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Abstract 

The atomization and evaporation of fuels plays an indispensable role in the combustion process of direct 
injection engines. There is considerable interest in understanding the physics of the evaporation process of multi-
component fuels, particularly at elevated temperature and pressure conditions representative of internal combus-
tion (IC) engines. In this work, the evaporation process of multi-component fuels is investigated by considering 
different mixture ratios of iso-octane and n-heptane at atmospheric pressure but elevated temperature conditions. 
Single droplet trains of different fuel blends are generated in a constant volume chamber whose temperature and 
pressure can be controlled as desired. The evaporation process of the droplets is visualized using a camera, which 
allows the change in droplet size to be measured as a function of time. The evaporation of single droplets of pure 
fuels is also calculated using a numerical model. The evaporation behavior is studied as a function of different 
ambient temperatures and fuel mixtures. Good agreement is observed between the model predictions and experi-
mental measurements for the pure fuels. The evaporation rate of n-heptane is observed to be higher than that of 
iso-octane as expected. Increase in ambient temperature is seen to increase the evaporation rate of fuel droplets. 
Increasing the concentration of n-heptane in the fuel mixture is seen to initially increase the evaporation rate. 
However, the highest evaporation rate is observed for an intermediate fuel blend and not for the case of pure n-
heptane. 
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Introduction  

 The use of fuel sprays is ubiquitous in power generation applications utilizing liquid hydrocarbon fuels. The 
spray provides a pathway to introduce fuel into the power generation device such as a reciprocating-type internal 
combustion (IC) engine or a gas turbine engine. Beyond simply introducing fuels into the device, the fuel injection 
system plays a critical role in the subsequent spray breakup, atomization, evaporation, and mixing of fuel with air. 
While fundamental investigations into each of these processes have been extensively carried out, several recent 
advances in IC engines motivate us to revisit aspects of liquid fuel evaporation which forms a key component of 
the fuel-air mixing process. 

One of the advances relates to advanced combustion cycles. Engine researchers are seeking to tackle fuel 
efficiency and emission reduction issues simultaneously by increasingly targeting a form of combustion which is 
a superposition of conventional gasoline and diesel cycles. Several strategies that blend the high compression ratio 
of diesel engines with premixing inherent in gasoline engines have been extensively researched. Two examples 
of such strategies are the low temperature gasoline compression (LTGC) engines [1] and reactivity controlled 
compression ignition (RCCI) engines [2]. For these advanced engine cycles, the environment into which fuel is 
injected is considerably different from that in a conventional IC engine. The ambient conditions for the spray has 
features such as high temperature, high pressure, and partially reacted fuel components. Figure 1 shows the land-
scape of advanced combustion strategies aimed at achieving low temperature combustion with gasoline and diesel 
fuels [3]. The ambient conditions strongly affect fuel spray and atomization processes. Ambient temperature and 
pressure critically control the droplet size, speed, and penetration. Ambient temperature and chemical composition 
affect the evaporation rate and fuel-air mixing.  

Another key aspect affecting the fuel-air mixing process is the fuel itself and its physical properties. This is 
particularly true for novel and emerging bio-fuels that could be drop-in replacements or blended with conventional 
fossil fuels [4]. Ethanol is commonly blended with gasoline in varying amounts aiding in the reduction of green-
house gas emissions such as CO2, and reducing fossil fuel costs. Even gasoline and diesel are essentially mixtures 
of many components, thus making the understanding of multi-component fuel mixtures all the more relevant. 
Finally, engine downsizing is a trend that has dominated the IC engine market especially in the passenger car 
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sector. The key idea is that IC engines can be operated more efficiently by reducing the engine size and boosting 
the power by turbocharging the intake air for transient conditions that require excess power [5]. Downsizing with 
turbo-boosting impacts fuel evaporation in several ways including: increased ambient pressures, increased sur-
face-to-volume ratio affecting heat transfer processes, and fuel wetting causing liquid fuel to impact the cylinder 
walls. 

 
Figure 1: Advanced combustion cycles for IC engines [3]. 

The issues mentioned above relating to advances in IC engines provide motivation to study fuel spray, evap-
oration, and mixing processes at ambient conditions of high temperature, high pressure, and partially reacted 
components, using emerging bio-fuels and multi-component fuels. The current work presents a first step in that 
direction where we seek to investigate the effect of ambient temperature and fuel blends on the evaporation rate 
of single droplets. While this configuration is considerably different from the dense spray and turbulent flow 
environment in an actual engine chamber, it isolates and provides fundamental understanding of the droplet evap-
oration process. The approach of isolating single droplets and studying their evaporation in convective flow has 
been pursued extensively by previous researchers using experimental and computational approaches. Review pa-
pers by Sazhin [6], Birouk [7], Peng [8], and Sirignano [9], comprehensively cover various experimental and 
computational efforts. Key differences that set apart the present work is the initial size of the droplets (50 μ.m) 
which is smaller than what investigations have focused on in the past (>100 μ.m) and the fuel composition. In this 
work, we seek to identify the sensitivity of the droplet evaporation rate to the blending ratio of primary reference 
fuels (PRF), iso-octane and n-heptane. The interest in PRF fuel blends arises from the standard use of such fuels 
for measuring auto-ignition quality through research octane and motor octane numbers (RON and MON). Under 
certain conditions, the ignition and combustion processes of PRF’s can simulate similar processes occurring with 
practical fuels, which are blends of many different components [10]. This motivates the study of evaporation 
characteristics of PRF fuels and their blends.  

Following the motivations described above, an experimental approach is pursued to study the evaporation 
process of single liquid fuel droplets in a heated environment under convective flow conditions. As mentioned 
previously, this study serves as a first step towards the overall goal of understanding fuel evaporation and mixing 
at conditions relevant to advanced IC engines. The experimental setup is described next wherein monodisperse 
fuel droplets generated by a piezo-electric droplet generator are injected into a heated ambient environment with 
an initial velocity. The test conditions of initial droplet size, droplet velocity, ambient temperature, and fuel blends, 
which are investigated in this work are described next. A computational model based on classical droplet evapo-
ration theory is described along with model assumptions. Results are presented for the various test cases compar-
ing experimental measurements with model predictions. Following a discussion of the results, conclusions and 
future research directs are presented. 

Experimental Methods 

Experimental setup 

The experiment setup is shown in Figure 2. A piezoelectric droplet generator made by MicroFab Inc., which 
can produce single droplet trails of controlled size and frequency, is placed inside a pressure chamber with air as 
the carrier gas. When an external pulse generated by Microfab JetDrive V (CT-M5-01) is applied, the piezoelectric 
actuator expands or contracts according to the polarity of the waveform. This fast deformation results in droplet 
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formation at nozzle tip if an equilibrium condition is maintained at the meniscus of the 30µm nozzle orifice. A 
pressure controller is used to provide stable backpressure to adjust the force balance at the meniscus. The control-
ler is connected to a vacuum pump as well as a compressed air source allowing it to maintain positive or negative 
backpressure. The droplet size and initial velocity can be controlled using the amplitude and shape of the voltage 
waveform pulse applied to the piezoelectric actuator. The frequency of the pulse controls the droplet spacing. A 
machine vision camera (Sentech STC-MB33USB) mounted on a vertical traverse is used to obtain real-time im-
ages of the droplets at different locations after being injected from the nozzle. The camera has optical access into 
the chamber through the quartz windows located on either side of the pressure chamber. An LED strobe located 
at the opposite end of the chamber provides the light source for the camera. A closed-loop temperature control 
system consisting of a PID controller heating wire is used to control the temperature of the chamber. In this work, 
all the measurements are carried out at atmospheric pressure. However, it is worth noting that we have previously 
demonstrated operation of the droplet generator at higher than ambient pressures. As mentioned in the introduc-
tion, experiments were carried out for various blends of PRF’s. The fuel mixtures were prepared by transferring 
iso-octane and n-heptane into scaled glass vials with pipettes. The blending ratio here is based on volumetric 
mixing ratio of the two reference fuels.  

To conduct the tests, the chamber doors are closed and the chamber is pressurized to the desired ambient 
pressure. In this case, all tests were conducted at atmospheric conditions. Next, the temperature controller is set 
to the desired set-point. Once the desired temperature is reached inside the chamber, the pressure controller is 
used to first purge some of the fuel thereby producing a well-defined liquid meniscus visualized on a live video 
stream from the camera. Next, using the pressure controller, the meniscus is carefully aligned with the exit plane 
of the glass nozzle. Once aligned, the desired waveform pulse is applied to produce the liquid droplet train with 
the required frequency. The camera is used to take images of the droplets at various downstream locations from 
the nozzle by moving it using the vertical traverse.  

 
Figure 2: Experimental setup and piezoelectric injector 

Diagnostics and Data Processing 

   The droplet dispensing process is captured by the camera as described above. The LED strobe light located on 
the opposite end of the chamber across from the camera is pulsed at the same frequency as that of the droplet 
generator. This results in a static trail of droplets located at different distances downstream from the nozzle exit 
plane. The droplet trail is recorded by the camera by moving it on the vertical traverse. After a series of images 
are captured by the camera, a post-processing software, Image J [11], was used to locate and size the droplets in 
each image. The same software was also used to measure the vertical distance between the droplets. One of the 
major advantages of this technique is its high efficiency and uniformity allowing for a large number of images to 
be processed using techniques such as FFT and background subtraction, with a single script. 

Test Conditions 

Tests were carried out for various 
blends of the PRF’s at two different ambient 
temperature conditions of 40°C and 50°C. 
All tests were carried out at atmospheric 
pressure conditions. Depending on the case, 
different voltage profiles had to be applied 
in order to achieve a stable droplet genera-
tion. The voltage waveform has a shape as 
shown in Figure 3. Table 1 shows the test 
conditions for cases studied in this work. For Figure 3: Voltage waveform applied for droplet generation. 
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all test cases, the signal frequency had a constant value of 700Hz and rise/fall time was set to be 5µs. Table 1 also 
shows the initial velocity and initial diameter of the droplet as observed for each test case. 

Test # 1 2 3 4 5 6 7 8 9 10 11 12 
PRF Ratio                
(iso-oc-
tane: n-
heptane) 

100:0 0:100 20:80 40:60 60:40 80:20 100:0 0:100 20:80 40:60 60:40 80:20 

Tempera-
ture (oC) 40 40 40 40 40 40 50 50 50 50 50 50 

Voltage 
(V) 25 24 24 23 30 24 17 20 25 16 25 22 

Dwell time 
(µs) 55 60 55 42 55 54 50 40 59 48 63 55 

Initial            
velocity 
(m/s) 

0.81 0.63 0.39 1.14 0.71 0.58 0.56 0.58 0.52 0.81 0.72 0.41 

Initial              
diameter 
(µm) 

68.7 62.7 58.4 60.6 70.6 67.5 54.3 67.2 59.2 56.7 56.2 64 

                          Table 1. Test Conditions and input parameters 

Computational Methods 

Droplet vaporization model 

The Abramzon and Sirignano model [11] which builds upon the classical droplet evaporation model is used 
in this work to simulate the evaporation of a single liquid fuel droplet. The model considers the evaporation of a 
moving fuel droplet while accounting for the convective heat and mass transport by employing a film thickness 
around the droplet. The film consists of a mixture of evaporated fuel and ambient gas. Since the model is exten-
sively described in literature [6], [11], only a brief overview of the model is provided here. The model makes 
several assumptions as below: 

• A quasi-steady approximation is made for the gas phase heat and mass transfer. 
• The droplet has a single downward velocity component while the ambient gas is stationary. 
• Thermo-physical properties are evaluated at some reference conditions and assumed to be constant. 
• The distribution of temperature and fuel vapor concentration along the droplet surface is assumed to be 

uniform. 
• An ‘infinite conductivity model’ is assumed which assumes a spatially uniform but time-varying tempera-

ture within the droplet. 
• The velocity field within the moving droplet is disregarded. 

The model solves the following set of ordinary differential equations: 

Droplet motion: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑢𝑢 

Droplet velocity change: 

𝑑𝑑𝑢𝑢
𝑑𝑑𝑑𝑑

=
3
8
𝐶𝐶𝐷𝐷
𝑟𝑟𝑠𝑠
�
𝜌𝜌∞
𝜌𝜌𝐿𝐿
� |𝑢𝑢∞ − 𝑢𝑢|(𝑢𝑢∞ − 𝑢𝑢) − 𝑔𝑔 �1 −

𝜌𝜌∞
𝜌𝜌𝐿𝐿
� 

Droplet radius change: 

𝑑𝑑𝑟𝑟𝑠𝑠
𝑑𝑑𝑑𝑑

= −
�̇�𝑚

4𝜋𝜋𝜌𝜌𝐿𝐿𝑟𝑟𝑠𝑠2
 

Droplet temperature change: 

𝑑𝑑𝑇𝑇𝑠𝑠
𝑑𝑑𝑑𝑑

=
1

𝑚𝑚𝐿𝐿𝐶𝐶𝑝𝑝𝐿𝐿
(𝑄𝑄𝐿𝐿) 

The following steps are followed in the solution of the above equations: 
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1. The molar and mass fuel vapor fractions at the droplet surface are calculated 

𝑑𝑑𝐹𝐹𝑠𝑠 =
𝑃𝑃𝐹𝐹𝑠𝑠
𝑃𝑃

,𝑌𝑌𝐹𝐹𝑠𝑠 =
𝑑𝑑𝐹𝐹𝑠𝑠𝑊𝑊𝐹𝐹

∑ 𝑑𝑑𝑖𝑖𝑊𝑊𝑖𝑖𝑖𝑖
 

Here, the fuel vapor saturated pressure is evaluated using the appropriate Antoine equation of the form, 

𝑙𝑙𝑙𝑙𝑔𝑔10𝑃𝑃𝐹𝐹𝑠𝑠 = 𝐴𝐴 −
𝐵𝐵

𝐶𝐶 + 𝑇𝑇
 

 
2. Average physical properties in the gas film are evaluated at the reference temperature. The reference 

temperature is calculated using the 1/3rd rule by Yuan and Chen [13] as, 

𝑇𝑇� = 𝑇𝑇𝑠𝑠 +
1
3

(𝑇𝑇∞ − 𝑇𝑇𝑠𝑠) 
3. The droplet Reynolds number is calculated using, 

𝑅𝑅𝑅𝑅 = 2𝜌𝜌∞|𝑢𝑢 − 𝑢𝑢∞|
𝑟𝑟𝑠𝑠
𝜇𝜇𝑔𝑔

 

The Nusselt and Sherwood numbers for a non-vaporizing droplet are calculated using, 
𝑁𝑁𝑢𝑢0 = 2 + 0.552𝑅𝑅𝑅𝑅1/2𝑃𝑃𝑟𝑟1/3;  𝑆𝑆ℎ0 = 2 + 0.552𝑅𝑅𝑅𝑅1/2𝑆𝑆𝑆𝑆1/3 

4. The Spalding mass transfer number is calculated as, 

𝐵𝐵𝑀𝑀 =
𝑌𝑌𝐹𝐹𝑠𝑠 − 𝑌𝑌𝐹𝐹,∞

1 − 𝑌𝑌𝐹𝐹𝑠𝑠
 

The diffusional film correction factor is calculated as, 

𝐹𝐹𝑀𝑀 = (1 + 𝐵𝐵𝑀𝑀)0.7 𝑙𝑙𝑙𝑙(1 + 𝐵𝐵𝑀𝑀)
𝐵𝐵𝑀𝑀

 

The modified Sherwood number for an evaporating droplet is calculated using, 

𝑆𝑆ℎ∗ = 2 +
(𝑆𝑆ℎ0 − 2)

𝐹𝐹𝑀𝑀
 

The instantaneous droplet vaporization rate is calculated using, 
�̇�𝑚 = 2𝜋𝜋�̅�𝜌𝑔𝑔𝐷𝐷�𝑔𝑔𝑟𝑟𝑠𝑠𝑆𝑆ℎ∗𝑙𝑙𝑙𝑙(1 + 𝐵𝐵𝑀𝑀) 

5. The correction factor for the thermal film thickness is calculated iteratively using, 

𝐵𝐵𝑇𝑇 = (1 + 𝐵𝐵𝑀𝑀)𝜑𝜑 − 1;  𝜑𝜑 = �
𝐶𝐶�̅�𝑝𝐹𝐹
𝐶𝐶�̅�𝑝𝑔𝑔

� �
𝑆𝑆ℎ∗

𝑁𝑁𝑢𝑢∗
� �
𝑃𝑃𝑟𝑟
𝑆𝑆𝑆𝑆
� ;  𝑁𝑁𝑢𝑢∗ = 2 +

(𝑁𝑁𝑢𝑢0 − 2)
𝐹𝐹𝑇𝑇

;  𝐹𝐹𝑇𝑇 = (1 + 𝐵𝐵𝑇𝑇)0.7 𝑙𝑙𝑙𝑙(1 + 𝐵𝐵𝑇𝑇)
𝐵𝐵𝑇𝑇

 

6. The heat transfer into the liquid phase is calculated using, 

𝑄𝑄𝐿𝐿 = �̇�𝑚 �
𝐶𝐶�̅�𝑝𝐹𝐹(𝑇𝑇∞ − 𝑇𝑇𝑠𝑠)

𝐵𝐵𝑇𝑇
− 𝐿𝐿(𝑇𝑇𝑠𝑠)� 

7. The drag coefficient is based on the correlation, 
𝐶𝐶𝐷𝐷 = 27𝑅𝑅𝑅𝑅𝑑𝑑0.84 

The equation set was solved in MATLAB using an ode solver (ode45). The equations were integrated for a 
period of time consistent with that observed in the experiments. The initial conditions for the droplet and ambient 
gas were chosen consistent with the experiment. Due to space constraints, the nomenclature used in the model is 
not presented here but can be found in the original work by Abramzon and Sirignano [12]. 

Results and Discussion 

Droplet evaporation analysis 

Figure 4 shows an image acquired by the camera for the case of droplet gen-
eration using pure n-heptane. Two successive droplets can be seen in the image. 
The glass nozzle whose tip is observed in the image has a diameter of 35 µ.m. 
Figure 5 shows a series of results from simulations and experiments for the evap-
oration of droplets consisting of 100% iso-octane and 100% n-heptane. Results 
are presented for an ambient temperature of 40°C. Considering the experimental 
results, the droplet diameter for both fuels decreases in a linear fashion with time. 
The plot of non-dimensionalized area (d2/d02) shows that n-heptane evaporates at 
a faster rate than iso-octane. This is consistent with the lower boiling point of n-
heptane over that of iso-octane as well as the higher volatility of n-heptane as 
compared to iso-octane. The higher volatility of n-heptane is reflected by the oc-
tane number of 0 assigned to it on the octane rating scale. Iso-octane has an octane 
number of 100 given its lower volatility. The droplet velocity shows a rapid de-
cline for both fuels in the initial stages (0-10 µ.s) followed by a very slow rate of 
decrease. The drag force is proportional to the square of the droplet velocity. This force has a large value initially 
as the droplet is ejected from the nozzle with the initial velocity. This causes the rapid decrease in initial velocity 

Figure 4: Camera image 
showing a trail of n-heptane 
droplets leaving the nozzle. 
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of the droplet. The trends in droplet velocity are consistent with the droplet displacement, which is seen to be 
large initially followed by a linear behaviour as the droplet velocity approaches a constant value. With regard to 
the simulation results, the evaporation behaviour of n-heptane is well captured but the simulation appears to over-
estimate the evaporation rate for iso-octane. However, the velocity variation and displacement of the droplet pre-
dicted by the simulations are in close agreement with the experimental results. More work is required particularly 
on the estimation of the liquid film thermodynamic properties and their variation with temperature for iso-octane 
to improve the model accuracy.  

 
Figure 5: Results for pure iso-octane and pure n-heptane droplet evaporation at 40 deg C. 

Effect of ambient temperature 

Figure 6 shows the non-dimensional area change for a variety of fuel blends at two different ambient temper-
atures, that of 40°C and 50°C. Considering the results for 100% C8H18, as expected the evaporation rate is ob-
served to increase with increase in ambient temperature. This trend is also captured by the simulation results. As 
observed previously, the simulation results over-predict the evaporation rate. Considering the results for 100% 
C7H16, the effect of ambient temperature change on the evaporation rate is observed to be negligible. This trend 
is observed both in the simulation and experimental results. It is not evident as to why the effect of increased 
ambient temperature is not reflected in the evaporation rate of droplets containing 100% C7H16. However, consid-
ering the remaining plots in Figure 6, the effects of increase in ambient temperature are more evident. For all the 
remaining fuel blends, the increase in ambient temperature is reflected by an increase in the rate of evaporation 
regardless of the fuel blend. It is to be noted that the simulations were only carried out for the cases of 100% C8H18 
and 100% C7H16. The computational model is currently being improved to incorporate multi-component fuels and 
once completed will be used to obtain results that can be compared with experimental data for fuel blends pre-
sented in this work.  

Effect of fuel blends 

Figure 7 shows the non-dimensional area change as a function of time for the various fuel blends tested in 
this work at an ambient temperature of 40°C. For all cases, as expected the ratio of (d2/d02) decreases with time. 
The figure also show linear fits to the data sets. The evaporation rate for 100% C8H18 is observed to be the slowest. 
As C7H16 is added to the mixture, the evaporation rate begins to increase as observed by the increasing slopes for 
the cases having 20% and 40% C7H16. This behaviour reaches its peak with 60% C7H16 in the fuel blend. However, 
with further increase in C7H16, the trend is seen to reverse with the evaporation rate decreasing for the cases 
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containing 80% C7H16 and 100% C7H16. This result is interesting since it suggests that there is a non-linear change 
in evaporation rate with varying fuel blending ratios of PRF’s.  

     
Figure 6: Non-dimensional area change for various fuel blends at two different ambient temperatures. 

 
Figure 7: Non-dimensional area change showing the effect of fuel blends at 40°C 

Summary and Conclusions 

An experimental and computational study of the evaporation of single droplet trains of blends of primary 
reference fuels was carried out at elevated temperature conditions. The evaporation of droplets of iso-octane and 
n-heptane mixtures, generated by a piezoelectric actuator was studied at atmospheric conditions and at two dif-
ferent ambient temperatures of 40°C and 50°C. The higher volatility of n-heptane over that of iso-octane was 
reflected in the faster evaporation rate as captured by both simulation and experimental results. However, the 
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simulation results over-predict the evaporation rate of n-hepane. Droplet velocity change and displacement trends 
were consistent between simulations and experiments. The increase in ambient temperature is seen to increase the 
evaporation rate of pure iso-octane droplets. However, this is less apparent for pure n-heptane droplets. For all the 
intermediate fuel blends, the increase in evaporation rate with increase in ambient temperature is captured by the 
experiments. For a constant ambient temperature, addition of more volatile n-heptane to iso-octane is seen to 
initially increase the evaporation rate. However, this behavior peaks for a 40% iso-octane 60% n-heptane volu-
metric blend. With further increase in n-heptane concentration, the evaporation rate is observed to decrease. Fur-
ther investigation is required to understand this behavior. Future work will focus on development of the model to 
account for evaporation of multi-component fuels. The experiments will be extended to higher pressures and 
higher temperatures that are more representative of cylinder conditions in advanced internal combustion engines. 
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