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Abstract

Small-volume, high-throughput screening techniques are sought to enable
downselection from a large candidate pool of bio-blendstocks to a select
few, having physical properties consistent with requirements of down-
sized, turbo-boosted internal combustion engines. This work presents
a droplet evaporation-based approach to predict heat of vaporization,
vapor pressure, diffusion coefficient, and Lennard-Jones parameters for
an unknown fuel. Two different schemes, considering the isothermal
evaporation of a moving droplet in ambient air are proposed, which
combine droplet velocity and temperature measurements, with some
known properties to predict unknown properties. The schemes utilize
an inverse solution of a transient model of droplet evaporation solved
in an iterative fashion. The baseline scheme is evaluated using evapo-
ration measurements of three liquid fuels in a temperature-controlled
chamber, yielding temperature-dependent heat of vaporization and vapor
pressure predictions within 10%, and 20% respectively of reference val-
ues. Incorporation of droplet temperature through the advanced scheme
is found to significantly improve prediction quality, with deviations
less than 2% and 1% for heat of vaporization and vapor pressure,
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while also predicting diffusion coefficient and Lennard-Jones parame-
ters within 5% and 8% respectively. The combined set of approaches,
primarily tracking a droplet evaporation process can be incorpo-
rated into a small-volume, high-throughput fuel screening process.

Keywords: Droplet evaporation, Heat of vaporization, Vapor pressure,
Abramzon-Sirignano model, Diffusion coefficient, Lennard-Jones parameters

1 Introduction

Fuel spray plays a key role in the overall performance and emissions of direct-

injected, liquid hydrocarbon-fueled, internal combustion (IC) engines. The

injection process and resulting spray introduces fuel into the engine cylinder.

Subsequent spray breakup, atomization, evaporation, and fuel-air mixing crit-

ically impact the ensuing ignition and combustion processes. Fuel physical

properties have a direct impact on the above-mentioned in-cylinder processes

particularly those preceding ignition and combustion. Spray breakup through

atomization, and its penetration into the cylinder volume are impacted by fuel

surface tension and viscosity [37]. Once atomized into a distribution of finely-

sized droplets, evaporation and fuel-air mixing processes are directly coupled

to the heat of vaporization and vapor pressure of the fuel, as dictated by the

ambient conditions surrounding the fuel droplets [27]. Heat of vaporization

(HOV ) or latent heat is the energy required for phase change of the liquid

fuel. Vapor pressure is a measure of the pressure exerted by the fuel vapor

in thermodynamic equilibrium condition with its liquid phase. Heat of vapor-

ization and vapor pressure (Pvap) can be related to each other through the

Clausius-Clapeyron equation,

ln(P/P0) = −HOV/(RT ) + C (1)
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where P is the vapor pressure at the corresponding temperature, T , R is the

gas constant, P0 is the reference pressure and C is the intercept of the linear

fit from plotting the natural log of vapor pressure against temperature.

The impact of HOV is primarily through in-cylinder thermodynamics as

affected by the fuel droplet evaporation processes leading to the formation of

the fuel-air mixture. The energy required for evaporation is provided by the

ambient air surrounding the droplets in the engine cylinder. In the process, as

fuel evaporates, it results in cooling of the in-cylinder charge. This reduction

in charge temperature, and corresponding increase in intake air density results

in improved volumetric efficiency of gasoline engines, particularly at part load

conditions [34]. Evaporative cooling as affected by fuel HOV also has a sig-

nificant effect on knock suppression in direct-injected (DI) gasoline engines.

Previous studies conducted on downsized, turbo-boosted engines have shown

that evaporative cooling provides an effect comparable to increasing the octane

rating of the fuel by about 5 units [4], allowing an increase in compression

ratio by about 1 unit [26]. Knock resistance of a fuel is commonly expressed

through the octane index (OI) [16], expressed as,

OI = RON −K · S (2)

where RON is the Research Octane Number and S is the octane sensitiv-

ity (RON −MON), with MON being the Motor Octane Number. K is an

engine constant that depends on pressure-temperature history of the unburned

charge in the engine cylinder and typically has negative values at the most

knock-limited operating conditions. WhileK is not a fuel property, the end-gas

pressure-temperature history which K relates to, is affected by fuel composi-

tion and properties including HOV. Higher HOV reduces charge temperature,
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leading to more negative values of K, and thus improves fuel anti-knock prop-

erties. This is directly evidenced by numerous studies considering the impact

of ethanol and other alcohol blends on engine knock [26, 5, 32, 9].

Vapor pressure is another important physicochemical property, widely used

in assessing the quality of gasoline along with other quantities such as distil-

lation parameters, specific gravity, octane number, and octane index. Vapor

pressure is directly related to the volatility of the fuel and has a direct influ-

ence on engine performance as well as fuel production and transportation

logistics. Fuel vapor pressure is required to meet specific standards to ensure

safety considerations in the transport and storage of fuels to avoid accidents

and minimize losses through evaporation. Fuels with lower vapor pressure are

harder to vaporize resulting in poor combustion efficiency [22]. On the other

hand, fuels with high vapor pressure can generate volatile organic compounds

leading to uncontrolled air-fuel ratio affecting the combustion process. These

considerations have made it a requirement to maintain fuel vapor pressure

within an acceptable range.

Given their significant influence on fuel transportation, storage, and

evaporation and combustion characteristics impacting engine performance,

standard testing approaches and procedures have been established for

measuring HOV and vapor pressure. A differential scanning calorimeter

(DSC)/thermogravimetric analysis (TGA) is a standard tool used in HOV

measurement of fuels and blends. A Q600-series model from TA instruments

used in previous studies [8] utilizes sample sizes ranging from 40–100 µl and

calculates HOV on the basis of heat energy required for sample evaporation.

Gasoline volatility is typically expressed through the Reid Vapor Pressure

(RVP). RVP represents the fuel industry standard for vapor pressure and is

the value measured at 37.8◦C in a container with a vapor to liquid ratio (V/L)
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of 4:1 [20]. RVP can be measured through a variety of Reid methods includ-

ing ASTM D-323 and D-4953, which are referred to as the original and dry

Reid methods, as well as D-5191 and D-5482 which are referred to as miniatur-

ized methods [14, 17, 12]. Sample sizes range from 100 cc for the original and

dry Reid methods to between 1–10 cc for the miniaturized methods. ASTM

D-6378 is yet another measurement procedure requiring 5–15 cc particularly

addressing limitations of previous methods for dealing with volatile fuel com-

ponents. All of the above mentioned RVP measurement methods except D-323

are capable of operation with oxygenated fuels which is relevant to this work.

As technologies advance to improve SI engine efficiency through strate-

gies such as direct injection, higher compression ratios, turbocharging, and

downsizing [5], fuel sprays are subject to considerably different in-cylinder

operating conditions. Characterizing fuel physical properties at these condi-

tions is essential to understanding spray behavior and mixture preparation

prior to ignition. While standard techniques of HOV and vapor pressure mea-

surement as described previously operate with fuel samples of O(ml), this

study is motivated by a desire to develop screening approaches compatible

with fuel samples of O(µl) capable of high throughput. This will enable rapid

screening approaches to downselect from a large number of candidate fuels that

can be narrowed down to a fewer number based on threshold requirements for

physical properties such as viscosity, surface tension, HOV, and vapor pres-

sure. Development of rapid screening tools is one of the objectives of ongoing

work through the DOE’s (Department of Energy) Co-Optima initiative. This

initiative aims to identify potential gasoline blendstocks with viable biomass-

derived production pathways to incorporate renewable domestic biomass into

the gasoline supply chain [21]. Previous work by the authors focused on

small-volume, high-throughput approaches for surface tension and viscosity
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measurement [6, 7]. This work pursues similar objectives with respect to deter-

mining HOV and vapor pressure for liquid fuels. As the prediction methods

developed in this work evolved, it was realized that the overall approach could

be extended for prediction of additional physical properties including diffu-

sion coefficient and Lennard-Jones (LJ) parameters, which play a significant

role in modeling transport processes of fuel vapor for numerical simulations of

in-cylinder engine processes.

The paper is laid out as follows. The approach used in this work that lever-

ages droplet evaporation processes as modeled by a zero-dimensional transient

simulation that captures droplet size change for stationary and moving liquid

fuel droplets is discussed. Two different schemes as made feasible using experi-

mental data and the 0D simulation are discussed along with the inputs required

for each and their respective outputs. The experimental setup and procedure

used to measure fuel droplet evaporation rate at controlled temperature con-

ditions is presented and discussed. Results obtained from a baseline scheme

requiring only droplet size change measurements are presented for HOV and

vapor pressure predictions. Tested fuels include a pure component, a gasoline

surrogate, and a bio-blendstock. Next, results are presented for HOV, vapor

pressure, diffusion coefficient, and LJ parameters as can be obtained from a

more advanced scheme requiring additional inputs including droplet velocity

and temperature. Results are discussed and finally conclusions are presented.

2 Approach

As described in the introduction, this work is motivated by development

of techniques for HOV and vapor pressure measurement of liquid hydrocar-

bon fuels, suitable for use in high-throughput, rapid-screening approaches for

bio-derived gasoline blendstocks. In previous related efforts [6, 7], a droplet
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oscillation-based approach to measure surface tension and viscosity of fuels

at ambient and elevated temperatures has been presented. In these studies,

droplets were generated using a piezoelectric droplet generator capable of oper-

ating with µl samples. In an effort to constrain the sample volume requirement,

the approach proposed in this work utilizes the same droplet generation hard-

ware. Droplet oscillation, which begins at the point of droplet generation and

ends a short while after, can be used to measure surface tension and viscosity.

The proposed approach intends to use evaporation processes of the droplet

post oscillation, to measure HOV and vapor pressure. This provides a stream-

lined approach utilizing the minimum quantity of the fuel sample. Besides

being capable of making measurements with small sample sizes, the timescale

of the entire process from the point of droplet jetting to complete evaporation

is small (O(ms)), thus ensuring compatibility for a rapid screening approach.

Finally, with minor modifications and packaging, it is possible to integrate the

physical property evaluation techniques based on droplet oscillation and evap-

oration with chemical kinetic property evaluation techniques being developed

using a micro-combustor setup [15].

A liquid fuel droplet subjected to a controlled temperature environment

undergoes evaporation under stationary or moving conditions. The evaporation

process for small droplets involving heat and mass transfer is controlled pri-

marily by the ambient conditions and liquid properties including HOV and to

a smaller degree by second-order effects such as circulation within the droplet

and water condensation on the droplet surface. A large body of work has been

carried out to model droplet evaporation processes incorporating various levels

of complexity, which are detailed in a number of review publications [1, 2, 31].

The approach used in this work is to use an appropriate droplet evaporation
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model to calculate fuel properties of interest including HOV and vapor pres-

sure, using measurements obtained from experiments with moving, evaporating

droplets. Measurements can include various parameters including droplet size,

velocity, and temperature as will be discussed in further detail later in this

section. The approach is illustrated schematically in Fig. 1. A similar approach

Fig. 1 Fuel property prediction approach using droplet evaporation measurements.

was followed by Ray [28] who used observations of size change of evaporating

droplets at stationary conditions as obtained through droplet levitation, to

estimate ultra-low vapor pressures of fluids used in aerosol research. Ray used

a Maximum Likelihood Estimation (MLE) approach to determine fluid physi-

cal properties including HOV and vapor pressure as well as molecular dynamic

parameters such as the parameters relating to the Lennard-Jones potential.

This approach differs from Ray’s work in that the focus is on using moving

droplets to allow a simpler experimental setup without the need to levitate

droplets in a constant temperature chamber. This work utilizes the Abramzon

and Sirignano (AS) model [1] to simulate the evaporation process of moving

droplets. The Abramzon model incorporates Stefan flow and effects of convec-

tive heat and mass transfer using a “film theory”, which in essence introduces

a vapor-gas film between the droplet surface and ambient atmosphere, effec-

tively providing resistance to heat and mass exchange as shown schematically

in Fig. 2. Model assumptions include quasi-steady heat and mass transfer, tem-

perature dependent thermo-physical properties, uniform temperature and fuel
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vapor concentration on the droplet surface, spatially-uniform but time-varying

droplet temperature, and no velocity field within the droplet.

Fig. 2 Droplet evaporation model incorporating the liquid-vapor film.

Source terms considered in the model include those for:

� Droplet velocity:

du

dt
= −3CDρ̄f

8Dlρl
(u− u∞)2 + g0

(
1− ρ̄f

ρl

)
(3)

where ρ̄f is the density of the vapor in the film, g0 is the acceleration due

to gravity, CD is the drag coefficient, u is the droplet velocity, u∞ is the

ambient gas velocity, Dl is the droplet diameter and ρl is the liquid density.

� Droplet diameter:

dDl

dt
= − 2ṁl

πρlD2
l

(4)

where ṁl is the net instantaneous evaporation rate of the droplet in kg/s.

� Droplet temperature:

dTl
dt

=
Q̇l

mlCpl
(5)

where Q̇l is the rate of heat transfer to the liquid droplet and ml is the mass

of the droplet.
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In the above transient governing equations, CD, ṁl and Q̇l are defined

based on the operating conditions and properties of the fuel and carrier gas.

From the mass and energy balance equations at the interface, evaporation rate,

ṁl is defined as:

ṁl = πρ̄f χ̄fcDlSh
∗ ln(1 +BM ) = π

k̄f
C̄pF

DlNu∗ ln(1 +BT ) (6)

where,

BM =
(YFi − YF∞)

(1− YF∞)
, BT =

C̄pF (T∞ − Ti)

HF (Ti) +
Q̇l

ṁl

(7)

In the above equations, χ̄fc is the diffusivity in the film, BM refers to the

mass transfer number, calculated from fuel vapor mass fraction at the droplet

interface (YFi)and in the far field ambient (YF∞ = 0) and BT refers to the

heat transfer number, defined using the droplet interface temperature Ti, far

field ambient temperature T∞, heat of vaporization of the fuel HF evaluated

at droplet temperature Ti and the average specific heat of fuel vapor in film

(C̄pF ) evaluated at film temperature T̄f . Nu∗ and Sh∗ are the modified Nusselt

number and Sherwood number, respectively, for a spherical droplet, consider-

ing the effect of blowing. The definition of Nusselt number, Sherwood number

and film temperature, based on the work of Abramzon et al. [1], is provided in

Appendix A. Nu∗ is a function of Reynolds number (Re) and Prandtl number

(Pr), while Sh∗ is a function of Re and Schmidt number (Sc). For the droplet

diameter and velocity scales considered in the present work, Re is found to

be <0.1 and the effect of velocity through Re on property predictions can be

neglected. However,this effect should be considered for larger droplets with

higher velocities. The subscript f refers to the gas phase properties in the

gas-vapor film, l refers to the liquid properties, i indicates the properties at

the liquid surface (liquid-gas interface) and the fuel vapor properties are indi-

cated by subscript F . The interface temperature, Ti = Tl, considering infinite
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thermal conductivity for the droplet, which disregards spatial temperature

gradients in the droplet.

The net heat transfer rate Q̇l can be evaluated using the combined

equations of heat transfer number (Eq. 7) and interfacial energy balance

(Eq. 6). In the transient equation for droplet velocity (Eq. 3), drag coefficient

CD is based on the correlation for ‘standard drag curve’ provided in the work

of Putnam et. al [24] , defined as:

CD =
24

Re

{
1 +

Re2/3

6

}
(8)

where Re is the Reynolds number, defined as
ρ̄fDl|u−u∞|

µ̄f
. All the gas properties

in the film are defined as a function of average fuel vapor mass fraction Ȳf , in

the film and average temperature of the film (T̄f ). The equations used for film

properties, used in the current work, are detailed in Appendix A.

Fig. 3 Predictions for droplet evaporation using the AS model for PRF-84 at two differ-
ent ambient temperatures showing variation of the square of the droplet diameter, droplet
velocity, and droplet temperature as a function of time.

In the conventional AS method, the governing equations given by

Equations 3, 4, 5, and 6 are solved using an explicit transient solver, with fuel

transport properties and initial conditions as the input. It is noticed, based on

the simulation of fuel droplets of research interest, that after the initial tran-

sients, droplet temperature (Ti) and velocity reach a quasi-steady-state and

the square of droplet diameter (D2
l ) exhibits a quasi-linear behavior (constant

slope) with time. This is illustrated by simulation results shown in Figure 3
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where the evaporation process of a droplet of PRF-84 was modeled using the

AS model for two different ambient air temperatures. In the present work,

it is desired to implement an inverse AS algorithm, wherein, measurement

data from observations of droplet evaporation at controlled conditions will be

used as inputs to estimate unknown fuel physical properties. In pursuing this

approach, it is realized that the logic described above can be implemented in

different ways depending on which quantities are measured in the experiments.

Further, in addition to the measured quantities, some physical properties for

the unknown fuel are required as inputs to the algorithm. These details are

summarized in Table 1. The table provides details of the required measurement

and physical property inputs along with the numerical predictions that can be

made utilizing the inverse AS algorithm. Note that properties mentioned in the

table pertain to the values for the fuel vapor. Further, numerical predictions

obtained for fuel physical properties correspond to those at a steady state tem-

perature (Ti), as reached by the droplet during the evaporation measurements

in the experiment.

Table 1 summarizes two different schemes which utilize measurements

along with input data for known physical properties to give numerical predic-

tions for unknown physical properties. As the number of measured quantities

increases from Scheme-I to Scheme-II, the required number of known physical

properties to be used as inputs to the algorithm decreases. Numerical pre-

dictions listed for each Scheme represents temperature-dependent values that

can be obtained from the calculations except for Lennard Jones parameters

which are temperature-independent. In the present work, the major focus is

on predictions of temperature-dependent HOV and vapor pressure. Accord-

ingly, the viability of Scheme-1 as summarized in Table 1 is now demonstrated
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Table 1 Summary of required inputs and predicted outputs using Scheme-I and Scheme-II.

Input Data Numerical predictions

Measurements Properties

Scheme-I ♦ Dl,
dD2

l

dt

• Density (Liquid, vapor) ✓ Vapor pressure, Pvap

• Viscosity ✓ Heat of vaporization, HF

• Thermal conductivity

• Specific heat

• Diffusion coefficient

• Boiling point

Scheme-II

♦ Dl,
dD2

l

dt

♦ u,
du

dt

♦ Ti

• Density (Liquid, vapor) ✓ Vapor pressure, Pvap

• Viscosity ✓ Heat of vaporization, HF

• Thermal conductivity ✓ Diffusion coefficients

✓ Lennard Jones, (σ, ϵ)

✓ Boiling point, (Tboil)

using experimental measurements and the inverse droplet evaporation model

approach.

Details of Scheme-I are summarized in Table 1 and shown as a flowchart

in Fig. 4. Droplet diameter and the quasi-linear slope of change in square

of droplet diameter (D2
l ) with time, are provided by the experiment. Fuel

vapor properties are evaluated using empirical/analytical equations described

in Appendix A. Using these inputs, droplet temperature (Ti), temperature-

specific vapor pressure (Pvap) and heat of vaporization (HF ) can be evaluated

using an iterative approach. The pertinent steps of the Scheme-I algorithm are

as listed below:

1. To start the algorithm, the initial droplet temperature is assumed to be

equal to far field ambient temperature (Ti = T∞). This temperature will be

corrected in an iterative manner.
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Fig. 4 Approach used in HOV and vapor pressure estimation using measurements and the
droplet evaporation model as implemented through Scheme-I.

2. Using the droplet temperature (Ti), and experimental data and property

inputs as listed in Table 1, the interfacial mass balance equation is solved

for fuel vapor mass fraction at the droplet interface. Accordingly, Eq. 6 can

be rewritten as an implicit function of droplet temperature and interface

fuel mass fraction.

ṁ− πρ̄f χ̄fcDlSh
∗ln(1 +BM ) = F (YFi, Ti) = 0 (9)

The above equation can be solved for unknown interface mass fraction

YFi, using any standard root finding technique. It is to be noted that the

mass flow rate (ṁ) and droplet diameter (Dl) used in Eq. 9 correspond to

values after a steady-state droplet temperature is achieved.

3. The interface mass fraction (YFi) is utilized to find the instantaneous vapor

pressure of the droplet, which is defined as
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Pvap = P∞

{
YFiMWc

MWF + YFi(MWc −MWF )

}
(10)

whereMW is the molecular weight of carrier gas (subscript ’c’) and fuel

(subscript ’f’).

4. With vapor pressure Pvap as the input, Heat of vaporization is evaluated

using the Clausius- Clapeyron equation, as shown below:

HF = −ln

(
Pvap

P∞

)
Ru

MWF

[
1
Ti

− 1
Tboil

] (11)

where Tboil is the fuel boiling point at the ambient pressure during the

experiment.

5. The interface mass fraction is further utilized to evaluate the heat transfer

number BT . Similar to step 2, the interfacial energy balance equation, Eq. 6,

can be rewritten as an implicit function of BT , Ti and YFi, given by:

ṁ− π
k̄f
C̄pF

DlNu∗ln(1 +BT ) = G(YFi, Ti, BT ) = 0 (12)

The above equation is solved for unknown heat transfer number BT ,

using any standard root finding technique.

6. As observed from simulations using the AS model, the fuel droplet reaches

a quasi-steady temperature, after the initial transients, which implies that

the net heat transfer rate, Q̇l = 0. Using this observation, the equation

for heat transfer number BT (Eq. 7), is modified for the unknown droplet

temperature Ti.

Ti =
−BTHF

C̄pF
+ T∞ (13)

7. The droplet temperature is updated using the above value and the Steps

1 to 6 are repeated until the change in temperature, from the previous
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iteration, is negligible (until convergence). In the numerical trials conducted,

convergence was observed in less than 15 iterations.

The algorithm Scheme-I is now used with evaporation measurements for

various fuels of interest to demonstrate the validity of the approach. A detailed

listing of steps to accomplish Scheme-II as summarized in Table 1 is provided

in Appendix A.

3 Experiment

3.1 Experimental setup

The experimental setup for droplet evaporation is shown schematically in

Figure 5. A piezoelectric droplet generator (Microfab PH-41, 30µm nozzle) is

placed inside a closed, cylindrical metal chamber, and used to inject a contin-

uous stream of droplets into the chamber. A PID controller (Extech 48VFL)

along with a heating element wrapped around the chamber are used to con-

trol the chamber temperature. Fuel is supplied to the droplet generator from

a reservoir kept outside the chamber at room temperature(22◦C). A signal

generator (Microfab JetDrive V (CT-M5-01)) provides pulses to actuate the

droplet generator. The piezoelectric element on the actuator expands or con-

tracts according to the polarity of the signal. Droplets are formed at the nozzle

tip as a result of the fast deformation of the piezoelectric material. A pressure

controller (MicroFab CT-PT-21) is used to select positive or negative back

pressure to sustain a balancing force on the fluid column at the exit plane

of the nozzle. The back pressure is provided by a compressed air source and

a vacuum pump (Koge electronic, KPV20A-6A), which respectively provide

positive and negative back pressures to the pressure controller.
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The frequency of the waveform pulse controls the droplet spacing. A

machine vision camera (Sentech STC-MB33USB) mounted on a vertical tra-

verse is used to obtain a live video of the droplet trail within the chamber.

Images are extracted from the video for processing. The camera has optical

access into the chamber through the quartz windows located on either side of

the pressure chamber. The camera has a resolution of 4.56 µm/pixel using a

Precise Eye lens and adapter. The light source for the camera is comprised of

four LED’s (Broadcom HLMP- CM1A-560DD), which are soldered on a circuit

board located inside the chamber and provided with constant voltage using an

external power supply (BK Precision Model 1621A).

Fig. 5 Droplet evaporation experimental setup.

3.2 Measurement procedure

To conduct the tests, the chamber doors are closed and air is cycled through

the chamber to remove any remnant fuel vapor from previous tests. All tests

were conducted at atmospheric pressure. Next, the temperature controller is

set to the desired set-point for chamber temperature. Chamber temperature

is monitored at different locations until they reach steady state values. This
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typically takes about 30-40 minutes. Once the desired temperature is reached

inside the chamber, the back pressure controller is used to purge some of the

fuel thereby producing a well-defined liquid meniscus which can be seen from

the camera interface to a computer. Next, using the back 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 a live video of

the droplet trail at various downstream locations from the nozzle by moving it

using the vertical traverse. Distance measurements are facilitated by an image

calibration that provide a pixel to micron conversion. Using the calibration,

droplet size and location from the nozzle exit are determined.

3.3 Image processing

Image processing and analysis to capture the droplet edge and estimate droplet

diameter was carried out using a custom Matlab package. The process includes

background subtraction, batch cropping, anisotropic filtering, and edge detec-

tion by a subpixel method to capture the droplet shape. A detailed description

of these steps can be found in previous work [6].

3.4 Fuels tested

Fuels of interest to this work comprise of pure components and blends which

have been researched as part of the DOE Co-Optima program to develop bio-

blendstocks for use in advanced internal combustion (IC) engines. While this

includes a large number of pure components and blends, the current work

focuses on a subset of these as listed in Table 2. PRF-84 represents a two-

component blend containing 84% iso-octane (Acros Organics, 99.5%) and 16%

n-heptane (Acros Organics, 99.5%) by volume. n-heptane has a Cetane num-

ber similar to that of commercial diesel fuel and has been used as a diesel
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surrogate in studies of advanced combustion strategies including Homogeneous

Charge Compression Ignition (HCCI) [10] and Reactivity Controlled Com-

pression Ignition (RCCI) [25]. PRF-84 on the other hand represents a simple

two-component gasoline surrogate used in studies on conventional Spark Igni-

tion IC engines [30]. Isobutanol has been identified by DOE’s Co-Optima

program as being one of the top ten bio-blendstocks for turbocharged gasoline

engines [13] and is seen as a potential second generation biofuel that can be

viably sourced from biomass [3].

Table 2 lists reference values for various fuel physical properties including

RVP and vapor pressure measured at 100◦F (37.8◦C). It is seen that while RVP

measurement requires evaluating vapor pressure at 100◦F and a vapor/liquid

ratio of 4:1, a rough estimate of RVP can be obtained simply by considering

the fuel vapor pressure at 100◦F. This approach is assumed to be acceptable for

the purposes of fuel screening, which forms the ultimate goal of the methods

proposed in this work to evaluate fuel physical properties.

Name Functional
group

Formula Boiling
Point

RVP Vapor
pressure
@ 100◦F

HOV @
25◦C

n-heptane Alkane C7H16 98.4 12.4 11.1 364.8

Isobutanol Alcohol C4H10O 108 3.3 3.3 692.5

PRF-84 Blend 16% C7H16,
84%C8H18

98.7 N/A 11.6 319.8

◦C kPa kPa kJ/kg

Table 2 Properties of fuels tested in this work as relevant for use in advanced SI
engines [35, 23].
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Fig. 6 Evaporation rate as expressed by the rate of change for diameter-squared as a
function of ambient air temperature for the fuels tested in this work.

4 Results and discussion

4.1 Measurements

Figure 6 shows the evaporation rate expressed as dD2/dt as a function of

ambient temperature for the three different fuels tested in this study. As can

be observed, dD2/dt increases with temperature for all fuels as expected. Fur-

ther, dD2/dt for n-heptane closely tracks that of PRF 84 given that the second

component making up PRF 84 (iso-octane) has a volatility very similar to

that of n-heptane. On the other hand isobutanol has a lower vapor pressure

(Table 2) resulting in a lower evaporation rate for the same ambient tempera-

ture. Figure 6 also shows uncertainty estimates in the form of individual error

bars for each data point. The uncertainty values represent fluctuations when

evaporation rate measurements are repeated for a given fuel at a certain ambi-

ent temperature condition. They are estimated using a Student’s t-distribution

as appropriate for a small sample size for a confidence interval of 95%. They

result from uncertainty induced by the resolution of the imaging setup and

subsequent edge detection techniques. The measured evaporation rate can be
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compared with a predicted value based on calculations using the AS model

at identical conditions. Figure 7 shows the difference between measured and

predicted values as a function of temperature. As observed in Fig. 7, the % devi-

ation decreases for all cases with increase in temperature. This is attributed

primarily to increasing change in droplet size over the course of the observa-

tion period due to higher evaporation rates resulting in lower sensitivity to

error sources.

Fig. 7 Deviation in measured evaporation rate from value predicted by the droplet evapo-
ration model as a function of ambient air temperature.

4.2 Physical property predictions using Scheme I

Table 3 shows the results obtained from Scheme-I calculations using exper-

imental measurements reported in Fig. 6. Predicted values for temperature-

dependent HOV and vapor pressure for the three fuels tested in this work are

presented along with reference values obtained from literature. It should be

noted that data presented in Table 3 and further plotted in Fig. 8 are results

averaged over multiple experimental data sets. Table 3 includes uncertain-

ties calculated using Student’s t-distribution as discussed earlier. Deviation
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reported in Table 3 is computed as the difference between predicted and

reference values.

Figure 8 shows predicted HOV and vapor pressure plotted as a function of

predicted steady-state droplet temperature. Results presented in Table 3 and

Fig. 8 indicate a deviation of 0.1–9% in HOV prediction and 3–21% in vapor

pressure prediction. Reference data are overlaid on the plots for direct com-

parison with the predicted data. As observed in the figure, HOV is relatively

insensitive to temperature. Vapor pressure on the other hand, shows higher

sensitivity and increases with temperature. Figure 8 also shows a higher HOV

for isobutanol, which is also consistent with its lower vapor pressure, given its

lower volatility. Predicted results for n-heptane and PRF 84 closely follow each

other consistent with the similar evaporation rate for both fuels as presented

in Fig. 6.

Fig. 8 HOV and vapor pressure predictions as a function of ambient air temperature for
the three fuels tested in this work.

Figure 9 shows bar charts comparing predictions for HOV at 25◦C and RVP

of the three fuels tested in this work. HOV is obtained by interpolating data

shown in Fig. 8. RVP is assumed to be the same as fuel vapor pressure eval-

uated at a droplet temperature of 37.8◦C (100◦F). However, the ambient air

temperature that corresponds to this droplet temperature is close to 95◦C for

n-heptane and PRF 84, which is outside of the measurement range as shown in
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Fig. 9 Measurement results compared with reference data for HOV at 25◦C and RVP
estimated at 37.8◦C. Both temperatures refer to the fuel temperature.

Fig. 8. The vapor pressure at 37.8◦C is evaluated using the Clausius-Clapeyron

equation (Eq. (11)). The deviation in HOV for predictions as compared to

reference values is observed to be in the range of 2–3%. However, for RVP,

higher deviations are observed in the range of 10–15%. While the source for

the deviations is likely the error in droplet evaporation rate measurement, the

results also signify the sensitivity of vapor pressure to HOV through the use

of the Clausius-Clapeyron equation. As seen from Eq. 11, small errors in HOV

and droplet temperature can lead to large error in vapor pressure due to the

exponential nature of the relationship. This is also illustrated by the results in

Fig. 10 where the % error induced in vapor pressure calculations is correlated

to % error incurred in HOV calculations.

4.3 Physical property predictions using Scheme II

Section 4.2 discussed the use of Scheme I as summarized in Table 1 to estimate

HOV and vapor pressure given measurements of droplet size change as a func-

tion of time during the evaporation process. Currently there are no diagnostics

for droplet temperature measurement. This precludes the use of Scheme-II

with complementary experiments to improve upon the number and quality of

predicted fuel properties as summarized in Table 1. In the absence of experi-

mental data to facilitate this more advanced scheme, numerical tests are carried



Springer Nature 2021 LATEX template

Article Title 25

Fig. 10 Error induced in vapor pressure prediction as a function of error incurred in HOV
calculations.

Fig. 11 Fuel property prediction approach using Scheme-II.

out to illustrate the viability of this scheme to predict unknown fuel prop-

erties. Figure 11 shows the calculation procedure. The Abramzon-Sirignano

(AS) model is used to predict droplet size, velocity, and temperature dur-

ing the evaporation process using as input, physical properties obtained from

reference data sources in the form of empirical equations. Such relationships

were obtained for HOV [35], vapor pressure [29], and diffusion coefficient [11].

Data from these simulations are then used as inputs along with unknown

properties as summarized in Table 1 to perform calculations based on Scheme

II as described in Appendix A. The Scheme employs a solution of Clausius-

Clapeyron and Antoine’s equations based on evaporation simulation results,

to predict unknown physical properties.
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Scheme-II uses droplet temperature measurement, which is otherwise

obtained from the steady-state energy balance equation (Eq.13). This obvi-

ates the need to know the vapor specific heat as an input quantity. Further,

having the droplet temperature measurement allows for use of the Antoine

equation (after estimation of Antoine constants by data-fitting) to find the

boiling point of the fuel. Using the Antoine equation, a differential form of

the Clausius-Clapeyron equation can be employed to solve for HOV, which

can reduce the prediction error as compared to Scheme-I. This also allows for

accurate prediction of both the LJ parameters (σ and ϵ/k). Results for fuel

physical properties obtained from Scheme-II are compared with reference data.

Results from the evaporation model, used as inputs for Scheme-II as illustrated

in Fig. 11 inherently incorporate model assumptions (Section 2), which can be

violated by non-ideal conditions in the actual experiment. Thus the fuel prop-

erty predictions reported through Scheme-II represent a best-case scenario.

Exact validation of the Scheme will require measurements at the specific test

conditions incorporating droplet velocity and temperature measurements.

Calculations are carried out for evaporation of n-heptane droplets at atmo-

spheric pressure while varying the ambient air temperature. All tests use an

initial droplet diameter of 36 µm, with an initial velocity of 0.8 m/s. These

values are consistent with results that are obtained using tests with the cur-

rent droplet generator device. Scheme-II expands upon Scheme-I to predict

diffusion coefficients and the Lennard-Jones (LJ) potential parameters (σ and

ϵ). Diffusion coefficient represents temperature and pressure dependent binary

mass diffusion coefficients, which can be used to compute evaporation mass flux

along with a concentration gradient. LJ parameters help define the LJ inter-

action between molecules through the intermolecular potential function [19].

The species-specific LJ parameters are extensively used in determination of
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transport properties as transport processes are driven by momentum exchange

between particles [38, 18]. Table 4 summarizes the test conditions used for

Scheme II, which are categorized as cases from A–F, with varying ambient air

temperature. Table 4 also shows outputs from the evaporation model, which

are then used with known fuel properties, in Scheme-II to obtain unknown fuel

property predictions as shown in Fig. 11. Droplet temperature, evaporation

rate, and velocity decay rate are all reported at the steady-state condition,

defined as when the droplet temperature reaches equilibrium and net heat

transfer into the droplet is approximately zero. The increase in velocity decay

rate observed in Table 4 is due to an increase in drag coefficient resulting from

a decreasing Reynolds number associated with a faster evaporation rate.

Calculations for Scheme II are pursued with the initial conditions described

in Table 4 using the algorithm detailed in Appendix B.1. Table 5 summarizes

the results obtained from the calculations. Table 5 shows temperature-

dependent predictions for HOV, vapor pressure, diffusion coefficient, and LJ

parameters (σ and ϵ/k), along with reference values and prediction error

percentage. As can be observed, HOV and vapor pressure predictions, using

Scheme-II, show considerable improvement as compared to Scheme-I results

in Table 3. Deviations in predictions are observed to be 0.3–2% for HOV and

0.01–1% for vapor pressure. Diffusion coefficients are predicted within 0.6–2%

and deviations in LJ parameter predictions are within 8% for both σ and ϵ/k.

The improvement in Scheme-II predictions primarily arise from the ability

to use droplet temperature data as obtained from the simulations to evalu-

ate coefficients in the Antoine’s equation and subsequently use the differential

form of the Clausius-Clapeyron equation to predict HOV resulting in lower

deviations from the reference value.
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5 Conclusions

The need for small-volume, high-throughput, physical property screening tech-

niques for evaluation of bio-blendstocks with potential to be used as blending

components with conventional fuels has motivated the development of droplet

evaporation-based property measurement techniques. Evaporation measure-

ments of single droplets at controlled ambient conditions is used in conjunction

with transient, zero-dimensional droplet evaporation models and input values

for known physical properties to determine unknown properties. This includes

temperature dependent heat of vaporization and vapor pressure. Using the

Abramzon-Sirignano droplet evaporation model, two different schemes are pro-

posed, which utilize progressively increasing number of input measurements to

generate correspondingly higher number of property predictions. The baseline

Scheme-I requires the droplet evaporation rate, while Scheme-II additionally

requires droplet velocity and droplet temperature. Scheme-II provides predic-

tions for diffusion coefficients and Lennard-Jones potential parameters, σ and

ϵ/k in addition to heat of vaporization and vapor pressure.

A droplet generator-based setup implemented in a temperature-controlled

chamber is used with high-resolution imaging to measure droplet evaporation

rates for various liquid fuels including n-heptane, isobutanol, and PRF 84

which is a blend of 84% iso-octane with 16% n-heptane. Evaporation rates

are used with the Scheme-I algorithm to predict temperature-dependent HOV

and vapor pressure for all three fuels. Deviations of 0.1–9% and 3–21% are

observed for predictions of HOV and vapor pressure respectively as compared

to reference data from literature. Deviations for both properties are found

to decrease with increasing temperature owing to reduced error in measured

droplet evaporation rate given the larger size change, as well as improvements

in the prediction algorithm performance. The use of the Clausius-Clapeyron
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equation is found to make error in vapor pressure predictions highly sensitive to

error in HOV calculations. Temperature-dependent HOV and vapor pressure

predictions are interpolated to find HOV at 25◦C and the Reid vapor pressure

(estimated as vapor pressure at 37.8◦C). Predictions show an overall deviation

of 2–3% for HOV and 10–15% for RVP.

Lacking droplet temperature measurements, Scheme-II is evaluated numer-

ically by using input values generated by droplet evaporation models to carry

out the algorithms and make physical property predictions. The availability

of droplet velocity and temperature for Scheme II, along with elimination

of experimental droplet evaporation rate errors, and use of the Clausius-

Clapeyron equation in a differential form is found to have a strong influence on

error in property predictions. Deviations in property predictions are reduced,

with Scheme II calculations predicting HOV and vapor pressure with devia-

tions of 0.3–2% and 0.01–1% respectively. Further, diffusion coefficients and

LJ parameters are predicted within 5% and 8% respectively.

Overall, the proposed algorithms in conjunction with experimental mea-

surements show the viability of using droplet-evaporation based techniques for

small-volumeO(µl), high-throughputO(ms) screening tools for down selection

of liquid fuels on the basis of physical properties relevant to in-cylinder engine

processes. Performance of current schemes can be considerably improved by

reducing droplet evaporation rate errors through use of larger droplets as well

as higher-resolution imaging techniques. Finally, Scheme-II has the potential

to reduce the number of inputs required for property prediction as well as

increase the number and accuracy of predictions. Scheme-II, which has been

numerically validated in the present work will be evaluated using experimen-

tal techniques in future work by incorporating diagnostics for droplet velocity

and temperature measurements.
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Appendix A Property definition

Sh∗ = 2 +
(Sh0 − 2)

FM
; Nu∗ = 2 +

(Nu0 − 2)

FT
(A1)

Sh0 = 1 + (1 +ReSc)1/3ϕ (Re) ; Nu0 = 1 + (1 +RePr)1/3ϕ (Re) (A2)

F(T,M) = (1 +B(T,M))
0.7 ln

(
1 +B(T,M)

)
B(T,M)

(A3)

where ϕ (Re) = 1 for Re ≤ 1 and ϕ (Re) = Re0.077 when 1 < Re ≤ 400

The fuel vapor mass fraction of the film and its temperature are evaluated

based on ’1/3 rule’ recommended in the work of Yuen and Chen [36] given by,

T̄f = Ti +
(T∞ − Ti)

3
; ȲF = Yi +

(Y∞ − Yi)

3
(A4)

For the simulations, which provide input to Scheme-II, the empirical

diffusion coefficient Eqn.A5 defined in the work of Fuller et. al [11] was

employed.

χ̄fc =
0.00143T̄ 1.75

f × 10−4

P∞M0.5
fc

(
ζ
1/3
c + ζ

1/3
f

)2 (A5)

where ζ is the diffusion volume, evaluated based on sum of element wise

contributions. For the present study, the diffusion volume for air ζc = 19.7 and

diffusion volume of n-heptane vapor, ζf = 148.2.

Similarly, the temperature dependent HOV of n-heptane is defined based

on the handbook of Yaws [35], given by

HF = (Av(1− Ti/Tc)
nv )× 106/MWF ; (A6)
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where, for n-heptane, Av = 49.73, Tc = 540.26, & nv = 0.360. The tem-

perature dependent vapor pressure is evaluated by Antoine equation given

by,

log10 (Pvap) = A− B

(C + Ti − 273)
(A7)

where, for n-heptane, A = 4.0404, B = 1263.909, C = 216.432.

The vapor phase thermal conductivity was defined based on the work of

Chung et. al [29], expressed as,

kF =
µF 3.75ψRu

MWF
(A8)

ψ = 1 + α

[
(0.215 + 0.28288α− 1.061β + 0.2665Z)

(0.6366 + βZ + 1.061αβ)

]
(A9)

where α =
Cv

R
−1.5, β = 0.7862−0.7109ω+1.3618ω2 and Z = 2.0+10.5

Tf
Tc

.

Tc represents the critical temperature of the fuel and ω refers to the accentric

factor of the fuel. For fuel vapor specific heat and viscosity, fourth order and

third order polynomials of temperature are respectively employed, with the

material specific polynomial coefficients listed in the work of Poling et. al [29]

and Yaws et. al [35]

Appendix B Algorithm for Scheme-II

The pertinent steps of the Scheme-II algorithm are listed below:

1. Using the droplet temperature, experimental data and property inputs as

listed in Table. 1, the governing equation for droplet velocity is utilized

to solve for interface fuel vapor mass fraction YFi. Accordingly, Eq. 3 is

interpreted as an implicit function of YFi and Ti, as shown below:
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du

dt
+

3CDρ̄f
8Dlρl

(u− u∞)2 − g0

(
1− ρ̄f

ρl

)
= E(YFi, Ti) = 0 (B10)

The above equation can be solved for unknown interface mass fraction

YFi, using any standard root finding technique.

2. The interface mass fraction (YFi) is utilized to find the instantaneous vapor

pressure of the droplet, which is defined as

Pvap = P∞

{
YFiMWc

MWF + YFi(MWc −MWF )

}
(B11)

whereMW is the molecular weight of carrier gas (subscript ’c’) and fuel

(subscript ’F’).

3. Using the interface mass fraction and temperature, the mass balance

equation Eq. 6 is solved for the unknown film diffusion coefficient χ̄fc, which

is expressed as:

χ̄fc =
ṁ

πρ̄fDlSh
∗ln(1 +BM )

(B12)

4. The above steps are repeated for experiments with different carrier gas

temperature. The resulting equilibrium droplet temperature for each exper-

iment and vapor pressure, evaluated from the Step.2 , are employed to find

the Antoine constants (A,B, &C) for the tested liquid, by fitting Antoine

equation to the experimental data, expressed as,

log10 (Pvap) = A− B

(C + Ti − 273)
(B13)

5. Using the Antoine constants in Antoine equation Eq. B13, the boiling point

(Tboil) of the tested liquid can be determined. Also, HOV can be determined

by using the differential form of Clausius Clapeyron equation, given by
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Eqn. B14, instead of Eqn. 11, which can improve the accuracy of HOV

predictions.

dPvap

dT
=
PvapHF

T 2Rv
(B14)

6. The predicted diffusion coefficients, for each experiment, is used to evaluate

the Lennard Jones parameters, using the following empirical definition for

diffusion coefficient, based on the work of Wilke and Lee [33].

χ̄fc =
[3.03− (0.98/MW 0.5

fc )](10
−7)T̄

3/2
f

P∞(MW 0.5
fc )σ

2
fcΩD

(B15)

where,

MWfc = 2

[
1

MWF
+

1

MWc

]−1

σfc =
(σc + σF )

2

The subscript ’c’ represents the carrier gas and ’F’ represents the fuel

vapor. Ωd represents the collision integral, in terms of Lennard Jones

parameters (σ, ϵ), given by:

Ωd =
A

(T ∗)B
+

C

exp(DT ∗)
+

E

exp(FT ∗)
+

G

exp(HT ∗)
(B16)

where,

T ∗ = kbT/ϵfc A = 1.06036 B = 0.15610

C = 0.19300 D = 0.47635 E = 1.03587

F = 1.52996 G = 1.76474 H = 3.89411
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ϵfc = (ϵcϵf )
0.5

The two Lennard Jones potential (σ, ϵ) parameters are evaluated by non-

linear fitting of Eq. B15 on the diffusion coefficient predictions obtained

from Step. 5 of the current algorithm. Using the Boiling point Tboil evaluated

in Step.5 of the present algorithm, based on the work of Wilke and Lee

[33], one of the Lennard Jones Parameter can be defined as
ϵ

kb
= 1.15Tboil.

Using this definition for
ϵ

kb
, the diffusion coefficient equation Eq. B15 can

be used only to evaluate one of the Lennard Jones Potential (σ), which is

observed to improve the prediction accuracy.
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