Iron more 

quickly and reach a depth where the Alumina and Constantan are actually colder than the Iron.  

At this depth, the Constantan and Alumina will now draw energy out of the hotter Iron, even 

though the nodes at the surface of the Iron will be always pulling energy out of the Alumina or 

Constantan.   

 The changing lateral heat flux in the Iron surface nodes agree with the thermal events 

occurring in the Constantan.  The Alumina initially drives lateral heat transfer at the surface, 

pushing energy from the Constantan in to the Alumina.  The thin dielectric layer is not resistive 

enough to stop the combustion pulse from overheating the Iron surface nodes and overcooling 

the corresponding Constantan material.  Thus, the Alumina layer plays a key role determining 

the transient thermal events at the surface.  At early times in the simulation (or combustion 

event), the Alumina supplies thermal energy to the Iron, and at times after the combustion event; 

the Alumina allows thermal energy to travel from the Constantan to the Iron.   

 At depths below 150 microns, energy is always flowing from the warmer Iron into the 

cooler Constantan which is essentially opposite of the trend at the surface.  However, at 150 

microns, the lateral heat flux rate is low overall and is transitioning to 1-D conduction behavior.   
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 As seen from this investigation, the competing thermal diffusivities of the two 

thermoelements drives the thermal mechanism behind the observed global energy balance, and is 

partially responsible for the heat flux reversal observed with the high load engine data.  The 

intensity of the reversal seen with the Gaussian profile simulation is only 3% of the peak input 

while peak reversal of the engine data is approximately 7% of the peak magnitude (for the case 

where the 5MW/m2, 2.5 ms pulse is used to approximate the 3060 RPM, 100% load engine 

case).  As stated before, the simulation results scale with one another, i.e. the reversal in the 

5MW/m2, 1 ms case is also 3% of the peak magnitude,    

 If the shape of the input curve is altered, the shape of the reversal and its magnitude can 

be altered.     
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Figure 119. Apparent heat flux for 5MW/m2, 1ms square wave surface heat flux input test 
case 

According to Figure 119, the reversal for the Cu/Ni node (Max) peaks at approximately -1 x 106 

W/m2.  The biasing pattern for the Iron node (Min) is also consistent with the Gaussian profile 

simulations.  A square wave input function is more of an idealized test case, however, the result 

indicates that the slope of the incident surface heat flux input is a large player in the presence of 

the reversal.  This slope dictates thermal gradients at the surface which drive lateral heat transfer 

mechanisms at and below the surface.   

5.8 Summary of Simulation Test Case Results 
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 The simulation results generated by the representative test case allowed a closer look at 

the transient thermal events occurring within the thermoelements of a standard J-Type coaxial 

thermocouple.  A possible explanation of the observed heat flux reversal seen in internal 

combustion engine data during the expansion stroke was identified using the Fourier method to 

calculate the apparent surface heat flux rate for numerous nodal temperature histories.  The 

simple 1-D method allowed the different nodal surface temperature histories to be used as 

representation of the thermocouple sliver junction and allowed a parametric study of junction 

location effects.  If the junction is established over the Constantan surface and close to the 

Alumina dielectric, a heat flux reversal will occur after peak combustion.  The heat flux reversal 

scales with peak magnitude and duration and is also affected by the rate of change of the incident 

surface heat flux.   

 An energy balance of the thermocouple domain demonstrated that half of the thermal 

energy that enters the domain through the front of the Constantan surface leaves the domain 

through the back of the Iron by way of the dielectric Alumina layer separating the two 

thermoelements.  The energy balance provided further evidence that heat transfer between the 

two thermoelements is responsible for the bias seen in the apparent surface heat flux 

calculations.   

 Finally, the analysis of the surface and sub-surface lateral heat transfer rates surrounding 

the Alumina dielectric identified the heat transfer mechanism responsible for biasing the nodal 

surface temperature histories and apparent heat flux rates.  The differing thermal diffusivities of 

the two thermoelements and the dielectric separating the two allows lateral heat transfer to occur 



224 
 

 

at large rates on the surface and below the surface.  The different thermal diffusivities of the 

materials in the thermocouple allow the thermal wave to penetrate unevenly, and this sets up a 

complex heat transfer sequence that occurs on milli-second timescales and within microns of the 

surface.   Ideally, a surface heat flux measurement would strive to achieve true 1-D behavior.  

This could be accomplished by creating a large thermal barrier to lateral heat transfer (i.e. 

increasing the radial width of the Alumina) but this solves the lateral heat transfer problem by 

increasing the heterogeneity of the wall.   

5.9 Design, Fabrication, and Testing of a New Heat Flux Sensor 

5.9.1 Introduction 
 

 The simulation results investigating the heat flux reversal observed in the engine test data 

motivated the last investigation of this study.  To eliminate 2-D heat transfer effects, and the 

biases associated with these effects, a new micro-scale, thermocouple array-based thin film (SI 

TFTC) sensor was designed and fabricated and mounted in s spark plug adapter similar to Figure 

104.  The SI TFTC is designed to make simultaneous temperature measurements perpendicular 

to the wall surface.  The thermocouple measurements are made close enough to the wall to detect 

transient combustion events and these temperature measurements are combined with an inverse 

method to calculate the surface heat flux.   A generic schematic of the sensor is shown in Figure 

120.   

 

 



225 
 

 

Alumel (+)
Chromel (-)

∆X1

∆X2

∆X3

 

 

Figure 120. Generic thermocouple array layout 

The sensor of Figure 120 details a 1-D axial array.  One side of the sensor, the ground loop, is 

composed of Chromel and the other legs (in red) are composed of Alumel.  At each junction 

indicated by a black dot, a thermocouple pair is formed.  ∆X1, ∆X2, and ∆X3 are design variables 

and are chosen based on the results of a forthcoming thermal analysis.  The array provides 

temperature distribution data that ideally has enough spatial resolution to capture the thermal 

wave penetrating the material during a combustion event.  ∆X3 must be large enough that the 

fourth thermocouple is not affected by the thermal wave.  The feature size of each junction (5 

micron by 5 micron limits how close the TC junctions can be located without interfering with 

each other.  
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A better estimate of the wall temperature gradient (obtained with multiple temperature 

measurements within the wall and on the surface) will produce a more accurate estimate of the 

surface heat flux.  Furthermore, since the measurements are made perpendicular to the wall, the 

measurement sensors are protected from the engine environment.   

5.9.2 Sensor Design 

5.9.2.1 Substrate Material Choice 

 The proposed sensor was designed to have a single, identifiable thermal diffusivity and 

minimal radial/lateral conduction.  This was accomplished by fabricating the sensor on a 

homogeneous parent substrate.  The substrate was then epoxy bonded into a 6061 Aluminum 

spark plug adapter similar to the original coaxial probe heat flux sensor show in Figure 110.  The 

substrate utilized in this study was a silicon wafer (3 inch diameter, 381 +/- 50 micron thickness).  

Silicon wafers are an ideal substrate choice for this study because they are extremely flat (i.e. 

suitable for use with photolithography techniques) and they are commercially available.  

Secondly, the thermal diffusivity of Silicon at 500 K is 3.95 x 10 -5 m2/s which is faster than iron 

(1.53 x 10-05 m2/s ), but slower than Aluminum (8.95 x 10 -5 m2/s) making it a better match 

compared to another possible candidate such as Macor (6.78 x10^-7 m2/s) which is an industrial 

ceramic.   The coaxial probe simulations showed that a minimized epoxy bond line thickness was 

essential to minimizing thermal disruption, and a bond line of 25 microns (0.001 in).   

5.9.2.2 Sensor Homogeneity  
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 The minimization of thermal disruption and lateral conduction effects within the sensor 

itself was accomplished by controlling the homogeneity of the parent substrate and fabricating 

the thermocouple array with a photolithography technique similar to the methods outlined by 

Zhang [50] and Werschmoeller [131] on a single piece of material.  The photolithography 

technique produced thermocouple junctions in this experiment that were 5 micron by 5 micron 

by 125 nanometers thick.  The thermal mass of each TC sensor and its associated lead wires was 

small enough that heat transfer effects due to the thermoelement wiring material were negligible, 

whereas with the coaxial thermocouple this was not the case, thus, a homogeneous substrate was 

achieved that produced one-dimensional heat conduction (barring mounting effects).   To further 

protect the sensor array, a piece substrate material is diffusion-bonded on top of the array 

according to [131].  A graphic of a sensor with a protective covers diffusion bonded over the 

sensor pattern is shown in Figure 121 also detailing the final dimensions of the manufactured 

sensor.   

Protective 
Cover

25.4 mm

6.3 mm

Thickness = 0.81 mm

 

 

Figure 121. Photolithography fabricated sensors with protective substrates diffusion-
bonded on top of array 
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The protective cover inhibits thermal disruption by maintaining symmetry.  The cover also 

prevents the array from being in direct contact with the epoxy bonding resin, which would 

seriously affect the 1-D conduction process this sensor relies on to make an accurate 

measurement.  A picture of the sensor cross-section mounted in the spark plug adapter is 

displayed in Figure 122 for the final design iteration.   

 

TC Lead wire attachment pads for K-type

Pot sensor with 
thermally conductive 
epoxy

25 micron bond line clearance achieved 
with wire EDM Process

TC 1

TC 2

TC 3

TC 4 (SS)

After gluing sensor in place, polish down to 
this surface, using ruler to guide

 

 

Figure 122. SI TFTC sensor mounted in Aluminum spark plug adapter 
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As shown in Figure 122, the sensor array is perpendicular to the wall and after the entire sensor 

assembly is polished, the first thermocouple junction will be located on the surface of the spark 

plug adapter giving a nanosecond response [50].  If TC 1 is located on the surface, the distances 

to the other sensors are also known.  Before arriving at the final design, a detailed thermal 

analysis was conducted to examine the thermal impact of the chip aspect ratio (seen in the 

isometric view of Figure 121 and defined as the sensor width: total sensor thickness).   

 Lastly, to exclude biases due to surface effects (multiple slivers and unknown sliver 

locations) the sensor utilized a known surface configuration, and the sensor maintained adequate 

frequency response by placing the first thermocouple of the array at the surface.   

5.9.3 Thermal Analysis of Sensor Design 
 

 Originally, the parent substrate was designed to be as physically large to isolate the sensor 

itself from edge effects.  This is possible in only one dimension owing to the availability of 

wafers in small thicknesses only, as shown by the cross section graphics in Figure 121 and 

Figure 122.  To determine if edge effects are important in this application, a numerical simulation 

was conducted using the Gaussian profile as the incident surface heat flux model and the results 

of this simulation are detailed next.  Note: this simulation also generated design data that were 

utilized in an iterative fashion to improve the design before arriving at the final iteration seen 

above and to specify the layout of the thermocouples.   

5.9.3.1 Simulation Overview 

 Four simulations were conducted in total.  A 5MW/m2, 1 ms duration simulation was run 

to consider high load, high speed cases, and a 0.5 MW/m2, 5 ms duration was run to consider low 
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load or motoring cases.  These two load cases were run for two different geometric 

configurations (domains) shown in Figure 123.   

 

Silicon

Si

r = 7.0 mm

r = 4.5 mm

Aluminum

∆r = 0.04 mm Epoxy

0.42 mm

1.0 mm

∆r = 0.04 
mm Epoxy

Domain 1

Domain 2

Al

0 1 2 3 4 5
x 10

-3

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5x 10
6

Time (s)

H
ea

t 
F

lu
x 

(W
/m

2 )

 

 

5 MW/m2, 1 ms

0.5 MW/m2, 5 ms

 

Figure 123. Domains and load cases simulated during the SI TFTC thermal analysis 

 

 The first domain examined the radial temperature distribution along the width of the chip 

(r = 4.5 mm maximum along the diagonal of a 6.35mm square), and the second simulation 

examined edge effects along the thin dimension of the sensor, i.e. the thickness of the sensor 

where r = 0.424 mm on the diagonal of a 300 x 300 micron square.  These two domain 
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geometries placed limits on the epoxy layer’s thermal disruption at the TC sensor array.  The 

sensor is located at the centerline (r = 0 mm) for both domains.   

 The simulation employed the variable radial and axial grid scheme defined earlier in the 

coaxial thermocouple simulations.  The incident surface heat flux profiles used in the simulations 

was also shown in Figure 123.    The domain length was specified as 3.31 mm and according to 

the penetration criteria established earlier (<0.5% of the surface temperature swing) the thermal 

wave penetrates up to 2.77 mm for the high load case and only penetrates 1.2 mm for the low 

load case.  This finding seems contradictory to the penetration investigation conducted earlier 

since the duration of the combustion event is increased with the low load case yet the wave 

penetrates less, but in this case the surface temperature swing is only 1.1oK at peak conditions 

and the limit to define penetration is a % of the maximum swing and not a defined number. 

Furthermore, it would be extremely difficult to guarantee that level of precision with a 

thermocouple 

5.9.3.2 Simulation Results 

5.9.3.2.1 Thermal Penetration 

 The axial temperature distribution, i.e. the penetration data, was used to set the axial 

spacing pattern for the thermocouple array identified in Figure 120 as ∆X1,2,3.  The maximum 

temperature swing as a function of axial distance is shown in Figure 124 and this dictated the 

layout of the thermocouple array on the sensor face.   
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Figure 124. Maximum temperature swing for 2 different load cases with chosen 
thermocouple spacing pattern 

 The axial array must be located within reach of the thermal wave to effectively capture 

the time history of thermal gradients moving through the sensor body.  Space is only available 

for 4 thermocouples on the sensor due to restrictions on wiring the sensors at the back of the 

chip.  Therefore, an attempt was made to maximize the sensitivity of each thermocouple by 

placing it as close to the surface as possible.  Since the junctions are 5 microns wide, the 

minimum spacing should be held to no less than 25 microns to minimize errors from averaging 
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the temperature across the junctions.  The final layout has one TC on the surface with the 

remaining TCs located 25 micron, 100 micron, and 4 mm behind the surface, respectively.   

5.9.3.2.2 Radial Temperature Distribution and Edge Effects 

 The radial temperature distributions were also examined to make sure edge effects did not 

interfere with the measurement at the centerline of the sensor body.  Radial temperature 

distributions at peak heat flux conditions the short domain geometry are shown in Figure 125.     

0 0.2 0.4 0.6 0.8 1

x 10
-3

500

502

504

506

508

510

512

514

516

518

Radius (m)

T
e

m
pe

ra
tu

re
 (

K
)

 

 

5.0 MW/m2, 1 ms

0.5 MW/m2, 5 ms

 

Figure 125. Radial temperature profiles for two sensor geometry cases 

 

Figure 125 shows that for the high load and low load cases, the influence of the epoxy layer 

extends radially into the Silicon approximately 100 microns.  For a thermocouple array at r = 0, 

the impact of the low thermal diffusivity epoxy is negligible.  The same trends hold for the large 
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geometry case where multi-dimensional conduction effects occur even further away from the 

array.   

5.9.4 Fabrication of the SI TFTC 
 

 Once it was determined that thermal edge effects from the epoxy would have a minimal 

impact on the sensor array and the layout of the individual thermocouples was finalized, the 

thermocouple layout geometry was entered into a CAD program.  The CAD program was used to 

generate a geometry file that is used to make a transparency for the photolithography process. 

One half of the wafer mask, containing the left hand side of the TC array (i.e. the Chromel 

portion of a K-type wire) is shown in Figure 126.   

 

A1
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Figure 126. Repeating thermocouple pattern as printed on a transparency in preparation 
for transfer to a round SI wafer.  The positive polarity material (Chromel) is shown on this 

wafer example. 

The transparency in Figure 126 is combined with the matching Alumel pattern which is the right 

hand side of the TC array.  These masks are used to sputter thermocouple material onto the 

silicon wafers in successive stages creating an overlapping pattern that forms the full 

thermocouple array.  What is also obvious is that this process is well-suited to mass production.  

This wafer mask (and its matching partner mask) will ideally create 21 sensors.   

5.9.5 Photolithography Process 
 

 An in-depth discussion of the actual process used to produce the sensors, i.e. a discussion 

on the photolithography process, is beyond the scope of this study but interested readers are 

referred to [131] for more details. The final sensor array pattern is shown in Figure 127.   
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Figure 127. Sensor array of SI TFTC after completion of the lithography process, 
overlapping regions of the polishing ruler and the alignment dies are the result of the 

flexible Mylar transparency flexing during positioning.   

As Figure 127 demonstrates, the flexible transparency printed on Mylar, although inexpensive, 

can create mask-to-mask alignment problems.  Alignment issues resulted in a reduced yield.  

Due to alignment issues and other manufacturing related problems, net yield decreased to five 

usable sensor arrays.   

5.9.6 Post-Processing and Installation of the SI TFTC sensors in spark plug adapters 
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 After fabrication, the protective array covers were diffusion bonded to the sensor array 

substrates before the sensors were separated from the parent wafer using an optically controlled 

slitting saw.  The final sensor, with the protective cover in place over the array, is shown in 

Figure 128 being prepared for lead wiring attachment   

 

 

Figure 128. Finished sensor during lead wiring process 

The Kapton tape in Figure 128 is used to hold the 36 AWG lead wires close to the pads before 

the wires were glued in place with a silver-filled electrically conductive paste that is durable up 

to 125o C. To enable use at high temperatures, a more durable, cement-based adhesive 

encapsulates the wiring and the wire adhesive.  After the wires were secured to the terminal pads 

and coated with cement, 3 sensor arrays were inserted into their corresponding spark plug 

adapters for final testing.  During the wiring process two sensor arrays failed, leaving three 

sensors available for final testing.   
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5.9.7 Final Test with SI TFTC array 
 

 During the cement curing process, an additional sensor lost signal.  It is uncertain if the 

diffusion bond failed or if the curing of the cement created an unacceptable residual stresses 

during cool down that caused a stress-induced failure to occur.  The two processed sensors that 

were still viable after potting were wired and with standard K-type thermocouple terminals and 

polished to move the 1st junction to the surface.  During polishing an additional sensor failed 

leaving one viable sensor.  The last sensor maintained signal integrity at only one junction.  

However, the experiment continued with this sensor with a final fired run on the small utility 

engine used in the first experiment of this chapter.  To prepare for this final run, the wiring on the 

spark plug adapter was strain relieved with an adapter epoxied into the back of the spark plug 

adapter.  To avoid any chance of residual stresses further damaging the sensor, a 5-min room 

temperature cure epoxy resin was utilized.  The finished sensor, ready for testing, is shown in 

Figure 129.   
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Figure 129. Polished SI TFTC array mounted in spark plug adapter with strain relief 
ready for testing 

 The sensor tip is visible at the end of the spark plug in Figure 129.  The strain relief collar 

prevents unnecessary wire breakage due to the vibration of the engine during normal operation.  

The SI TFTC sensor array was hooked up to an amplifier system identical to the unit used earlier 

for the coaxial probe test and the engine was motored.  The sensor responded immediately rising 

in temperature, although electrical noise was very pronounced despite extensive shielding efforts.  

Upon firing, the sensor completely lost signal within 10 minutes of full load initiation and before 

any data could be taken.   

 Although the final test ended in failure, it is easy to see that resolution of even a small 

amount of manufacturing and processing issues could have resulted in a larger yield that would 

have increased the chances for success.  The use of a glass mask would correct numerous 

alignment issues and a redesign of the sensor layout on the wafer masks would allow easier 

processing after the lithography process was completed.  Finally improvements in the polishing 
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process and how the chip is bonded into the spark plug adapter would most likely improve the 

success rate.  Despite, these developmental challenges, the analysis conducted in this chapter 

illustrates how this sensor would benefit the heat flux and temperature measurement field by 

moving closer to the idealized goal of making a true 1-D measurement that is thermally 

unobtrusive to the parent material.   
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6. Summary and Recommendation 

6.1 Summary of Findings 

 A series of analytical and experimental investigations of heat flux measurements in 

internal combustion engines were performed.   Measurements were conducted using fast-

response coaxial thermocouple sensors as the primary diagnostic on two completely different 

engines.  The surface thermocouples were used to investigate transient combustion chamber and 

piston surface heat transfer over a variety of engine operating conditions and for different 

combustion strategies.  In addition to the coaxial thermocouple, a new sensor was developed to 

overcome the limitations of coaxial thermocouples for heat flux measurement.   

Research was conducted in four main areas: 1.) Temperature data processing algorithms were 

examined to determine their effect on the estimated surface heat flux and how improvements 

could be made to the computational process to improve the surface heat flux estimate, 2.) 

Experiments were performed to measure heat flux under a variety of combustion regimes and 

operating conditions to quantify how engine performance relates to the observed heat flux and to 

ascertain how heat flux trends can be used to improve the analysis of engine data on a spatial 

level, 3.) Numerical simulations of the conduction heat transfer processes within the coaxial 

probe were performed to explore data trends and anomalies and to determine how observed 

anomalies can be accounted for or corrected, and 4.) A thin-film thermocouple array written on a 

silicon wafer  was developed to improve the basic measurement device (i.e. a thermocouple) 

used for transient heat studies in internal combustion engines.   
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Important results from these four specific areas will now be detailed and summarized. 

Recommendations for future work pertaining to these four research areas will be offered in a 

later section  

6.1.1 Estimation of Surface Heat Flux in IC Engines  

 Surface temperature data are classically processed with analytical methods.  The Fourier 

method (FFT) is the mainstay of these methods but other techniques exist, especially when only 

the dynamic heat transfer at the surface is considered as with the Cook-Felderman technique. 

 Analytical methods are classified as exact matching techniques that produce a heat flux 

that directly matches the recorded temperature data, including the unavoidable measurement 

errors that always exist.  Typically, analytical methods have rigid boundary condition 

requirements that limit their use to more specialized situations and operating conditions.  

Analytical methods often calculate their response to temperature data using finite differences, 

and these methods of estimating the surface temperature gradient amplify measurement noise 

further.  However, analytical measurements are easily implemented and have, thus, obtained 

widespread use in the engine community.   

 Non-linear thermophysical properties and composite bodies can be accommodated with a 

direct finite difference or finite element method that relies on a converged temperature 

distribution to calculate the surface temperature gradient.  These methods require the use of a 

grid to obtain a solution and this now requires attention to avoid model stability issues while 

ensuring grid convergence.  The best solution attainable is an exact match to the analytical 
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solution for a simple 1-D case.  For processing IC engine data, finite difference methods are 

typically not worth the added complexity.   

 The last group of solution methods investigated in this study are classified as inverse 

methods.  Inverse methods directly calculate the surface heat flux and thus avoid the use of finite 

derivatives.  In directly calculating the gradient, signal noise amplification is avoided.   Stability 

is further enhanced through the use of future steps, which increases the bias of the solution, but 

this can be controlled and limited.  A benefit of these methods is that a specific filtering 

frequency is never specified, thus enabling the model to respond to high and low frequency 

components without a priori knowledge.  The beneficial aspect of the inverse model is 

immediately apparent when examining single-cycle data, even for the case of a relatively noise-

free application.   

 A more advanced inverse model incorporates a form of Tikhonov regularization.  The 

regularization term intentionally biases the predicted solution to improve stability.  The 

regularization term is based on the temperature variance data provided by the ensemble 

averaging process, which allows the method to relax the exact data matching requirement of the 

analytical and finite difference methods, enabling an increase in stability through the use of 

regularization without a decrease in accuracy.  Independent third party software was used to 

evaluate and compare the predicted heat fluxes with each other.  The calculated temperature 

residuals indicate that the inverse methods are superior to the analytical methods even with the 

use of intentional solution biasing through regularization and inclusion of future steps.   

6.1.2 Heat Flux Measurement in SI and CI engines 
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 Temperature and heat flux data were collected with three different experimental 

apparatuses.  A mechanical grasshopper linkage system and a wireless telemetry system were 

used to collect piston surface temperature data in a large CI engine, and a spark plug adapter was 

used to collect combustion chamber temperature measurements from a small, air-cooled SI 

utility engine.   

 The mechanical linkage system was designed and fabricated to enable reliable signal 

transmission from a moving piston, under fired conditions, to a stationary data acquisition 

system outside the engine crankcase.  Along the way, the signal wires encountered a noisy, hot, 

high-cycle fatigue environment that shortened their lifespan and capacity to transmit data for any 

timespan longer than a few hours.  The linkage system in this study produced 4 hours of fired 

data, after undergoing several design iterations to increase reliability.  A parametric study that 

swept through different engine speeds, loads, and injection pressures was undertaken to 

investigate heat flux evolution on the surface of the piston.   

 The limited spatial information that could be obtained with the mechanical linkage 

system drove the decision to implement a 15 channel wireless telemetry system.  A wireless 

telemetry system was adopted due to the unpredictable lifespan of the linkage system wiring and, 

as previously stated, the limited number of channels available for analysis on the current system.   

Unlike the mechanical linkage system, the wireless system has no load or speed limitations but 

electrical noise is an operational concern.  The large amount of noise encountered with the 

wireless system produced temperature traces with large statistical variances and required the use 
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of the regularized inverse method for heat flux computation to achieve worthwhile results.  

Computing heat flux with the standard Fourier method generally produced unacceptable results.   

 Parametric studies running conventional diesel combustion, RCCI combustion with E-85, 

and RCCI combustion with hydrous Ethanol (70% CH3CH2OH) were conducted to examine the 

role that the fuel injection event(s), wall impingement, mixing, and combustion have on heat flux 

evolution with a special emphasis on spatial effects.  In general, classic diesel combustion with 

fuel injection at high pressure near TDC produces large heat flux magnitudes and spatial 

gradients with radial effects and complex on-axis and off-axis spray plume / wall jet interactions.  

The premixed and mixing-controlled phases of combustion also play a role in influencing the 

recorded heat flux profiles, although their exact contribution is difficult to isolate due the 

multiple in-cylinder fluid dynamic events taking place.   

 The low temperature combustion regimes (RCCI with E-85 and hydrous Ethanol) 

investigated in this study displayed a few distinct patterns concerning heat flux as well.  The 

lower temperature rise of combustion typical of these regimes resulted in measured heat flux 

rates that were lower in magnitude, shorter in duration, and much more uniform (in the spatial 

sense) than the heat fluxes observed during classic diesel combustion.  The uniformity of the heat 

flux is due to the early injection events that results in drastically increased mixedness among the 

fuel and air mixture before it reacts giving a more volumetric combustion process.  The heat flux 

surface maps produced for the E-85 and Hydrous Ethanol RCCI test cases pointed to a large 

decrease in thermal flux gradients when compared with matched diesel test cases utilizing 

similar engine speeds and loads.   
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 In the air-cooled utility engine, heat flux measurements were made while operating with a 

rich air-fuel ratio and fixed spark timing.   The data show that the heat flux is a strong function of 

engine load but other global scaling trends were not strictly observed.  A lack of consistency with 

observed global trends is a hallmark of single-point temperature measurements.    

6.1.3 Numerical Simulations  

 Numerical methods were employed to look at transient heat transfer effects within 

coaxial thermocouples.  Previous studies have been conducted to investigate multi-dimensional 

effects, but this study specifically examined thermal penetration events within individual 

elements of the thermocouple assembly, and how these penetration rates influenced lateral 

conduction rates, and ultimately contributed to the observed heat flux reversal.   

 The 2-D numerical model incorporated the materials used in the construction and 

assembly of the coaxial TC.  The frontside boundary condition of the 2-D model was specified as 

a heat flux input; and a Gaussian temporal function was used to shape the heat flux from 

combustion event.  A global energy balance confirmed that lateral heat transfer was moving 

energy from the Constantan into the adjacent Iron material.  At the interface between the two 

thermoelements, a detailed analysis of the numerical model showed that lateral heat transfer 

takes place on the surface of the coaxial probe and continues until at least 150 microns below the 

surface.  Depending on the timescale of the input, thermal energy transfers back and forth 

between the two thermoelements of the coaxial probe as a function of depth.  The micro-scale 

lateral heat transfer mechanism occurring at the surface shunts thermal energy from a low 

thermal diffusivity material at the surface to a less restrictive material below the surface.  The 
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lateral heat transfer takes place despite the presence of a dielectric insulator between the two 

thermoelements.  The lateral heat transfer effect is partly responsible for the heat flux reversal 

observed during expansion.    These findings also directly challenge the 1-D assumption 

commonly used with coaxial measurements.   

6.1.4 Development of a Thin-Film Thermocouple Array Based Sensor 

 The results of the 2-D numerical analysis motivated the design, development, and 

fabrication a silicon wafer-based thermocouple array.  The thermocouple array is situated 

perpendicular to the wall and it places three nanosecond response [Zhang] thermocouples within 

25 microns of the surface with one thermocouple intersecting the surface.  One additional 

thermocouple was placed 4 mm below the surface to record a steady state temperature.  The 

thermocouples were fabricated using a photo-lithographic process [Dirk thesis] that enables 

junction sizes that are 5 micron x 5 micron x 125 nm thick.  On top of the sensor pattern, another 

piece of silicon was diffusion bonded to the silicon substrate.  The thermocouple sensor array 

was embedded within the silicon and protected from the harsh environment of the engine.  As an 

added benefit, the electrical wires are noise-isolated by the dielectric properties of the silicon 

substrate.  Combined, the two pieces of silicon act as one homogeneous piece.  The small 

physical size of the TC junction and the lead wires have a negligible thermal impact on the 

overall homogeneity of the silicon sensor.  The increase in homogeneity minimizes the 2-D 

lateral heat transfer problems observed with the coaxial sensor and allows a closer approximation 

to a true 1-D measurement.   It was thought that the observed heat flux reversal would disappear 

when measured by the Silicon based TFTC array.  However, manufacturing and development 
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issues prevented a full interrogation of the sensor and a measurement of surface temperatures 

under high load, high speed conditions.   

6.2 Recommendations for Future Work 

 In the following section recommendations are made pertaining to the four specific 

research areas previously discussed.  The goal of these recommendations is to continue and 

further heat flux measurement research.  Some of these recommendations are based on 

preliminary findings and investigations that were initiated but never completed due to other 

constraints.   

6.2.1 Recommendations - Processing Code Effects 

 The use of inverse methods and Tikhonov regularization for processing IC engine data is 

a completely new area of study within the field of IC engines.  The regularization methods 

calculate a regularizer term based on the temperature variance information.  Other methods are 

available to calculate this term and were not investigated in this study.  Furthermore, estimation 

theory could be applied to determine the minimum deterministic bias for this type of application 

and work in this area would improve application of the regularization method.   

 Finally, to completely explore the benefits of employing an inverse solution 

methodology, a study using trial functions with known solutions (square waves, ramp functions) 

should be employed to fully test the results and biasing created by the inverse method for internal 

combustion times scales and typical heat fluxes seen in IC engines.   

6.2.2 Recommendations - Heat Flux Measurement Experiments in SI and CI engines 
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 The wireless telemetry system generated the most heat flux data with the least amount of 

effort in this entire study.  The thermocouple arrays are well suited to study spatial effects and a 

considerable amount of detailed flow field data can be inferred from just the temperature and 

heat flux measurements.  To increase the value of these data, additional heat flux diagnostic 

instruments should be implemented in the bowl and squish regions on the firedeck of the 

cylinder head.  The inclusion of these data in the experiment would provide additional data and 

would most likely help compensate for the bad thermocouple currently located in the squish 

region at location #4.  Lastly, detailed in-cylinder CFD would help explain a lot of the highly 

localized trends seen in the telemetry data.   

 The high load data of the SI engine experiment, especially the operating conditions that 

resulted in the reversal should be repeated and a study should focus on what operating conditions 

are required to reproduce the reversal. The initial numerical 2-D investigations were an attempt 

to try to isolate this effect and further explore what conditions governed the reversal.  It is well 

known that reversal is seen under high load and high speed conditions, but an increased 

knowledge of operating conditions where reversal occurs might help fully explain the cause.  

Secondly, to further isolate the causes of the heat flux reversal, a study on junction location and 

type might provide additional answers to reversal question.  Do plated junctions eliminate heat 

flux reversal by providing a spatial averaging of the surface temperature?  If the engine operating 

conditions that created reversal were known, then this question could be easily answered by 

comparing heat flux measurements with different thermocouple surface junctions. 
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 To facilitate additional heat flux measurements, an improvement to procurement of the 

fast response thermocouples is needed.  Experimentation should be undertaken to determine if 

fast response thermocouples can be developed using commonly available, industrial grade units 

similar to Wimmer [69].  Currently, all IC engine transient heat flux studies are limited by the 

long lead times and high costs of traditionally sourced fast-response units.    

6.2.3 Recommendations - Numerical Simulations 

 It was noted that the timescale of the Gaussian incident surface heat flux model played a 

role in the sequence of lateral conduction events below the surface of the thermocouple.  To 

further investigate this area, a more rigorous study of time scales and their effect on lateral heat 

transfer rates should be investigated.  It was also observed that the slope of the incident surface 

flux rise and fall played a role in the magnitude and duration of the reversal event.  A more 

complete study with different input profiles that do not simply scale duration and magnitude 

should be completed.   

6.2.4 Recommendations - Thin-Film Thermocouple Array-Based Sensor 

 The thin-film sensor developed in this study was optimized to minimize thermal 

distortion while providing high bandwidth.  The drive to produce the perfect sensor on the first 

attempt led to a design that sacrificed robustness for performance at all costs.  The sensor pattern 

should be redesigned to utilize bigger junctions, spaced farther apart to ease mask alignment 

issues.  A thermal analysis will need to be conducted to determine how large the junctions can 

become before response suffers.  Furthermore, the spacing of the sensors on the individual 

wafers should be increased to ease sawing operations.  The wiring was also an extremely time 
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consuming process that resulted in a high rate of failure.  To increase success a mechanical 

connector should be developed to directly attach to the back of the sensor array eliminating the 

electrically conductive glue.  Finally, a method should be devised to ensure junction locations are 

on the surface.  A sacrificial junction that can be monitored for continuity would accomplish this 

goal if placed a known distance from the first thermocouple of the sensor array.  Once the 

sacrificial junction connection was severed the exact depth of the first TC would be known.  This 

would avoid an iterative polishing process.   
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Appendix 1. Link Design / Fatigue Life Calculations 
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Appendix 2. Mechanical Linkage System Thermocouple Data 

 The mechanical linkage system data presented in this appendix contains cycle averaged 

values.  Prof. Jaal Ghandhi can be contacted at the UW – Madison Engine Research Center for 

the complete data set which includes the crank angle-resolved temperature measurements with 

the accompanying regularized surface heat flux estimates.  The averaged heat flux values were 

calculated for the entire cycle.  
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Appendix 3. Thermocouple Location Data for Telemetry Piston 
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Appendix 4. Wireless Telemetry Piston Data 

Diesel Test Cases 
date run# RPM IMEPg Fuel 1 Fuel 2 PHI Sweep EGR ca50 P injection airflow P intake

8_10_11 1 1300 9.33891 diesel 0.34168 Boost 0 4.51847 1500 2.83964 1.92582
8_10_11 2 1300 9.19912 diesel 0.37505 Boost 0 4.44779 1500 2.57805 1.92571
8_10_11 3 1300 9.26368 diesel 0.35618 Boost 0 4.53965 1500 2.72703 1.87898
8_10_11 4 1300 9.29258 diesel 0.41722 Boost 0 4.73129 1500 2.37257 1.70308
8_10_11 5 1300 9.17774 diesel 0.43055 Boost 0 4.84485 1500 2.28132 1.61254
8_10_11 6 1300 9.08337 diesel 0.46713 Boost 0 4.91862 1500 2.1057 1.52843
8_10_11 7 1300 7.97301 diesel 0.38862 SOI 0 3.15235 1500 2.18445 1.53061
8_10_11 8 1300 7.97621 diesel 0.38776 SOI 0 0.76238 1500 2.18635 1.5305
8_10_11 9 1300 7.92859 diesel 0.38952 SOI 0 -2.07003 1500 2.17558 1.53294
8_10_11 10 1300 7.92397 diesel 0.38768 SOI 0 5.78834 1500 2.18382 1.5399
8_10_11 11 1300 7.85298 diesel 0.38535 SOI 0 8.39959 1500 2.19397 1.54831
8_10_11 12 1300 7.76935 diesel 0.38583 SOI 0 10.97263 1500 2.20089 1.55252
8_10_11 13 1300 13.7262 diesel 0.48404 0 8.00651 1500 3.08107 2.32336
8_10_11 14 1301 13.5667 diesel 0.48214 0 10.56898 1500 3.08636 2.31573
8_10_11 15 1300 13.81515 diesel 0.4846 0 5.34137 1500 3.07804 2.31619
8_10_11 16 1300 4.97174 diesel 0.36355 Load 0 4.63266 1500 1.5188 1.4385
8_10_11 22 1300 5.08009 diesel 0.60397 Load 0 5.47981 1500 2.48632 1.58019
8_10_11 17 1301 8.41461 diesel 0.35916 Load 0 4.77318 1500 3.24957 2.14689
8_10_11 21 1300 8.48657 diesel 0.60248 Load 0 4.5034 1500 2.91395 1.91585
8_10_11 20 1300 12.44049 diesel 0.60883 Load 0 4.7369 1500 2.29382 1.53533
8_10_11 18 1300 12.50331 diesel 0.41086 Load 0 4.77709 1500 1.60581 1.16598
8_10_11 19 1300 15.48855 diesel 0.59841 Load 0 4.61199 1500 1.00248 0.81309
8_10_11 23 1300 4.8434 diesel 0.34332 Pinj 0 4.62072 1200 1.5683 1.09547
8_10_11 24 1300 4.94425 diesel 0.35443 Pinj 0 4.2308 900 1.57041 1.09475
8_10_11 25 1300 4.80554 diesel 0.34588 Pinj 0 4.01178 600 1.5696 1.09262
8_10_11 33 1750 4.6552 diesel 0.61566 Load 0 5.47117 1500 2.0899 1.05404
8_10_11 26 1750 5.39504 diesel 0.35829 Load 0 4.19373 1500 3.29393 1.61274
8_10_11 32 1750 7.85901 diesel 0.60276 Load 0 3.90621 1500 4.54937 2.21698
8_10_11 29 1750 8.54435 diesel 0.3704 Load 0 4.33587 1500 3.27918 1.60677
8_10_11 27 1750 8.58513 diesel 0.37006 Load 0 4.37241 1500 3.16316 1.57287
8_10_11 30 1750 12.51651 diesel 0.59997 Load 0 4.11541 1500 3.79204 1.85806
8_10_11 28 1753 12.57701 diesel 0.39629 Load 0 4.2389 1500 2.02219 1.06043
8_10_11 31 1750 15.10639 diesel 0.59936 Load 0 3.91072 1500 1.22076 0.71299
8_10_11 39 900 4.84347 diesel 0.36506 Load 0 5.48437 1500 1.58914 1.60158
8_10_11 38 900 7.72477 diesel 0.58534 Load 0 4.9183 1500 2.15483 2.16345
8_10_11 34 900 8.11587 diesel 0.39252 Load 0 5.26885 1500 1.63991 1.69441
8_10_11 36 898 12.15907 diesel 0.58342 Load 0 5.12612 1500 1.92477 1.97337
8_10_11 35 900 12.64101 diesel 0.44976 Load 0 5.35982 1500 1.05943 1.1232
8_10_11 37 900 14.89316 diesel 0.60982 Load 0 4.83549 1500 1.07023 1.13171  
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Diesel Test Cases 

run# HF1 HF2 HF3 HF4 HF5 HF6 HF7 HF8 HF9 HF10 HF11
1 98394 303429 362536 7712 299354 472844 357954 315600 238608 412970 468119
2 96203 307886 360628 6468 307702 465334 362767 301031 247354 400720 488123
3 93426 268001 359219 3602 285970 483616 347458 320710 256191 411178 489424
4 99867 341146 353193 6782 328531 457589 354145 308928 261626 410062 466689
5 104793 340728 330181 1561 309625 452151 360215 309302 262840 393170 454675
6 105949 340098 343728 7694 318138 449518 336496 290901 274120 395862 447645
7 95072 334831 330743 9481 290215 424730 347138 291164 257921 375424 422084
8 97251 352041 365793 7728 297172 467011 369996 322203 279000 392207 449698
9 101188 381875 396863 8020 307532 482609 392338 318221 307641 380702 438321

10 90117 322550 333463 7509 279314 416949 314552 285181 243149 363097 422684
11 87568 297974 316161 7987 258504 396697 300306 270419 224715 350977 377476
12 80281 293123 279553 5641 256430 388786 283320 258778 218000 337784 345566
13 95121 380767 392508 2672 347890 597597 417129 375893 318966 462175 581488
14 86744 348589 365880 2928 345889 587239 388332 307776 305258 500659 515675
15 102514 358507 405306 2398 360533 649739 451327 403289 335475 559100 603122
16 68419 235221 239251 6538 228224 288856 242292 205867 184938 287005 306986
22 72609 267000 274756 9514 273521 291044 252528 235482 255578 290852 315804
17 83074 320370 348639 6859 296966 437545 337769 292591 248048 385083 440956
21 86808 423320 335675 5726 349479 423577 312635 293163 321057 377282 371180
20 102137 479640 375365 2848 323151 565969 368023 348466 397622 540795 513099
18 95401 342386 420065 4525 341637 607190 467542 392225 313421 519198 587119
19 108652 448939 418351 2482 440098 710530 448500 416554 434213 637840 585855
23 57246 230283 230502 7779 217250 299450 221683 195269 194385 285359 278495
24 57868 233249 219002 11328 232774 304330 229135 191370 193818 288049 301384
25 56300 232437 211976 8703 224318 324516 233622 211031 208001 289037 297474
33 72686 353035 391924 3172 352747 388015 351125 313737 319256 335964 347080
26 50261 266265 255946 2422 265469 332451 268617 247107 219423 343312 371403
32 84226 430258 368471 -2211 389762 489750 347161 312532 365466 473222 433101
29 86772 429106 417826 -2053 389222 562346 424574 356947 325336 483838 428849
27 79751 425775 382504 67 351193 522979 420299 354492 319022 473463 519497
30 98141 563926 455787 -1528 463611 704563 448051 413002 480156 669626 614800
28 74718 499029 526858 -1466 452293 714987 575343 497988 427257 635221 716172
31 108552 620095 527792 -467 562933 892052 552320 474735 552645 801554 678863
39 41163 207218 181358 7349 199880 238730 195572 168482 160751 239682 251460
38 61615 317708 277151 127 307632 325974 253699 233190 287209 304986 279581
34 61260 303503 287306 2865 256874 326110 273682 238176 221277 303966 316819
36 72450 404731 326634 3682 374403 444824 295890 280968 330493 438892 412117
35 66509 361873 343639 3659 321831 474425 360971 296237 276313 432650 440674
37 86629 466292 347671 186 439078 558208 339235 337149 372690 527824 489425  
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E-85 RCCI Test Cases 

date run# RPM IMEPg Fuel 1 Fuel 2 PHI SWEEP EGR ca50 P injection SOI 1 SOI 2
8_2_11 4 1300 10.48272 E85 diesel 0.333 0.0 5.51 500 -37 -61
8_2_11 1 1300 9.57959 E85 diesel 0.310 Boost 0.0 4.63 500 -37 -61
8_2_11 5 1300 9.43134 E85 diesel 0.349 Boost 0.0 4.74 500 -37 -61
8_2_11 6 1300 9.37126 E85 diesel 0.386 Boost 0.0 5.71 500 -37 -61
8_2_11 7 1300 9.24305 E85 diesel 0.433 Boost 0.0 6.24 500 -37 -61
8_2_11 2 1300 9.52947 E85 diesel 0.365 Boost 0.0 6.59 500 -37 -61
8_2_11 3 1300 9.47908 E85 diesel 0.372 Boost 0.0 6.29 500 -37 -61
8_2_11 10 1300 7.99121 E85 diesel 0.367 SOI 0.0 3.57 500 -42 -66
8_2_11 9 1300 7.87057 E85 diesel 0.360 SOI 0.0 4.16 500 -40 -64
8_2_11 8 1300 8.0696 E85 diesel 0.368 SOI 0.0 3.61 500 -37 -61
8_2_11 11 1300 8.00315 E85 diesel 0.365 SOI 0.0 4.55 500 -34 -57
8_2_11 12 1300 7.96806 E85 diesel 0.365 SOI 0.0 4.16 500 -30 -53
8_2_11 13 1300 7.76534 E85 diesel 0.356 SOI 0.0 3.77 500 -25 -48
8_2_11 14 1300 7.81438 E85 diesel 0.362 SOI 0.0 4.29 500 -20 -44
8_2_11 15 1300 7.84292 E85 diesel 0.362 SOI 0.0 3.69 500 -15 -39
8_2_11 16 1300 7.82039 E85 diesel 0.362 SOI 0.0 3.73 500 -10 -34
8_2_11 17 1300 7.78262 E85 diesel 0.364 SOI 0.0 3.74 500 -5 -29
8_2_11 18 1300 8.0187 E85 diesel 0.369 Pinj 0.0 5.18 500 -36 -59
8_2_11 19 1300 8.03411 E85 diesel 0.370 Pinj 0.0 4.97 650 -33 -56
8_2_11 20 1300 8.03948 E85 diesel 0.371 Pinj 0.0 6 800 -32 -53
8_2_11 21 1300 8.06419 E85 diesel 0.370 Pinj 0.0 5.51 950 -31 -51
8_4_11 1 1300 9.8403 diesel 0.349 0.0 5.17 1500 0
8_4_11 2 1300 9.07805 diesel 0.376 0.0 4.59 1500 0
8_4_11 3 1300 9.20093 E85 diesel 0.378 0.0 3.76 500 -37 -61
8_4_11 4 1300 9.18095 E85 diesel 0.337 0.0 3.95 500 -37 -61
8_4_11 5 1300 10.68603 E85 diesel 0.387 Load 0.0 7.13 500 -37 -61
8_4_11 6 1300 11.82617 E85 diesel 0.766 Load 39.1 5.72 500 -37 -61
8_4_11 7 1300 11.60026 E85 diesel 0.807 Load 51.2 8.6 500 -37 -61
8_4_11 8 1300 11.21483 E85 diesel 0.339 Load 0.0 6.12 500 -37 -61
8_4_11 9 1300 12.74002 E85 diesel 0.755 Load 46.2 5.21 500 -37 -61
8_4_11 10 1300 11.42705 E85 diesel 0.791 Load 50.9 6.12 500 -37 -61
8_17_11 2 1300 9.414685 E85 diesel 0.366 0 4.55 500 -37 -61
8_17_11 3 1300 9.674251 E85 diesel 0.42 0 8.34 500 -37 -61
8_17_11 4 1300 8.17085 E85 diesel 0.3587 0 4.92 500 -37 -61
8_17_11 5 1300 5.230873 E85 diesel 0.3548 0 4.57 500 -37 -61
8_17_11 6 1300 5.298474 E85 diesel 0.3451 0 4.89 500 -37 -61
8_17_11 7 1300 6.515439 E85 diesel 0.2788 0 4.1 500 -37 -61
8_17_11 8 1300 8.472215 E85 diesel 0.3128 0 5.45 500 -37 -61
8_17_11 9 1300 9.241297 E85 diesel 0.326 0 1.39 500 -37 -61
8_17_11 10 1300 8.857912 E85 diesel 0.3793 0 5.65 500 -37 -61
8_17_11 11 1303 9.504539 E85 diesel 0.3721 0 5.2 500 -37 -61
8_17_11 12 1300 9.449361 E85 diesel 0.3714 0 6.12 500 -37 -61  
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E-85 RCCI Test Cases 

date run# HF1 HF2 HF3 HF4 HF5 HF6 HF7 HF8 HF9 HF10 HF11
8_2_11 4 98830 313303 221080 20852 304276 276275 229587 183580 315536 261523 348001
8_2_11 1 118909 375619 203335 29678 360406 246158 214861 149960 354399 264623 350148
8_2_11 5 97136 311271 230117 13676 296952 267877 219188 189449 299699 257641 350002
8_2_11 6 107400 326443 212858 17652 303297 254912 212020 192826 330046 257582 351338
8_2_11 7 111172 360047 244989 20236 322084 260683 250386 215362 337058 301553 357354
8_2_11 2 98751 315500 212059 10221 284995 248344 209946 173062 269773 243656 322664
8_2_11 3 128091 336502 228175 21363 324983 255597 230774 198119 340977 273283 352136
8_2_11 10 78835 241344 223887 13355 249312 271159 223611 189664 271943 260917 297977
8_2_11 9 81559 249996 188690 8821 234994 251094 205398 176192 264982 249327 315740
8_2_11 8 90406 284739 210562 8904 253148 271036 198278 198540 286647 270910 290543
8_2_11 11 85170 255517 209868 9790 252744 259549 181178 172041 252824 221657 278460
8_2_11 12 98787 285731 213989 12032 282805 234760 193929 174908 266994 226718 299399
8_2_11 13 103499 279828 215997 4335 291073 272628 198614 159725 289034 216790 294087
8_2_11 14 100925 261093 199103 10028 298411 259698 203257 170792 253840 218645 307309
8_2_11 15 99393 253847 222752 6280 277650 267017 200104 170271 269437 244286 333377
8_2_11 16 95133 263414 222253 4670 253617 274624 193187 176711 279842 244835 308445
8_2_11 17 109460 298418 226136 7660 303607 300359 202352 190503 320949 265187 292134
8_2_11 18 78097 235132 210792 6591 229347 256328 201786 184387 254348 226691 311716
8_2_11 19 80117 230922 199777 9518 240427 284547 190727 185125 244502 243612 284995
8_2_11 20 73186 212072 207636 9466 219027 273333 200177 162790 222742 226498 302055
8_2_11 21 73995 223635 169491 7339 209234 282718 223934 183188 244102 208423 306977
8_4_11 1 71688 293164 378293 7414 317939 489419 374711 324098 234071 414888 498313
8_4_11 2 74082 315573 347670 6728 315521 432124 354240 301846 256454 384679 465784
8_4_11 3 79676 254603 232569 10461 261410 288474 229386 208364 274546 254396 281189
8_4_11 4 68444 237763 209856 14305 224314 281622 201960 193619 214375 224092 264379
8_4_11 5 78457 251323 231803 1613 264122 285469 213951 176356 268638 245331 293344
8_4_11 6 88794 254333 285701 10006 287720 340905 279395 239262 305132 302244 366214
8_4_11 7 65988 240306 250281 16518 224604 310882 251452 219950 241537 265587 382139
8_4_11 8 76884 219242 214396 6764 222703 262590 205925 194020 247436 239736 310105
8_4_11 9 86994 268403 274953 23518 267797 339512 274252 235955 287518 319750 379393
8_4_11 10 76382 257022 245650 27787 258710 304717 255110 216651 238118 278213 409750
8_17_11 2
8_17_11 3
8_17_11 4 95235 248510 213641 12148 279960 260063 232485 190396 266891 241256 290050
8_17_11 5 59936 154078 159360 2404 158263 206513 176957 139016 177718 177824 182160
8_17_11 6 57780 186439 171949 3647 197938 202935 162460 127315 198856 181468 209736
8_17_11 7 77194 205196 163524 2557 210041 170006 159984 146381 217715 196458 247899
8_17_11 8
8_17_11 9
8_17_11 10 76949 239194 218449 5976 242754 278021 206655 183433 239403 234585 303249
8_17_11 11 83594 241953 190160 3685 239199 275541 210965 192527 242253 230962 307151
8_17_11 12  
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Hydrous Ethanol RCCI Test Cases 

date run# RPM IMEPg Fuel 1 Fuel 2 PHI EGR ca50 P injection SOI 1 SOI 2 intake temp
8_11_11 1 1300 9.13584 wet EToH diesel 0.368 0 4.60194 800 -37 -61 54.8
8_11_11 2 1300 9.18936 wet EToH diesel 0.372 0 6.22091 800 -37 -61 42.0
8_11_11 3 1300 9.09999 wet EToH diesel 0.362 0 6.12522 800 -37 -61 32.3
8_11_11 4 1300 7.79156 wet EToH diesel 0.339 0 5.81095 500 -37 -61 36.3
8_11_11 5 1300 7.9496 wet EToH diesel 0.339 0 4.64627 500 -37 -61 48.1
8_11_11 6 1300 7.95041 wet EToH diesel 0.361 0 5.24004 500 -37 -61 60.2
8_11_11 7 1300 5.31876 wet EToH diesel 0.358 0 5.45006 500 -37 -61 58.8
8_11_11 8 1300 5.19704 wet EToH diesel 0.347 0 4.56099 500 -37 -61 76.4  

run# HF1 HF2 HF3 HF4 HF5 HF6 HF7 HF8 HF9 HF10 HF11
1 98915 271074 229303 22632 308293 322116 277055 198696 314655 262441 270559
2 78503 249441 224882 34037 262849 297475 251730 205191 268721 255579 314472
3 76842 232672 226912 9281 234886 280538 192214 188212 245587 256322 281869
4 77702 215748 215014 20197 214904 280748 34283 181865 222364 226719 261281
5 79408 229545 223723 12445 226049 282160 27837 189970 222444 221652 264603
6 72420 217778 194964 6348 232196 283615 87433 184090 217226 202802 269622
7 57897 166545 177899 11235 176137 211373 24463 146700 179356 196277 242411
8 58910 159021 165210 8644 179436 208335 8960 139366 186440 180985 205755  


