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Abstract. Thermal barrier coatings (TBC) applied to pistons have been a recently renewed research 
topic in the f ield of internal combustion engines.  Single cylinder testing of a conventional C15™ Tier 4 
f inal production steel piston and a TBC coated piston showed that the Yttrium stabilized Zirconia (YSZ) 
TBC did not significantly alter engine performance, with the TBC piston having slower combustion rates 
and higher criteria emissions.  For deeper understanding, research continued by studying 3D-piston 
sections optically in a constant pressure vessel using photodiodes, four high-speed cameras (natural 
luminosity, CH*, and OH*), and visualization of the flame from two orthogonal directions.  Particle Imag-
ing Velocimetry (PIV) algorithms were adapted to perform Combustion Imaging Velocimetry (CIV) to aid 
in quantif ication of the observed visual combustion flow field differences.  The optical work showed that 
the TBC piston f lame development is slower, spatially different, with lower mixing energy for the TBC 
variant.  Geometric profiles of engine pistons and optical vessel 3D-piston sections were measured 
using a Coordinate Measurement Machine (CMM), and surface roughness was measured  with a stylus 
surface profilometer.  CMM results showed that the TBC piston bowl had reasonable macroscopic ac-
curacy, but the rim had a larger radius with less re-entrancy.  A discussion of the results and analyses 
in relation to future TBC effort and direction concludes the work. 

1. Introduction 

Thermal barrier coatings (TBC) for internal combustion engines have been a topic of interest for 
many decades, with work dating back to the 1970’s.  The motivation for this was clearly reduced fuel 
consumption and potentially higher engine power density, enabled by the ability to achieve higher work-
ing temperatures while adhering to the same substrate temperature limits.  A renewed interest was 
spurred by the work of Kosaka et al. [1] from Toyota Motor Company and a burst of research continued 
for the coming decade.  The TBC review paper by Uchida et al. [2] provides an excellent overview of 
the TBC ef forts to circa 2020 and ends with key steps surrounding measurements of detailed TBC sur-
face temperature, spatial variation understanding, physical property measurements including the impact 
of  deposits, and performing measurements without intrusive disturbance to the temperature field – all of 
these are challenging endeavours.  
 
The primary assumption of the modern TBC ef forts focuses on the idea of a rapidly changing surface 
temperature to reduce the temperature difference and reduce convective heat f lux between the in-cyl-
inder gases and the combustion chamber surfaces.  This is attempted through alteration of the combus-

tion chamber surface with a TBC which has low thermal effusivity 𝑒 = √𝑘𝐶𝑝 𝜌  (where k is thermal con-

ductivity, Cp is specific heat and density is ρ).  Significant development of the initial TBC concepts 
utilizing a silica-reinforced porous anodized aluminum “SiRPA” showed promising results in reducing 
heat transfer and increasing engine ef ficiency at moderate loads [3].  This work also highlighted the 
detrimental impact of the elevated coating surface roughness on heat transfer, combustion, and flame 
development through imaging of spray impingement on a flat surface in a rapid compression machine.  
Kawaguchi et al. [4] furthered the importance and understanding of the detrimental roughness impact 
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and found that only coating the top of the piston crown, where there is much reduced spray-wall inter-
action, produced superior efficiency results.  The authors also extended this to the importance of a TBC 
for cold-start benefits in reduced NOx and fuel consumption attributed to lower heat transfer and there-
fore lower fuelling required to idle the engine under minimal or idle loads.  These results have significant 
relevance to engines with aluminum pistons but have a disconnect with heavy-duty engines utilizing 
steel alloys, typically used for temperature limit and strength improvements. 
 
Research on a heavy-duty steel piston coated with a YSZ thermal sprayed TBC by Binder et al. [5] 
provided data on surface temperature using a 10 Hz phosphor lifetime thermometry technique with a 2-
9 µm phosphor coating thickness. The work concluded that the maximum surface temperature variations 
between the steel and TBC piston were similar.  Heat f lux was reduced for the TBC piston due an 
elevated mean surface temperature; however, the resulting heat release was slower for the TBC piston 
and the net ef ficiency was reduced from the steel baseline.  Limitations on the 10 Hz diagnostic forced 
an ensemble averaging and fitting approach to the temperature data.  Recent diagnostic developments 
f rom Witkowski and Rothamer [6] may be a way to extend these types of surface temperature experi-
ments to the kHz regime for high-precision individual cycle resolution, and spatial surface temperature 
mapping.  Additionally, the assumption of the non-intrusiveness of ~1-10 µm thick phosphor coatings 
may need re-examining for measurements on steel/metal surfaces since the ef fusivity of these phos-
phors are similar to TBC coatings, and therefore may be only well matched for TBC surfaces. 
 
Andrie et al. [7] used newly developed non-thermal spray coatings, with very low effusivity, in a premixed 
SI engine application and found successes with +1% absolute brake efficiency improvements.  This very 
dif ferent combustion application, from a diesel mixing-controlled system with strong spray-wall interac-
tion, indicates promise for the temperature swing concept to be realized with significant impact.  A coun-
ter point to this is the f inding that a permeable porous TBC used in a pre-mixed SI application by An-
druskiewicz et al. [8] brought alternate combustion and efficiency loss pathways, highlighting significant 
problems with porosity and pre-mixed fuel.  Additional recent SI application TBC research showed that 
increased wall temperature reduced the flame quenching distance and actually increased heat flux Ha-
zhizume et al. [9], only very thin (<0.1mm) coatings with low conductivity and specific heat do not suffer 
f rom excessive charge heating, and only small efficiency benefit ranges (0.1-0.3%) were identified with 
a minor impact of TBC surface roughness on heat transfer and combustion Broatch  et al. [10, 11]. 
 
Other TBC piston relevant works include those of Gingrich et al. [12], where only smoothed thermal 
sprayed TBC pistons showed ef ficiency benefits, and Somhorst et al. [13] where a robust statistical 
testing and analysis found no ef ficiency benefits with detriments attributed to increased TBC surface 
roughness.  On the topic of TBC durability, Koustakis et al. [14] developed a TBC elastic strain energy 
mechanics model for coating delamination prediction following prior work on an analytical solution to 
unsteady heat conduction in TBC applications [15].  A recent work f rom Kawaharazuka et al. [16] 
showed high promise by utilizing an alternate approach to create a rapidly changing piston surface 
temperature without detrimental increases in roughness.  A highly polished stainless steel piston bowl 
was produced with a YSZ TBC on the under-crown cooling gallery.  This novel heat insulation increased 
ef f iciency by ~1% (56.1 to 56.8% ITE) at an extremely high cylinder pressure and already very efficient 
operating point.  The authors additionally point out the importance of the outstanding convective insula-
tion properties of soot layers, which develop on combustion chamber surfaces, and the high radiative 
absorption of soot which may allow a rapid and large surface temperature swing.  The authors noted 
increased efficiency the longer the engine was run, with further soot layer accumulation.  
 
The many renewed attempts at TBC application to a mixing controlled diesel combustion system have 
been challenged by many aspects.  Unclear surface temperature and heat transfer phenomena, fluid 
dynamic and boundary layer changes imposed by surface roughness changes, slowed combustion 
rates, unclear impacts of exposed porosity, and the precise role of soot deposits in heat transfer are the 
major aspects of interest.  For improved TBC performance and industry adoption, the following are some 
suggested areas of needed focus: 

• Overcoming surface roughness increases from TBC materials and application methods 

• Understanding combustion system intrusiveness of the TBC application 

• Validating the coating durability 

• Quantifying the role of soot deposits, exposed porosity, and temporal evolution 

• Measuring 3D spatial impacts on local heat transfer 
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• Improving the coating process accuracy and cost for complex diesel piston geometries 

This work attempts to add some insight into the changes TBC surfaces impose on a heavy duty mixing 
controlled combustion system using single cylinder engine testing and a 3D piston combustion vessel 
optical diagnostic. 

2. Experimental Setup 

For the TBC ef forts within this experimental setup the thermal properties of the coating layers 
were measured using a commercially available (DXF 900, TA Instruments, New Castle, DE, USA) stand-
ardized thermal flash method (ref  ASTM E1461) along with Archimedes principle and a precision mass 
balance. Thermal diffusivity and specific heat were simultaneously measured using the former technique 
and used along with density measured through the latter to calculate thermal conductivity, taken as the 
product of the three directly measured variables. 
 
The coatings used were derivatives of TBCs used in gas turbines. A NiCrAl based “bond-coat” alloy 
(443NS, Oerlikon-Metco, Westbury, NY, USA) was applied directly to the component to increase adhe-
sion of the ceramic TBC, grade the transition of thermal and mechanical properties, and aid in oxidation 
resistance. Af terwards an insulating Yttria-Stabilized Zirconia “top-coat” layer (SG204, Saint-Gobain 
Coating Solutions, Worcester, MA, USA) toughened with the inclusion of 5% volume of the metallic 
bond-coat phase was applied. Table 1 lists the nominal material properties relevant to the coating and 
piston efforts, while  
Table 2 lists average piston combustion bowl surface roughness as measured by a 1D stylus surface 
prof ilometer and are averages of  measurements over two different azimuthal locations for each bowl 
radial location.  A clear increase for the TBC pistons can be seen and is in the range f rom 2-5 µm Ra, 
which is rougher than the steel pistons but in the same range as other reported piston TBC attempts 
[12,13].  
 

Table 1.  Material and nominal properties at 300K reference temperature 

Layer Material 
Thickness 

mm 
Conductivity 

W/m-k 
Density 
kg/m3 

Vol. Heat 

Capacity 

kJ/m3-K 

Thermal 

Effusivity 

W-s0.5 /m2-K 

Bond Coating NiCrAl 0.100 4.85 7120 2814 3694 

TBC Topcoat 95/5% YSZ/NiCrAl 0.225 0.91 5299 1864 1299 

Steel 4140 N/A 43.4 7850 3423 12187 

Stainless Steel 304 N/A 16.2 8000 4000 8050 

 
Table 2.  Piston Surface Roughness, Ra 

Component Material 
Center 

µm 

Bowl 

µm 

Chamfer 

µm 

Crown 

µm 

SS Optical-Piston Stainless Steel 1.2 1.1 0.8 0.6 

Steel Piston Steel 1.7 1.3 1.0 1.2 

TBC Optical-Piston Polished TBC Topcoat 2.1 2.2 4.6 3.1 

TBC Piston Polished TBC Topcoat 2.2 5.3 3.4 4.8 

2.1 TBC Application Process 

A direct current (DC) argon-hydrogen air plasma spray (APS) process (F4MB, Oerlikon-Metco, 
Westbury, NY, USA) configured with a 6 mm nozzle and a 90° 1.8 mm injector was used to fabricate all 
coatings described in this work. Before deposition, all surfaces were degreased and grit blasted at 80 psi 
f rom a 125 mm distance using 24 mesh alumina grit. Primary and secondary gas flow rates were held 
at 45 and 6 NLMP with a current setpoint of 550 A operating at 57 V. Carrier gas f low rates were set 
between 2.5 and 4 NLMP for the bond and top-coat layers and were optimized on a per-run basis to 
ensure consistent deposition between components. 

Coatings on both optical-piston sections and C15™ Tier 4 piston crowns were produced by 
traversing the spray torch along the component centerline normal to the crown geometry while rotating 
the component. To ensure microstructural uniformity and aid in the control of thickness bui ldup the sur-
face velocity was kept uniform as the torch moved towards the component center. This was 
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accomplished through trial and error by varying both the rotational speed of the component and the 
torches traverse speed. To aid in rapid toolpath development mock component geometries were pro-
duced that could be easily attached to the crown of a production piston. These mock geometry compo-
nents could then quickly be destructively tested to confirm the coating uniformity. This process is shown 
schematically in Fig. 1.  The same optimized toolpath was then used to deposit coatings on the optical-
piston sections by fixturing them in a manned identical to the production pistons. 
 

    
Fig. 1. TBC application process utilizing profile strips for spray setup and ease analysis 

 

2.2 Single Cylinder Test Engine 

 The experimental methodology for the present work centered on Single Cylinder Test Engine 
(SCTE) experiments.  A heavy-duty diesel SCTE platform was used based on a Cat® C15™ (15 L) 
production engine, but with a modified cylinder head, valvetrain, and fuel injection system.  The geo-
metric specification for the engine is listed in Table 3 with a nominal displacement of 2.5 L/cylinder. 
 

Table 3. Single Cylinder Test Engine Nominal Specifications 

 SCTE 

Displaced volume 2.53 L 

Bore 137.19 mm 

Stroke 171.45 mm 

Connecting Rod 270.76 mm 

Compression Ratio (nominal) 16.9:1 

Piston Bowl Shape Conventional Open 

Valves 4-valve 

Swirl Level < 1 Swirl Number 

Valve Train DOHC 

Fuel Injector Common Rail: 7-hole/ 258 µm / 130° SA / 4.9 kg/min 

 
The engine was coupled to a General Electric DC Motoring Dynamometer. Torque was measured at the 
end of a 21” arm using an Artech 90515 load cell. A central low speed data acquisition system was used 
to interface between all instrumentation in the single cylinder laboratory and recorded temperature, pres-
sure, f low, and emissions measurements at 1 Hz. An AVL Indicom high speed data acquisition system 
provided crank angle resolved cylinder pressure, intake manifold pressure, exhaust manifold pressure, 
and engine speed. The encoder resolution was 0.1 crank angle degrees (CAD). Cylinder pressure was 
measured with a Kistler 6125C piezoelectric transducer connected to an AVL Micro IFEM charge am-
plif ier that used a 100 kHz low pass digital filter and cyclic drift compensation. Kistler 4045a piezoresis-
tive transducers were used to measure intake and exhaust manifold pressures. 200 consecutive cycles 
of  high speed data were recorded at each data point.  

 
A schematic of the single-cylinder engine laboratory is shown in Fig. 2.  The engine air handling 

system allows for complete control of the intake pressure, intake temperature, and exhaust pressure. A 
Horiba MEXA 7100 DEGR was used to measure gaseous emissions including NO, NO2, CO, total hy-
drocarbons (THC), O2, intake CO2 and exhaust CO2. Particulate emissions were measured with an AVL 
415S smoke meter.  
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Fig. 2. Schematic of Single Cylinder Engine Laboratory 

The experimental pistons were measured using a coordinate measuring machine for specific interest in 
the resulting bowl profile shape.  Fig. 3 overlays the profiles between the optical TBC, single cylinder 
test engine TBC, and production steel piston in the left of the figure.  The right inset plot compares the 
optical steel and TBC profiles to the target production piston.  The macroscopic bowl profile shape is 
good, while there is notable deviation at the corner with the TBC variants having less reentrancy and 
more rounding.  The challenge of thermal spray TBC bowl accuracy was noted by Binder et al. [5], and 
the present work looks to be improved despite the remaining inaccuracies.  The impact of this deviation 
on combustion and emissions performance will be discussed in the results sections. 
 

 
Fig. 3.  Coordinate Measuring Machine piston bowl profile comparison plots showing the steel and TBC differ-

ences between the SCTE and the optical vessel  

2.3 High Temperature Pressure Vessel 

 
Designed to enable repeated observation of fuel sprays, the High Temperature Pressure Vessel 

(HTPV) employed in this work can reach steady pressures of 150 bar and temperatures of 1100 K 

Optical Profile Comparison 
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uniformly across the inner core of the test section [17]. 3D piston sections were mounted in the HTPV 
to enable study of the combusting fuel jet interaction with both production-similar and TBC coated sur-
faces. This setup shown in Fig. 4, enabled orienting the fuel-jet relative to the piston bowl to match the 
130° included angle utilized in engine testing [18]. Utilizing an on-axis single-orifice injector tip required 
holding the piston section base with a 25° angled block. The overall 3D piston section optical setup 
includes a f lat fused-silica window to represent a simplified cylinder-head surface. The stainless plate 
that holds the window also simulates the crevice volume above the top piston ring, see Fig. 5. The 3D 
piston section was sized to represent geometry equivalent to a C15 engine f itted with a 6-hole injector 
tip. Two linear adjustments allow for sliding the 3D piston section away from the injector tip while simul-
taneously maintaining the injector to cylinder head offset. This allows for setting the equivalent crank-
angle positioning of the 3D piston section. For the current study the 3D section is offset by 2 mm to 
simulate a 10 CAD BTDC/ATDC position. 

 

  
Fig. 4. High Temperature Pressure Vessel experimental and optical setup  

 
Fig. 5. Physical 3D-Piston Setup                      

Four high-speed cameras and two photo diodes allowed for observation of the combustion during the 
interaction of the fuel-jet with the 3D piston section and glass cylinder head. One camera with a CH* 
(430 nm ±20 nm) f ilter provided a profile view, and the other three cameras (NL, CH*, OH*) provided a 
top view of the piston bowl through the transparent cylinder head as shown in Fig. 4. 
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The HTPV was operated with an ambient pressure of  120 bar for all testing, corresponding approxi-
mately to cylinder pressure at start of combustion (SOC) for the engine testing. The ambient flow was 
40 m3/h with 18% O2 concentration. Testing of the 3D piston sections was accomplished by varying 
ambient temperature, injection pressure, and injection duration as shown in Table 4 below. The f inal 
bowl profile for the TBC coated piston differs slightly f rom the production bowl profile targets as shown 
in Fig. 3. Detailed analysis is focused on the 975 K, 200 MPa, and 840 µs condition targeting a hydraulic 
injection duration of 1900 µs. 
 
A single-orifice on-axis fuel injector was used in the HTPV.  The orifice diameter was 239 µm which was 
the closest single-orifice available to the engine injector orifice diameter.  Because of it having a single-
orif ice fuel injector tip, the rate shape was very square with little front-end ramp. 
 

Table 4. Summary of HTPV test conditions. 

Temperature 
(K) 

Injection pressure 
(MPa) 

Injection duration 
(µs) 

875 100 410 - 1050 
875 200 340 - 840 
975 100 410 - 1050 
975 200 340 - 840 

2.4 Engine Operating Conditions 

In an ef fort to evaluate the benefits of TBC piston over standard steel piston, high load settings 
at various engine speeds were selected as shown in Table 5 below. 

  
Table 5. Engine Test Conditions 

Engine Speed rpm 2100 2100 1800 1800 1425 1425 

EGR % 18 0 20 0 14 14 

Fueling g/min 317 317 231 231 265 209 

Rail Pressure MPa 250 160 180-220 140-180 160 180-220 

Torque N-m 361-427 356-416 297-373 315-375 486-532 387-434 

Inj Duration ° (deg) 19.9 25.8 15.2-17.4 17.3-20.2 21.3 13.8-15.5 

Intake Temp °C 66 50 59 50 53 63 

Intake Pres kPa-a 362 333 334 298 411 287 

Exhaust Pres kPa-a 419 433 389 349 468 310 

  
These test settings are representative of typical EGR levels in various engine applications and existing 
state of art turbochargers on heavy duty diesel engines.  At each test condition, the full range of engine 
operation was realized by changing injection timings to achieve peak cylinder pressure and to stay within 
the end of  injection limit at constant fueling. 

  
Data point 2 in Table 6 below has been used in the detailed analysis of steel and TBC pistons. 

   
Table 6. Test Data – Steel vs. TBC Piston 

Data Point   2 2 2 

Piston   Steel Steel (Repeat) TBC 

Engine Speed rpm 1800 1800 1800 

EGR % 20 20 20 

Fueling g/min 231 231 231 

Rail Pressure MPa 220 220 220 

Torque N-m 353 355 347 

Start of Injection ° crank angle (ATDC) -1.85 -1.7 -1.71 

End of Injection ° crank angle (ATDC) 13.38 13.58 13.56 

Injection Duration ° crank angle 15.23 15.28 15.28 

Intake Runner Temperature °C 59 59 59 

Intake Runner Pressure kPa-a 334 334 334 

Exhaust Runner Pressure kPa-a 389 389 389 
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3. Results and Analysis 

3.1 Single Cylinder Test Engine 

 A detailed view of the in-cylinder combustion processes is shown in Fig. 6 for the second SOI 
timing point at an 1800 rpm 1900 kPa IMEPn mode.  The steel piston and TBC piston cases are shown 
with a repeat of  the steel piston.  The lower pressure of the TBC case is attributed to a slightly lower 
measured geometric compression ratio of 16.77 vs. 16.98 and a slightly lower pressure at IVC for the 
same nominal IMAP boundary condition.  Ideally the compression pressure would be better matched, 
but the authors do not believe this variance impacts the result trends significantly.  Evidence toward this 
is the repeat steel piston case which has good peak heat release rate consistency despite cylinder 
pressure variance originating from simply rebuilding the engine and remeasuring. 
 
Dif ferences in heat release rates can be seen with the TBC piston having lower peak rates in the appar-
ent heat release rate (AHRR) plot and a slower 50-90% burn in the cumulative AHRR plot.  A slower 
fuel-air mixing system can be inferred f rom these immediate heat release observations, but some further 
analysis rigor can help with detailed and fair comparisons.  A useful parameter which consolidates the 
impact of the heat release rate, duration, shape and phasing in the cycle is the Heat Release Rate 
Ef ficiency in (Eqn. 1) and is similar to other calculations of degree of constant volume combustion [19] 
or ef fective expansion ratio 20].   

𝐻𝑒𝑎𝑡 𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑅𝑎𝑡𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
∫  

𝑑𝑄
𝑑𝜃

 𝜂𝑜𝑡𝑡𝑜(𝜃) 𝑑𝜃
𝑒𝑜𝑐

𝑠𝑜𝑐

∫  
𝑑𝑄
𝑑𝜃

𝑑𝜃
𝑒𝑜𝑐

𝑠𝑜𝑐

   (Eqn. 1) 

 
This utilizes a simple Otto cycle efficiency calculation of the instantaneous expansion ratio (Vmax / V(θ)) 
in (Eqn. 2), 

𝜂𝑜𝑡𝑡𝑜(𝜃) = 1 −
1

(
𝑉𝑚𝑎𝑥
𝑉(𝜃)

)
𝛾−1    (Eqn. 2) 

 
where γ is the ratio of  specific heats computed f rom the heat release analysis.  Integration of 

the heat release dQ/dθ weighted Otto cycle efficiency, over the combustion duration from SOC to end 
of  combustion (EOC), provides a single metric to compare and contrast engine cycles with heat release, 
compression ratio, and expansion ratio variation.  This heat release rate efficiency will be used for com-
parisons in the following figures. 
 
The dif ference between the fuel input energy and the cumulative AHRR, at the end of the closed cycle, 
in  Fig. 6 is shown and is one way to define the in-cylinder heat transfer.  Between the three cases there 
are dif ferences in this heat transfer metric, but it is small and susceptible to the quality of the cylinder 
pressure measurement.  Further plots in Fig. 7 and Fig. 8 compare larger data sets and differences.   
 
Fig. 7 shows the emissions and engine performance comparisons for the timing sweep which includes 
point #2 f rom Table 6 and Fig. 6.  The TBC piston has a slightly shifted-left NOx/ISFC response, which 
is expected due to the slower heat release rates, and it produces the highest particulate.  CO emissions 
go generally with the particulate emissions while hydrocarbon emissions are very low for all cases.  The 
volumetric ef ficiency of the TBC piston is the lowest and indicates a charge air heating phenomena 
classic to the historical TBC efforts in diesel engines.  The tighter collapse of the ISFCn plotted against 
heat release rate ef f iciency, compared to when it is plotted against CA50, shows the usefulness of this 
method for normalization – clearly no efficiency benefit is observed for the TBC piston.   
 
The f inal two plots in Fig. 7 attempt to describe the differences in heat transfer with the in-cylinder heat 
transfer metric previously described, and a direct measurement of oil heat rejection through oil flow and 
oil temperature increase.  The TBC piston in-cylinder heat transfer goes between the two steel piston 
data sets with a f latter trend with SOI/CA50.  However, the TBC piston oil heat rejection matches the 
steel piston repeat data set very closely.  The lower steel piston oil heat rejection, relative the repeat 
steel piston, was a result of a misaligned piston cooling oil jet and the discovery of produced the need 
for the repeated steel piston data.  This provides a useful discussion point in that if this magnitude of oil 
heat rejection reduction f rom a cooling system modification could not produce measurable ef ficiency 
dif ferences, similar reductions in heat transfer f rom a TBC likely would also not produce measurable 
ef f iciency differences.  The caveat here being that the actual surface temperature change or “swing” 
f rom the TBC should be larger than that imposed by a simple cooling change, and theoretically (by 0D 
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and 3D models) should be able to reduce heat transfer more effectively.  A lack of sufficient experimental 
TBC surface temperature understanding confounds this issue.  A f inal point is that only adding thermal 
resistance to one of the multiple in-cylinder heat transfer paths/surfaces (i.e., just the piston) may be 
insuf ficient to significantly reduce or change the total heat transfer, as the heat may f ind other less 
resistive paths. 
 

 

 
Fig. 6. SOI Point #2 from Table 6, 1800 rpm, 231 g/min fueling (nominally 1900 kPa IMEPn), 24.5 AFR, 20% 

EGR, 220 MPa rail pressure high-speed data 
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Fig. 7. 1800 rpm, 231 g/min fueling (nominally 1600-2000 kPa BMEP), 24.5 AFR, 20% EGR, 220 MPa rail pres-

sure, timing sweep low-speed data 

The data plotted in Fig. 8 attempts to provide a macroscope view of the general efficiency and heat loss 
trends f rom the present single cylinder engine experimental campaign.  All the comparable data between 
the steel (repeat) piston and TBC piston are overplotted and show very similar trends and scatter.  The 
in-cylinder heat transfer plot agrees with the data for oil and total heat rejection, and these are not shown 
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for brevity.  Fig. 8 solidifies the conclusion that there was no obvious fuel consumption or heat transfer 
dif ferences confidently observed and motivated the need toward further fundamental investigation into 
combustion system differences imposed by the addition of the TBC piston surface.   It should be noted 
that there are a small number of  points, similar to  Fig. 6 and Fig. 7, where a possible heat transfer 
reduction could be argued, but the overwhelming trend is one of similar heat transfer for a given heat 
release ef ficiency.  Toward this fundamental understanding, the following sections will discuss the opti-
cal ef forts in the high temperature pressure vessel. 
 

 
Fig. 8. All comparable operating points (1425-2100 rpm and 1500-2800 kPa IMEPn) showing no obvious fuel con-

sumption (ISFCn) or macroscopic heat transfer difference between the steel and TBC pistons in the SCTE. 

3.1 High Temperature Pressure Vessel 

Fig. 9 shows an alignment image from the TCH* camera where the single-orifice fuel injector tip 
is on the left and the 3D piston section is rotated such that the fuel jet mimics a 130 deg included angle.  
The 3D piston section is located 2 mm below the TDC position, which is the 10 CAD BTDC/ATDC 
position to represent a 20 CAD time window.  A fused silica window, seen above the 3D piston section, 
represents the cylinder head positioned correctly relative to the fuel jet. 

 

 
Fig. 9. TCH* camera view of 3D piston section installed in HTPV 

Fig. 10 shows the image in Fig. 9 after it has been masked and false-colored according to light intensity.  
The mask generated f rom the alignment image is then applied to all images taken with that hardware 
setup.  The masking reduces CIV processing time, improves the CIV results, and it makes it easier to 
view the CIV results. 

Fuel injector tip 

Window 

3D piston section 
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Fig. 10. False-colored TCH* camera view with mask applied for CIV processing 

Fig. 11 shows a sequence of averaged raw images from the TCH* camera where the ambient temper-
ature is 975 K, the injection pressure is 200 MPa, and the commanded injection duration is 840 µs.  The 
false-color scaling is the same for all images and each image shows an average of four injections.  The 
lef t column shows the metal piston, and the right column shows the smooth TBC piston.  The columns 
are time aligned where the inserted text shows the time af ter start of injector current.  The f irst time is 
when the f lame f ront has come out of the piston bowl, has f illed the squish region, and is starting to 
move back toward the injector along the cylinder head.  The second time is when the f lame is moving 
along the head toward the injector, and it is also starting to escape the volume between the piston and 
the window indicating that it is the time of  jet-jet interaction.  The third time is when the f lame f ront is 
very near the lif t-off length, and it can be clearly seen that the f lame in the metal piston has moved closer 
to the injector. This is due to the more rounded piston bowl lip that the smooth piston has.  The fourth 
time is at end of  injection.  The f lame in the metal piston bowl exhibits a brighter f lame consistently, 
which may be another indication of faster mixing. 
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Fig. 11. Comparison of flame propagation for the metal ( left) and smooth TBC (right) piston bowl sections at 4 

times.  Each image is an average of 4 shots.  975 K, 200 MPa, 840 µs. 
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3.3 CIV image processing 

Particle Imaging Velocimetry techniques were used to process the combustion images even 
though no seed particles were used.  The assumption was that the sooty, bright flame envelope would 
have distinctive spots that would move f rom one image to the next and that the PIV code could track 
those, hence Combustion Imaging Velocimetry (CIV).  The groundwork for CIV in optical engines was 
laid with Dembinski  et al. [21-22] and expanded and proliferated by others such as Zha and Busch et 
al. [23-24] It should be noted that under these conditions, using a 239 µm orif ice, the flame is optically 
thick.  This means that the camera images the first surface closest to the camera, and therefore the CIV 
processing is based on the edge of the f lame.  The f reely available MATLAB code PIVlab was used [25].  
 
The raw high speed TCH* movies were pre-processed in MATLAB before being imported into PIVlab.  
The pre-processing consisted of  applying a mask, a sharpening f ilter, and then the intensity was 
stretched f rom the movie minimum to the movie maximum intensity values.  The sharpening and the 
intensity stretching was done to maximize contrast.  Finally, it was saved in the MPEG4 format which 
could be imported into PIVlab. 
 
Fig. 12 show plots of the mean correlation coefficients and the mean of correlation coefficients greater 
than 0.5 as a function of time for the metal and smooth piston bowl sections.  The plots are a good 
representation for other operating points.  This suggests that there is good confidence in the velocity 
results f rom the CIV image processing.  The regularly appearing outliers (every 0.5 ms) are artifacts of 
the processing and should be ignored. 

 
Fig. 12. Correlation coefficients for the metal (left) and smooth TBC (right) piston bowls at 975 K, 200 MPa, 

840 us.  In general representative for all cases. 

Fig. 13 shows a calculated velocity field from CIV image processing at time 2.1 ms at 975 K, 200 MPa, 
840 µs.  The velocity field is calculated from shot 1 and is superimposed on a false-colored image from 
shot 1.  When displaying the velocity f ield, a moving average in time was also applied to smooth it out 
and make it look more consistent.  There is a very clear vortex and a clockwise rotation.  Peak velocities 
reach about 60 m/s for the 200 MPa injection pressure.  The vortex forms when the flame front reaches 
the cylinder head and lasts until the flame is burned out. 
 
Pastor et al. [26] proposed a numerical method using the curl of the velocity field to locate the center of 
the vortex.  This method was applied to the CIV velocity field in the hope of tracking the vortex center in 
time but did unfortunately not yield a good result for this data. 
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Fig. 13. Velocity field superimposed on false-colored TCH* image of individual shot at 975 K, 200 MPa, 840 µs.  

Metal piston at 2.1 ms after start of injector current. 

While the f lame clearly expands along the piston bowl in the azimuthal direction (in and out of the image), 
most of the momentum is in the direction of the spray.  Therefore, it is assumed that the majority of the 
momentum is illustrated by the two-dimensional velocity f ield shown in Fig. 13.  From this idea the ap-
parent chamber mixing energy in the velocity field can be calculated as shown below in Eqn. 3. 
 

𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 𝑚𝑖𝑥𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦 = ∑
1

2
(𝑢2 + 𝑣2)   (Eqn. 3) 

 
Fig. 14 shows the calculated apparent chamber mixing energy and its u and v components for the metal 
and smooth piston sections as a function of time.  The apparent chamber mixing energy is only calcu-
lated inside the masked area.  The u component is clearly larger which makes sense since that is the 
direction of the fuel jet.  It is also clear that the metal piston exhibits a greater mixing energy, mostly due 
to the faster penetration in the u direction as the v components are very similar.  This is numerical 
evidence of the brighter f lame which was visually seen in Fig. 11. 

  
Fig. 14. Apparent chamber mixing energy for the Metal (left) and Smo oth (right) piston bowl sections at 975 K, 

200 MPa, and 840 µs. 

Fig. 15 and Fig. 16 show side by side comparisons between metal and smooth for the lower injection 
pressure of 100 MPa, and a shorter duration of 355 µs.  Note that the scales are the same for all 6 plots.  
One variable at a time is varied from the focus case of 975 K, 200 MPa, and 840 µs.  The comments for 
Fig. 15 generally are true for Fig. 15 and Fig. 16.  Note that the lower injection pressure of 100 MPa 
shown in Fig. 16 also shows a lower apparent chamber mixing energy. 
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Fig. 15.  Apparent chamber mixing energy for the Metal (left) and Smooth (right) piston bowl sections at 975 K, 

100 MPa, and 1050 µs. 

 
Fig. 16. Apparent chamber mixing energy for the Metal (left) and Smooth (right) piston bowl sections at 975 K, 

200 MPa, and 355 µs. 

Conclusions 

 In the present effort to measure and understand the impact of adding a TBC to a diesel engine 
piston the following conclusions were found.  These were obtained using single cylinder engine testing 
and optical imaging diagnostics in a continuous flow high temperature pressure vessel. 
 
• High-load engine performance, combustion and emissions measurements between a steel and a 

smoothed TBC (YSZ-type coating) piston showed the TBC piston had slower heat release rates, 
elevated PM and CO at retarded timings, and similar single digit ppm hydrocarbons.  Comparing 

performance based on net ISNOx and Heat Release Rate Efficiency indicated that the smoothed 
TBC piston behaved like a slower mixing system with a naturally lower NOx response. 

• No reduction in in-cylinder heat transfer or engine/piston oil heat rejection could confidently be 
measured at times with normalized heat release performance.  Repeat measurements of the steel 
piston indicate the variability of the physical SCTE hardware and measurement system is signifi-

cant, in the same range as the desired TBC heat transfer benefits and adds difficulty for compari-
sons between low repetition testing campaigns. 

• The piston bowl corner feature, radius, and fine geometry are known to be critical to the mixing-
controlled combustion system performance.  The TBC coating process was not able to achieve 

the precise corner and reentrancy geometry and is the primary aspect attributed to the deterio-
rated system fuel-air mixing. 
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• The 3D-piston section test concept for optical vessels was found to be very useful for understand-
ing f lame development in the combustion chamber, albeit with limitations.  It is also believed to 

have produced useful data for future simulation validation efforts. 

• The rounded piston bowl rim for the smooth TBC case slows the flame development and reduces 

the mixing energy, as seen in the HTPV results, and explains the slow heat release rate in the en-
gine case.  The mechanism for reduced fuel-air mixing was found to be the rounder bowl corner 

and reduced corner reentrancy which produced weaker mixing vortices with lower momentum. 

• The concept of apparent chamber mixing energy was introduced through CIV methods.  It was 

found to capture the effect of the rounded bowl edge sufficiently, and it also captured impact of in-
jection pressure. 

• The 3D-piston section test concept, with analyses such as CIV, can give an experimental under-
standing of the combustion and flame development changes to a mixing-controlled combustion 

system due to perturbations such as a TBC surface.  The importance of understanding the com-
bine system impact should be highlighted, as the system is highly refined and there are interac-

tions which can offset and hide the desired outcome or result. 

 
Af ter reviewing the present work and discussing with team members, the following steps are proposed 
to further the research and development on both the 3D-piston diagnostic and TBC for engine efficiency. 
 

• Employ the 3D-piston section test concept to other combustion system topics and questions of 
interest. 

• Simulate the HTPV results with CFD to determine the magnitude of importance for the differ-

ent surface roughness – and use this data for CFD simulation validation. 

• Produce steel variants of the pistons matching the as-produced TBC bowl shapes so further 

testing can eliminate the differences in bowl geometry. 

• Gain fundamental surface temperature and heat flux data to understand what the true impact 

of  the TBC is on heat transfer and the near-wall temperature gradient. 
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