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Abstract 

In gasoline direct injection (GDI) engines, carbonaceous deposits 

are formed on surfaces wetted with gasoline. Of particular 

concern is the formation of carbonaceous deposits on the injector 

tip as they lead to injector plugging and particulate emissions 

from these engines. The drying of the injector tip is an essential 

parameter in the build-up of deposits. This paper reports the 

effect of parameters such as system pressure, injector tip 

temperature and air flow on the drying rate of an isooctane thin 

film on an injector tip. Depending on the injector tip superheat, 

the fuel film drying out process can be dominated by either 

evaporation or boiling. At injector tip superheat up to 10 C, 

evaporation at the contact line is the dominating mechanism. The 

drying rate is this regime increases with injector tip temperature 

and air velocity. Above this temperature, bubbles or funnel-

shaped structures were formed in the film. The drying rate due to 

boiling depends on the system pressure and temperature but 

shows little dependence on the air velocity. The drying rate 

increases with the reduction in system pressure. In the 

Leidenfrost state, the fuel bounces-off the injector tip and this 

temperature decreases with system pressure. 

Introduction  

Similar to that in a diesel engine, albeit at a much lower injection 

pressure, fuel is injected directly into the combustion chamber 

during the intake stroke in a gasoline direct injection engine 

(GDI). This injection strategy offers precise control on the 

injection timing and fuel dispensing as compared to multiport 

fuel injection, which results in better fuel economy. However, 

these engines have higher particle emissions mainly due to less 

homogenous fuel air mixture within the combustion chamber [8]. 

The limited fuel air mixing leads to wet combustion chamber, 

valves, piston, injector and spark plug. Carbonaceous deposits are 

formed on surfaces wetted with gasoline over a period of engine 

operation [7]. Of particular concern is the formation of 

carbonaceous deposits on the injector tip as they lead to injector 

plugging. Injector plugging is believed to result in power loss and 

increased emissions [5]. Furthermore, the Euro 6c norm will 

introduce a particulate number limit for GDI engines and present 

GDI engines do not meet these limits [1]. Optical investigations 

inside the combustion chamber of an engine suggest that 

diffusive combustion of residual film remaining on the injector 

tip late in the combustion cycle (luminous flame, which suggests 

a rich fuel-air mixture) is related to the particulate emission [1]. 

Engine studies have reported that the deposit formation on the 

injector tip is dependent on a various factors such as injector tip 

temperature and protrusion into the combustion chamber, 

composition of the fuel, coating/plating of the tip, etc. [5]. Likely 

reasons for the change in deposition behaviour could be the 

change in surface wettability (factors such as fuel composition 

and tip coatings) or drying rate (factors such as fuel volatility, tip 

temperature, and air temperature and velocity). Zhao [12] argued 

that ensuring the continued presence of liquid fuel on the injector 

tip during the complete engine cycle would result in the washing 

away of the deposit precursors during the following injection 

event. The major constituents of commercial gasoline are 

saturated alkanes (~70% v/v; octane and isooctane) and aromatics 

(~25% v/v; Toluene and xylene). Due to their higher boiling 

temperature as compared to alkanes, aromatics are more likely 

responsible for deposit formation [11]. In the present study, 

injector tip drying studies are performed using isooctane as it is 

representative of the alkane fraction in unleaded gasoline. The 

objective of the present study is to perform an injector tip drying 

experiment and determine the effect of parameters such as system 

pressure, injector tip temperature and air flow on the drying rate. 

Since it is not possible to recreate realistic in-cylinder conditions 

in the laboratory, generic experimental studies are performed in a 

test setup that allows closer control on the varied parameters. 

Experimental Methodology 

The layout of the experimental set-up is shown in figure 1. The 

major components of the experimental set-up are: a needle valve 

for flow regulation, one-way solenoid valve, a 1.5 mm channel 

including the instrumented test-section at its one end, a vacuum 

vessel and a vacuum pump. The vacuum pump sets the desired 

vacuum level in the test section. On opening the solenoid valve, 

air flows into the channel (20 × 20 mm2 cross-section). The flow 

rate is varied using the needle valve. A smooth channel length of 

1.1 m before the test-section ensures an undisturbed fully 

developed flow in the test section. To allow experiments with 

higher air flow velocities without appreciable rise in the test 

section pressure, a vacuum vessel has been installed after the test 

section. A schematic of the test section is shown in figure 2. A 

Pitot tube (only a dynamic probe with 1 mm inner diameter) and 

a static pressure tapping in the channel wall, in conjugation with 

an ultra-low differential pressure sensor (Sensirion SDP1000-

L05: 0.5–125 Pa, 1.5 % of measured valve) is used to measure 

the center line air velocity in the channel. The absolute pressure 

and temperature in the test section is measured using a pressure 

sensor (0–1 bar absolute, 0.6 % of full scale) and a 0.5 mm 

thermocouple, respectively. The injector tip (HDEV5), on which 

fuel drying studies are to be performed, has been soldered on top 

of a heating probe constructed from copper. A 1/8″ diameter 

cartridge heater of 35 W rating is embedded into this heating 

probe. A 0.5 mm diameter thermocouple is embedded in the 

injector tip to measure its temperature whose output is used by a 

feed-back controller to regulate the power input to the cartridge 

heater for maintaining the desired injector tip temperature. The 

probe is assembled in the test section such that the upward-facing 

flat face of the injector tip is aligned with the center of the 

channel (same level as that of Pitot tube’s dynamics pressure 

probe). Fuel is dispensed on the upward-facing surface of the 

injector tip using a micro-dosing pump. A schematic of the fuel 



dispensing is shown in figure 3. The micro-dosing pump (HNP 

micro annular gear pump mzr-4622 with S-ND controller, 

smallest dosage volume of 2 μl) pushes 5 l (3.44 mg) isooctane 

through a 0.3 mm inner diameter needle and the total dispensing 

duration is about 85 ms. Simultaneous to the injection event, the 

drying process is recorded using a high-speed long-wave infrared 

camera (FLIR Orion SC7300L, spectral band of 7.79.3 µm). To 

allow optical access for the infrared imaging, a ZnSe window is 

assembled in the channel’s top wall. The infrared camera is 

equipped with a microscopic lens and the field of view is 9.6 × 

7.7 mm2. The drying event is recorded at rates of up to 

200 frame/s with a resolution of 320 × 256 pixel2. In the 

experiments done to determine the effect of air flow on the 

drying rate, the air flow was started just after the end of the fuel 

dispensing event. 

 

Figure 1. Layout of the experimental set-up. 

 

Figure 2. Longitudinal section of the test section. 

 

Figure 3. Schematic of the fuel dispensing process. 

The experimental parameters for the present are given in Table 1.  

The typical injector tip temperature is in the range of 120–

180 C, increasing with engine load [3]. At start up, the injector 

might be much cooler; therefore, the test range is between 60 to 

170 C. The variation of saturation temperature of isooctane with 

system pressure is given in Table 2. 

 

Parameter Range 

Working fluid Isooctane 

System pressure 0.4 – 1 bar absolute 

Injector tip temperature 60 – 170 C 

Air velocity 0 and 5 m/s 

Air temperature 25 C 

Isooctane temperature 25 C 

Table 1. Experimental parameter range for the study. 

A typical snapshot of the recorded event is shown in figure 4. 

Figure 4a and 4b show the IR images of the dry and wet injector 

tip, respectively. The IR intensity was not calibrated against the 

film or surface temperature. Residues left during soldering 

resulted in variation in the tip emissivity, which resulted in the 

variation of IR intensity in figure 4a. The difference of these two 

images is shown in figure 4c, where the wetted state of the 

injector tip can be clearly identified. 

Pressure, bar absolute Saturation temperature, C 

0.4 69.6 

0.6 81.9 

0.8 91.2 

1 98.9 

Table 2. Saturation properties of isooctane [6]. 

   

(a) dry injector tip (b) wet injector tip (c) difference of wet and 
dry injector tip images 

Figure 4. A typical snapshot of the recorded event. 

Results and Discussion 

At each experimental condition, 30 measurements were 

performed. A typical variation of drying time during a sequence 

of measurement is shown in figure 5. The scatter in the data is 

due to variability in the injection behaviour of the pump, which 

results in variation in the film spread area on the injector tip 

surface. Ideally, the air before the droplet injection is expected to 

be devoid of any isooctane vapour. To achieve this, fresh air was 

inducted into the test section are every few evaporation event. 

However, some vapour build-up between these induction events 

is expected, which may have additionally led to the scatter in the 

experimental data. The arithmetic mean of these 30 

measurements is chosen as the representative drying time. 

 

Figure 5. Variation of drying time during a measurement sequence. 

Figure 6 shows the variation of drying time and the 

corresponding drying rate with injector tip temperature in 

quiescent air at 1 bar absolute. At 1 bar, the saturation 

temperature of isooctane is 98.9 C. Up to an injector tip 

temperature of 110 C (i.e. a superheat of 11.1 C), the drying 

rate is low and the principle mode of drying is by evaporation at 

the three phase contact line [4,9]. The evaporation in still 

atmosphere is due to the combined effects of vapour phase 

natural convection and diffusion. The molecular weight of the 

isooctane is higher as compared to air by a factor of 3.9, which 

over the expected range of vapour temperature near the droplet 

would always result in the vapour being denser than the air. This 

should lead to a buoyancy-induced flow directed down and 

radially away from the surface of the drop. The drying rate 

during this evaporation dominated regime increases with the 

injector tip temperature. Beyond 110 C, boiling started to occur 
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in the fuel film, with clearly seen bubbles or funnel-shaped 

structures [2] formation and bursting events (see Figure 7). The 

drying rate steeply increases with the incipience of boiling in the 

fuel film. At an injector tip temperature of 150 C, boiling 

resulted in splashing of the fuel film away from the surface and 

the maximum drying rate was reached. At a wall temperature of 

170 C, the injected fuel bounced-off the injector tip during the 

injection event, which means that the Leidenfrost state is reached. 

However, the Leidenfrost temperature in the present study is 

slightly lower than that reported in drop impact studies of 

Stanglmaier et al. [10]. On the other hand, the temperature for 

achieving maximum vaporization rate was reported to be 122 C, 

which is much lower than the finding of the present study. 

(a)  

(b)  

Figure 6. Variation of (a) drying time and (b) drying rate with injector tip 
temperature in quiescent air at 1 bar absolute.  

  

  

 
Figure 7. Sequence of images showing the bubble formation, growth and 

rupture events (1 bar absolute and injector tip temperature of 130 C).  

Figure 8 shows the variation of drying rate with injector tip 

temperature at various system pressures in quiescent air. As the 

saturation temperature reduces with system pressure, boiling 

within the film happens at lower injector tip temperature. The 

Leidenfrost temperature also reduces with system pressure. At 

the same injector tip temperature, the drying rate increases with 

reduction in system pressure. However, when compared at the 

same injector tip superheat, the drying rate decreases with 

reduction in system pressure. It is also found that the evaporation 

rate shows little dependence on the system pressure when 

compared at the same injector tip superheat. Interestingly, the 

maximum drying rate is reached at an injector tip superheat of 

40 C at all system pressure. 

(a)  

(b)  

Figure 8. Variation of drying rate with (a) injector tip temperature and 

(b) superheat at various system pressures in a quiescent atmosphere. 

Experiments with air flow were done only at one condition: 

system pressure of 0.8 bar absolute and air velocity of 5 m/s. The 

variation of system pressure and flow velocity in the test section 

is shown in figure 9. The variation of drying time and rate with 

injector tip temperature and the effect of air flow is shown in 

figure 10. It can be seen in that when the injector tip temperature 

is lower than the saturation temperature and evaporation is the 

dominating drying mechanism, the drying rate improves due to 

air flow. This enhancement is definitely due to the improvement 

in the mass transfer coefficient. However, when drying happens 

due to boiling, the drying rate does not increase due to air flow. 
 

Conclusions 

Generic experiments have been performed to understand the 

drying mechanism of the retained fuel film (isooctane in the 

present study) on the GDI injector tip. Based on this study, the 

following conclusions can be drawn: 

(i) Depending on the injector tip superheat, the drying out 

process can be dominated by either evaporation or boiling.  

(ii) At injector tip superheat up to 10 C, evaporation is the 

dominating mechanism. The drying rate in this regime 

increases with injector tip temperature and air velocity but 

shows little dependence on the system pressure.  

(iii) The drying rate due to boiling depends on the system 

pressure and temperature but shows little dependence on the 

air velocity. Comparing at the same injector tip temperature, 
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the drying rate increases with the reduction in system 

pressure. However, at the same injector tip superheat, it 

reduces with system pressure. 

(iv) The Leidenfrost temperature reduces with system pressure. 

Future studies must focus on performing investigations with 

gasoline to determine the appropriate injector tip temperature for 

quick evaporation. 

(a)  

(b)  

Figure 9. Variation of (a) system pressure and (a) air velocity in the test 

section with time on opening the inlet solenoid valve to the channel. 

 

(a)  

(b)  

Figure 10. Effect of air flow on (a) drying rate and (b) drying time. 
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