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Abstract 8 

Isobaric combustion is more efficient than isochoric combustion when the peak cylinder pressure 9 

is restricted. Recently a double compression expansion engine concept using isobaric combustion was 10 

proposed to improve the engine performance. However, the knowledge about the in-cylinder isobaric 11 

combustion process is limited. This study investigated isobaric combustion in both metal and optical 12 

engines utilizing a centrally placed direct injector and a multiple injections strategy, and the performance 13 

and emissions of isobaric combustion and conventional diesel combustion (CDC) were compared. Mie 14 

scattering and fuel-tracer planar laser-induced fluorescence (PLIF) were used to visualize the liquid-phase 15 

fuel penetration length and fuel distribution under non-reactive conditions. The natural flame luminosity 16 

and spatial soot distribution were measured with high-speed imaging and laser-induced incandescence 17 

(LII), respectively. Results demonstrate an increased soot formation in the isobaric cases compared to the 18 

CDC case. The successive fuel injection into reacting zones, which induces a locally fuel-rich mixture and 19 

less fuel-air mixing, accounts for the high soot emissions in the isobaric combustion. This study further 20 

demonstrates that the late injections of the isobaric cases lead to more combustion in the squish zone and 21 

near the cylinder walls, which increases the local temperature gradient and may result in more heat losses. 22 

Thus, there is still room to reduce the heat losses in the isobaric combustion although the total heat loss of 23 

the isobaric combustion is lower than the CDC case due to a lower combustion temperature. Multiple 24 

injectors are suggested to reduce the soot emissions of the isobaric combustion by spreading the different 25 

injections in space.  26 

Keywords: Isobaric combustion; Optical diagnostics; Heavy-duty engines; Multiple injections; 27 

Planar laser-induced fluorescence; Laser-induced incandescence 28 

29 
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Nomenclature 30 

ATDC – After the top dead center 31 

BDC – Bottom dead center 32 

CAD – Crank angle degrees 33 

CDC – Conventional diesel combustion 34 

CI – Compression ignition 35 

CO – Carbon monoxide 36 

DCEE – Double compression expansion engine 37 

DI – Direct injection 38 

EGR – Exhaust gas recirculation 39 

ICCD – Intensified charge-coupled device 40 

IHC – Isobaric high case 41 

ILC – Isobaric low case 42 

LII – Laser-induced incandescence 43 

NOx – Nitrogen oxides 44 

PLIF- Planar laser-induced fluorescence 45 

RoHR – Rate of heat release 46 

SI – Spark ignition 47 

TDC – Top dead center 48 

UHC – Unburned hydrocarbons 49 

 50 

1. Introduction 51 

The last decades experienced ever-increasing concerns for sustainability in terms of nature 52 

conservation and climate. These concerns include climate changes, from greenhouse gases such as carbon 53 

dioxide (CO2), causing animal extinction and sea level rise. Furthermore, local emissions problems, such 54 

as city smog, continue to cause a hazardous environment for humans. The transport sector is one of the 55 

key sources causing these problems. Consequently, vehicles equipped with internal combustion engines 56 

are urged to reduce their emissions of nitrogen oxides (NOx), particulate matter (PM), unburned 57 

hydrocarbon (UHC), CO2, and carbon monoxide (CO). To fulfill these regulations, the next generation of 58 

internal combustion engines needs a simultaneous reduction in fuel consumption and emissions [1-3].  59 

Fuel consumption reduction relies on the increase in engine efficiency. Many novel engine 60 

combustion concepts are promising in efficiency improvement. One category is the low-temperature 61 

combustion concepts, like homogeneous charge compression ignition (HCCI) [4], partially premixed 62 

combustion (PPC) [5], reactivity controlled compression ignition (RCCI) [6], and pre-chamber 63 
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combustion (PCC) [7], which are all based on four-stroke engines. The other category is the split-cycle 64 

concepts achieving lower energy losses by different types of heat recovery approaches [8-10]. Recently, 65 

a promising split-cycle concept, double compression expansion engine (DCEE), was proposed to achieve 66 

high engine efficiency by reducing the heat, exhaust, and friction losses [11, 12]. The DCEE cycle includes 67 

the low-pressure (LP) cylinder, which compresses the intake air before transferring it to an intermediate 68 

tank; and the high-pressure (HP) cylinder, fed by the intermediate tank, compressing the air a second time, 69 

allowing a high total compression ratio of around 60:1 [11]. The fuel is only injected into the HP cylinder 70 

followed by combustion and a piston expansion. The hot exhaust gases then flow back to the LP unit for 71 

a second expansion, resulting in a higher effective expansion ratio compared to the conventional engines. 72 

The HP cylinder is small and has less surface area, which contributes to significantly lower heat transfer 73 

losses compared to a conventional engine with a high compression ratio. The LP cylinder reduces the 74 

overall friction loss by using a less rigid engine configuration compared to the HP cylinder. The above 75 

two advantages resulted in a peak efficiency of 56 % in the DCEE simulation [11].  76 

The peak cylinder pressure becomes the restriction in DCEE because of the very high effective 77 

compression ratio; it cannot afford another pressure rise like in HCCI or PPC. The isobaric combustion is 78 

a good choice in this scenario since the thermodynamic cycle analysis shows that isobaric combustion has 79 

higher engine efficiency than isochoric combustion when the peak pressure is restricted [12]. Okamoto 80 

and Uchida [13] proved that the heavy-duty engines, equipped with three injectors per cylinder, can 81 

achieve isobaric combustion by multiple injections. Recent simulation works showed improved 82 

combustion controllability and the possibility of a tailored heat release using multiple injectors, which 83 

also reduces the heat losses in heavy-duty engines by optimizing the spatial distribution of the hot reaction 84 

zones [14-17].  However, multiple injectors also increase the production cost. The most recent metal 85 

engine studies [18, 19] suggested that a four-consecutive-injection strategy can achieve isobaric 86 

combustion with a single solenoid injector. They concluded that isobaric combustion leads to low NOx 87 
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emissions along with kept engine efficiency as compared to conventional diesel combustion. However, 88 

the soot emissions increased greatly with isobaric combustion.   89 

The effect of split injections on soot emissions has been studied in different optical configurations 90 

earlier [20-22]. Herfatmanesh et al [22] showed that the soot emissions increases as the two injections 91 

approaching each other and the ratio of these two injections also play an important role. In this early split 92 

injection scenario with considerable pilot injection, the heat release in the pilot injection increases the 93 

cylinder temperature and results in more soot formation in the combustion of the second injection. In 94 

comparison, the post-injection strategy proved to be effective in reducing the soot and UHC emissions 95 

[23-25]. O'Connor and Musculus [23] demonstrated a maximum soot reduction of 40% by post-injection 96 

at 21% intake oxygen conditions and low engine load, using a small amount of fuel soon after the main 97 

injection. Kavuri et al. [25] claimed that targeting the fuel from the post-injection at a different region in 98 

the combustion chamber relative to the main injection provided better access to the oxygen for both the 99 

main and post-injections, which accounts for the soot reduction at the middle to load engine load; however, 100 

this reduction is minimized as the engine loads increase. Most of the literature on multiple injections only 101 

considered two injections or three injections with the first as a very early pilot injection. In practice, 102 

multiple consecutive injections with small intervals are required to achieve an isobaric heat release, 103 

especially at higher engine loads. A four-consecutive-injection strategy was proposed to realize the 104 

isobaric combustion in a heavy-duty diesel engine [18, 19].  However, the metal engine experiments could 105 

not provide sufficient in-cylinder combustion information like the detailed fuel injection process and its 106 

effect on the in-cylinder fuel-air mixing and the following combustion process. More detailed laser 107 

diagnostic techniques are required to explore and gain a better knowledge of isobaric combustion. 108 

The present study investigates the four-consecutive-injection strategy operated with a single 109 

injector to reach the isobaric combustion. The experiments compare the isobaric combustion’s 110 

performance and emissions with conventional diesel combustion in an all-metal engine. The fuel injection, 111 

combustion, and soot formation are studied on the optical engine using different optical diagnostic 112 
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techniques to compare isobaric combustion and conventional diesel combustion. Firstly, the liquid-phase 113 

fuel injection process under non-reactive conditions was visualized using high-speed imaging of the Mie 114 

scattering signal. Secondly, the in-cylinder spatial fuel distribution under non-reactive conditions was 115 

studied using fuel-tracer planar laser-induced fluorescence (PLIF). Thirdly, the flame luminosity during 116 

combustion was recorded using high-speed imaging and the in-cylinder spatial soot distribution at a typical 117 

crank angle was visualized using planar laser-induced incandescence (LII). Combining all these 118 

techniques, we try to obtain a detailed picture of the in-cylinder process of isobaric combustion. The 119 

present study also uncovered the spatial fuel distribution and soot distribution of the isobaric combustion 120 

and revealed the reason for high soot emission using only one direct-injection (DI) injector with the four-121 

consecutive-injection strategy. Finally, some suggestions for the isobaric combustion operation are 122 

proposed based on the findings of the present study. 123 

  124 
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2. Experimental setup and optical diagnostic techniques 125 

2.1 Metal engine experimental apparatus 126 

The experiments were performed on a single-cylinder research engine modified from a Volvo 127 

D13C500 6-cylinder heavy-duty engine. Figure 1 illustrates the engine test bench layout which has five 128 

cylinders deactivated by removing the valves and disabling the injectors. The engine intake pressure and 129 

temperature were controlled by an intake regulator and a heater, respectively. An electric motor kept the 130 

engine speed constant at 1200 revolution per minute (rpm) for all cases. A back pressure valve adjusted 131 

the exhaust pressure in the exhaust line. A Horiba MEXA-1700 along with an AVL Micro Soot-Sensor, 132 

in the range of 1-1000 mg/m3, measured the exhaust gas composition. The fuel injection system consisted 133 

of a solenoid injector connected to a common rail allowing a maximum injection pressure of 2700 bar. 134 

Table 1 lists the main metal engine specifications.    135 

 136 
Fig.1. Metal engine layout  137 

 138 

 139 
Tab. 1. Metal engine specifications 140 

Engine Speed [rpm] 1200 

Single-cylinder Displacement Volume, [L] 2.13 

Connecting Rod [mm] 255 

Bore [mm] 131 

Stroke [mm] 158 

Geometric Compression Ratio 17:1 

Fuel Diesel 
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 141 

 142 
Fig. 2. Optical engine setup  143 

 144 
Fig. 3. Schematic of the optical engine setup for high-speed imaging. 145 

 146 

2.2 Optical engine experimental apparatus 147 

The optical engine (see Fig. 2) had the same geometry and can reproduce the metal engine 148 

experiments. The Bowditch concept allowed optical access where a piston extension and a piston holder 149 

were mounted on the top of the standard piston (see Fig. 3). A quartz piston having a ω-shape was glued 150 

on the holder with a mirror placed below. This allowed a two-dimensional bottom-view of the combustion 151 

chamber. Further, the liner contained three quartz (Suprasil 2 grade B) windows to allow a side view of 152 

the combustion chamber from three orthogonal directions.  153 
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The optical engine differs from the metal engine in terms of a lower effective compression ratio of 154 

12.5, which originates from a changed piston ring structure and a larger blow-by. To compensate for this 155 

pressure loss, the optical experiments used a higher intake pressure boosting. Furthermore, the optical 156 

engine operation utilizes a skip-fire mode with a sequence of 3 fired cycles followed by 7 motored cycles. 157 

This keeps the thermal stress low on the sensitive optical parts. To reduce cycle-to-cycle variations, only 158 

the third cycle in every set is used for image analyses. Intake heating was used to replicate the metal engine 159 

conditions. The following equation estimated the intake pressure and temperature needed at the top dead 160 

center (TDC), where 𝑃𝑐 and 𝑇𝑐 are the TDC pressure [bar] and temperature [K], respectively; 𝑃0 and 𝑇0 161 

are the intake pressure [bar] and intake temperature [K], respectively;  𝛾 is the specific heat ratio. 162 

∫
𝛾

𝛾−1

𝑇𝑐

𝑇0

𝑑𝑇

𝑇
= ln (

𝑃𝑐

𝑃0
)                                                              (1) 163 

The intake pressure was varied to match the metal engine motored maximum pressure. Table 2 164 

summarizes the experimental conditions, where a fuel amount of 50 mg/cycle and an injection pressure of 165 

1500 bar were used. The optical engine experiments used n-heptane as the diesel surrogate to remove the 166 

potential interference of PAH fluorescence signal from the diesel fuel in the PLIF and LII experiments.   167 

Tab. 2. Summary of the test conditions 168 

Test Cases 
Inj. Signal 

[CAD ATDC] 

Inj. Duration 

[µs] 

Absolute Boost 

Pressure [bar] 

Intake 

Temp. [K] 

Motored Peak 

Temp. [K] 

Motored Peak 

Pressure [bar] 

CDC  

(metal engine) 
-6, -3 190, 405 1.00 292 810 49 

ILC  

(metal engine) 
-4, 1, 4, 8.3 

200, 200, 

220, 300 
1.00 292 810 50 

IHC  

(metal engine) 
-3, 1, 3.5, 6.3 

190, 200, 

200, 270 
1.45 290 817 68 

CDC  

(optical engine) 
-6, -3 190, 405 1.68 325 776 49 

ILC  

(optical engine) 
-4, 1, 4, 8.3 

200, 200, 

220, 300 
1.68 325 778 49 

IHC  

(optical engine) 
-3, 1, 3.5, 6.3 

190, 200, 

200, 270 
2.42 325 780 68 

 169 

2.3 Test conditions 170 

Table 2 details the multiple injection timings. All engine tests aimed for moderate peak motored 171 

pressures of 50 or 68 bar at TDC. Three different cases were established as follows: 172 
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1. Conventional Diesel Combustion (CDC) – the standard case, used for comparison with isobaric 173 

cases. It utilizes an injection strategy of a short pilot injection followed by a long main injection, 174 

which has a motored peak pressure of 50 bar and peak pressure of 68 bar. 175 

2. Isobaric Low Combustion (ILC) – isobaric combustion achieved by four consecutive injections 176 

with the same fuel amount as the CDC case. The motored pressure at TDC was set to 50 bar.  177 

3. Isobaric High Combustion (IHC) – the motored pressure at TDC was raised to 68 bar to match 178 

the peak pressure of the CDC case. Similar to the ILC, four consecutive injections are used to 179 

achieve isobaric combustion while retaining the same fuel amount. 180 

There is a deviation in the motored peak temperature between metal and optical engines in the 181 

three cases due to the difference in effective compression ratio. Specifically, the temperature varies from 182 

around 780 K in the CDC and ILC cases of the optical engine to 810 K in the metal engine. There is a 183 

similar temperature difference of 37 K between the IHC case in optical and metal experiments. These 184 

deviations have a minor effect in establishing a solid basis for comparison between metal and optical 185 

experiments. Shen et al. [26] reported ignition delay measurements of n-heptane auto-ignition in the 186 

stoichiometric mixture with air at high pressure in a shock tube. At TDC pressure levels similar to the 187 

CDC and ILC cases (50 bar), n-heptane auto-ignites at an ignition delay of 370 µs at 780 K (optical case) 188 

and 296 µs at 810 K (metal case). This difference of 74 µs translates only to 0.5° CA at 1200 rpm, which 189 

is considered small. The delay between metal and optical experiments will reduce further in the IHC case 190 

as it operates at higher pressure.  191 

2.4 Optical diagnostic techniques 192 

2.4.1 High-speed imaging of the liquid-phase spray under non-reactive conditions 193 

Figure 3 shows the high-speed camera (Photron SA4) with a Nikon 50 mm/f 1.2 lens used to record 194 

the Mie scattering signal of the liquid-phase fuel injection. The camera frame rate and exposure time were 195 

set at 36 kHz and 10 μs, respectively. The time resolution of 0.2° CA enabled time-resolved imaging of 196 

the four short fuel injection pulses. However, the very short exposure time resulted in a too low light signal 197 
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for the spray imaging under non-reactive conditions. Thus, a 350-Watt halogen lamp light source was 198 

applied from the left window, a shown in Fig. 4. A single fuel spray was chosen for post-processing and 199 

images from 20 cycles were processed to get the average results. The liquid-phase penetration length was 200 

quantified to show the actual fuel injection process. The images were binarized using 10% of the peak 201 

light intensity as the threshold to detect the leading edge of the spray jets. More details about this technique 202 

can be found in an earlier study [27].  203 

2.4.2 Fuel-Tracer PLIF imaging under non-reactive conditions 204 

Toluene of 2% by volume was added into the n-heptane fuel. The fourth harmonic (266 nm, 60 205 

mJ/pulse) of a 10 Hz Nd:YAG laser (Q-smart 850, Quantel) was chosen for the toluene tracer excitation. 206 

Figure 4 shows the schematic of the fuel-tracer PLIF setup. The laser beam was imaged into a vertical 207 

sheet of approximately 0.5 mm thickness and 20 mm height using a combination of three cylindrical lenses 208 

(f1=-20 mm, f2=+100 mm, and f3=+1000 mm). The laser sheet was placed on the centerline of the targeted 209 

fuel jet.  210 

 211 
Fig. 4. Schematic of the fuel-tracer PLIF and LII system. 212 

 213 

The side window included a convex cylindrical lens to correct the image distortion caused by the 214 

concave window. An ICCD camera (Princeton, PI-MAX3), equipped with a 100 mm, f/2.8 UV-lens 215 

(CERCO 2178, Sodern) mounted in a tilted position, visualized the targeted fuel spray region. A tilt/shift 216 
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lens mount adapter (Scheimpflug adapter) rotated the camera lens to a certain angle relative to the camera 217 

to correct the focus shift produced by the ICCD camera tilting. A band-pass filter (FF01-285/14, Semrock) 218 

with a transmission range of 278-292 nm coupled to the lens collected the toluene PLIF signal. The gate 219 

width and gain level of the ICCD camera were 100 ns and 85, respectively. Due to the low frequency of 220 

the laser, only one PLIF image could be acquired in each engine cycle. Each test set used 50 PLIF images 221 

at the same crank angle to get the averaged image. 222 

The PLIF image distortion caused by the side window was corrected in four steps. Firstly, a 223 

background average image was subtracted from the PLIF image. Secondly, the PLIF image intensity was 224 

normalized, by an average of 50 images taken at the same crank angle, but with port injection forming a 225 

uniform mixture. This step removes the effects of laser sheet non-uniformity and the laser energy 226 

attenuation caused by the piston bowl wall. Thirdly, the PLIF image was separated into two parts, namely 227 

above and below the piston bowl top. The distortion in the upper image is caused by the optical liner while 228 

the distortion in the lower image by both the optical liner and the piston bowl. Thus, these two parts were 229 

corrected separately based on grid-mapping using the MATLAB image processing toolbox. A similar 230 

correction procedure can be found in our previous work [28] and the work of Miles et al. [29]. Finally, the 231 

two images were combined and a mask with the piston top and bowl boundary was applied to the image 232 

to show the spatial relationship between the fuel jet and the piston bowl. A small region (1.5 mm thick) 233 

along the piston top surface was also masked since the local distortion is too large to be removed in post-234 

processing. 235 

2.4.3 Flame luminosity imaging 236 

A high-speed Photron SA-X2 monochromatic camera with a Nikon lens (50 mm, f 1.4) was placed 237 

in a horizontal plane at the height of the mirror, seen in Fig. 3. Table 3 summarizes the camera settings 238 

and the camera frame rate is 75000 fps, resulting in a time resolution of 0.96 crank angle. A bandpass 239 

filter, allowing wavelengths in a range of 415-465 nm, was utilized. This filter enhanced the visibility of 240 

observed combustion by reducing the high soot luminosity intensity. The field of view was halved (see 241 
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Fig. 5) to increase the frame rate. The size of the optical view field was 256×480 pixels with a pixel 242 

resolution of around 190 μm.  243 

Tab. 3. Camera setup for the high-speed imaging of the flame luminosity.  244 

Frame Rate [fps]  75 000  

Frames per crank angle  10.42  

Shutter Speed [s]  1/400 000  

Band-Pass Filter [nm]  440/50  

Camera Trigger Point [° CA ATDC]  -4  

 245 

 246 
Fig. 5. Field of view for high-speed imaging of the flame luminosity (a) and PLIF/LII (b). The laser sheet location for the 247 

PLIF and LII measurement is shown by a dashed line with an arrow. 248 
 249 

2.4.4 LII imaging  250 

The same laser (266 nm, 60 mJ/pulse, laser fluence about 0.24 J/cm2), used in the fuel-tracer PLIF, 251 

was adopted for the LII experiments. The 266 nm laser can also excite the fluorescence signal from PAH 252 

produced during the combustion and thus introduce interference to the LII signal from soot. The lifetime 253 

of PLIF is tens of nanoseconds due to oxygen quenching [30], whereas the lifetime of the soot LII signal 254 

is considerably longer [31-33]. To remove the interference of the potential PAH PLIF signal, the ICCD 255 

camera gate width was delayed by 200 ns relative to the laser pulse. This assured that only the LII signal 256 

was captured by the ICCD camera that has a gate width of 100 ns and gain level of 70. A band-pass filter 257 

(FF01-451/106, Semrock) with a transmission range between 400 and 500 nm was coupled to the lens to 258 

collect the LII signal. During the experiments, both the CDC, ILC and IHC flames presented high soot 259 

levels. Thus, the LII signal intensity was high and the optical windows were fouled easily. The flame 260 
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luminosity intensity peak at 10° CA ATDC in the CDC case. Thus, only the averaged LII images from ten 261 

cycles at 10° CA ATDC were averaged to compare the soot distribution. The LII image correction process 262 

mimics the PLIF image processing in section 2.4.2. The second step (normalizing the images with a 263 

uniform fuel mixture) was not included since a uniform soot distribution cannot be formed under reactive 264 

conditions. 265 

  266 
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3. Results and discussions 267 

3.1 Performance comparison in the metal engine 268 

The energy flow of different cases is analyzed in Fig. 6. The combustion losses in all three cases 269 

are very small compared to other losses and thus are not presented. It shows that the heat transfer loss to 270 

the cylinder walls decreases by 2% and 3.6% for the ILC and IHC compared to the CDC case, respectively. 271 

The lower heat losses are an effect of the lower in-cylinder temperature: the ILC case has much lower 272 

peak combustion pressure (about 50 bar) than the CDC case (about 70 bar) and thus lower mean 273 

temperature; the IHC case has about 40% more intake airflow than the CDC and thus about 150 K lower 274 

peak bulk cylinder temperature. The exhaust energy of the isobaric cases increases due to the lower bulk 275 

temperature during combustion. The gross indicated efficiency of the IHC case only shows very limited 276 

improvement compared to the CDC case. The useful energy levels, including gross indicated work and 277 

exhaust energy, increase for the isobaric cases compared to the CDC case. The IHC sees the highest level 278 

at 79 %, of the input fuel energy, as compared to 77.4 % in the ILC and 75.4 % in the CDC case. The 279 

increased exhaust energy indicates more efficiency improvement potential when utilizing a waste heat 280 

recovery system, such as the DCEE concept.  281 

 282 
Fig. 6. Energy flow analysis of the conventional diesel combustion (CDC), isobaric low combustion (ILC), and isobaric high 283 

combustion (IHC) cases in the metal engine experiment. 284 
 285 
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 286 
Fig. 7. Metal engine emissions measurements. 287 

 288 

The NOx emissions (see Fig. 7) decrease when utilizing isobaric combustion. Both the IHC and 289 

the ILC show approximately halved NOx levels compared to the CDC case. The reduction is a direct effect 290 

of the lower in-cylinder temperature. However, HC, CO, and soot levels increase in the isobaric cases. 291 

The ILC shows the highest emissions with tripled soot levels and doubled the HC levels of the CDC case. 292 

The high soot levels suggest fuel-rich combustion when using four consecutive injections. The high IHC 293 

air-fuel ratio gives more resilience to this effect but still much higher soot emissions than the CDC case.     294 

3.2 Optical engine results 295 

The following 3.2.1 and 3.2.2 sections provide clarifications and explanations for the earlier 296 

measured performance on the metal engine. Results from optical diagnostic techniques will be presented 297 

to give a better understanding of in-cylinder behavior.  298 

3.2.1 Heat release and natural flame luminosity imaging  299 

Fig. 8 presents the pressure and heat release as well as the time-resolved natural flame luminosity 300 

images for the CDC case. The heat release is governed by partially premixed combustion due to a longer 301 

injection delay. The long mixing time increases the peak heat release rate. This peak occurs just after 5° 302 

CA ATDC, where only weak luminosity from chemiluminescence is shown. The long mixing time also 303 

prevents soot production at the early CDC combustion stages. The heat release is ongoing for around 6° 304 
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CA (ending at 10° CA) and the flame luminosity after 10° CA comes from soot radiation. The images 305 

show that the combustion occurs close to the edge of the bowl at 9°, 11°, 13°, and 16° CA ATDC. Thus, 306 

the difference between cylinder wall temperature and in-cylinder gas temperature should be high, leading 307 

to high convective heat transfer losses. Furthermore, the fast combustion close to TDC leads to a high in-308 

cylinder temperature at a large area-to-volume ratio. Thus, the heat losses are highest in the CDC case as 309 

indicated in Fig. 6. 310 

 311 

Fig. 8. Pressure [bar], rate of heat release (RoHR) [J/CAD], injection signals, and normalized accumulated light intensity 312 
[a.u.] along with images of the natural flame luminosity of the conventional diesel combustion (CDC) case. 313 
 314 
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 315 

Fig. 9. Pressure [bar], rate of heat release (RoHR) [J/CAD], injection signals, and normalized accumulated light intensity [a.u.] 316 
along with images of the natural flame luminosity of the isobaric low combustion (ILC) case. 317 
 318 

Figure 9 presents the heat release and natural flame luminosity of the ILC case. The isobaric 319 

combustion is achieved by increasing the fuel amount in the later fuel injections as the cylinder expands. 320 

The heat release rate only shows two peaks while the combustion of the four injections is well illustrated 321 

in the overall flame luminosity intensity curve. The ignition delay of each injection can be obtained by 322 

comparing the timing difference between each flame luminosity peak and the corresponding fuel injection 323 

signal. The first observed image is shown at 5° CA when the second injection just finishes. The third and 324 

fourth injections directly deliver fuel into the formed hot flame zones as shown by the images at 7 and 11° 325 
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CA. Distinct evidence of mixing-controlled combustion accounts for the much higher soot emissions of 326 

the ILC case. Note that the ILC peak flame luminosity intensity of the ILC case is three times higher than 327 

the CDC case in Fig. 8. The high soot luminosity intensity at 22° CA indicates that the ILC case has a 328 

longer combustion duration with an extended soot production duration, which in turn reduces the time for 329 

soot oxidation. Multiple injectors could alleviate the tendency of injecting fuel into the hot flame zone by 330 

directing the injections towards different combustion chamber regions. Later injections can then be guided 331 

towards an excess air zone followed by better air utilization and lower soot levels. Besides, the potential 332 

of post-injection in soot reduction under isobaric combustion scenario is also interesting and deserves 333 

more research.    334 

Comparable to the CDC case, the high-speed images in Fig. 9 show that the combustion occurs 335 

close to the cylinder walls and in the squish zone. The heat transfer loss increases due to a higher 336 

temperature gradient near the wall when a large amount of combustion happens close to the cylinder wall. 337 

As discussed earlier, combustion in the squish zone is unfavorable in terms of both improving mixing and 338 

reducing heat transfer losses.  339 

Figure 10 shows the higher air-fuel ratio in the IHC case allows a different injection strategy for 340 

reaching isobaric combustion. The fourth injection is placed earlier compared to the ILC as an effect of 341 

shorter ignition delays and the heat release starts after the first injection, which is not the case in the ILC 342 

case. The heat release during 12°-15° CA ATDC is higher than for the metal engine case leading to a 343 

slightly higher pressure at these crank angles. When the second injection ends at 5° CA ATDC, the flame 344 

luminosity intensity is higher than that of the ILC and the image shows a long liquid penetration length. 345 

The image at 7° CA ATDC clearly shows the third fuel injection entering the flame formed by the previous 346 

two injections. Similar to the ILC, the IHC presents two high-gradient flame intensity zones. The first 347 

stage combustion is a result of the first three fuel injections while the second stage combustion is due to 348 

the fourth injection. However, an increased amount of air in the IHC case enhances the soot oxidation and 349 

lowers the production of soot emissions compared to the ILC case, which is indicated by the lower peak 350 
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flame luminosity intensity in Fig. 10.  Both the ILC and IHC cases show that the first injection of the four-351 

consecutive-injections strategy produces negligible soot emission in the isobaric combustion. This finding 352 

refutes the speculation made in [19] that the first fuel injection produced considerable soot emissions.  353 

 354 

Fig. 10. Pressure [bar], rate of heat release (RoHR) [J/CAD], injection signals, and normalized accumulated light intensity 355 
[a.u.] along with images of the natural flame luminosity of the isobaric high combustion (IHC) case. 356 
 357 

The IHC also experiences much combustion in the squish zone or close to the cylinder walls. For 358 

the two isobaric cases, the hot zones close to the walls exist for longer times than for the CDC case. This 359 

may increase the effective temperature difference between the wall and in-cylinder gases leading to higher 360 
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convection heat losses. Thus, although the heat losses are reduced for the isobaric cases, as shown in Fig. 361 

6, there is room for improvement considering that the hot zones could be directed towards the combustion 362 

chamber center.  363 

3.2.2 Liquid-phase fuel penetration and fuel-tracer PLIF imaging 364 

From the discussion in the previous sections, we know that the main difference between the CDC 365 

and isobaric cases lies in the fuel injection and spatial distribution. In comparison, the overall equivalence 366 

ratio rather than fuel spatial distribution is the key difference between the ILC and IHC cases. Thus, optical 367 

measurements were performed for the CDC and ILC cases under non-reactive conditions to explore the 368 

essential features of isobaric combustion and its main differences from the CDC case. These two cases 369 

share the same motored cylinder pressure and temperature. 370 

Figure 11 and Figure 12 show the PLIF images along with the liquid-phase penetration length 371 

measured from the liquid-phase fuel Mie scattering. The PLIF intensity is adjusted by using different 372 

scaling factors based on the measurement timings. The liquid-phase penetration length is directly 373 

correlated to the fuel injection process at these non-reactive conditions. The first injection, with a peak 374 

liquid-phase penetration length of about 5 mm in both cases, is small and acts as a pilot injection. The 375 

peak penetration length for the second injection of the CDC case reaches about 25 mm. This is the same 376 

penetration length as for the fourth injection in the ILC case. The second and third injections of the ILC 377 

case are shorter than 20 mm, indicating a lower fuel amount delivered compared to the fourth injection. 378 

From 0°  to 4° CA ATDC, the second injection of the CDC case penetrates onto the cylinder walls and 379 

into the squish zone. The CDC images from 6° to 10° CA ATDC show that a fuel-rich zone forms close 380 

to the piston bowl wall after the end of injection, leading to fuel in the squish region. Distinct signs of 381 

injector dribbling appear after the end of injection, which explains the soot formation around the injector 382 

nozzle in Fig. 8.   383 

 384 
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 385 

Fig. 11. Horizontal liquid-phase penetration length [mm] with Mie scattering images (left) and averaged fuel-tracer PLIF 386 
images (right) of the conventional diesel combustion (CDC) case. 387 
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 388 

Fig. 12. Horizontal liquid-phase penetration length [mm] with Mie scattering images (left) and averaged fuel-tracer PLIF 389 
images (right) of the isobaric low combustion (ILC) case. 390 
 391 

In the ILC case (see Fig. 12), the later injections are directed into the fuel-rich region formed by 392 

the previous ones. At 13° CA ATDC, the fourth injection has reached the edge of the bowl with a long 393 

liquid penetration length. The hydraulic delay of the injector is not much affected by the multiple injections. 394 

The liquid-phase spray penetration shows that the first injection of the ILC case experiences a 2° CA 395 

hydraulic delay. The three later injections experience 1° CA hydraulic delays which agree with the second 396 

injection of the CDC case. Thus, although close injections are used, it has little or no effect on the hydraulic 397 

delay. With a bowl radius of 46 mm and peak liquid-phase penetrations of about 25 mm for both cases, 398 
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no liquid-phase fuel reaches the edge of the bowl under the present conditions. Thus, little wall wetting 399 

occurs for either the ILC and CDC cases. The earlier observed injector dribbling for both cases is verified 400 

by the distinct fuel dribbling in the PLIF images in Fig. 11 and Fig. 12. This injector dribbling could lead 401 

to higher soot and HC emissions [28]. To summarize, the non-reactive cases give further insight into the 402 

fuel injections and confirm the results from the earlier observed natural flame imaging.   403 

3.2.3 Spatial soot distribution analysis of flame luminosity, fuel-tracer PLIF, and LII imagings 404 

Figure 13 and Figure 14 summarize the PLIF results along with averaged flame luminosity and 405 

LII images for the CDC and ILC cases, respectively. The LII studies were performed at 10° CA ATDC 406 

since it corresponds to the peak flame luminosity intensity in the CDC case. Averaged LII and flame 407 

luminosity images from ten different cycles are presented. When the main CDC heat release ends at 10° 408 

CA ATDC, the flame luminosity occupies the fuel region close to the piston bowl wall. Soot is observed 409 

from the LII images in the entire spray area.  410 

The ILC case (Fig. 14) shows substantially higher soot levels at 10° CA ATDC compared to the 411 

CDC case. This is a typical mixing-controlled diesel combustion scenario as depicted by Dec [34], while 412 

the difference here is that it involves distinct soot region interactions formed by different subsequent fuel 413 

jets. Two luminous regions can be identified and correspond well with the non-reactive fuel distribution. 414 

One zone is close to the bowl edge due to the soot produced from the third injection and the other zone 415 

lies closer to the injector suggesting soot produced quickly from the fourth injection. It is also seen that 416 

the ILC case suffers large amounts of soot in the squish zone. This is an effect of the ILC injection strategy 417 

generating fuel-rich zones in the squish zone. Furthermore, the multiple-injections strategy, with injections 418 

into burnt zones, leads to shorter mixing times and a lack of oxygen. This, in turn, leads to higher LII 419 

signal levels. This agrees with the metal engine measurements showing higher soot levels in the ILC case. 420 

The fuel is injected earlier and thus aimed towards the piston bowl in the CDC case. In comparison, the 421 

late injections of the ILC case take place when the piston moves downwards and the sprays aim towards 422 

the squish zone as shown in the PLIF images of Fig. 14.  423 
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 424 

 425 

Fig. 13. Averaged flame luminosity (a), averaged fuel-tracer PLIF images (b) and averaged LII images (c) at 10° CA ATDC of 426 
the conventional diesel combustion (CDC) case. The location of the laser sheet is marked by a blue dashed arrow on the flame 427 
luminosity image. 428 
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 429 

Fig. 14. Averaged flame luminosity (a), averaged fuel-tracer PLIF images (b) and averaged LII images (c) at 10° CA ATDC of 430 
the isobaric low combustion (ILC) case. The location of the laser sheet is marked by a blue dashed arrow on the flame luminosity 431 
image. 432 

To summarize, the high soot emissions measured in the ILC metal engine are confirmed and 433 

explained in the optical diagnostics study. The high soot emissions in the ILC case prove to be a direct 434 

effect of fuel injection into the hot burnt zones, as well as a less favorable injection angle in late injections. 435 

Furthermore, the late soot production of the ILC case gives less time for soot oxidation. Finally, the 436 

injection from the centrally-placed single injector is unfavorable in reducing heat transfer losses due to 437 

considerable hot zones formed in the squish zone and close to the cylinder walls.  438 

4. Conclusions 439 

This study compared the performance and combustion characteristics of isobaric combustion and 440 

conventional diesel combustion in both metal and optical engines. Three main cases were compared, 441 

namely, conventional diesel combustion and two isobaric cases with peak cylinder pressures of 50 bar and 442 

68 bar. The high-speed imaging of liquid-phase MIE scattering, high-speed imaging of the flame 443 

luminosity, fuel-tracer PLIF, and LII were implemented separately to provide a detailed picture of the in-444 



26 

 

cylinder fuel/air mixing, ignition, and flame development, and the spatial soot distribution. Three main 445 

conclusions are drawn. 446 

 (1) Isobaric combustion can be achieved by a four-consecutive-injections strategy using only one 447 

direct-injection injector; however, it shows substantially higher soot levels compared to conventional 448 

diesel combustion. Isobaric combustion under higher pressure (68 bar) reduces soot emissions, which is 449 

still 60 % higher than the CDC case that has the same peak pressure.  450 

(2) The higher soot levels of the isobaric combustion are attributed to the intensive mixing-451 

controlled combustion when directly injecting fuel into the hot burnt regions. Natural flame luminosity 452 

imaging, fuel-tracer PLIF, and LII measurements verified this statement.  453 

(3) The traditional injector with a wide umbrella angle does not favor the heat loss reduction in the 454 

later injections of the isobaric cases. Excessive fuel enters the squish region during the later injections and 455 

the following rich combustion leads to much soot formation.  456 

Based on the findings in the present study, we proved the necessity of adopting multiple injectors 457 

in the isobaric combustion concept. The flexibility of multiple injectors for the temporal and spatial control 458 

of the fuel sprays could improve air utilization efficiency by avoiding local fuel-rich regions or injection 459 

into the burnt zone. Multiple injectors could also reduce the heat losses by avoiding hot flame zones 460 

entering the squish region or approaching the cylinder wall. 461 

 462 

  463 
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