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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Gasoline compression ignition (GCI) engines have recently become a topic of interest due to its potential for very high thermal 
efficiencies with significant pollution reduction. High reactivity gasoline-like fuels with shorter ignition delay and similar 
volatility compared to market gasoline have been identified as a viable option for the GCI engines. To fully realize the potential 
of gasoline-like fuels in GCI engines, spray characterization of the fuel is needed for developing a better understanding of these 
fuels’ behavior in perspective of GCI engine applications.  In this study, the spray characteristics of high reactivity gasoline-like 
fuel specially designed for GCI engines were investigated and compared with commercial gasoline fuel under non-reacting 
conditions. The new GCI fuel of RON 77 and E10 market gasoline of RON 91 were tested using a high-pressure custom-made 
multi-hole injector. The rate of injection, liquid and vapor penetration lengths were measured for both the fuels. It was found that 
the spray characteristics of GCI fuel are similar to that of the commercial E10 gasoline under non-reacting conditions. 
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1. Introduction 

Gasoline Compression ignition (GCI) engines have become a popular topic among engine researchers due to its 
potential for very high thermal efficiencies combined with significant reduction in pollution [1].  The development 
of GCI engines can help obtain better NOX-soot trade-off as well as lower fuel consumption especially with the help 
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of appropriate fuels having shorter ignition delay and lower aromatic content. Therefore, there is a tremendous 
interest in developing gasoline-like fuels tailor-made for GCI engine applications. The fuel requirements for GCI 
applications are high volatility like gasoline but more reactive than the gasoline i.e., lower octane number. There are 
quite a few studies on using high reactivity gasoline-like fuels in GCI engine modes from our research groups in 
Saudi Aramco and KAUST [2–6]. 

The performance of internal combustion engine highly depends on liquid fuel spray atomization as this process 
controls the fuel evaporation rate and air-fuel mixing which in turn dictates the emission levels and engine power 
output. Therefore, spray characterization of fuel is significant in understanding its combustion behavior in detail [7]. 
For GCI applications, the required injection pressure is much higher than injection pressure of typical gasoline direct 
injection (GDI) injector for appropriate mixture stratification and equivalence ratio due to higher compression ratio 
of engine. The fuel spray atomization and air/fuel mixing controls the combustion phasing in GCI combustion 
modes [8]. Hence, the study of fuel spray characterization helps in better understanding the spray break-up 
phenomena and also provide experimental data for model development and validation. There are few spray 
characterization studies of high reactivity gasoline fuel under diesel like boundary conditions but no significant 
work has been done to characterize the spray behavior of gasoline-like fuel using gasoline multi-hole injector under 
GCI engine conditions  [9,10]. Therefore, this study aims to characterize spray behaviors such as rate of injection, 
liquid length, vapor penetration under GCI engine operating conditions and create an extensive database for CFD 
model developments and validations.                   

2. Experimental setup and diagnostics 

2.1. Fuel injection system 

The fuel injection system used in this study consists of a commercial gasoline common rail, solenoid operated 
multi-hole gasoline injector and compressed air driven liquid pump. The high-pressure gasoline injector designed 
specifically for GCI engine application was provided by Saudi Aramco for research purposes. The injector has 10 
holes of diameter 0.165 mm and an outer spray cone angle of 110°. The injector can be operated at a maximum of 
500 bar injection pressure. The fuel used in this study is Aramco GCI fuel of RON 77, and commercial E10 gasoline 
was used for comparison. 

2.2. Rate of injection rig 

The rate of injection was measured by using momentum flux principle [11]. The rig shown in figure 1a consists 
of a chamber which can be pressurized up to 15MPa. The chamber has a provision to fit the injector and a 
piezoelectric force sensor on the opposite sides. The chamber provides optical access through two windows of size 
35 mm in diameter and 22 mm thick placed orthogonally to the injector and the sensor. The optical access helps to 
capture the accurate start and end of injection events through high-speed videos.  The signal from the force sensor is 
amplified through a charge amplifier and acquired using a DAQ card at a frequency of 100kHz. A circular target 
was screwed to the sensor tip to capture the entire spray jet. The gap between the injector tip and force sensor 
circular target was maintained at 1.5 mm. A total of 50 injections were conducted to obtain the injection rate and its 
standard deviation. The entire data acquisition and control were automated through an in-house LabVIEW code. The 
total mass of the fuel injected was measured using a mass balance for 100 injections. 

2.3. Spray characterization rig 

Spray characterization were conducted in a constant pressure vessel as shown in Figure 1b. The vessel is capable 
of operating at maximum of 1MPa pressure and 700 K temperature. To measure the actual gas temperature in the 
vessel, a rod with four sheathed thermocouples (probes are 12.7 mm apart) is installed through the bottom center 
(see Figure 1b) stretching along the vessel axis. The distance between the injector tip and the closest thermocouple 
probe is 10 cm. Simultaneous measurements of temperature with all probes showed that the ambient gas is thermally 
homogeneous in the vessel along the spray axis. Optical access was enabled by quartz windows installed on three 
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of appropriate fuels having shorter ignition delay and lower aromatic content. Therefore, there is a tremendous 
interest in developing gasoline-like fuels tailor-made for GCI engine applications. The fuel requirements for GCI 
applications are high volatility like gasoline but more reactive than the gasoline i.e., lower octane number. There are 
quite a few studies on using high reactivity gasoline-like fuels in GCI engine modes from our research groups in 
Saudi Aramco and KAUST [2–6]. 

The performance of internal combustion engine highly depends on liquid fuel spray atomization as this process 
controls the fuel evaporation rate and air-fuel mixing which in turn dictates the emission levels and engine power 
output. Therefore, spray characterization of fuel is significant in understanding its combustion behavior in detail [7]. 
For GCI applications, the required injection pressure is much higher than injection pressure of typical gasoline direct 
injection (GDI) injector for appropriate mixture stratification and equivalence ratio due to higher compression ratio 
of engine. The fuel spray atomization and air/fuel mixing controls the combustion phasing in GCI combustion 
modes [8]. Hence, the study of fuel spray characterization helps in better understanding the spray break-up 
phenomena and also provide experimental data for model development and validation. There are few spray 
characterization studies of high reactivity gasoline fuel under diesel like boundary conditions but no significant 
work has been done to characterize the spray behavior of gasoline-like fuel using gasoline multi-hole injector under 
GCI engine conditions  [9,10]. Therefore, this study aims to characterize spray behaviors such as rate of injection, 
liquid length, vapor penetration under GCI engine operating conditions and create an extensive database for CFD 
model developments and validations.                   

2. Experimental setup and diagnostics 

2.1. Fuel injection system 

The fuel injection system used in this study consists of a commercial gasoline common rail, solenoid operated 
multi-hole gasoline injector and compressed air driven liquid pump. The high-pressure gasoline injector designed 
specifically for GCI engine application was provided by Saudi Aramco for research purposes. The injector has 10 
holes of diameter 0.165 mm and an outer spray cone angle of 110°. The injector can be operated at a maximum of 
500 bar injection pressure. The fuel used in this study is Aramco GCI fuel of RON 77, and commercial E10 gasoline 
was used for comparison. 

2.2. Rate of injection rig 

The rate of injection was measured by using momentum flux principle [11]. The rig shown in figure 1a consists 
of a chamber which can be pressurized up to 15MPa. The chamber has a provision to fit the injector and a 
piezoelectric force sensor on the opposite sides. The chamber provides optical access through two windows of size 
35 mm in diameter and 22 mm thick placed orthogonally to the injector and the sensor. The optical access helps to 
capture the accurate start and end of injection events through high-speed videos.  The signal from the force sensor is 
amplified through a charge amplifier and acquired using a DAQ card at a frequency of 100kHz. A circular target 
was screwed to the sensor tip to capture the entire spray jet. The gap between the injector tip and force sensor 
circular target was maintained at 1.5 mm. A total of 50 injections were conducted to obtain the injection rate and its 
standard deviation. The entire data acquisition and control were automated through an in-house LabVIEW code. The 
total mass of the fuel injected was measured using a mass balance for 100 injections. 

2.3. Spray characterization rig 

Spray characterization were conducted in a constant pressure vessel as shown in Figure 1b. The vessel is capable 
of operating at maximum of 1MPa pressure and 700 K temperature. To measure the actual gas temperature in the 
vessel, a rod with four sheathed thermocouples (probes are 12.7 mm apart) is installed through the bottom center 
(see Figure 1b) stretching along the vessel axis. The distance between the injector tip and the closest thermocouple 
probe is 10 cm. Simultaneous measurements of temperature with all probes showed that the ambient gas is thermally 
homogeneous in the vessel along the spray axis. Optical access was enabled by quartz windows installed on three 
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sides. Fuel temperature at injector tip was measured with a dummy injector based on the recommendations from the 
Engine Combustion Network (ECN) [12,13]. A 3 mm diameter hole is drilled through the axis of the injector, and 
the injector is equipped with a type K thermocouple which allows measuring the temperature in the sac volume. A 
water cooling house around the injector body and nozzle was implemented to prevent overheating of fuel under 
evaporating conditions. The fuel temperature is controlled at 90 C when ambient gas is preheated to 100 C. The 
injector is installed such that there are two plumes on the central vertical plane, one on the top and one on the 
bottom. A Mie-scatter image was taken from the front view to make sure that the plumes are aligned on the central 
plane as shown in Figure 2b. Injector driving current profile is shown in Figure 2a. 

  

 
Fig. 1. Experimetnal setup (a) Schematic of rate of injection rig; (b) Cut section view of CAD model of the spray characterization rig 

 

 

Fig. 2. (a) Injector current profile; (b) Mie-scattering from front 

2.4. Imaging system 

The Diffused backlit illumination (DBI) method which is based on the extinction of an incident light by the 
liquid-phase fuel [14] was used to characterize the liquid penetration length. The homogenous background incident 
light is created with a diffuser and a LED light of visible wavelength. Shadowgraph technique is employed to 
measure the vapor penetration length of the spray jets. The shadowgraph is the simplest form of an optical system 
suitable for observing flow exhibiting variation of the fluid density. The experimental setup for the DBI and 
shadowgraph imaging is shown in figure 3. A high-repetition rate camera (Photron SA4) was employed to capture 
the spray event at 20 kfps frame rate. The images were then processed with an edge recognition function in 
MATLAB following a threshold based binarization of the image. Detailed experimental matrix is shown in Table 1.  

 
Table 1. Experimental conditions. 

Methods Fuel Tamb (C) Pamb (bar) Tfuel (C) Pinj (bar) Duration (ms) Repeats 
Shadowgraph, 
DBI 

Aramco GCI RON77, 
E10 gasoline 

21 1, 5, 10 21 100, 150, 
300 

1.75 10 
100 90 
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Fig. 3. Imaging system (a) Diffused back lit illumination technique; (b) Shadowgraph technique 

2.5. Image processing 

To find the boundary of plumes, the raw image is first converted to grayscale; and then background information 
is subtracted; after that, the gray image is binarized using threshold; finally, after applying a median filter, the image 
is ready for boundary detection. The post-processing steps are shown in figure 4. The distance between farthest 
point and injector tip along injector axis is regarded as penetration length. Vapor penetration and liquid penetration 
length were measured from shadowgraph and DBI images, respectively. Based on this definition and post-
processing, the relationship between penetration length and time after the start of injection can be obtained. 

 

 

Fig. 4. Image post-processing sequence 

3. Results and discussion 

3.1. Rate of injection 

Figure 5a shows the comparison of injection rate profile between commercial E10 gasoline and Aramco GCI fuel 
under non-reacting conditions. It is shown that both fuels exhibit similar rate of injection profiles under all injection 
pressure variations. It is also interesting to note that the hydraulic duration decreases as the injection pressure 
increases. This might be due to an inherent characteristic of the injector. The cumulative mass calculated from the 
injection rate profiles were compared with that of the total mass measured using the mass balance as shown in figure 
5b. The shaded region shows a band of 8% deviation and the symbols represent the cumulative mass against the 
mass from the mass balance at different injections pressure keeping the injection duration constant. It can be 
observed that the error between the mass measurement using mass balance and the rate of injection rig falls well 
within 8% for all the cases reported in this study. This shows that the rate of injection obtained for both fuels was 
highly reliable and accurate. 
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Fig. 5. Comparison of (a) the rate of injection between E10 gasoline and Aramco GCI fuel at different injection pressures; and (b) the total mass 

calculated from injection rate profile and measured by mass balance 

3.2. Parametric variations 

Comparison of different parameters' influence on penetration length is shown in Figure 6. The comparison 
between different injection pressures shows that higher injection pressure leads to longer penetration length. This is 
due to the higher momentum of the liquid. With increasing ambient gas pressure, the penetration capability is 
weakened. 

Liquid penetration at 373 K ambient gas temperature is slightly shorter than that at room temperature of 300 K 
due to faster evaporation of liquid fuel. However, the ambient gas temperature at both cases are below the final 
boiling point (453.9K) of the fuel and the effect of evaporation rate difference is small. It should be noted that the 
difference in penetration is negligible among the two fuels tested in this study due to small density difference and 
non-reacting conditions. This can also be ascertained from the rate of injection profiles of the two fuels as shown in 
figure 5a. The key parameters that affect liquid spray breakup and penetration length under non-evaporating 
conditions are the pressure difference between injection pressure and ambient pressure, and the fuel properties like 
density, viscosity, surface tension and volatility. The small difference of fuel properties in these aspects results in 
similar spray behavior at a given injection and ambient pressure under non-reacting conditions. Figure 7 shows the 
transient spray boundary comparison between the two fuels under investigation. This shows that both fuel exhibit 
similar spray structure like its spray penetrations. 
 

 

Fig. 6. Comparison of  a) liquid and vapor penetration of GCI fuel and b-d) effect of injection pressure, ambient pressure, ambient temperature on 

vapor penetration of GCI fuel and e) effect of fuel on vapor penetration 

4. Conclusions 

Spray characterization of gasoline-like fuel specifically designed for GCI applications was done and compared 
with that of commercial E10 gasoline using a high-pressure multi-hole gasoline injector. It was found that the rate of 
injection of both fuels was very similar due to similar density and viscosity of fuels. It was also interesting to see the 
spray characteristics like liquid and vapor penetration length was similar between GCI RON 77 fuel and E10 market 
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gasoline fuel under non-reacting spray conditions with various ambient pressure, injection pressure and ambient 
temperature. This study provides valuable spray characterization of GCI fuel under non-reacting conditions and 
reacting spray measurement is required for complete database to cover various GCI engine operating conditions. 
 

 

Fig. 7. Transient spray boundary evolution of a) E10 gasoline fuel b) GCI fuel 

Acknowledgements 

This work was sponsored by the Saudi Aramco under the FUELCOM II program and by King Abdullah University 
of Science and Technology. 

References 

[1] Zhang Y, Kumar P, Traver M, Cleary D. Conventional and Low Temperature Combustion Using Naphtha Fuels in a Multi-Cylinder 
Heavy-Duty Diesel Engine. SAE Int J Engines 2016;9:1021–35. 

[2] Viollet Y, Chang J, Kalghatgi G. Compression ratio and derived cetane number effects on gasoline compression ignition engine 
running with naphtha fuels. SAE Int J Fuels Lubr 2014;7:412–26. 

[3] Badra J, Elwardany A, Sim J, Viollet Y, Im H, Chang J. Effects of in-cylinder mixing on low octane gasoline compression ignition 
combustion. SAE Technical Paper; 2016. 

[4] Zhang Y, Voice A, Tzanetakis T, Traver M, Cleary D. An Evaluation of Combustion and Emissions Performance With Low Cetane 
Naphtha Fuels in a Multicylinder Heavy-Duty Diesel Engine. J Eng Gas Turbines Power 2016;138:102805. 

[5] Vallinayagam R, An Y, S.Vedharaj, Sim J, Chang J, Johansson B. Naphtha vs. dieseline – The effect of fuel properties on combustion 
homogeneity in transition from CI combustion towards HCCI. Fuel 2018;224:451–60. doi:10.1016/J.FUEL.2018.03.123. 

[6] Vallinayagam R, Vedharaj S, An Y, Dawood A, Izadi Najafabadi M, Somers B, et al. Combustion Stratification for Naphtha from CI 
Combustion to PPC 2017. doi:https://doi.org/10.4271/2017-01-0745. 

[7] Mohan B, Yang W andSiawkiang C, others. Fuel injection strategies for performance improvement and emissions reduction in 
compression ignition engines-A review. Renew Sustain Energy Rev 2013;28:664–76. 

[8] Atef N, Badra J, Jaasim M, Im HG, Sarathy SM. Numerical investigation of injector geometry effects on fuel stratification in a GCI 
engine. Fuel 2018;214:580–9. doi:10.1016/J.FUEL.2017.11.036. 

[9] Chang J, Viollet Y, Amer A, Kalghatgi G. Fuel economy potential of partially premixed compression ignition (PPCI) combustion with 
naphtha fuel. SAE Technical Paper; 2013. 

[10] Mohan B, Jaasim M, Ahmed A, Hernandez Perez F, Sim J, Roberts WL, et al. Numerical Simulations of High Reactivity Gasoline Fuel 
Sprays under Vaporizing and Reactive Conditions. SAE Tech Pap Ser n.d. 

[11] Mohan B, Yang W, Tay KL, Yu W. Macroscopic spray characterization under high ambient density conditions. Exp Therm Fluid Sci 
2014;59:109–17. 

[12] Payri R, García-Oliver JM, Bardi M, Manin J. Fuel temperature influence on diesel sprays in inert and reacting conditions. Appl Therm 
Eng 2012;35:185–95. 

[13] Malbec L-M, Egúsquiza J, Bruneaux G, Meijer M. Characterization of a set of ECN spray A injectors: nozzle to nozzle variations and 
effect on spray characteristics. SAE Int J Engines 2013;6:1642–60. 

[14] Skeen SA, Manin J, Pickett LM, Cenker E, Bruneaux G, Kondo K, et al. A Progress Review on Soot Experiments and Modeling in the 
Engine Combustion Network (ECN). SAE Int J Engines 2016;9:883–98. doi:https://doi.org/10.4271/2016-01-0734. 

 



 Jianguo Du et al. / Energy Procedia 158 (2019) 1968–1973 1973
 Du et al./ Energy Procedia 00 (2018) 000–000  5 

 

Fig. 5. Comparison of (a) the rate of injection between E10 gasoline and Aramco GCI fuel at different injection pressures; and (b) the total mass 

calculated from injection rate profile and measured by mass balance 

3.2. Parametric variations 

Comparison of different parameters' influence on penetration length is shown in Figure 6. The comparison 
between different injection pressures shows that higher injection pressure leads to longer penetration length. This is 
due to the higher momentum of the liquid. With increasing ambient gas pressure, the penetration capability is 
weakened. 

Liquid penetration at 373 K ambient gas temperature is slightly shorter than that at room temperature of 300 K 
due to faster evaporation of liquid fuel. However, the ambient gas temperature at both cases are below the final 
boiling point (453.9K) of the fuel and the effect of evaporation rate difference is small. It should be noted that the 
difference in penetration is negligible among the two fuels tested in this study due to small density difference and 
non-reacting conditions. This can also be ascertained from the rate of injection profiles of the two fuels as shown in 
figure 5a. The key parameters that affect liquid spray breakup and penetration length under non-evaporating 
conditions are the pressure difference between injection pressure and ambient pressure, and the fuel properties like 
density, viscosity, surface tension and volatility. The small difference of fuel properties in these aspects results in 
similar spray behavior at a given injection and ambient pressure under non-reacting conditions. Figure 7 shows the 
transient spray boundary comparison between the two fuels under investigation. This shows that both fuel exhibit 
similar spray structure like its spray penetrations. 
 

 

Fig. 6. Comparison of  a) liquid and vapor penetration of GCI fuel and b-d) effect of injection pressure, ambient pressure, ambient temperature on 

vapor penetration of GCI fuel and e) effect of fuel on vapor penetration 

4. Conclusions 

Spray characterization of gasoline-like fuel specifically designed for GCI applications was done and compared 
with that of commercial E10 gasoline using a high-pressure multi-hole gasoline injector. It was found that the rate of 
injection of both fuels was very similar due to similar density and viscosity of fuels. It was also interesting to see the 
spray characteristics like liquid and vapor penetration length was similar between GCI RON 77 fuel and E10 market 

6 Du et al. / Energy Procedia 00 (2018) 000–000 

gasoline fuel under non-reacting spray conditions with various ambient pressure, injection pressure and ambient 
temperature. This study provides valuable spray characterization of GCI fuel under non-reacting conditions and 
reacting spray measurement is required for complete database to cover various GCI engine operating conditions. 
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