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Project Overview, Approach, and Accomplishments

The objective of this effort is the development of computational models for the reliable prediction of the primary breakup
and droplet evaporation of multicomponent reference fuels. Currently, the prediction of primary breakup relies exclusively
on phenomenological models that have been derived from linear stability arguments. While these models provide a rudimen-
tary representation of liquid inertia, surface tension, and aerodynamic and viscous forces, these models are not predictive
and rely on empirical input parameters. In addition, the gas-fuel deposition and the evaporation rate of the liquid fuel criti-
cally affect the ignition, the flame-stabilization, and the pollutant formation. However, the evaporation process requires the
consideration of intra-droplet processes, the gas-phase transport at the droplet boundary, and the description of the droplet
interface for subcritical conditions. Since the reference fuels consist of different components, covering a wide range of
vaporization conditions, a multicomponent evaporation formulation is required.

The overall objectives of the proposed research are:
@ Develop surrogate representations for multicomponent fuel-evaporation of the three reference fuels
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(i) Develop and implement multicomponent evaporation model into Lagrangian particle model

(iii) Perform parameter simulation to assess effects of spray-evaporation on combustion, flame stabilization, and
flame structure

(iv) Perform LES simulation of RTS and RGTC. Compare modeling results against experiments and evaluate capability

of currently employed phenomenological RT/KH breakup models.

Task: Modeling of multicomponent droplet evaporation

Introduction

Computational approaches to multicomponent droplet evaporation introduce challenges in generalizing to arbitrary fuel
blends due to the vast number of assumptions that are being introduced to describe evaporation and composition. Some
models [3] simplify on the computational cost by using a distribution-weighted average of component properties without a
physical justification for the choice of the distribution. Other methods [2,3,6,11] arbitrarily generalize existing physical
property correlations to fractional carbon numbers. In addition to this, current literature is restricted to specific families of
components which is an infeasible approach for aviation fuel blends which not only have a high species count but also
contain components belonging to widely different families of organic compounds. This motivates a generalized approach
where the lack of experimental data is taken to be inevitable and physical properties must be calculated from first principles.

Measurements from distillation and chromatography provide information regarding the molecular weight and functional
groups present in compounds, constituting a particular fuel blend. The results presented utilize the fuel descriptions pro-
vided in [12]. Also, [1] and [4] describe methods to estimate physical properties of a compound based on the functional
groups present in it. To evaluate how suitable the above methods are in calculating multicomponent fuel evaporation char-
acteristics, we need to utilize a highly accurate evaporation model. UNIFAC [5] is a method used to calculate interaction
coefficients and is also based solely on the functional groups present in each component. Note that the method described
in [1] is compatible with the UNIFAC model and thus enabled the two to be coupled in the simulation code used for obtaining
results. Preliminary evaporation studies have been performed on Jet-A and JP-8.

Basic Equations and Approximations

A computational study was performed using the UNIFAC non-ideal evaporation model. Despite the usage of an interpreted
language (MATLAB), runtime is of the order of a second for droplet evaporation in fixed ambient conditions, making it a
feasible candidate for other codes like reactive flow solvers which utilize an evaporation module. The focus in the following
section will however be only on evaluating the effectiveness of this group contribution method in predicting droplet evapo-
ration characteristics of fuel blends.

The evaporation rate is calculated on a per-component basis. A one-dimensional version of this equation is presented in [6]
and is commonly referred to as DCM (Discrete Component Model). The current approach is also the multicomponent model
implemented in ANSYS Fluent.

The evaporation rate is calculated on a per-component basis. A one-dimensional version of this equation is presented in
[6] and is commonly referred to as DCM (Discrete Component Model). The current approach is also the multicomponent
model implemented in ANSYS Fluent.
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where ris radius of the droplet, MW is the molecular weight of species and ke is the mass transfer coefficient,
which in turn is given by

k. = (Sh)(D;)/2r @
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where Sh is the Sherwood number (can be expressed as a function of Reynolds and Prandtl number), D is the

diffusion coefficient of species i. Also, for a droplet temperature Td, the concentration of species at the surface C'i-,s
is evaluated as

Ci,s = 'Yixfipsat,i/RTd 3)

where p,,. is the saturated pressure, y, is the activity coefficient, and x; is the mole fraction of species. Similarly, C.
stands for the far-field equilibrium concentration of the droplet species in the gas phase.

The change in temperature is calculated using the following equation.

dt - e " MdcCl,m

dT dméL _ 27 (Nw)kair(Tamp — T)

4)

where Lv,i is the latent heat of evaporation, Nuis the Nusselt number (which can also be expressed as a function
of the Reynolds and Prandtl number), Kair is the thermal conductivity of the surrounding medium (air in this case), Tamb
is the ambient temperature, md is the mass of the droplet and c/ is the mole fraction weighted average liquid specific
heat capacity of the drop. Time integration was done using 'ode23’ since the equations are stiff, especially as temperature
of drop approaches the ambient temperature. The Prandtl number was assumed to be a constant, with a value of 0.7
and the following correlations from [7] have been used for calculating the Nusselt and Sherwood numbers:

0.555Re%-5 Prt/3
1+ 1.232(RePr4/3)0.5 (5)

Nu=2+

Sh =2+ 0.6Re’5 prl/3 (6)

One of the key ideas we present is to use UNIFAC to calculate the activity coefficient . This quantityds a function of
the entire mole fraction vector and thus makes this a non-linear problem. In addition to this, we require the physical
properties as functions of temperature based only on the knowledge of functional groups and this is achieved using
group contribution method [5], which also bases itself on the same functional group definitions as UNIFAC.

There is no known accurate method to estimate binary diffusion coefficients using the primary and secondary functional
groups of [1]. For this purpose, the method due to Lee and Wilke [8] is used which yields D; as a function of the Van der
Waals Radius. An intermediate step for calculating the collision integral Qp is from [9]

A N C N E N G
C(T*)B " exp(DT*)  exp(FT*)  exp(HT*) @)

Qp

where 17 = ¢/kpT

f\(‘. ) l,'b
UNIFAC is based on splitting the activity coefficient calculation into a combinatorial (7i) and residual component ().
Both contributions are totally determined by the three parameters, viz., group surface area parameter J2, group volume
contribution @ and the binary interaction parameter which is related to the interaction energy.

AT

412



FAA CENTER OF EXCELLENCE FOR ALTERNATIVE JET FUELS & ENVIRONMENT

1.2 . . ; :

) - - Surrogate
d —Full Simulation| |
dg o Experiment

0.8}

0.6}

0.4}

0.2} RN

0 \ . % S
0 002 0.04 0.06 0.08 0.1
Time (s)

Figure 2: Comparison between quiescent Jet-A experimental evaporation data [2], computational results from group con-
tribution using UNIFAC activity coefficients utilizing the full and surrogate (Jet A POSF 4658 2" generation) description
presented in [12,16]. Initial droplet diameter = 100um, ambient temperature is 800K, initial droplet temperature = 298 K
and ambient pressure = 1 bar

Figure 2 shows reasonable agreement between experimental data and the proposed method for evaporation calculations.
Further relaxation of assumptions is possible and since Jet-A predominantly consists of non-polar molecules, the same sim-
ulation was run with both non-ideal and ideal model, the latter just assumes an activity coefficient of 1 for every component.
An error of 0.8% was observed in the evaporation time for the same case. Thus, it is suggested that an ideal evaporation
model be used when computational cost is a constraint.
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Figure 4: Computational results for 3-component gasoline evaporation surrogate[11] from group contribution using ideal
evaporation with 3-quasicomponent model data [11]. Initial droplet diameter = 20pm, ambient temperature = 450K, initial
droplet temperature = 298 K, ambient pressure = 3 bar, relative velocity = 10m/s
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P. Govindaraju, Q. Wang, and M. lhme, Multicomponent Droplet Evaporation using Group Contribution Methods with Appli-
cation to Fuel Blends, presented at 9th U. S. National Combustion Meeting Organized by the Central States Section of the
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Fuel Injection and Atomization of a Hybrid Air-Blast Atomizer.” To be presented at AIAA SciTech Meeting, San Diego, Janu-
ary 2015.
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