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Numerical Investigation on Shape Impact of Deformable Droplets on
Evaporation and Combustion: Method Development and Character-

1zation

Meha Setiya

(ABSTRACT)

Inspired by the dilute spray regime in spray combustion, this dissertation explores the evapo-
ration and combustion of an isolated droplet. Under a highly convective environment inside a
gas combustor, due to imbalance of inertial and surface tension forces, the droplets of larger
size in sprays exhibit notable deformations from spherical to non-spherical shapes. Such
shape changes are generally observed but not quantified in experimental studies. Therefore,
the effect of this deformation on droplet combustion dynamics is unknown yet. To bridge
this gap, a comprehensive investigation of an isolated freely deforming droplet can be in-
sightful as it can reveal more about the interaction of droplet shape with its evaporation and
combustion. This work attempts to analyze and quantify the impact of such deformations
on evaporation and combustion using interface-capturing Direct Numerical Simulation ap-
proach.

With the focus on small-scale processes involved in evaporation as it is a pre-step for combus-
tion, this dissertation first covers a thorough examination on evaporation of a deformable
droplet under both natural and forced convection. A single component jet-fuel surrogate
n-decane is chosen. To ensure that the droplet remains stationary through out its lifetime,

a novel numerical method called “gravity update method” is developed and implemented.



The results obtained from these two separate studies are validated against experimental re-
sults and analytical correlations respectively. The findings from the investigation of droplet
evaporation under forced convective flow at moderate Reynolds numbers are noteworthy.
The droplet shape under such flow conditions is governed by Weber number (We) which
is a ratio of inertial force to surface tension force. The results demonstrated upto 20% en-
hancement in total evaporation rate for highly deformed droplets. This improvement is a
net results of increased droplet surface area and alteration in the distribution of local evap-
oration flux (ni” ). Tt is found that m” is proportional to its curvature up to the point of
flow separation which agrees with low Re theories on droplet evaporation by Tonini and
Cossalli (International Journal of Heat and Mass Transfer 2013), Palmore (Journal of Heat
Transfer 2022). Beyond the flow separation point, evaporation flux distribution depends on
the boundary layer development and flow evolution downstream of the droplet. For highly
deformed droplets, a larger wake region creates favorable fuel vapor gradients and promotes
mixing in droplet wake, hence higher evaporation flux.

Such positive impact of droplet deformation on total evaporation rate motivated further
investigation on droplet combustion under a low Reynolds number convective flow. High
pressure and temperature gas flow leads to Damkohler number is higher than 1. This fa-
vors the generation of envelope type flame. The results show overall little sensitivity to
combustion related parameters despite the droplet shape change and significant (upto 9%)
enhancement in total evaporation rate. It is also noted that while burning, droplets do not
reach critical deformation conditions and break-up even beyond the critical Weber number,
suggesting the suppression of deformation due to faster evaporation rate.

The findings presented in these studies provide substantial evidence for the interaction be-
tween droplet shape and flow dynamics. Therefore, it demonstrates the potential for enhanc-
ing the existing numerical models and analytical correlations by accounting the influence of

droplet shape.
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1zation

Meha Setiya

(GENERAL AUDIENCE ABSTRACT)

This work is inspired by the spray combustion in gas turbines where the pressurized liquid
fuel jet is injected in the combustion chamber and converts into dilute sprays after under-
going series of processes. Due to the presence of higher air to fuel ratio for the these spray
droplets, they become the localized combustion sites with rapid evaporation rates. Under-
standing the evaporation of these droplets becomes crucial, as it sets the stage for their
subsequent combustion. In attempt to understand this chemically and fluid-dynamically
complex phenomenon, abundant experimental studies are available with focus on overall
atomization process and velocity field evolution. However, they lack in resolving the small-
scale processes which govern the evaporation, therefore combustion.

With the intent to investigate in detail about the combustion aspect, this problem is reduced
to analyzing behavior of isolated droplets. Despite the sophisticated measurement technolo-
gies particle-scale processes such as temperature and species mass fraction evolution are yet
unknown. Moreover, majority of these studies are performed with simplifying assumptions.
assumption has been that the droplet remains spherical throughout its lifetime. However, in
practical applications, particularly when exposed to convective and turbulent environments,
droplets can undergo significant deformation due to presence of inherent surface tension of

liquid. This deformation can influence their evaporation and burning rates. Additionally,



the droplet’s shape governs the flow field around it, potentially altering droplet-droplet in-
teractions.

Direct Numerical Simulation (DNS) approach is one of the numerical methods which can re-
solve both the phases. It offers a promising approach to reveal these small-scale details, such
as droplet shape, vapor and temperature field around a droplet, droplet-droplet interaction,
droplet motion etc. With the aim to bridge this gap, this dissertation focuses on the study

of evaporation and combustion of an isolated deformable droplet under various conditions.
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Chapter 1

Introduction

1.1 Motivation

The age of industrial revolution started with the invention of internal combustion engine.
With the advancement of time, engineers have devised several applications of fuel combustion
used in a wide range of industries such as metal industry, glass and ceramic industries, power
generation in marine, land-based (automotives) and aviation segment. Different types of fuels
such as diesel, petrol (gasoline), Compressed Natural Gas (CNG), Liquified Petroleum Gas
(LPG) and biofuels are used in a variety of applications based on their respective requirement
[2, 11]. Under the favorable temperature and pressure conditions, these fuels oxidize and
release energy which is utilized in various applications. The extent of oxidation of these fuels
governs the efficiency of combustion. This further controls the type and level of emissions
and the overall quality of combustion. These emissions include carbon dioxide (CO,), carbon
monoxide (CO), NOx, particulate matter with the diameter equal to and less than 2.5um
(PM2.5), Polycyclic Aromatic Hydrocarbons (PAHs), Volatile Organic Compounds (VOCs)
[4]. The rising demand of controlled emissions due to visible climate change has created the
need to conduct extensive research on the factors that affect the quality of the combustion
process. An in-depth understanding of the combustion phenomenon can open avenues toward

development of more efficient and environment-friendly engines.

Specific to the aviation and automotive industry, liquid fuels are generally used due to their



higher calorific value, compact energy densities, and ease of storage [39]. In order to burn
the fuel efficiently, the pressurized liquid fuel jet is injected through a small orifice into hot
pressurized air inside combustion chamber. As described by Reitz [81], the liquid jet exposed
to these conditions starts breaking up into larger stretched liquid ligaments in the primary
breakup zone. The separated fluid ligaments further break into relatively larger size droplets
where the surface tension and inertial stresses compete against each other. This regime of
droplet formation is generally called as secondary breakup zone. The larger droplets continue
to subdivide further until they are small enough to sustain their shape in turbulent flow.
This regime is known as dilute sprays. A pictorial representation of the jet breakup and

various regimes is adapted from Roth et al. [85] and shown in Fig. 1.1.

Typically, the dense spray regime covers the primary and secondary breakup zone (spray
formation region) and some part of the spray region Fig. 1.1. A typical length scales in
this regime are of the order of nozzle diameter in millimeters. This regime has always been
difficult to study experimentally [58]. As highlighted in a review by Masri [58], one of the
key issues in this regime is to resolve the structure of the liquid filaments and mass depletion
rates from the liquid core. This means capturing the three dimensional shape of the liquid
fragments along with the velocity field is a difficult task. Despite of using very sophisticated
imaging techniques such as planar laser-induced fluorescence (PLIF)[42], the large optical
depth due to the liquid core and the dense cloud in the spray region makes the capturing
of 3-D nature of flow intractable [51]. Therefore, the majority of the experimental and a
few numerical studies [19] mainly focus on the global characteristics of this regime. Some
of these characteristics are the velocity field, penetration length, the spray cone/spreading

angle and interaction of jet with the wall.

In dilute spray regime, the liquid volume loading is generally less than 1% [21]. This suggests

low droplet-droplet interaction i.e. droplet collision and coalescence. Moreover, the size in
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Figure 1.1: Process of jet breakup [85]

dilute spray regime varies from a few micrometers to thousands of micrometers [48, 98].
These droplets in dilute spray regime become local sites where the evaporation rates are faster
due to higher air to fuel ratio and turbulence. The turbulence in air-fuel mixture helps in
accentuating the chemical and transport processes and the vapor envelope is formed around
these droplets [38]. The presence of high temperature compressed air inside combustor

favors the initiation of combustion at these local sites. Depending upon the group number



G developed by Chiu et al. [15] the mode of combustion: individual or group combustion in

a cloud of droplets is determined.

The combustion research community has shown a keen interest in this regime due to its
comparative simplicity in contrast to the dense spray regime. Due to minimum droplet-
droplet interaction, this regime is generally reduced to study of an isolated droplet approach
such that the focus remains on the droplet evaporation, mixing and its interaction with
the external flow. Within the dilute spray regime, although the larger droplets are fewer
in count, they contribute to the major portion of the spray mass as this scales with the
cube of droplet diameter. For example, the volumetric contribution of a single droplet of
d = 1000 um is equivalent to 10° times of small droplets of size d = 10 pum. Because of
this fact, the mean droplet diameter by mass is significantly larger than the mean particle
diameter (as seen in [48]). Moreover, the overall evaporation behavior of the large droplet is
different from the small droplets. For example, experimental study by Verwey and Birouk
[110] showed that the evaporation of small droplets or the droplets of a size approaching
the Kolmogorov length scale stay unaffected by the presence of turbulence in a zero mean
velocity flow. However, the evaporation of the large droplets is enhanced by the turbulent
environment even in zero mean velocity. Furthermore, based on the fundamental d? law
[108], large droplets evaporate faster than smaller droplets due to proportionality between
the total evaporation rate and the size of droplet. Hence, the presence of higher fuel-vapor
in the vicinity of these droplets, they become the rate limiter for combustion [22]. Therefore

an improved understanding of these droplets is important.

Essentially with greater simplifications, a broad level of understanding about evaporation
and combustion of isolated droplets have been developed. Experimental studies such as
23, 26, 41, 44, 46, 62] cover the droplet evaporation under various ambient conditions. Even

with a wealth of results available in this regime, the intricate small-scale dynamics of the flow



still remains unknown. As highlighted in the reviews by Jenny et al. [38], Masri [58], the scalar
flow field (i.e. the temperature, vapor-mixture mass fraction field) is a challenging task from
the experiment point of view. Besides these two scalar fields, non-spherical droplet shapes
are observed during many of the experiments such as [9, 27, 34, 88]. However, the influence
of droplet shape was never focus of those studies. The analytical and numerical approach can
help in gaining insights about these small-scale dynamics. Some noteworthy studies using
analytical approach [3, 47, 105, 106] and numerical approach [32, 90, 115] demonstrate the
potential of exploring this domain in further detail. The subsequent chapters will provide a
comprehensive discussion of the existing literature relevant to different problem statements

covered under this dissertation.

In a broader context, the numerical approaches to solve multiphase flows can be catego-
rized as Eulerian-Eulerian, Eulerian-Lagrangian and Fully-resolved simulations. In case of
dispersed flows, the first two categories consider the droplets as point-sources, therefore not
reesolving the internal flow. A detailed discussion on the numerical approaches for solving
multiphase flows is covered in Chapter 2. Out of these numerical approaches, Direct Nu-
merical Simulation (DNS) is based on fully-resolved approach. DNS involves solving the
dynamics of flow using first principles i.e. conservation of mass, momentum and energy.
This means that DNS can resolve all the spatial and temporal scales of the flow, capturing
all the small-scale details without relying on assumptions or turbulence models. As described
by Sirignano [98], a true direct numerical simulation approach which can resolve both liquid
and gas phases with distinct liquid-gas interface can be helpful in simulating these type of
flows. Such frameworks based on different methods for fully-resolved simulations have been
developed recently [63, 69, 86, 89].We are utilizing a framework based on Interface-capturing
approach using Volume of Fluid method for phase-changing flows [69] in this work. Chapter 2

covers the details about it.



1.2 Scope and Organization of the Dissertation

With the emphasis on large droplets, this dissertation focuses on the study of droplet evap-
oration and its combustion in various ambient gas environment using direct numerical sim-
ulation. Due to the presence of convective flow conditions inside the combustion chamber
[16, 79], an imbalance of inertial forces and surface tension exists. This can be characterized

using a non-dimensional number called “Weber number” [54], defined as

2
we — PcUrado (1.1)

o

For a fixed Reynolds number (ratio of inertial force to viscous force Re = "G%“do)

, small
droplets will have higher surface tension due to higher curvature and small Weber numbers.
Hence, they tend to remain in a nearly spherical shape. However, the larger droplets will
have a higher Weber number making them more susceptible to deformation from spherical
to non-spherical shape [57]. As mentioned previously, such deformed (ellipsoidal) shapes
were observed during experiments but the explicit effect of shape change was not accounted,
considering the droplet to be a spherical “non-deforming” particle [41, 44, 76]. Therefore,
it can be hypothesized that the normalized area of deformed droplet (A;/Ag) depends on
We, Re.

j—z = f(We, Re) (1.2)

Here, Ay is the initial surface area of the droplet.

Considering the droplet shape to be spherical throughout its lifetime, a traditional heat-

transfer model for quasi-steady droplet evaporation [3] can be written as follows,

Nu = f(Re, Pr,B) (1.3)



Here, Nusselt number Nu, Prandtl number Pr = ug cpg/ke is and Spalding heat transfer

number B = c¢pg(Te — I1)/hyq.

In general, the geometrical features of the object immersed in ambient flow impact the flow
development around it [101, 102, 113]. This, in turn, alters the momentum transfer between
the object and ambient flow, affecting the boundary layer development. This highlights the
importance of considering the object’s shape when analyzing flow dynamics in a broader
context. Intuitively, this phenomenon carries a greater importance and increased complexity
in case of evaporating/combusting droplets. The existence of temperature and fuel-vapor
gradients between the cold droplet and hot ambient air involves both heat and mass transfer.
Therefore, based on this knowledge, it is hypothesized that the droplet deformation will have

a relationship with heat and mass transfer. It can be written in the following form,

Nu = f(Re, Pr,B,We) (1.4)

To test this hypothesis at first, we study the evaporation of a deformable droplet under
various convective inflow conditions. These inflow conditions are generally described by
inlet velocity profile (uniform or non-uniform flow) and its magnitude [5] along with the
thermophysical properties such as pressure and temperature. The impact of inlet velocity
magnitude and thermophysical conditions on the evaporation of non-deformable droplet is
well understood both theoretically and experimentally. Many of the experimental studies on
the droplet evaporation consider the droplet to be of spherical shape for its entire lifetime
[83, 119]. Hence, such interaction of droplet deformation and inlet flow has not been explored
for the evaporation problem yet. Therefore, to quantify the effect of droplet shape on its

evaporation, a detailed DNS study is performed and covered under Chapter 4.



The second objective is to investigate the evaporation of deformable droplets under natural
convection. The presence of temperature gradient between hot (evaporating) droplet and
cold ambient air generates a natural convection current due to variable buoyant forces.
Moreover, the strength of this buoyancy driven flow can be enhanced by the gravity field.
The impact of natural convection is generally ignored when the droplets are exposed to
flow with forced convection [88]. However, in the absence of forced convection, such flow
development around the droplet can have significant impact on the droplet evaporation time
[12, 31, 111]. Therefore, Chapter 5 investigates the droplet evaporation under buoyancy

driven flows.

The third objective of this work is to extend the effect of droplet shape on its combustion.
The motivation here is to analyze the complex relationship between change in evaporation
rate due to droplet deformation and its effect on the combustion parameters such as flame

shapes and their area evolution. This is covered under Chapter 6.

To fulfill these objectives, a numerical framework built upon an in-house code is utilized. The
details of this framework along with a general approach to solve multiphase flows is covered
under Chapter 2. Furthermore, to minimize the droplet movement, a non-intrusive method to
suspend the droplet is developed under this work which is discussed in Chapter 3. The results
from these fully-resolved simulations can contribute towards an improved understanding
of the small-scale combustion dynamics. This understanding is hoped to be utilized for

enhancement of existing numerical models for droplet evaporation and combustion.



Chapter 2

Numerical Framework

2.1 Introduction

Before diving into the details of numerical framework used in this work, a brief discussion
on multiphase flows and the existing numerical approaches are discussed here. The intent

here is to present a short and overall review about approaches to solve the multiphase flows.

2.1.1 Multiphase Flows and their Applications

As the name suggests, a multiphase flow involves more than one phase in a system. These
phases can be both thermodynamically and fluid-dynamically different. Multiphase flows are
omnipresent and observed in our daily lives such as water-air flow over the ocean surface,
rain drops in air, sediment transport in river and many more. General industrial applica-
tions of multiphase flows are bubble column reactors, fluidized beds, stirred tank reactor,
humidification devices, sprays in combustion, soot formation from the exhaust to name a
few. Depending upon on the type of phases, the multiphase flows can be categorized as gas-
liquid, liquid-liquid, gas-solid or three-phase. Classic two-phase system is shown in Fig. 2.1
and this pictorial representation is adapted from Sommerfeld [99]. This two-phase system
can be classified as transition flow shown in (a), stratified/separated flow shown in (b),

dispersed flow shown in (c).

One of the complexities of multiphase flows is the presence of various regimes of the same
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Figure 2.1: Different regimes of multiphase flow [99]

two phases at different conditions. For example: In oil-industry application, the two phase
oil-water flow in a vertical pipe can go into various regimes depending upon the relative
velocities between these phases. These regime are, dispersed water bubbles in oil flow, plug
flow where big stretched water bubble is build and travel across the pipe, the chaotic churned
flow, the annular flow flow where water displaces the oil in the core region and oil is near
the wall [30]. This is one of the well known examples of multiphase flows to demonstrate

the inherent complexities in solving such flows.

2.1.2 Challenges in Multiphase Flows

From the computational point of view the system equations need be solved in all phases
in contrast to single-phase flow. Moreover, due to the presence of multiple phases, the
phase-interaction at the interfaces need to be accounted accurately. In the above given
example of oil-water flow in a vertical pipe, it is clear that the interface between two phases

changes with time as well as with the flow conditions. Moreover, for a particular regime



of flow, there is phase-interaction at the interface which needs attention in order to solve
the system accurately [10]. In addition to this, such phase-interaction becomes further
complex when phase-change is occurring. The combination of solving flow for various phases,
tracking/resolving the interface and accounting for the phase-interaction makes these kind

of flows difficult to solve numerically [87].

2.1.3 Dispersed Flows

As the focus of this dissertation is on isolated liquid droplet evaporation in gaseous environ-
ment, our discussion here is limited to dispersed flows. These type of flows involve a disperse
phase such as bubbles/droplets/solid particles which are randomly scattered in a continuous
phase such as air or water. Based on the inter-particle spacing and volume loading, dis-
persed flows can be identified as dilute dispersed flows or dense dispersed flows. Another
way of categorizing such flows can be based on Stokes number which is a ratio of particle
response timescale to flow timescale. One example of the dilute dispersed flow can be dilute
spray regime in the combustion chamber where the liquid volume loading is less than 1%.

Whereas, the dense dispersed flows are mostly seen in the application such as fluidized bed.

Methods to Solve Dispersed Flow

The approach to address the dispersed multiphase flows varies depending on the specific
characteristics of the problem and the scale of analysis required. For instance, when studying
a bubble column reactor, the focus may be on the macroscopic flow behavior at larger scales
or on the dynamics of particles, including particle tracking, particle clustering, and particle
wall-interactions. There are two most common approaches Eulerian-Eulerian (two-fluid)

approach and Eulerian-Lagrangian approach to numerically solve these kind of problems.

Alternatively, the investigation can also zoom in on the finer details at the particle-scale

(small-scale) level such as coalescence or breakup. In addition to this, the small-scale details



for evaporating/burning droplets would also include the vapor-mass fraction and temperature
field which are difficult to measure experimentally. Such type of investigations would require
a Fully-resolved approach. Moreover, the findings from fully-resolved methods can be utilized
to further refine the numerical models which RANS/LES based with point-mass particle

assumption.

Eulerian-Eulerian Approach

This approach describes both the phases in Eulerian manner and assumes the two phases as
interpenetrating continua. Therefore, it involves solving the fundamental equations in both
phases in each computational cell based on their volume fraction. The phase-interaction due
to mass, momentum and heat transfer between phases is accounted using source/sink terms
in the governing equations for both phase. Hence, this method accounts for the two-way
coupling between two phases. This method is relatively computationally expensive as it
solves equations for both phases. The details of fundamental equations can be found in a re-
view by Sommerfeld [99]. This approach can handle both continuous-continuous phase flows
such as air-water, two immissible fluids (sloshing, filling of tank) and continuous-dispersed
phase flows such as bubbles, solid, liquid drop-gas (sprays, air conditioning application wa-
ter in air, sediment-transport sand-liquid water phase. The advantage of this approach over
Eulerian-Lagrangian approach (discussed in Section 2.1.3 is that it can tackle the flows with
large particle density. For the dispersed flows, the particles (both solid, bubbles/droplets)

are still treated as point sources.

Eulerian-Lagrangian Approach

This approach is particularly applicable for low particle density dispersed flows where the
particle response timescale is much smaller than the flow timescale. Typically, the carrier
phase is solved using Eulerian approach and the motion of particles is solved using Lagrangian

approach. The equations of motion such force balance accounting the mass of particles are



used to track particles and their trajectories from the previously solved gas flow field. The
source terms due to particle motion are evaluated using statistical averaging and accommo-
dated in the momentum equation for continuous phase. Various methods are explained in a

review paper by Sommerfeld [99]. Readers are redirected to it for more details.

Fully-Resolved (particle-resolving) Approach

A fully-resolved approach for deformable particles such as bubbles/droplets involves solving
the flow field in both phases along with an interface tracking/capturing scheme. In contrast
to Eulerian-Eulerian approach, the phases are not interpenetrating in this approach. A
classification of approaches to resolve such flows is neatly described and compared in a
review paper by S. Mirjalili et al. [87]. For the ease of explanation, we have redrawn figure
1 from [87] here with some modifications in it. The solid linestyle around the objects in
Fig. 2.2 represents the focus of the discussion in this chapter. The dash linestyle objects
are not covered in detail. The yellow color objects are approaches for diffuse interface
capturing. The blue color code designates the sharp method of interface capturing. One of

these methods is utilized in this work which will be discussed in Section 2.2.

In order to track or capture the interfaces (either sharply or diffusely), One-fluid formulation
of two-phase flow modelling is the most common method [87, 99, 107]. This involves solving
a single set of conservation equations for the entire domain including the interface as the
conservation form of equations can handle discontinuity in the domain. To do so, first
a function which can distinguish between two phases and the interface let’s say ¢(x,t) is
required. Based on the value associated to this function, the phase regions (phase-1 and

phase-2) are defined as,

[(t) = z|o(z,t) = a (2.1a)
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Figure 2.2: Classification of approaches to solve multiphase flows

Qphase—1(t) = z|op(z,t) < a (2.1b)
Qphase—2(t) = z|d(x,t) > a (2.1¢)

A general momentum equation in conservative form can be written as,

d (pu)
ot

+V-(pu®u)=-Vp—pg+V-(uS)+F, (2.2)

Therefore, for the accurate interface capturing, the governing equations between phases are
tied-up through local density p, viscosity p and surface tension F,. The way local density
and viscosity is computed defines whether the interface is sharp or not. Moreover, for the
given Eq. (2.2), term F, is a source term which exists only at the interface. The remaining

governing equations for the system can be written in the same fashion and can be found in

[107].

Another critical requirement of the two-phase solver is to balance the forces at interface. For



a deformable interface, a special attention is required to balance the surface tension force
and pressure gradient across the interface. The surface tension force in Eq. (2.2) can be
implemented as stress form in integral (surface) method or as a body force in volumetric

method.

Out of these two, volumetric formulation of surface tension force is much more popular [75].
A well known Continuous Surface Force (CSF) formulation of surface tension force can be
written as Fgr = okdgn, here dg is a Dirac delta function specific to methods, o is surface
tension, n is normal vector and « is curvature. One of the challenging task in implementing
surface tension is computation of normal vector and curvature. Curvature is computed by
taking the divergence of normal vector. Various techniques have been developed to compute

these two accurately.

Interface tracking approach (also known as surface/integral method) marks the interface
using interface grid and uses local fluid velocity for interface advection. The advantage of
this method is accurate interface structure and sharpness. However, it can not easily handle

changes in topology such as droplet collision or coalescence [99].

Instead of tracking the interface, Interface capturing approach (volume method) reconstruct
the interface using a phase indicator function. For example: VOF method uses liquid volume
fraction (a)) and Levelset Method uses a levelset signed distance function (¢) to reconstruct
the interface. Without phase change, a general interface transport equation for a indicator
function f can be written as

of

S TV (uf)=0 (2.3)

The reconstruction method and the transport of phase indicator function is different for VOF
and level-set based methods. The pros and cons of these two approaches are well described

under [87]. Therefore, not repeated here.



2.2 Current Numerical Framework

The objectives described under Section 1.2 are explored numerically using a finite volume
based framework. This framework is built upon an in-house code NGA which is a low Mach
number incompressible multiphase solver [18]. The framework uses interface-capturing Di-
rect Numerical Simulation approach for evaporating (phase change) flows with large density
ratios. The fundamental governing equations to describe this system are continuity, mo-
mentum, energy and species transport equations. These are described briefly in this section.
The readers are referred to [69] for more details on methods and algorithms used in devel-
oping this framework. Subscripts L, G, V refer to liquid, gas and vapor phase respectively

throughout this work.

2.2.1 Interface Capturing Method

The current framework uses Volume-of-Fluid (VOF) approach to capture the interface be-
tween liquid and gas phase. In this approach the liquid volume fraction («) is defined in
each cell as shown in Fig. 2.3. a = 0 refers to a cell in gas phase and o = 1 refers to cell
in liquid phase. In case of a cells containing both liquid and gas phase, o ranges between
0 and 1. The interface location is identified based on this non-zero gradient. In the inter-
face containing cells, the effective density (p*) and effective viscosity (u*) is computed in a

following manner.

p* = pc+ (pL — pe)a (2.4a)
1= e+ (b — pe)o (2.4b)

The reconstruction and transport method for the interface is covered under Section 2.2.3.
Using this approach, the gas and liquid velocity field is treated as single field. Therefore, the
governing equations are solved only once for unified velocity field. It is worth highlighting

here that the densities for both phases do not vary with time in this incompressible flow
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Figure 2.3: Concept of Volume-of-Fluid method

solver for the case of droplet evaporation in Chapter 4 and combustion in Chapter 6 under
forced convection. However, to accommodate the density variation due to temperature
gradients between gas and droplet in Chapter 5, these densities vary according to Bousinessq

approximation which is explained under Section 5.2.2.

2.2.2 Conservation of Mass and Momentum
Using a single field approach, the momentum equation for both liquid and gas phase can be

written as,

9 (pu)
ot

+V-(pu®u)=—-Vp—pg+ V- (uS),where (2.5a)

S = (Vu +Vu' — ;V . u) (2.5b)

Here, p and p are the effective fluid density and effective dynamic viscosity; w is the velocity,

p is pressure, g is gravitational acceleration vector and S is stress tensor.



The momentum equation in Eq. (2.5a) is tied up with continuity equation,

V-u=0 (2.6)

The pressure is computed from the incompressibility constraint for the velocity field. It is

solved using Pressure Poisson equation using Ghost Fluid Method (GFM) by Liu et al. [52].

2.2.3 Conservation of Scalars

As the droplet is evaporating with a receding liquid-gas interface, the transport of scalar
quantities temperature, species mass fractions and the liquid volume fraction («) is involved
in this problem. To represent the temperature field sharply, a two-field approach by Ma and
Bothe [55] is implemented. For low-Mach number flows, neglecting the viscous work, the

conservation of energy in the liquid phase can be written as,

Apr cpr TL)

ot + V- (pL Cp,L TL u) =V- (pL Cp,L)\LVTL) (27)

Here A\, = k/(pr ¢p.1), known as thermal diffusivity.

Similarly, the gas phase energy equation can be written as,

a(IOG Cp,G TG)

ot + V- (,OG Cp,G Ta u) =V (kaTg) + wr (28)

Here \¢ = k¢/(pr ¢pc), known as thermal diffusivity of gas, wy is the heat source term
due to combustion. This term is zero when the droplet evaporation is taking place in a

non-reactive environment.



The chemical species transport is only solved in the gas phase. This can be described as,

(pY7)
ot

+ V- (pYiu) = V.(pD VY)) + &, (2.9)

Here Y is “4” species mass fraction, D is diffusivity in air and w; is the chemical source term
for each species. For droplet evaporation related problems, the fuel droplet is a non-reactive
single component jet fuel surrogate. Therefore, w; is zero and only one species (Yr) will be
solved. The species mass fraction of inert air will be computed using Y,;, = 1 —Yr. However,
for combustion related problems, depending upon the combustion mechanism, n+ 1 number
of species will exist where n is number of active species in gas phase, Ny is a non-reactive

inert species. This is further explained under Section 6.2.2.

In case of receding interface, for constant thermophysical properties, the transport equation

for liquid volume fraction («) is given by

é;—(; + (uL + ?—:nr) -Va=0 (2.10)
Here, uy, is extrapolated liquid velocity, %nr is the interface recession velocity and com-
bined (’u,L + %np) is seen by the VOF solver [65]. As mentioned previously, the liquid
mass fraction « is defined such that it is 1 in a purely liquid cell and 0 in a purely gas cell.
The interface is formed sharply where a non-zero gradient of « is found. To reconstruct
the interface, this framework uses Piecewise Linear Interface Calculation (PLIC) in which
interface is approximated as a line in 2-D or a plane in 3-D. To compute the interface normal
vectors, a second-order accurate Efficient Least-square VOF Interface Reconstruction Algo-
rithm (ELVIRA) is used Pilliod and Puckett [73]. Interface curvature x is computed using

a quadratic least square fit on reconstructed level-set from the VOF field. For the advec-



tion of the interface, an unsplit method under geometric VOF is used. In this method, the
second term in Eq. (2.10) is transported in a single timestep without splitting the advection
operator in each spatial direction [56]. The readers are referred to [63, 69] for more details

of numerical algorithms used for interface reconstruction.

Here, m” is local evaporation flux satisfies the following equation,

d

— av = — 'dS 2.11
dt LPL /Fm ( )

Here, subscripts I' is referred to variables measured at interface.

2.2.4 Matching Conditions
To ensure the adherence to conservation of mass in both phases, the jump condition for mass

at liquid-gas interface can be written as,

[n.u]pr = m” H ) (2.12)

Here the bracket notation is used for the jump across the interface specified as [¢]r = ¢g—¢p.

Similarly, the jump condition for momentum is

plr = —ok — m™ H i (2.13)

where o is surface tension and k is local curvature of the interface and is positive when the
liquid is locally convex. The details of implementation of Ghost Fluid Method for matching

conditions is given in [69].

As the evaporation is taking place, the thermodynamic equilibrium at the interface due to

heat and mass transfer is maintained using the Clausius-Clapeyron relation Eq. (2.14a) and



Eq. (2.14b).

—h W, [1 1
Xpr = ea:p(fo {YTF 7 J) (2.14a)

—_— XW,
PUTXW, + (11— X)W

(2.14D)

Here, hy, is latent heat of vaporization, W, and W molecular weight of fuel-vapor and gas,
Tt is interface temperature and T, is a constant saturation temperature for given ambient

conditions.

To balance the energy transfer by conduction and diffusion of fuel-vapor at interface, the
energy equation and species transport must simultaneously satisfy the following conditions

across the interface,
[’np : kVT] T

R (2.15)
g
. . pa DVY,
[ b DY Flr (2.16)

For a given evaporation flux (m”), Eq. (2.14), Eq. (2.15) and Eq. (2.16) must be satisfied
simultaneously. Therefore, vapor mass-fraction and interface temperature are dependent on

each other and must be solved in an iterative manner.

This completes the description of system in the form of governing equations. The next step
from this point is to use this framework for the numerical analysis of various flow problems.

The additional set of equations (if any) will be discussed in their respective chapters.



Chapter 3

Development of Numerical Method to

Study Droplet Evaporation

The work covered in this chapter was part of the following conference publications,

1. Meha Setiya and John Palmore Jr., Method to study effect of straining flow on droplet
vaporization at low Reynolds number. Spring Technical Meeting Fastern States Section

of the Combustion Institute, March 2020 [92].

2. Meha Setiya and John Palmore Jr., Effect of straining flow and droplet shape on
vaporization rate of liquid fuel droplet. APS Division of Fluid Dynamics Meeting,
January 2020 [93].
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3.1 Introduction

In a general sense, the focus of this thesis work is to study the small-scale dynamics of an
isolated droplet. Due to the flow development in the domain, the droplet will have tendency
to to move from its original position if no suspension or motion restriction technique is
applied on it. Various methods have been devised to keep it at a predetermined location.
For example: most of the experimental studies restrict the droplet motion by suspending it
either by a ring or using cross-fibers [20, 61, 76, 110], such that it stays at a fixed location
for any given flow condition (Forced or Free convection). However, this additional fiber
at the centre of droplet can affect the flow field within the droplet as well as outside it.
Moreover, although this fiber material is nearly thermally insulated, such droplet suspension
method can affect the heat transfer to the droplet [14]. This leads to shorter droplet decay
time for droplet due to additional heat from fiber to droplet. To avoid this problem in our
numerical analysis, a numerical method for non-intrusive droplet suspension is developed

which is discussed in detail in Section 3.2 along with its testing on various flow conditions.

3.2 Gravity Update Method

An initial method to minimize the droplet motion with a non-intrusive technique was devel-
oped by Palmore Jr and Desjardins [68]. This method mimics the flow over droplet as falling
with its terminal velocity (Ur). Therefore, no acceleration is experienced by the droplet. In
the coordinate system moving with the droplet movement, the droplet appears stationary
while the air flows around it at its terminal velocity (Ur). As time increases, due to droplet
deformation, the internal flow and evaporation, the drag force changes. In literature, the
drag correlations used to predict Ur for spheres show a few percent accuracy [17] in predic-
tion. Ultimately, the change in drag leads to change in terminal velocity. Therefore, inflow

velocity needs to be modified with time to keep the droplet at its fixed position. For the



reader’s convenience, this method is called “Inflow velocity update”. As the modified inflow
velocity is an output of this method, the results using this method show that the achieved
inflow velocity is usually lower than the targeted velocity based on the Reynolds number.

Therefore, there is less control over the magnitude of inflow velocity.

In order to have better control over the inflow velocity (therefore on Inlet Reynolds number)
a robust method for inflow boundary condition is required. To do so, we have developed an
alternative approach which is embedded in the numerical framework described in Chapter 2.
This approach updates the applied gravity on the droplet with time instead of updating
the inflow velocity. This will be called “gravity update method”. The details of the current

method are as follows,

As the droplet is falling with its terminal velocity (Ur = Uy,), the force balance of gravita-

tional, drag, and buoyancy force on the droplet can be written as,
1 2
(pr = pe) ¥ 9= 5 Ca p Uiy A (3.1)

Here ¥ and A are liquid volume and surface area of the droplet respectively.

From the definition of Reynolds number based on initial diameter dy, the inflow velocity is

calculated as,

Re pg
pa do (3:2)

As the inflow velocity Uy, needs to be constant, to balance the changing drag force due to
change in drag coefficient (Cy), the gravity needs to be altered in all three directions at every

timestep using a feedback controlled expression. Gravity in x-direction at (n + l)th timestep



is modified as

+1 0
Udrop + B(I‘Zrop - xim’t)
T 2

n+l __ n
9 =0 — @

(3.3)

0

Here Ujgyop is the droplet velocity in the direction of gravity, z; ;, is initial x-coordinate of

n+1

droplet centre, xy" is x-coordinate of droplet centre at (n + 1)™ timestep, 7, is particle

response time, a and (§ are arbitrary constants.

The update in applied gravity is designed such a way that the droplet remains at z? , all the
time. It is done by adjusting the gravity using the correction formula which is second term
on the right hand side in Eq. (3.3). The first contributor in gravity correction is acceleration
of droplet due to its velocity Ugrp. This acceleration depends on particle response time 7,.
As the surface tension force governs the flow physics, 7, is set to be multiples of capillary

time scale [100] which is defined as,

/2

pr+pc [d\°

_ 3.4
Tr o (27T> ( )

The second contributor in gravity correction is acceleration of droplet center with respect to

its initial location. Eq. (3.3) is implemented in all three directions in the same fashion.

3.2.1 Tests for Droplet Motion Under Planar Flow

Numerical Setup

This method is initially tested on a 2-D droplet of n-decane evaporating under Re = 20 with
B = 0. The domain size (L, x L,) for this study is (30 dy x 40 dp) where the initial droplet
diameter dy = 1 x 10™* m and it is initially located at (—5dy,0) to the left of center of the
domain as shown in Fig. 3.1. A fixed inflow boundary condition is applied on the left edge
of the domain. The right edge is used as a convective outflow. The remaining boundaries

in y and z directions are treated as periodic. A structured grid with N, x N, = 576 x 768



selected for this study. The gas and liquid fluids properties used in this analysis are listed in
Table 3.1. These properties are taken at atmospheric pressure P, = 1 atm and temperature
447.3K (boiling temperature of fuel) [1]. It is important to highlight that these properties

of fluids are constant and do not change over time.

U 40d
drop

1 0
« Udrop + B(xg;op - xinit)

2
— Tp 7

— 30d

Figure 3.1: Numerical setup for testing of gravity update method

’ Property ‘ Units ‘ Gas ‘ Liquid ‘
Density p kg/m? 0.789 603.8
Viscosity u kg/(m-s) | 247x1075 | 1.92x 10~*
Specific heat cp J/(kg- K) | 1020.21 2812.10
Thermal conductivity & W/(m-K) | 0.037 0.094
Surface tension o N/m — 0.010
Latent heat of vaporization L, J/kg — 2.763 x 10°
Boiling temperature Ty, K — 447.3

Table 3.1: Fluid properties at the boiling temperature of fuel



Results
As the focus of this section is on the droplet motion, to quantify the change in droplet
location with time, Fig. 3.2 shows the history of droplet centre x-coordinate with normalized

time with varying « values. The smallest change over the time was observed for a = 0.5.
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Figure 3.2: 2-D test: time history of % shift in x-location of droplet center when 5 = 0,
a = 0.5 (blue), 0.05 (orange), 0.005 (yellow), 0.0005 (purple)

To test this method further in 3-D case, the same numerical set-up as described previously
is extended in 3-D. The smallest movement of droplet was observed in case of & = 0.5 and
f = 0.05. These values were found by trial and error method. Figure (3.3) shows the %
shift in droplet motion with non-dimensional time in x,y, and z direction for two S values.
a = 0.5 is constant in the shown results which was a learning from previous 2-D studies [92].
Time is normalized using 7,. As the time progresses, higher droplet movement is observed
with higher value of = 0.5. Moreover, the % shift in location is above 5% for the same

after t/7, = 3. Hence, § = 0.05 is finalized for the 3-D studies. Based on these results,
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this numerical method with o = 0.5 and g = 0.05 has been utilized to effectively control the

droplet motion for all our 3-D studies presented under upcoming chapters.

3.3 Effect of Straining Flow on Droplet Evaporation

To further test this numerical method, the droplet evaporation under non-planar convective

flow is studied. Therefore, this section examines the droplet motion and effect of flow strain



on the evaporation rate at Re = 20 [101]. Inspired from studies by [5, 6], a relative compar-
ison between the evaporation of droplet under planar flow vs straining flow in presented in

this section.

Analytical Method

To identify the appropriate flow conditions for this problem, the dimensional analysis is
performed. For the sake of simplicity, the deformed droplet can theoretically be considered
an ellipsoid in this problem. Hence, area of an ellipsoidal droplet will be dependent on

incoming air properties and liquid fuel properties. This can be written as follows,

Ad:f(A07 Uina Sda PG, PL, MG, ML, U) (35)

Here, Aj is total surface area of initially spherical droplet, U;, is inflow mean velocity, S
is strain rate, pg and p; density of gas and liquid phase respectively, ug and py dynamic

viscosity of gas and liquid phase respectively, ¢ is surface tension of liquid.

The selected independent variables for this analysis are pg, Sd and Ag. Using the non-

dimensional analysis for this problem, the non-dimensional terms (7-terms) can be written,

Ag ¥ <% g PL e} ML ) (3.6)

Ao~ T\Sd” pg (SAP VA, pa’ pe Sd VA pe Sd /A

Eq. (3.6) includes the 7-terms, area ratio (ratio of area of ellipsoid and sphere), strain velocity
ratio, Weber number based on strain velocity, density ratio, Reynolds number based on strain

velocity respectively. We note that v/ Ag ~ d, therefore we can write the Regqin as,

S d?
Restrain = pG—
Ha



The inflow velocity varying in y-direction for the given strain rate can be written as,
Uy) = Uin+ Sy (3.8)

As Kolmogorov theory states that many relevant turbulent statistics can be described using

only v, and € [40]. Accordingly a characteristic velocity gradient scale (which represents the

strain rate) can be defined,

g — (%) (3.10)

(2) -

Numerical Setup

The test configuration for this analysis is same as shown in Fig. 3.1. Besides the other
boundary conditions, the inlet flow profile needs to be determined a priori. A linearly
increasing velocity in y-direction with a particular strain rate is chosen for this work. As
demonstrated in Eq. (3.10) the strain rate S depends on Kolmogrov scale length 7. In sprays,
the largest droplets are of the same order of magnitude as the Kolmogorov length scale
[109]. Therefore, n can be assumed to be a multiple of dy. Hence, the ratio of n/dy = v/2 is

considered for this study such that (n/dy)? = 2. This leads to strain rate value S = 1500 1/s.



Results

To evaluate the effect of ambient flow field on the evaporation rate of the droplet, the
variation of Nusselt number with time for uniform flow and straining flow are compared in
Fig. 3.4. The time history of Nusselt numbers depicts that the evaporation rate is higher for
flow with strain case (orange) [92]. Although, the evaporation rate is fluctuating for each
flow type, a consistent higher value for staining flow is observed. These fluctuations could

be due to the simplified reduced 2-D geometry of the droplet. This can be further explained
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Figure 3.4: 2-D: Nusselt number vs normalized time (¢/7,) for uniform flow(blue) vs straining
flow(red)

by the difference in velocity field. The pseudocolor of velocity field in Fig. 3.5 show that the
due to presence of strain in the incoming flow leads to asymmetry of flow around the droplet.
Such velocity gradient causes higher shear stresses on the droplet, therefore higher velocity
at the top surface than the velocity at the bottom of the droplet. Moreover, the flow behind
the droplet forms a skewed wake region. This leads to higher gradient of temperature near

the droplet, hence higher evaporation rates.
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Figure 3.5: Pseudocolor of the velocity field at t = 6 x 10™*s

3.4 Conclusions

This chapter covered the development of a non-intrusive method to stabilize the droplet at
its predetermined location throughout its evaporation lifetime. The need of this method
was realized due to significant motion of the droplet while it is exposed to convective flow
conditions. This method named as “gravity-update method” mimics the flow over droplet
which is falling at its terminal velocity. To restrict the motion of droplet, it updates the
applied gravity in a feedback loop manner. The feedback loop requires appropriate value of
two coefficients a and (8 to drive the update in gravity correctly. After a thorough testing of
this method, the least change in droplet center is found when the two coefficients are o = 0.5

and $ = 0.05. These coefficients are used for the upcoming studies.

Post development of this method, a preliminary 2-D study demonstrates the effect of inlet

flow profile on the evaporation rate of the droplet. Due to presence of the linear strain in the



inlet flow, higher shear stresses are imparted by the ambient air on the droplet. Moreover,
due to skewed flow around the droplet, higher velocities and favorable temperature gradients
are generated. This results in higher evaporation rate in case of straining flow when compared

to planar flow.



Chapter 4

Evaporation of Deformable Droplet

Under Forced Convection

The work discussed in this chapter was published as a peer-reviewed journal article. The

details of article are as follows,

o Meha Setiya and John Palmore Jr. Quasi-steady evaporation of deformable liquid fuel
droplets. International Journal of Multiphase Flow, Volume 164, 2023.
d0i:10.1016 /j.ijmultiphaseflow.2023.104455 [95].
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4.1 Introduction

With an emphasis on large droplets, this work focuses on analyzing the effect of droplet
shapes on their evaporation. As mentioned in Section 1.1, the droplet size in the spray
varies from a few microns to hundreds of microns [48, 98]. Within the spray, the overall
evaporation behavior of the large droplets is different from the small droplets. For example,
experimental studies such as [110] showed that the evaporation of small droplets or the
droplets of a size approaching the Kolmogorov length scale stay unaffected by the presence
of turbulence in a zero mean velocity flow. However, the evaporation of the large droplets is
enhanced by the turbulent environment even in zero mean velocity. Moreover, in real sprays,
although the larger droplets are fewer in the count, their volume fraction contributes to the
majority of the spray volume. This is because the volume of a droplet is proportional to the
cube of its diameter. Therefore, the droplet size plays an important role in the atomization

process and further in combustion [48].

Due to the presence of turbulent and convective flow conditions inside combustion chamber
[16, 79], an imbalance of inertial and surface tension exists. Hence, droplets can deform from
a spherical shape to a non-spherical shape [57]. This deformation can be characterized by a

non-dimensional number called “Weber number” [54] defined as,

2 d
We — PcUrqdo (4.1)

g

Here, p¢ is gas density, U, = (Uin, — Ugropiet) is the relative gas velocity with respect to
droplet velocity, dy is the initial diameter of the droplet and o is the surface tension of
the liquid droplet. As Weber number governs the droplet shape, small Weber numbers
(We < 1) lead to nearly spherical shapes. Whereas, large Weber numbers lead to more

deformed shapes. Therefore, for the same liquid properties, small droplets will have lower



Weber numbers, hence nearly spherical shapes. Whereas, larger droplets will have higher

Weber numbers, hence complex deformed shapes.

A great amount of experimental, as well as numerical studies on droplet evaporation and
combustion are available with the assumption of droplets as a spherical “non-deforming”
particles under convective flow conditions [41, 44, 76]. However, there is a dearth of theoret-
ical and analytical literature on the evaporation and combustion of “deformable” droplets.
Before diving into the evaporation of deformable droplets, this chapter reviews major results
on the evaporation of spherical droplets first. It is important to highlight that the term
evaporation rate is somewhat ambiguous. In the combustion community[108], “evaporation
rate” is widely used to refer to the net rate of change in mass of the droplet. However, in
other contexts, the term “evaporation rate” is also used to describe the net rate of change in
mass taken per unit surface area. In an effort to remove such ambiguity, a terminology of
“total evaporation rate (net rate of change in mass)” and “evaporation flux (net change in

mass taken per unit surface area)” is introduced which will be used throughout this work.

A widely common and fundamental approach in this field is to study quasi-steady droplet
evaporation under quiescent ambient conditions. The result of such studies is the d? law
which states that the total evaporation rate of a spherical droplet is proportional to its
instantaneous diameter. Moreover, the droplet square diameter decreases linearly with time

under such ambient conditions [98, 108].

An analytical study on droplet evaporation under convective flow by Law et. al [47] simplifies
the flow over droplet by representing it as the flow of a gas stream over a liquid fuel stream.
In the pressurized environment, the liquid surface velocities are significant when compared to
free stream velocity. The higher surface velocity affects the internal motion in liquid which

affects the evaporation rate. It was also shown that an increase in evaporation rate leads to



a reduction in the interface velocity due to the thickening of the boundary layer around the

liquid surface.

Such alteration in the gas phase boundary layer was further elaborated in a work by Renk-
sizbulut and Yuen [82] who studied the effect of the composition of fuel-air and gas flow near
the droplet on its evaporation rate. These numerical studies were performed at Reynolds
numbers ranging from Re = 10 to Re = 100 for various liquid droplets and a solid sphere.

Here, Reynolds number based on the initial droplet diameter dy can be defined as Re =

PG Userdo

e The results of this study revealed that decreasing the droplet surface tempera-

ture does not directly increase the Nusselt number (hence the evaporation rate) due to the
presence of a steeper temperature gradient. The cold boundary layer of gas affects the

evaporation rate via its effects on the thermal conductivity of the gas.

A work by Haywood et. al. [32] focused on the variable thermophysical properties of gas and
transient processes in gas and liquid phase involved in droplet evaporation. The transient
processes in the liquid phase were receding droplet size, fluid motion inside the droplet,
and liquid heating. For inflow at Re = 100, an increase in the Nusselt number was seen
in the early lifetime of the droplet due to the beginning of the surface blowing. Once,
steady evaporation establishes, Nusselt number variation flattens with time. The angular
variations in droplet surface temperature and fuel vapor mass fraction were more prominent
at the early stage of evaporation due to strong sensitivity to vapor pressure. Moreover, due to
the unsteady nature of liquid motion, the liquid temperature rises quickly up to the droplet

surface temperature as time progresses and liquid heating can be considered quasi-steady.

Another common assumption in evaporation studies is neglecting liquid heating due to ra-
diation. A recent work by Merino et. al. [60] quantified the effect of radiation using order

of magnitude analysis. They studied evaporation of a single droplet in an inert stagnant



environment under micro-gravity conditions. The authors identified the relevant timescales
involved in evaporation. It was found that for larger droplets (d > 0.5mm) in high ambient
temperature, the timescales for radiation heating and conduction heating are of the same

order. Hence, d? trend can deviate significantly from the expected linear profile.

A recent comprehensive numerical work by Ray et. al. [80] quantified the effect of pressure,
temperature, convection and initial-liquid phase composition on droplet evaporation. The
droplet shape was considered to be nearly spherical as Weber number was We =~ 0.3 for
the given conditions. Results showed faster evaporation rates at higher pressure due to net
effect of decrease in gas diffusivity and surface tension, and increased latent heat. Higher

ambient temperature and higher convective velocity favor the reduction in droplet lifetime.

The previous literature includes a wide variety of approaches used to study the evaporation
of spherical droplets. Several major results exist demonstrating the effect of various envi-
ronmental factors on their evaporation. However, much less work has directly studied the
effect of deformation on evaporation. Haywood et al. [33] studied the dynamics of evapo-
rating droplets in convection using a 2-D (axisymmetric) finite volume code. The code used
a dynamic body-fitted mesh to solve for the droplet deformation and interface recession.
However, their study focused on the effect of evaporation on droplet drag, and results for

the effect of deformation on the evaporation rate were not studied in detail.

Mashayek [57] studied the effect of shape on droplet evaporation in quiescent flow using a
finite element code. The work chose to impose droplet shape using arbitrary linear combi-
nations of spherical harmonics. The work showed that evaporation enhances due to defor-

mation, and it suggested that local evaporation could be related to the interface curvature.

Schlottke and Weigland [90] developed one of the first direct numerical simulation solvers

for droplet evaporation in three dimensions. They validate the solver with correlations by



Ranz and Marshall [78], Kumala et al. [43], Renksizbulut et al [84]. Their results clearly
indicated the non-uniform evaporation that occurs over the surface of the droplet, and the

corresponding non-uniformity of vapor in the wake.

A theoretical study by Tonini and Cossali [105, 106] derived analytical solution for the steady
state evaporation of ellipsoidal droplets under quiescent flow assuming constant density in
both phases. To take into account of droplet non-sphericity on its evaporation, analytical
expressions for evaporation rate and evaporation flux for ellipsoidal droplets (prolate and
oblate shapes) were developed which generalize to the spherical droplet as well. The defor-
mation parameter is € = a,/a,, where a, is the radial spheroid axis and a, is axial spheroid
axis. Another variable (3 is ratio of surface area of spheroid (Aspnq) to the spherical droplet
(Agpn), for the same liquid volume 8 = Agpna/Aspn. Results showed for the same volume and
B, prolate droplet (¢ < 1) has higher total evaporation rate in comparison to oblate shape
(¢ > 1). Furthermore, the contours of vapor concentration revealed the relation between
local vapor flux and the surface curvature is related to the fourth root of local Gaussian
curvature of the droplet. This suggested that the maximum vapor flux is seen at the higher

curvature region and the low flux is low curvature or flatter regions of the droplet.

The idea of non-spherical droplet evaporation was further expanded by Palmore [67] using a
perturbation theory in his recent work. The work looked at evaporation and combustion of
non-spherical droplets. The use of more realistic physics-based droplet shapes [104] than the
ellipsoid is one of the novelties in his work. The assumption for this work were, the droplet
at its saturation temperature, large density and viscosity ratio between liquid and gas, single
component fuel and unity lewis number. The theories were established for a quiescent flow
conditions. For a fixed low Re flow, We was selected as a perturbation parameter. The
results agreed with the findings by Mashyek [57] and Tonini and Cossali [106] that the local

evaporation flux relates to the local interface curvature. Moreover, higher total evaporation



rate for prolate shapes than oblate shapes within the limit of smaller deformations was
consistent with [106], [105]. The author also substantiated that although the total surface
area of non-spherical droplet is higher than the spherical droplet, the total evaporation rate
droplet does not scale by the total surface area ratio of non-spherical to a spherical droplet.

In other words, it is the local evaporation flux that is affected by deformation.

It is noted again that the theoretical analysis by Tonini and Cossalli [105, 106], Palmore
[67] as well as the numerical simulations by Mashayek [57] were performed under quiescent
flow. Hence, a true quantification of the effect of deformation on the evaporation of freely-
deforming droplets under planar convective flow is yet unknown. Therefore, the goal of this
work is to gain insights about the interaction of droplet deformation and its evaporation rate

under convective flow using DNS.

This work is organized as follows: Section 4.2 includes the further details about the flow solver
in addition to Section 2.2. Section 4.3 discusses the numerical setup and boundary conditions.
Subsequently, Section 4.4.1 includes the grid independence study and validation of solver
with Abramzon and Sirignano analytical correlations. Finally, Section 4.4.2 demonstrates
the main study on the influence of the deformation and planar flow on evaporation. The

paper concludes with Section 4.5.

4.2 Methodology

4.2.1 Flow Solver

The fundamental equations to describe this problem and details of the numerical solver are

same as discussed under Section 2.2.



4.2.2 Quasi-steady Evaporation

This section deals with quasi-steady droplet evaporation. From the thermodynamics point of
view, a process is called quasi-steady when the system is slowly changing its state (i.e. pres-
sure, temperature, entropy) while staying in continuous equilibrium with the surrounding.
The quasi-steady assumption is very common within the literature of droplet evaporation
and combustion studies, and many of the previously mentioned studies actually were in this
regime. The d? law, a fundamental observation in droplet evaporation and combustion, is

also derived under quasi-steady configurations.

In this computational code, the quasi-steady approach is implemented by fixing the liquid
volume as constant throughout the simulation. Numerically, this is achieved by ignoring
the evaporation flux term in Eq. (2.10). However the term is not ignored in other relations
(Egs. (2.9), (2.12), (2.13), (2.15) and (2.16)). This approach is somewhat analogous to the
experimental studies on droplet evaporation using porous spheres [83, 119]. In that context,
a liquid layer fully coats the outside of the sphere, and it evaporates slowly. Each sphere
is fed with fluid through a tube such that the liquid volume remains constant throughout
the study. This numerical approach for quasi-steady evaporation can especially be helpful
in developing correlations of total evaporation rate as a function of initial Re and We. As

in this case, the values for these quantities are constant in time.

4.3 Numerical Setup

The numerical setup for this study includes a single deformable droplet of diameter dy =
100 pm evaporating in a hot and pressurized incoming flow at P, = 20 atm [115] and T, =
750 K. These conditions were selected to mimic environment of a gas turbine combustor.
As a simplification, the liquid droplet is at its boiling temperature T = 615 K. Hence, the

internal heating of the droplet is not considered. Constant thermophysical properties of air



and liquid fuel at these ambient conditions are listed in Table 4.1.

’ Property ‘ Units ‘ Air ‘ Fuel
Density p kg/m3 9.41 300
Viscosity p kg/(m - s) 348 x 107> | 4.00 x 107*
Specific heat cp J/(kg - K) 1086 13220
Thermal conductivity & | W/(m - K) 0.054 0.079
Latent heat of vapor- | J/kg — 4.81 x 10*
ization hy,

Boiling  temperature | K — 615.05
Tboil

Table 4.1: Fluid properties at Py, = 20 atm, Ty = 615K, T = 750K [1]
The domain is of size 10dy x 8dy x 8dy and the droplet is located at (—dy, 0,0) with respect

to origin (0,0, 0) as shown in Fig. 4.1. This domain size and the location of droplet center is

selected such a way that the boundaries do not influence the flow field around the droplet.

\nflow

d
\ ) lx,ﬁ) 0

Figure 4.1: A sketch of numerical setup and boundaries



A uniform structured grid is used for this work. As depicted in Fig. 4.1, a fixed inflow
boundary condition is applied on the negative x-face of the domain. To keep the droplet at
its predetermined location, a method is deployed which mimics the flow over droplet as falling
with its terminal velocity (Ur). This method has been tested and detailed in Section 3.2
and our previous works [50, 92]. This results in nearly constant U,.. An outflow boundary
condition is applied on the positive x-face of the domain. The remaining faces are treated
as periodic boundaries. The domain is initialized with initial conditions obtained using d?

law. This numerical setup is kept same for all the studies presented in this chapter.

It is important to note that because quasi-steady conditions are sought, data are analyzed
after an initial transient period has ended. This transient period exists because droplets
tend to oscillate when exposed to the flow. It takes some time for the internal forces on
a deformed curved surface (surface tension and viscous forces) to balance with external
aerodynamic pressure to reach a stable droplet shape [90]. The time to reach this shape is

roughly, proportional to the capillary time scale 7, given by Eq. (3.4).

4.4 Results and Discussion

4.4.1 Grid Independence Study

A grid convergence study is performed to find an optimum grid resolution required to
capture the dynamics for the given problem. This is done by varying the grid length
dr = 12.5, 6.25, 4.17, 3.13, 2.08 pum. This corresponds to the number of cells per ini-
tial droplet diameter Ny, = 8, 16, 24, 32, 48. The flow conditions Re = 120 [101], We = 12
are selected for this study. This Weber number is chosen to be below the critical Weber
number for the onset of breakup which is usually 12 [36, 45, 54]. However, it is important
to note that the droplet breakup does not solely depend upon Weber number. Other con-

ditions such as density ratio, viscosity ratio, Ohnesorge number, flow velocity and type of



flow around it affect the breakup time and the breakup mode [72, 112]. For a wide range
of conditions relevant to liquid droplets in the air, We < 12, is sufficiently predictive for

non-breakup.

The results from the grid independence study are plotted in terms of a non-dimensional
parameter d?/d3 with non-dimensional time (¢/7,) as shown in Fig. 4.2. Tt is noted that the
slope of each curve is approximately constant after an initial transient period. The results
also show that as N, increases, the magnitude of the slope of droplet decay increases.

Moreover, the slope of curve for Ny, = 24 is observed to be nearly the same as N4, = 32 and

Ny, = 48.
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Figure 4.2: d*/dZ vs normalized time for various grids

Various grids are further compared in terms of Nusselt number Nu, which can be expressed
as,

Nu=—————(nr-VT) (4.2)



Here r is the radius of droplet at that instant and mr is the normal vector at the liquid-gas
interface. Fig. 4.3 shows the surface average Nu for each grid. It is noted that unphysical
droplet breakup was observed for N;, = 8 and 16, however, this does not appear at Ny, = 24.
Further refinement beyond Ny, = 24 does not affect the breakup behavior of the solution.
As the grid resolution is increasing, the gradients of temperature are captured more finely.
Hence, Nusselt number is observed to be increasing. In case of Ny, = 24, Nusselt number is
found to be only 2.2% and 4.5% lower with respect to Ny, = 32 and N4, = 48 respectively.

Hence, Ny, = 24 is found to be computationally appropriate for this work.
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Figure 4.3: Nusselt Number (Nu) with cells per droplet diameter (Ng,)

Validation

This section discusses the validation of the numerical results against a semi-analytical theory
of droplet evaporation developed by Abramzon and Sirignano [3]. This theory represents
evaporation as rapid heat and mass transfer in a thin film over the droplet. The film

theory predicts the Nusselt number as a function of Spalding heat transfer number (B =



cp, (Too — T1)/hysg, Reynolds number (Re) and Prandtl number (Pr = puc,/k). The film
theory uses a correlation for the mass transfer in non-evaporating flows and further modifies
it for to account of the film due to evaporation. Nusselt number in a non-evaporating flows
is denoted as Nug and Nusselt number for evaporating flows is denoted as (Nu). After
correction in Nug due to evaporation, Nu can be written as,

Nu =2 (@) + (Nug — 2)(1+ B)™*7 (4.3)

The study by Abramzon and Sirignano [3] includes two expression for Nug. The first corre-

lations for Nug by Clift et al. [17] (CEA) is as follows,
Nugcpa =1+ (1+ Re Pr)l/3f(Re) (4.4)

Where, f(Re) =1 when Re <1 and f(Re) = Re®%" when Re > 1 in Eq. (4.4).

The second correlation for Nuy by Ranz and Marshall [78] (RM) is as follows,
Nug pyr = 2 + 0.552Re! /2 Prl/? (4.5)

The correlation from CEA is known to be more accurate, particularly at small Reynolds
numbers. However, the RM correlation appears to be more widely used in practice. The
modified Nusselt number for evaporating flow (Nu) using these two correlations is shown in
Fig. 4.4. The plot shows the comparison of Nusselt number for an evaporating sphere (Nu)
using Clift et. al. (solid blue line) and Ranz and Marshall (blue dot-dahsed line) at various

Spalding heat transfer numbers.

Now, in order to test the accuracy of solver against the empirical correlations, the numerical

results for the following conditions are overlaid on it. The flow conditions Re = 25 [101],



We =1 [54] are selected for this study. These conditions are chosen to best match with the
empirical correlations which deal with spherical droplets with fully attached boundary layer.
This is done by varying the grid length dx = 12.5, 6.25, 4.17, 3.13 pwm. This corresponds

to number of cells per initial droplet diameter Ny, = 8, 16, 24, 32.
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Figure 4.4: Nusselt number vs Spalding heat transfer number. Blue solid line: Clift et al.,
Blue Dash line: Ranz and Marshall, Red markers: Numerical Results [Diamond marker:
Ng, = 8, Triangle marker: Ny, = 16, Rectangular marker: Ny, = 24, Circular marker:
Ny, = 32]

The numerical results are shown here as markers in red with outline of black color. For a
particular Spalding number B = 3.05, an increasing trend in Nusselt number is seen with the
grid refinement. Additionally, Nusselt number from the numerical simulation move towards
the correlation. The difference between the simulation results and the CEA correlation
(Eq. (4.4)) is much less than that of the CEA correlation to the RM correlation (Eq. (4.5)).
This suggests that the simulation results are within a reasonable band of error against the

true solution. The % error with respect to empirical correlations from Clift et. al. is



| Nay | Nu | % error |

8 1.161 24.49
16 1.446 5.93
24 1.468 4.50
32 1.494 2.82

Table 4.2: % error in Nusselt Number (Nu)

tabulated in Table 4.2. Less than 5% error is seen between the simulation results and the
CEA correlation for mesh size greater than Ny, = 24. Therefore, based on these analysis,
N4, = 24 is found to be an appropriate grid size in terms of computational expense as well

as accuracy for further work.

4.4.2 Effect of Droplet Shape on Evaporation

After finding the appropriate grid and validating the results with the empirical correlations,
this section covers the study of effect of droplet shape on its evaporation rate. As discussed
previously, the droplet shape is governed by Weber number. In order to analyze the inter-
action of droplet shape with its evaporation rate, an isolated droplet with various Weber

numbers under a convective flow is studied.

The droplet is nearly stationary and stays at its predetermined location, for a fixed U,
Re based on initial diameter dy is constant and We is modified by changing the surface
tension. It is also important to recall that these non-dimensional numbers are constant and
do not vary with time. Re = 25 and Re = 120 are selected for this study to cover a range
of boundary layer behaviors. At Re = 25, the flow over a solid sphere is fully attached and
at Re = 120, the flow behind a solid sphere is clearly separated with the steady ring vortex
formation [101]. The range of Weber numbers selected for this study is We = 1 — 12 [54]

which leads to the droplet shapes from spherical to highly deformed.



It is worth discussing the fact that as the droplets deform, they move from a spherical
shape to a disk-like shape. More importantly, the effective diameter of the disk is larger
than that of the original sphere, and this will affect the flow dynamics. In this work, this
effect is captured implicitly through the measurement and discussion of the Weber number.
However, no explicit measurements of the droplet deformation are made to quantify its effect
on the flow. Such an approach is useful in practical model development for droplets since
parameters such as Re and We are easy to measure. And this approach was chosen here

since such model development is the long-term goal of this work.

The results for these cases are compared in terms of the normalized total evaporation rate
(myp) and its contributors: normalized local evaporation rate per unit area (normalized
local evaporation flux) (m”yp ), normalized surface area (A/Ag). These parameters are
normalized using the total evaporation rate of droplet under quiescent flow based on d? law

[108], defined as 142 = dnropDin(l + B).

Normalized Total Evaporation Rate

Figure 4.5 shows the time history of normalized total evaporation rate (rmyp). In all cases,
the instantaneous evaporation rate starts at zero and rapidly increases. Since the droplet is
preheated to the saturation temperature, this transient period is due to the adjustment of
the gaseous flow field around the droplet. After some period of time, a plateau-like behavior
is observed. At low Reynolds number Re = 25, the difference in rmyp is seen in the beginning
for We =1 — 12 (marked in dotted lines). However, at later time (¢/7p > 15), rmyp reaches
a steady value for all Weber numbers. A more closer (zoomed-in) look at the results at
Re = 25 displayed in Fig. 4.6 shows an increasing trend in myp with increase in We. Based
on the spatially and time-averaged solution (after ¢t/7p > 15), the % increase in myp at
We = 12 with respect to We = 1 is 3%. At Re = 120, a significant increase in total

evaporation rate is observed with increase in Weber number as shown in the Fig. 4.5. This
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Figure 4.5: Normalized total evaporation rate (ryp ) vs normalized time (¢/7p) at Re = 25
and Re = 120

suggests that the Weber number has a clear effect on ryp at higher Re. The % increase
in myp at We = 12 with respect to We = 1 is 20%. Moreover, an oscillatory trend is
observed for all the Weber numbers higher than 1 at both Re = 25, 120 especially during
the transient period (till ¢/7, < 7). This is more prominent at Re = 120. This appears to

be due to oscillations in droplet surface area in Fig. 4.8.

Normalized Local Evaporation Flux and Normalized Total Surface Area

To find out the contribution of local evaporation flux (m”) and surface area at Re = 25 and
Re = 120, the results for normalized surface-averaged m’yp and normalized surface area
A/Aqy are plotted in Fig. 4.7 and Fig. 4.8, respectively. Results in Fig. 4.7 show that at
Re = 25, m"yp is marginally higher (~ 1%) for We = 1 in comparison to We = 12. At

Re = 120, the effect of Weber number is clearly seen on the local evaporation flux at early
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Figure 4.6: Zoomed-in plot for myp vs normalized time at Re = 25

time. Initially, as Weber number increases, m” yp increases. However at later time, a clear

trend can not be seen.

This trend in m” yp seems to contradict its relation with curvature as per theoretical analysis
by Tonini and Cossali [105, 106] and Palmore [67]. These previous studies were performed
at Re ~ 0. However, in our studies, due to presence of convective flow over the droplet, the
flow is more complex, for example, the flow separation is observed for both Re = 25 and
Re = 120. In Section 4.4.2, we will discuss how the theories by Tonini and Cossalli and
Palmore can be used to make limited predictions about the local evaporation fluxes, even

for high Reynolds number studies.

Figure 4.8 shows the normalized total surface area (A/Ap) evolution with time. Here, Ag is

the initial droplet surface area. The results suggest that at any particular Reynolds number,
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Figure 4.7: Normalized local evaporation flux (m”yp) vs non-dimensional time (¢/7p) at
Re =25 and Re =120

the droplet higher than We = 1 deforms significantly and reaches a peak of total surface
area. Oscillations in droplet shape are reflected in the normalized area plot in Fig. 4.8 where
two peaks are observed for every Weber number case. Moreover, this observation about
the peaks in surface area ratio plot correlate well with the results shown in DNS study by
Schlottke and Weigland [90]. At Re = 25, the steady value of maximum normalized area is
after t/7p > 20 is 1.04 and it occurs for We = 12. The cross section area in z-plane at time
instance t/7p = 20 is compared at Re = 25 in Fig. 4.9. The line style and color in this figure

is kept consistent with plots for myp, m”yp and A/Ap in Fig. 4.5 - Fig. 4.8.

At Re = 120, this increase in area is nearly 20% at ¢t/7p = 20 with respect to a spherical
droplet and is highest for We = 12. A sectional view of droplet shape at this time instance

is shown in Fig. 4.10. From this figure, 17% elongation in length perpendicular to flow with
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Figure 4.8: Non-dimensional Surface Area (A/Ap) vs non-dimensional time (¢/7p) at Re = 25
and Re = 120

respect to initial diameter of spherical droplet is observed for We = 12. Hence, the net effect
of both m” yp and total surface area leads to increase in the total evaporation rate in case

of We = 12 as shown Fig. 4.5.

Analysis of Local Evaporation Flux and Gas Flow

The qualitative analysis of the flow field at time instant ¢t = 207p is shown in Fig. 4.11.
The psuedocolors of local evaporation flux along with the velocity vectors at Re = 120 for
various Weber numbers are shown. In addition to this, four probes and a line segment are
located inside the wake region to record the flow related parameters. Probe A is located
near the rear stagnation point, probe B and C are located at the center of vortex and probe

D is located at the end of wake.

These results show increasing deformation with increase in Weber number. This deformation



Figure 4.9: Re = 25: Cross-sectional view of droplet shape at t/7p = 20.
Red : We =1, Blue : We =4, Green: We =8, Black : We =12

Figure 4.10: Re = 120 : Cross-sectional view of droplet shape at t/7p = 20. Red : We =1,
Blue : We =4, Green: We =8, Black : We =12
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120 : m/ np for different Weber numbers at t/7

=20

Figure 4.11: Re

both in terms of wake height H(measured between points

Y

correlates with a larger wake

B and C) and wake length L (measured between points A and D). Considering the flow

axisymmetry, the approximate non-dimensional volume of wake scales as V* ~ (H/(2d))? -

(L/d). This data is tabulated in Table 4.3.

In terms of local evaporation flux, the majority of the evaporation occurs at the front of



| We | NpatPt. A | L/d | H/d v

1 2.37 1.89 0.87 0.36
4 3.06 1.99 1.13 0.64
8 3.34 2.45 1.19 0.88
12 3.62 3.42 1.45 1.86

Table 4.3: Re = 120: Measurements at different points inside wake region

the droplet (i.e. the windward side). Moreover, the evaporation flux in this region seems
dependent on the local curvature of droplet as shown in Fig. 4.12. To elaborate on this, the
psuedocolors of normalized curvature and Am” yp are plotted in Fig. 4.12. The curvature
is normalized using curvature of a sphere of diameter dy and Am/ xp is defined as (Tri” —
M”avg)/(mo/AoTD), where sz”avg averaged over time. Comparing We = 1 with We = 12, the

curvature is higher in the front region which corresponds to the area of higher local m/” yp.

Given this insight, the results of this study can now be compared with the low Re theories
for evaporation by Tonini and Cossali [105, 106], and Palmore [67] which suggest the direct
dependence of evaporation flux on the surface curvature. At the upstream stagnation point,
the flow speed approaches zero, and accordingly the low Re theory is appropriate. Hence,
the evaporation flux is found to be proportional to the curvature (shown in Fig. 4.12a and
Fig. 4.12c) as predicted by theory given by [67, 105, 106]. However, as the flow develops
around the droplet, this low Re approximation becomes inappropriate, and the curvature
can no longer accurately predict evaporation flux. Furthermore, the low Re theories do not
make any predictions for boundary layer separation, hence the previous theories have no

validity for flow dynamics beyond the separation point.

It is also interesting to note that, for the non-spherical droplet such as Fig. 4.12b, the region
of highest curvature occurs at the top and bottom of the droplet near the separation point,
whereas the front stagnation region has a region of lower curvature than the corresponding

sphere. Hence, the curvature-induced vaporization enhancement predicted by low Re theories



is not experienced in practice for these highly deformed droplets. The net effect of these
two phenomena imply that the evaporation flux for the deformed droplet on the front of
the droplet must be lower than that of the spherical droplet. In addition to this, it will be
demonstrated later that the evaporation flux on the rear is higher for deformed droplets,
resulting in approximately equal overall local evaporation flux. This effect is also visible in

the rear in Fig. 4.12d.

This enhancement in the downstream region can be attributed to the wake interaction with
the fuel vapor. The velocity vectors in Fig. 4.11 show the presence of a vortex ring formation
for all cases. The length of wake region is observed to be increasing with increase in Weber
number. These details are quantified and tabulated in Table 4.3. It is clear that scaled
volume of wake region is nearly 5 times larger for We = 12 in comparison to We = 1. As
vapor mixing occurs only in wake, the larger wake is leading to the lower average vapor
concentration. Since evaporation is driven by the gradient of vapor concentration between
the liquid surface and its surrounding, the evaporation flux in this region is enhanced. An
analogous claim can be made for the temperature, however in this case the temperature is

increased in the wake due to mixing.

This viewpoint is supported by Fig. 4.13, which delineates the vapor mass fraction and
temperature profiles behind the droplet. The data are extracted on a line segment that
starts at (—0.7dy,0,0) (near the rear of the droplet) and ends at (2.5dy,0,0) to cover the
maximum wake length, as demonstrated in Fig. 4.13a. The vapor mass fraction is decreasing
monotonically with We, whereas the temperature has the opposite trend. In both cases, the
trend indicates mixing of values between the interface conditions and the farfield conditions.
Accordingly, this leads to higher gradients and higher evaporation rates in the wake region

as shown in Fig. 4.11 with increase in We number.
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Figure 4.12: Re = 120 : Distribution of normalized curvature and normalized Am” at
t / TP = 20

4.5 Conclusions

With the motivation to understand the complex relationship between the droplet shape
and its evaporation rate, this chapter covers the droplet evaporation under convective flow

using interface capturing Direct Numerical Simulation for multiphase flows. The liquid-gas
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interface can deform freely in these studies. A grid independence study is performed and
the solver accuracy is validated against empirical correlations for droplet evaporation by

Abramzon and Sirignano [3].

To analyze the effect of droplet shape on its evaporation rate, quasi-steady approach is
implemented, where the liquid volume is artificially kept constant in simulations while still
solving the remaining equations for the fluid dynamical system. For a constant relative
inflow velocity, the droplet shape is varied by modifying Weber number from We =1 — 12.

The convective flow velocity is modified by changing initial Reynolds number Re = 25, 120.

At Re = 25, the increase in total evaporation rate at We = 12 with respect to We = 1
is 3% which is marginal. However, at Re = 120 and We = 12, 20% enhancement in total
evaporation rate is observed when compared to We = 1. To understand the source of this
enhancement, the total evaporation rate was decomposed into evaporation per unit surface
area (m”) and surface area. This enhancement is mostly coming from increase in surface

area due to deformation and the averaged value of evaporation flux seems to be nearly same

for all Weber number.

At first glance, this appears to contradict the established theories for droplet evaporation
Tonini and Cossali [105, 106], Palmore [67]. However, this effect is due entirely due to the
high Reynolds number phenomena including boundary layer separation. Interestingly, for
the front (i.e. windward) stagnation region that forms over the droplet, the evaporation flux
is proportional to the interface curvature, as predicted by the low Re theory. However, as
a consequence of the boundary layer behavior, the evaporation flux for deformed droplets is

lower on their fronts when compared to nearly spherical droplets.

After the flow separation, the formation of wake and its interaction with fuel vapor is observed

at the downstream. Due to this interaction, the evaporation flux on the rear (i.e. leeward)



side of the droplet is enhanced where the flow is separated. This effect largely cancels out
the diminished evaporation flux on the front of the droplets, and results in similar values
for surface averaged evaporation flux. This emphasizes the importance of boundary layer
development in evaporation for higher Reynolds number flow and suggests a more complex
relationship between Weber Number, Reynolds Number, and evaporation phenomena than

had been previously predicted.



Chapter 5

Evaporation of Deformable Droplet

Under Natural Convection

The work covered in this chapter is submitted as a draft paper for the AIAA SciTech con-

ference (2024) [96]. The complete details are as follows,

o Meha Setiya and John Palmore Jr. Evaporation of deformable droplets under natu-
ral convection: comparison of DNS results with experiments. In AIAA Science and

Technology Forum and Exposition (AIAA SciTech Forum), 2024.
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5.1 Introduction

In most of the spray combustion systems, the sprays are exposed to mixed convective en-
vironment (i.e. combination of natural convection and forced convection) [77]. Besides the
ambient gas flow conditions, the size of droplets in sprays also varies from a few micrometers
to a thousands of micrometers [98]. Since the large droplets make most of spray mass [94],
the evaporation of these can be a rate limiter for combustion [22]. The overall effect of
mixed /forced convection on the evaporation of these droplets is well known from literature
(67, 95, 120]. However, the effect of natural convection is generally neglected in forced con-
vection dominant flows. The experimental studies such as [12, 31, 111] showed a significant
potential in natural convection to modify the evaporation/burning rates of droplets. These
changes in overall burning rates and flame shape are more evident in the complete absence
of gravity such micro-gravity conditions [71, 88]. This hints towards an interaction between
droplet evaporation and buoyancy driven flow around it. With the motivation to understand
the interaction between the natural convection and droplet evaporation, this study focuses on

droplet evaporation under buoyancy-driven flow using Direct Numerical Simulation (DNS).

In case of droplets evaporating under quiescent flow, the presence of temperature gradients
between two fluids governs the density variation in flow. This leads to the generation of
natural convection current due to variable buoyant forces on the fluids. This phenomenon
is generally characterized by a non-dimensional number known as Grashof number [§].

9Apdj

GT’O = pl/2

(5.1)

Here, Ap is the density change due to temperature change in a phase, g is gravitational
acceleration, v is the kinematic viscosity of the gas, dj is the initial diameter of the droplet.

For evaporating flows, this density change in gas phase is evaluated as Ap = pr — po where



pr mean density of gaseous mixture at the droplet surface [26]. Moreover, due to the presence
of surface tension and flow development around the droplets, they have tendency to deform
from initial spherical shape to a non-spherical shape. Such non-spherical shapes were also
observed in experimental studies on burning droplets under normal gravity conditions [88].
However, this was not under the scope of their work. In such buoyant flows, the shape of
droplet can be characterized using “E6tvos Number (Fo)” [17], defined as ,

_ Apgd}
- o

EOO

here o is surface tension of liquid.

To address this problem in a systematic manner, this paper first reviews the major work on

droplet evaporation under quiescent flow.

The experimental studies such as [27, 59, 61, 88] covered the droplet evaporation under
quiescent flow. Sato et al. [88] studied the effect of pressure under normal and micro-gravity
on combustion of n-octane. With the rise in ambient pressure till critical pressure, the
burning rate was seen to be increasing. Whereas, the burning rate decreased with ambient
pressure above critical pressure under normal gravity. The results also showed the presence
of natural convection under normal gravity increases the heat and mass transfer rates from
the droplet surface, therefore shorter burning times when compared to micro-gravity cases.
Moreover, non-spherical flame shapes were seen under normal gravity and spherical flame
shapes in micro-gravity cases at all ambient pressures. This indicated towards the strength

of gravity and its interaction with flow development around the droplet.

Another experimental study by Verwey and Birouk [111] investigated the effect of droplet size

varying between 140 — 700 pm on its evaporation rate under quiescent conditions at elevated



pressures (below critical pressure) and temperature in normal gravity. The results showed
that, at any particular ambient pressure, larger droplets evaporate faster in comparison
to smaller droplets which is in agreement with the d* law [108]. The ambient pressure
affects the evaporation rate coefficient (K = d(d?)/dt) positively for larger droplets (dy >
400pm). Moreover, the evaporation rate at higher pressure tends to deviate from the d? law
distribution at the later stages of evaporation due to higher natural convection especially
for larger droplets. The authors also suggested that the effect of Grashof number is more
prominent at high pressure conditions. These observations were also noted by Chauveau
et al. [12] for evaporation of dy = 1.5 mm droplet in quiescent flow under normal gravity.

The d? law was corrected using Grashof number to account for the effect of buoyancy.

Gokalp et al. [27] conducted low temperature droplet burning under normal and reduced
gravity conditions under both natural and forced convection. They found that the assump-
tion of spherical flame no longer holds for convective conditions. Moreover, due to presence
of silica filament to hold the droplet, the droplet shape was closer to an ellipsoid than a
sphere in their experiment. The burning rates or surface regression rates using d? law in-
volved calculation of characteristic dimension based on equivalent surface area or volume of
a sphere. However, the effect of droplet shape specifically on burning rate was not the focus

of their work.

Another interesting experimental investigation by Hegseth et al. [34] focused on visualizing
the liquid phase only and demonstrated the effect of surface tension on droplet evaporation.
A methanol droplet of size 1 mm was studied under stagnant air at atmospheric pressure and
room temperature. Results showed that the gradient of temperature at the droplet surface
due to evaporation induces gradient of surface tension. This variation in surface tension
drives the circulating (cellular) flow within the droplet which is also known as marangoni

instability. Higher internal motion leads to lower difference in temperature between the



droplet surface and its core. Such convective flow was absent inside water droplet and
strongly present inside acetone droplet, suggesting that the internal flow is dependent of
the density ratio of two fluids [47, 49, 50]. The gas-vapor flow outside the droplet was not

resolved in their study.

A latest experimental work by Murakami et al. [61] presented the droplet evaporation of
n-decane under normal gravity and microgravity. The focus of this work was investigation
of the unsteadiness in evaporation due to natural convection. Larger droplets were observed
to be more susceptible to evaporation enhancements due to prominent natural convection at
pressure lower than the critical pressure. The results showed that the droplet evaporation
coefficient reflects the unsteady evaporation behavior with time and it does not stay constant

during the entire evaporation time.

On numerical and anlytical work front, Habchi and Ebrahimian [31] developed a model for
multi-component droplet evaporation with correction in heat transfer and gravity. The heat
flux was corrected by including the conventional conduction heat flux and the heat flux
due to enthalpy diffusion of species. The relevant non-dimensional number Sherwood (Sh)
and Nusselt number (Nu) were corrected using Grashof number (Gr). The assumptions for
this model were: the droplet is spherical at a constant surface temperature, no radiation,
Soret and defour effects were considered. Including these assumptions and corrections, this
proposed model showed good agreement for single component droplet evaporation under

quiescent flow at different temperatures with results reported in [13].

Gogos et al. [26] developed an axisymmetric numerical model for droplet evaporation (n-
hexane, n-heptane) at elevated pressure conditions under normal gravity and micro-gravity.
The results were validated against experimental work by [59, 61]. Their numerical model

included a non-ideal gas behavior, the solubility of inert gas inside the liquid, variable liquid



and gas properties, real gas effects on the vapor-liquid equilibrium at droplet surface and
the internal circulation inside droplet. To compute liquid-vapor equilibrium at the inter-
face, authors used Peng-Robinson equation of state. One of the key assumptions was the
droplet shape stays spherical considering the Weber number (due to buoyant flow) is small.
However, the droplet shape was observed to be nearly elliposidal at high pressure conditions
under normal gravity. This was due to decrease in surface tension with increase in pressure.
Their results also showed that the evaporation under micro-gravity is less sensitive to rise in

pressure when compared against normal gravity.

Based on this review, the previous studies either considered the droplet to be spherical for
the entire droplet lifetime [12, 26, 88] or they solely focused on resolving the liquid phase
[34]. Therefore, there is a gap in understanding the interaction of the natural convection,
droplet shape on the droplet evaporation both under normal gravity and micro-gravity. This
work intends to bridge that gap using Direct Numerical Simulation (DNS) approach which
can resolve both the liquid and gas phase along with the droplet deformation. The main
aim of this work is to expand our understanding of evaporation in environments with partial

gravity.

As a first step towards this aim, the focus of this paper is to validate the numerical results
with two sets of experimental results. The first data set includes the latest experimental data
for droplet evaporation under atmospheric conditions in micro-gravity. This experiment was
conducted by one of our co-authors at international space station. The second test data
is an existing experimental data from Murakami et al. [61] for the evaporation of a single
isolated droplet of n-decane in quiescent flow under micro-gravity. The initial diameter of
the droplets used in the experiments are dy = 3.68 mm and dy = 0.4 mm respectively
which is considerably larger than dy = 0.1 mm as smaller droplets are less sensitive to

natural convection [26]. For the ease of understanding, these experimental results will be



designated as Experiment-1 and Experiment-2 respectively from this point forward. This
paper is organized as follows, Section 5.2 details about the methodology used in experiments
and numerical analysis. Section 5.3 covers the details of problem formulation and numerical

setup. This is followed by results and discussion under Section 5.4.

5.2 Methodology

5.2.1 Experiment-1 Methodology

The experimental data for droplet evaporation were obtained in the Multi-user Droplet
Combustion Apparatus (MDCA) onboard the International Space Station (ISS) as part of
the Flame Extinguishment-2 (FLEX-2) program. The experimental set-up is adopted from

Dietrich et al. [20] and shown here in Fig. 5.1.

Experimental procedures are briefly discussed here, and detailed descriptions of the hardware
can be found in [7, 20, 37]. Two needles, separated by a small distance, are used to dispense
liquid fuel and form fuel droplets. The needles are retracted once the desired droplet size
is reached. Two hot wires are then energized, attempting to ignite the fuel droplet. For
the evaporation results reported here, the ignition mechanism failed to ignite the droplet
due to various reasons such as insufficient input energy and the distance between the hot
wires and the droplet. Therefore, the droplet continues to evaporate without combustion
for a relatively short period of time. The droplet evaporation process is recorded by a
High Bit-Depth Multispectral (HiBMs) camera (1 MP at 30 fps) with backlighting. The
images of burning n-decane droplets in the FLEX-2 program were previously reported in
[53], which emphasized the droplet and flame dynamics as the initial droplet size varies. In
this experimental work (Experiment-1), the efforts have been focused on the evaporation rate
of n-decane with no chemical reactions. The images of droplet evaporation were analyzed in

[117], and the data are used here to validate the numerical modeling.
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(a) Schematic of the Multi-user Droplet Combustion Apparatus
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(b) FLEX image of droplet before ignition

Figure 5.1: Experiment-1 setup [20]

5.2.2 Numerical Methodology

The problem described under Section 5.1 is simulated using a finite volume based framework.

The details of this framework are discussed in Section 2.2, therefore not repeated here. In



addition to transport equation, the computation of variable density is discussed in this

section.

Variable Density in Each Phase

To include the capability of solving natural convection flow physics into our incompressible
flow solver, the Boussinesq approximation for both liquid and gas phases is implemented.

The density in the gas phase varies as per ideal gas law [8] which can be written as,

P Eermo
th (5.3)

Pc = RT.

Here Pijermo is thermodynamic pressure, R is specific gas constant which depends upon the

molecular weight of vapor-air mixture, computed as R = R,/ MW,,;,.

Similarly, the density variation in liquid phase depends upon the coefficient of thermal ex-
pansion (/) and the temperature difference between varying core liquid temperature (77)

and liquid surface temperature (71). The density in liquid phase can be expressed as,

PL
1+ p(T, — Tr)

pL = (5.4)

Therefore, the gas phase density varies with thermodynamic pressure, temperature and the
fuel-vapor mass fraction which evolve over time. Whereas, the liquid phase density varies
with liquid temperature. These variable densities are used in the transport equations as

descibed in Section 2.2.



5.3 Problem Formulation

5.3.1 Numerical Setup

To study this problem numerically, two isolated droplets of n-decane are selected and ana-
lyzed separately. The initial droplet diameters of these are dy = 3.68 mm (from Experiment-
1) and dp = 0.375 mm (from Experiment-2). These droplets are located at the center of
a cubic domain of size (25dy)* as shown in Fig. 6.1. To resolve the gas and liquid phase
appropriately, a uniform grid of size Az = Ay = Az = dy/16. This corresponds to 16
grid cells per droplet diameter (Ny = 16). This domain size is selected such a way that the
boundaries do not influence the flow near the droplet. The left x-boundary of the domain is
treated as an inflow boundary and right x-boundary is free outflow, the boundaries in y and
z directions are treated as periodic boundaries. The inflow velocity is approximately zero

for quiescent flow conditions.

Periodic

Inflow Outflow

Periodic

Figure 5.2: A sketch of computational domain



Instead of using the exact conditions from the measured data and the conditions mentioned
in Murakami et al. [61], the temperature of liquid and gas is derived from the experimental
results. This is discussed in detail under Section 5.3.2. The motivation behind deriving
these conditions is the uncertainty in the measurement of the droplet surface and ambient gas
conditions. For example, in the results from Murakami et al. [61] the droplet was significantly
heated while it was moved from the droplet generator to test section. The added motion
to the droplet led to additional shear stress at the interface and hence introduced internal
circulation, which led to higher surface temperatures. This was reported by Gogos et al.
[26], Zhang et al. [121] in their validation work. It is also important to note that the droplet
is suspended using a 7um AlyO3,5i0, fiber in experiment whereas it is freely floating in the
presented numerical studies. Although this fiber material is nearly thermally insulated, such
droplet suspension method can affect the heat transfer to the droplet [14]. While setting up
the case, the gravitation acceleration (g) is set to g = 1 x 107°* m/s? to mimic micro-gravity

conditions from the Experiment-2.

The fluid properties at these conditions [1] are given in Tables 5.1 and 5.2. The thermophys-
ical properties such as thermal conductivity and dynamic viscosity are constant and do not
vary with time. The initial fuel-vapor mass fraction at the droplet surface (Ypq) is computed

using Clausius-Clapeyron Equation Eq. (2.14a) which is detailed under Section 2.2.4.

5.3.2 Initial Temperature of Liquid and Gas Phase

This section demonstrates the evaluation of liquid and gas temperature for numerical setup.
In case of Experiment-2, as original test data from Murakami et al. [61] was unavailable,
the results reported in Figure 4 in [61] are digitized and shown here in Fig. 5.3. The black
solid line represents the digitized experimental results. An increase in d?/d3 in the beginning
of evaporation is observed. This could be due to thermal expansion of liquid droplet and

initial unsteady evaporation behavior. Moreover, the slope of the black line does not remain



’ Property ‘ Air ‘ Fuel
Temperature (77) 360 340
Density (p) 0.98 693.88
Viscosity () 2,12 x 107° 5.03 x 1074
Specific heat (c,) 1009.50 2355.70
Thermal conductivity (k) 3.09 x 1072 11.89 x 1072
Latent heat of vaporization (hy,) | — 373943.66
Surface tension (o) - 1.95 x 1072
Coefficient of thermal expansion | — 1.12 x 1073
(5)

Table 5.1: Experiment-1 : Fluid properties at P,, = 101325 Pa, Ty,; = 447.3 K, T},

340K, Te = 360 K [1]

’ Property \ Air \ Fuel
Temperature (77) 640 521.69
Density (p) 2.72 524.87
Viscosity () 3.15x 107° 1.20 x 10~*
Specific heat (c,) 1059.40 3053.60
Thermal conductivity (k) 4.80 x 1072 8.10 x 1072
Latent heat of vaporization (hy,) | — 218660
Surface tension (o) - 4.89 x 1073
Coefficient of thermal expansion | — 2.41 x 1073
(5)

Table 5.2: Experiment-2 : Fluid properties at P, = 0.5 M Pa, Ty, = 522.7 K, T}

521.69 K, Te = 640 K [1]

constant throughout the droplet lifetime. This suggests that the evaporation coefficient (K)

varies with time as reported in the paper. Such unsteadiness will be missing in analytical

solution as it involves a steady state evaporation and demonstrate a constant linear slope

of the d? distribution. Therefore, to compare the analytical against experimental data, the

experimental data is clipped at d?/d2 ~ 0.88 such that the curve shown in dash blue line

without markers have nearly constant slope K = 2.80 x 1079 m?/s. Now, this clipped data

is shifted to time (¢/d? = 0) such that d*/d2 starts at 1 with initial diameter of droplet as

dy = 0.375 mm. This data is further used for validation purpose.
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Figure 5.3: dy = 0.375mm : Experimental results for droplet evaporation under micro-
gravity [61].

Black solid line: Digitized experimental data, Cyan dash line: clipped experimental data,
Cyan solid line with filled markers : clipped and shifted experimental data, Blue dash line:
analytical solution

To derive the boundary conditions for DNS, an analytical solution for droplet evaporating
under quiescent flow is used [108]. This analytical solution (shown in cyan) of d?/d? for a

droplet evaporating under quiescent can be written as,

d?Jd:=1—K x (t/d2) (5.5a)

 Ska(T)in(1 + B,)
= T pT)ee(T) (5.5b)

CpaG(T> (Too B TF)
hfg

B, = (5.5¢)

Here T' is mean temperature , K is evaporation coefficient and B, is Spalding heat transfer

number. Gas and liquid properties for this solution are computed at mean temperature. The



analytical solution which matches the most of d*/d? trend of experimental result is found
when Kunayticar = 2.67 x 1077 m?/s. This corresponds to T, = 640 K and Tt = 521.69 K.
These temperatures are used to evaluate gas and liquid properties at P, = 0.5M Pa for

DNS.

The boundary conditions for Experiment-1 are also derived in the same fashion, therefore the
process is not repeated here. For atmospheric pressure condition and evaporation coefficient
K =1.79x107® m?/s from experiment, the derived boundary conditions are T,, = 358.2 K,
Tr = 338.2 K, Ypr = 0.0493.

5.4 Validation

5.4.1 Validation against Experiment-1

This section covers the comparison of DNS solution against analytical solution and the
results from Experiment-1. The measured data in Experiment-1 (shown in black in Fig. 5.4)
is significantly fluctuating, an in-built Matlab function is used to smooth/filter the data.
This smooth data is shown in Cyan colored dash line. The d?/d? higher than 1 is observed
in these results which may be present due to initial droplet heat-up. It is also observed that
the droplet lost a small amount of mass for a short period of time during this experiment.

The normalized squared diameter dropped from 1 to 0.992 in 0.6 s/mm? normalized time.

To utilize this filtered data further for the validation purpose, it is clipped using the same
approach discussed in Section 5.3.2. Fig. 5.5 shows the comparison of dimensionless squared
diameter obtained from three different approaches. The filtered and clipped experimental
results are shown in cyan solid line with markers. The analytical solution for steady evapo-
ration of droplet under quiescent flow [108] is plotted in blue dash line. As the evaporation

coefficient is constant for analytical solution. The slope of this curve matches with exper-
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Figure 5.4: dy = 3.68mm: Time history of dimensionless squared diameter
Black solid line : measured data, Cyan dash line: Smooth data

imental d* trend after d*/d3 = 0.996. The numerical solution are shown in magenta solid

line.

As mentioned previously in Section 5.3.2, the droplet surface temperature in this case is
well below the boiling temperature. Therefore, the initial vapor-mass fraction is low at the
droplet surface. This leads to smaller gradient for the diffusion. In addition to this, the
presence of lower temperature gradient leads to longer droplet decay time. For the given
data from Experiment-1, the DNS solution is observed to deviate from the analytical as well
as experimental results as shown in zoomed-in plot. Though, the difference in magnitude of
d*/d3 is of the order 1075, it could be due to initial transient droplet heat-up. This will be
further investigated in future. To compare this quantitatively over a relatively longer period
of time, an extrapolated linear trend line (magenta dash line) is fitted to DNS solution is

shown in Fig. 5.5. The slope of the trend line is computed and tabulated in Table 5.3. The
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Figure 5.5: dy = 3.68mm: Time history of dimensionless squared diameter,
Cyan solid line: Smooth experimental data, Blue dash line: Analytical solution, Magenta
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time required for droplet to decay from d?/d3 = 1 to d?/d% = 0.99 is also listed in this table.

| Experiment-1 | Evaporation coefficient (mm?/s) | droplet lifetime (s) till d?/dg = 0.99 |

Experimental 1.79 x 1072 0.550
Analytical 1.82 x 1072 0.549
Numerical 1.57 x 1072 0.667

Table 5.3: dy = 3.68mm: Evaporation coefficient (K) for all cases

Although the longer time history of the droplet for this experiment could not be obtained,
the DNS solution set match reasonable well with the given dataset. The droplet decay time

observed in DNS (computed from extrapolation) is ~ 22% higher than Experiment-1.

5.4.2 Validation against Experiment-2 [61]
This section covers the comparison of DNS results against analytical solution and experi-
mental results from Murakami et al. [61]. Fig. 5.6 shows the normalized squared diameter

(d?/d2) variation with normalized time (¢/d?) obtained from three different approaches. The



analytical solution in blue dash line is observed to match well with normalized d? distribution
obtained from experiments in cyan solid line with markers till d*/d3 = 0.5. The experimental
results deviate from analytical solution near the end of the droplet lifetime. In case of DNS
results, an unsteady behavior of d?/d3 is observed in the beginning of droplet evaporation
from t/d3 = 0 — 0.01 s/mm? The DNS solution (solid magenta line) is seen to have a
higher slope for this time duration and therefore a higher evaporation coefficient. However,
after the transient period of droplet heat-up, DNS solution exhibit nearly the same slope
as analytical solution. Moreover, the extrapolated DNS results shown in dashed magenta
line slightly under-predict the slope (evaporation coefficient), hence yield a slightly higher
droplet decay time. A similar observation was also found in validation work by Zhang [120].
Furthermore, the extracted evaporation coefficients and the droplet lifetimes are reported in
Table 5.4. The droplet lifetime for analytical solution is close to the experimental value of

it.

| Experiment-2 | Evaporation coefficient (mm?/s) | droplet lifetime (s) |

Experimental 2.804 x 1071 3.56
Analytical 2.663 x 101 3.75
Numerical 2.483 x 1071 4.02

Table 5.4: dy = 0.375mm: Evaporation coefficient (K') for all cases

5.5 Effect of Droplet Shape Under Natural Convection

This section will cover the interaction of droplet shape and the flow development around
it. The droplet shape is primarily governed by surface tension and droplet diameter. The
strength of buoyancy driven flow is governed by temperature/density gradient and gravity
field. Therefore, to study this interaction, relevant non-dimensional numbers such as Eotvos
number in Eq. (5.2) and Grashof number in Eq. (5.1) will be varied by modifying the surface

tension, temperature gradients and/or gravity.
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Figure 5.6: dy = 0.375mm: Comparison of time history of dimensionless squared diameter
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5.6 Discussion and Future Work

This work covers the validation of the numerical results for droplet evaporation under buoy-
ancy driven flow against the experimental and analytical solutions. The framework utilized
for this study is based on Interface-capturing direct numerical simulation approach for solv-
ing evaporating/boiling flows. To simulate the buoyancy driven flow, the density of gas and
liquid phase vary based on Bousinessq approximation as equation of state and is incorporated

in our incompressible solver.

To cover a range of evaporation conditions, two test cases of droplet evaporation are simulated
and compared against the experimental results performed under micro-gravity. First test case
involves the evaporation of n-decane droplet of relatively larger size (dy = 3.68 mm) under

quiescent ambient air conditions. The second test case involves the evaporation of droplet



of dy = 0.375 mm under quiescent pressurized ambient environment [61]. These cases cover

the range of evaporation velocities (Stefan flow velocity) throughout the droplet lifetime.

The numerical results for evaporating droplets are quantified in terms of normalized squared
diameter (d?/d?), the evaporation coefficient (K) and the total droplet decay time. In case
of droplet evaporation under low temperature and low pressure conditions (Experiment-1),
the slope of d? trend is lower than the experiment and it deviates from the experimental and
anlytical solution. Therefore, the droplet decay time to reach d?/d% = 0.99 is 22% higher
in DNS solution. The authors intend to investigate the cause of such deviation further
in the future work. On the other hand, the DNS results for droplet evaporation under
high pressure, high temperature conditions are found to be in better agreement with the

experimental results from Murakami et al. [61].

Based on this validation, we intend to use the solver to investigate the effect of natural con-
vection and droplet shape on evaporation by varying the relevant non-dimensional numbers,
i.e. Grashof number and E6tvos number respectively which will be covered in Section 5.5.
The insights from these results can help us understand the complex relationship in the
strength of natural convection, droplet shape, and their combined effect on the boundary
layer development. Furthermore, this approach can be utilized for the exploration on the

droplet evaporation under partial gravity environment.



Chapter 6

Combustion of Deformable Droplet

Under Forced Convection

The work covered in this chapter is a compilation two papers, one : a peer-reviewed confer-
ence article at IMECE (2022) [94] and two: a peer-reviewed journal article in ASME journal

of heat and mass transfer (2023) [91]. Complete article details are as follows,

o Meha Setiya and John Palmore Jr. Combustion and vaporization of deformable fuel
droplets using direct numerical simulation. International Mechanical Engineering

Congress and Exposition, 2022. doi:10.1115/IMECE2022-94475.

e Meha Setiya and John Palmore Jr. Combustion and evaporation of deformable fuel

droplets. ASME Journal of Heat and Mass Transfer, 2023. doi:10.1115/1.4062784
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6.1 Introduction

This chapter covers the droplet combustion under convective flow conditions. Due to higher
volumetric contribution of the larger droplets in spray mass, this study extends on the
combustion of these large droplets. Due to the turbulent and convective flow conditions
inside the combustion chamber, the droplet shape is governed by the aerodynamic stresses
and surface tension at the liquid-gas interface [24]. This can be written in terms of a non-
dimensional number, Weber number (We = %ﬁdo) which is a ratio of these two forces. In
the case of the small droplets, they will have higher surface tension due to higher curvature
and small Weber numbers. Hence, they tend to remain in a nearly spherical shape. However,

the larger spray droplets will have a higher Weber number and therefore higher tendency to

deform.

Significant experimental as well as numerical work exists on the combustion of “spherical
droplets” [41, 44, 74, 76, 115]. However, there is a dearth of literature on involving “de-
formable droplets”. As the shape of a droplet is one of the parameters can alter the flow
development around the droplet and hence can affect its combustion. Therefore, it is im-
portant to address this gap. In effort to address this gap, this paper reviews the major past

work on evaporation of deformable droplets first, followed by combustion studies.

Recent analytical studies by Tonini and Cossalli [105, 106] suggested that the iso-volume
spheroidal droplets (prolate and oblate) evaporate differently in comparison to spherical
droplet. The local flux was found to be proportional to surface curvature under the stagnant
gas environment. Furthermore, the results of analytical study using perturbation theory
by Palmore [67] demonstrated the freely deformed droplets has higher evaporation rate in
comparison to isovolume spherical droplet. Although, the surface area is higher for deformed

droplet, the total evaporation rate of a non-spherical droplet does not scale by the ratio of



surface areas times the evaporation rate of spherical droplet. At low Reynolds number (nearly
quiescent flow conditions), the non-dimensional total evaporation rate given by Equation 72
in [67] suggests that, it has a complex relationship with the droplet shape (Liquid-Gas
interface) governed by Weber number. It was also shown that the deformation of the droplet
as represented by Weber number, enhances the combustion rate by increasing the rate of
fuel evaporation. This alters the distance of the flamesheet from the droplet surface and
hence, it changes the entrainment of ambient gas between flamesheet and droplet surface.
However, the results from his work were limited to combustion in stagnant air (Re = 0). One
of our recent work on pure evaporation of freely deforming droplets under convective flow
in [95] demonstrated that surface averaged total evaporation rate is higher for the deformed
droplets than the spherical droplets. This enhancement is associated with the local curvature
in the front region and wake flow interaction with the droplet. Both these parameters are

related to droplet shape.

In case of combustion in a stagnant flow, many experimental studies such as work by Xia
[116] and Pacheo et al. [64] focused on analyzing the dynamics and chemistry of spherical
diffusion flames. A relatively larger droplet size was chosen in the range of 100 um to
10 mm for the majority of the experimental work as they generally try to mimic the initial
Reynolds numbers (Reg) as seen by the real spray droplets. However, matching Rey with the
larger droplets in experiments mean slower inflow velocities, hence lower Weber numbers.

Therefore, the droplet shape is nearly spherical.

A few experimental studies on the burning of fuel particles such as [27, 28, 29, 76, 88] covered
the burning under a convective flow. The effect of natural convection on high pressure droplet
combustion was studied by Sato et al. [88]. For pressure below critical pressure of liquid
fuel, the burning time decreases and above critical pressure, burning time increases. The

presence of natural convection affects the heat and mass transfer across the flame.



Gokalp et al. [27] conducted low temperature droplet burning under normal and reduced
gravity conditions under natural and forced convection. They found that the assumption of
spherical flame no longer holds for convective conditions. Moreover, due to presence of silica
filament to hold the droplet, the droplet shape was closer to an ellipsoid than a sphere in their
experiment. The burning rates or surface regression rates using d? law involved calculation
of characteristic dimension based on equivalent surface area or volume of a sphere. However,

the effect of droplet shape specifically on burning rate was not the focus of their work.

The studies by Gollahalli and Brzustowski [29] suggested that the flow conditions drive the
nature of the diffusion flame, either an envelope flame or a wake flame or transitioning
from envelope flame to wake flame. Such flame development is sensitive to thermophysical
properties of ambient gas as well as its inflow velocity. If the inflow velocity is lower than a
critical value, envelope flame will be seen. If the gas velocity is higher than a critical value,
the wake flame will be observed. Moreover, a sudden drop in evaporation rate was observed

when transitioning from envelope flame to wake flame.

Raghvan et al. [76] studied the effect of ambient temperature on the burning rates for
different inflow velocities and various flame shapes were observed. On the similar lines, a
numerical study by Wu and Sirignano [115] on transient burning of n-octane was performed at
high temperature and 20 atm pressure air stream. Specifically, the transient shape of flame,
surface temperature and burning rates were studied at different initial Reynolds numbers
Rey = pooUrado/ i and initial Damkohler numbers (Dag) for dy = 50 pm. The initial

Damkohler number is defined as the ratio of reaction rate and convective transport rate.

do/Use

Day= ———F—
“ pooY}Q/wOWF

(6.1)

The results showed that, for given flow conditions, if an envelope flame is observed, it is



going to stay an envelope flame through the lifetime of the droplet. However a wake flame
can either transition to an envelope flame at the later of lifetime of droplet or can extinguish.
This numerical study suggested a critical initial Dag = 1.02 for n-octane at P,, = 20 atm
and T, = 1500K. An envelope flame is observed above at Rey = 11, Dag = 1.2 and wake
flame is seen at Rey = 45, Day = 0.3. Another numerical study by Pope and Gogos [74]
analyzed the extinction of the envelope flame for various sizes of n-heptane droplet ranging
from dy = 0.1 mm — 3 mm at atmospheric pressure and varying temperature conditions.
For smaller droplets of dy < 0.1 mm, the extinction velocity was found to be proportional
to d*® and the correlation involving Dag, Re and transfer number B was developed. It is
important to note that all these numerical studies were performed with the assumption of

spherical (non-deforming) droplet shape under the axisymmetric flow.

Based on this literature review, the interaction of the combustion of deformable droplet
under a convective flow environment is not yet unknown. Hence, this work covers the
impact of droplet shape on its pure evaporation and combustion under convective flow of
moderate Reynolds number using DNS. The droplet shape is varied by modifying the Weber
number. This work is organized as follows: Section 6.2 covers the problem formulation and
summarizes the flow solver details, Section 6.3 describes the numerical setup including the
boundary conditions and the thermo-physical conditions of fluids, this is followed by results

and discussion in Section 6.4 and conclusions in Section 6.5.

6.2 Problem Formulation

In the current problem, the combustion of an isolated fuel droplet of n-decane is studied.
The initial droplet diameter is dy = 100 um. The details of flow solver and combustion

mechanism are discussed here.



6.2.1 Flow Solver

This work uses a numerical framework developed in [69] for the analysis of the given problem.
This is briefly discussed in Section 2.2, therefore not repeated here. In addition to this,

combustion mechanism used for this work is elaborated here.

6.2.2 Combustion Mechanism

A single-step mechanism [114] is used for the combustion of the droplet. Five chemical
species in total are solved in gas phase, namely fuel (F), oxygen (O,) as oxidizer, nitrogen

(N3) and products of combustion, water (H,0), and Carbon dioxide (COs).
CloHQQ +15.5 02 — 10 C02 + 11 HQO (62)
The sum of all species mass fraction sums to unity.

Y vi=1 (6.3)

Nitrogen is an inert gas and does not participate in combustion. Hence, the species mass

fraction of Nitrogen (Yy,) will be computed as:
Yn, =1— (Yr+ Yo, + Yeo, + Yi,0) (6.4)
Therefore, only 4 species need to be solved inside the gas phase.

Burning of the fuel produces heat due to combustion and its value is Ah, = 44602 [kJ /kg] =
6305300.0 [J /mol] for n-decane. The fuel consumption rate (wr) depends on the temperature

and pressure of ambient oxidizer and the species mass fraction of fuel (Yr) and oxidizer (Yo,)



and is defined as:
wp = Wp x (=A e P/ T [ Y W) [p* Yo,/ Wo,] ') (6.5)

Here, negative sign associated with wg is due to consumption of the fuel. The molecular
weight of fuel is Wr = 0.0142 [kg/mol] and the unit for wp is [kg/(m3-s)]. The pre-exponent
factor A = 12016655 [(mol/m?)'=™7"1/s], where m = 0.25, n = 1.5. The activation energy
required for the combustion to take place is E, = 125520.0 [J/mol], R, = 8.314 [J/(mol - K)]

is universal gas constant.

The gas phase density pf; used in combustion calculations takes account of mixture proper-

ties. It is calculated using ideal gas law and mixture properties as expressed in Eq. (6.6).

* POO
Pe = R (3, Vi W)

(6.6)

It is worth highlighting that pf; is different from pg which is a constant reference gas density.
Similarly to Eq. (6.5), the oxidizer consumption rate, production rate of water and carbon

dioxide can be written as:

50, = (Wo, /Wi) x (15.5 X wir) (6.7a)
ngO = (WHQO/WF) X (—11 X wp) (67b)
(,ZJCO2 = (WCOQ/WF) X (—10 X wF) (67C)

Moreover, the temperature production term can be written as

(6.8)

A .
CZJT:—WFX ( hc WF)

PooCpi



As the combustion timescale is much faster than the fluid timescales, advancing the flow
using combustion timescale would make the solution computationally intractable. Hence, a
segregated timestep advancement model is used. At each time step, a stiff integrator is used
to integrate the chemical reaction sources assuming the fluid flow is stagnant. Then the
integrated sources are coupled into the fluid and scalar transport equations. This strategy is
common in the combustion simulation community, hence not explained in detail here. More

details on our implementation of the idea can be found in our previous works [66].

This numerical framework has been validated for pure evaporation under stagnant in [68]

and in convective flow [95].

6.3 Numerical Setup

The numerical setup for this problem includes an isolated droplet located at the center
of the domain. This study improves on previous numerical studies by not imposing any
droplet shape such as sphere or ellipsoid. Instead the droplet freely deforms based on the
aerodynamic forces it experiences. The initial droplet diameter is dy = 100 um and it is

located at the center of the domain.

The domain size is 30dy x 30dy x 30d, for these studies. A structured non-uniform grid is
used for these studies. The dimension of uniform grid region are 30dy x 10dy x 10d, and
beyond this region, a stretch ratio of 1.09 is applied in order to optimize the computational
accuracy and expense as shown in Fig. 6.1. The grid size in the uniform grid region is
dr = dy = dz = 5 x 107° m. Based on the analytical calculation for vapor film thickness
around a non-evaporating sphere in convective flow [3|, this grid resolution leads 10 cells
to cover the vapor film around the droplet which is sufficient to resolve the thermal and
vapor film thickness. It is important to note that the domain size is selected such a way that

boundaries do not influence the flow around droplet.
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Figure 6.1: A sketch of numerical setup and boundaries

As shown in Fig. 6.1, a fixed inflow boundary condition is applied on the left face of the
domain. The right face is used as a convective outflow. The remaining boundaries in y and z
directions are treated as periodic. In order to keep the droplet at its predetermined location
through out the simulation, “gravity update” method is used. This method mimics the flow
over a freely-deforming droplet falling at its terminal velocity. The artificial gravity on the
droplet is applied in feedback loop manner in order to accommodate the droplet center shift
in time. This method is seen to be effective in minimizing the droplet shift. More details of

this can be found in our previous work [50, 92].

The ambient conditions for the numerical studies are P,, = 20 atm and high temperature
Tw = 1400 K [115]. The droplet is at its saturated conditions. It evaporates and burns
in a convective flow with Yo, = 0.23, Y = 0, Yy, : 0.77, and T = T, at inlet. Reynolds

number based on the initial diameter, defined as Rey = pooUreido/ i, here U, is the



relative velocity of oxidizer ; Uy = Uso — Ugrop. As the droplet stays in the center of the
domain, Uy, is negligible and hence, for a constant inflow velocity, U, does not change
significantly. Rey = 25 is considered for these studies as the flow over sphere at this Req
is nearly attached [101]. To study the effect of deformation, the initial Weber number
Weo = paoU?2,do/0 is varied by modifying the surface tension of liquid. The range for Weber
number is Wey = 1—12. The upper limit of Wey = 12 is imposed due to the droplet breakup
beyond this value [54]. The liquid properties refer to fuel properties and are taken at boiling
temperature T, = 615 K at P, = 20 atm [1, 118] and gas properties refer to air and are

taken P, = 20 atm and T,, = 1400 K as mentioned in Section 6.3.

’ Property ‘ Air ‘ Fuel ‘
Temperature (77) 1399.99 614.05
Density (p) 5.04 300.00
Viscosity (1) 5.05 x 1075 | 4.00 x 104
Specific heat (cp) 1097.28 -

Thermal conductivity (k) 0.087 0.079
Latent heat of vaporization (hy,) | — 48126
Adiabatic  flame temperature | — 2286

(Tad)

Table 6.1: Fluid properties at P,, = 20 atm, Ty.; = 615 K, T = 1400 K

6.3.1 Analytical Calculation of Gas Temperature

The solver uses the Bounded Quadratic Upwind Interpolation for Convective Kinematics
(BQUICK) algorithm for advective scalar transport [35]. The algorithm is designed to ensure
that transported scalars remain strictly bounded between a given minimum and maximum
value. For the species mass fraction, the natural choice for these bounds are 0 and 1.
For the temperature, the minimum temperature of 600 K is selected which is lower than
the boiling temperature of the droplet. The highest temperature in this process is the
flame temperature due to burning. To evaluate the flame temperature analytically for the

given ambient conditions, a simple 1-D droplet burning model is used [108]. The results



of the model are demonstrated in Fig. 6.2. Moving outward from the droplet surface, the
temperature increases rapidly towards a peak value, which can be identified as the flame
temperature. The temperature then decreases smoothly with increasing distance from the

droplet surface.

Various local equivalence ratio exist during the combustion process, hence the flame tem-
perature will be function of the equivalence ratio is defined as ¢ = (A/F)q/(A/F). Here
(A/F) is the actual air to fuel ratio whereas (A/F) is the stoichiometric ratio (A/F)s = 15.
For the flammability limits ¢;, = 0.8 and ¢y = 1 for a diffusion flame [76], we found that
the flame temperature varies from ~ 3200 — 3660K as shown in Fig. 6.2. Though it is an
oversimplified model, this 1-D calculation helps in estimating the highest temperatures that
may be observed in the numerical simulations and use an appropriate initial maximum tem-
perature accordingly. With a great amount of margin, the maximum domain temperature

is taken as 5000K for these studies.

4000

3500 1
3000 1

— 2500 |7 1
K

& 2000 .

1500 | ]

—¢=038
1000 | — ¢ =0.9]]

¢=1
500 1 1 1
0 0.005 0.01 0.015 0.02
r [m]

Figure 6.2: Simple droplet burning model: Temperature variation in the radial direction
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6.4 Results and Discussion

6.4.1 Effect of Droplet Shape on Pure Evaporation and Combus-
tion

As the combustion process is limited by the evaporation rate of liquid fuel, it is important to
study the effect of droplet shape on pure evaporation first under the given ambient conditions.
As the droplet shape is governed by its initial Weber number, two cases with Weg = 1 and
Wey = 12 are studied at Rey = 25 for given ambient conditions. The droplet is initially

spherical in shape and eventually deforms freely due to the imbalance of forces.

To quantify the effect of droplet shape on pure evaporation and combustion, total evaporation
rate (1 [kg/s]) is plotted in Fig. 6.3. The results show time history of surface averaged total
evaporation rate over time for both pure evaporation and combustion. The time on x-axis

is normalized using a capillary response time (7,) for droplet which is defined as

/2
~ prtpe (o’
T, = . (27) (6.9)

In these results, the instantaneous evaporation rate starts at zero and rapidly increases. Since
the droplet is preheated to the saturation temperature, this period is due to the adjustment
of the gaseous flow field around the droplet. After a small period of time, m reaches a steady
value for both pure evaporation and combustion cases. In terms of effect of Weber number
on m at this Rey, the pure evaporation cases have slightly higher value of 7 for higher Weber
number, whereas in case of combustion Weg = 12 show significantly higher 7. An increase
of 4.85% is seen at time instant ¢/7, ~ 7. This enhancement increase with time and reaches
upto ~ 9% at t/7, ~ 15 as shown in the zoomed-in plot. Moreover, Wey = 1 combustion

case have 11.8% higher m when compared with pure evaporation. This is due to overall



higher temperature of ambient gas around the droplet due to combustion.
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Figure 6.3: Total evaporation rate [kg/s] with ¢t/7, at Rey = 25

Since, these studies involve evaporation (or burning), hence both liquid volume and surface
area decrease with time. Therefore, the net effect of the local evaporation flux (m”) and the
total surface area (A) on the total evaporation rate (1 = m” x A) can be misleading. In
order to dissociate the effect of total surface area on 7, these studies are performed where
the liquid volume is kept constant artificially while still solving the remaining equations for

the fluid dynamical system.

To breakdown the contribution of evaporation flux and surface area in total evaporation
rate, Fig. 6.4 and Fig. 6.5 show the time history of surface averaged local m” and normalized
area A/Ag respectively. In case of pure evaporation, the averaged value of m” for Wey = 1
is nearly the same as Wey = 12. The same is observed for combustion cases but with the

higher magnitude of m”. This suggest weak dependency of Weber number on averaged m/



at this Rey.
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Figure 6.4: Local evaporation rate [kg/m? - s| with t/7, at Rey = 25

Due to the presence of convective flow, the droplet deforms. This deformation can be quan-
tified in terms of A/Ay as shown in Fig. 6.5. Here Ag is initial droplet surface area. The
results show a nearly linear increasing trend with time. This rise in A/Aq is seen to be
faster in the beginning of the evaporation which suggest higher deformations till ¢/7, ~ 10.
The slope of A/Ag reduces at later time and A/Aq reaches nearly a steady value. Moreover,
A/ Ay is higher for Wey = 12 when compared with Wey = 1 for each case. For example: at
a time instant ¢/7, ~ 7, Wey = 12 with combustion has 5.4% higher total surface area when
compared to Weg = 1. This increase in area for Wey = 12 pure evaporation case is 2.7%.
One important observation in normalized area plot is that the trend of A/ Ay for a particular
Weber number is same for both pure evaporation and combustion. They both differ by the

magnitude of area ratio.
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Figure 6.5: Normalized total surface area with t/7, at Req = 25

These trends in A/ A, reflect into droplet shape change. Although surface averaged values of
m" are nearly the same as seen in Fig. 6.4, the droplet shape affects the distribution of local
evaporation flux because of interaction between the droplet and inflow. To visualize these
results, Fig. 6.6 shows the pseudocolors of local evaporation flux (m” [kg/(m? - s)]) at time
instance t/7, ~ 7. The droplet shape at Wey = 1 is close to an ellipsoid whereas it is more
deformed at Wey = 12 case for both pure evaporation and combustion. In addition to that,
the droplet looks further deformed in Wey = 12 combustion case (Fig. 6.6d) when compared
to Wey = 12 pure evaporation case (Fig. 6.6b). This suggests an interaction between droplet

shape and combustion dynamics.

Due to the convective flow over the droplet, the front of the droplet is exposed to hot incoming
air. This leads to higher local flux in front of the droplet. Moreover, the distribution of m” in
this region depends on the curvature of droplet. Now, while comparing the effect of Weber

number for combustion cases in front of the droplet, higher m” is observed in We, = 12
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Figure 6.6: Psueodcolors of local evaporation flux [kg/(m? - s)] at t/7, ~ T at Reg = 25

due to the presence of higher curvature when compared to Wey = 1 as shown in Fig. 6.7.
The curvature is normalized using curvature of a sphere of diameter dy. The values for m”
measured near to the front stagnation point are 41.5 kg/(m? - s) and 51.6 kg/(m? - s) for
Weyg =1 and Wey = 12 respectively. This observation is consistent with the previous studies
showing that m” is directly proportional to the interface curvature at least in regions where
the boundary layer is fully attached [106],[67]. This was also observed in our previous work

[95], [94].
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Figure 6.7: Psueodcolors of normalized curvature at ¢/7, ~ 7 at Rey = 25
Black line marks the liquid-gas interface.

Effect of droplet shape on flame

As the auto-ignition temperature for n-decane is 481 K, for the given ambient conditions,
the droplet starts burning and the envelope flame appears fairly early in time. This type
of flame occurs due to faster reaction rates in comparison to convective transport. Initial
Damkohler number at Rey = 25 and for these ambient conditions is higher than critical value
(Day > 1.02) as reported in [115]. One way of locating such flame is where stoichiometric
combustion of the fuel and oxidizer occurs [98]. This can be defined as a variable § =
Yr — Yo,/(A/F)q. Hence, = 0 marks the location of the flame. Another way of marking
the flame location is to plot the contour of maximum species mass fraction for products such

as CO, and H5O.

To evaluate the effect of Weber number on the combustion, Fig. 6.8 shows the gas temper-
ature around the droplet along with the contour of maximum species mass fraction of CO,
(max Yco, - marked in yellow line). The flame is pushed towards the droplet and no longer
stays as spherical diffusion flame. The gas temperature in the droplet vicinity is significantly

lower in comparison to temperature in the flame region due to cooler fuel vapor. The region



of maximum temperature lies where fuel vapor meets with oxidizer. This region is seen to

coincide with maximum Yoo, marked with yellow lines for each case.

(a) Wep =1 (b) Wep = 12

Figure 6.8: Psuedocolors of gas temperature [K] at Reg = 25 at t/7, ~ 7.
Yellow line marks the mazimum Ye,,

In terms of comparison between different Weber numbers, same magnitude of maximum
gas temperatures as well as maximum Yoo, are observed despite the changes in m" due to
shape change in the front. In addition to this, the flame type is still the envelope non-
spherical flame for given ambient conditions. Moreover, the contour for maximum Y¢o, and
distribution of gas temperature are seen to be qualitatively same for both Weber numbers.
To compare the flames further Fig. 6.9 show an overlay of z-section of droplet shape and the

flame marked by 8 = 0 for different Weber numbers.

The flame base distance (measured from the droplet center to = 0 along negative x-
direction) and flame stand-off distance (measured from droplet center to 5 = 0 along positive
y-direction) are observed to be same for both Weber numbers. However, the flame length
behind the droplet (measured from the center of the droplet to end of the flame in flow
direction) is seen to be longer for Wey = 12. The evaporation in rear region of the droplet is

dependent on the flow interaction in wake region which impacts the flame length behind the



Figure 6.9: Sectional view of droplet and flame shape: Wey = 1 (black) vs Wey = 12
(orange), Rey = 25.

Maroon line marks flame for Weq = 1 and blue line marks flame for Wey = 12

droplet. The flow velocity measured at the end of flame is found to be higher in Wey = 12.

This leads to the flame location to be pushed further downstream. The values of velocity and

non-dimensional flame length are tabulated in Table 6.2. Overall, combustion at Rey = 25

Case v [m/s] L*=L/dy
Wey =1 1.65 3.06
Wey =12 1.78 3.17

Table 6.2: Measurement of flow velocity v and normalized flame length L* at Rey = 25

shows little sensitivity to the Weber number. Further analysis, however, demonstrates that
in this case none of the droplets deform significantly. To further explore this effect, we
introduce simulations at Wey = 16 and 20 The cross-section of the droplets at different
Weber numbers are overlaid in Fig. 6.10 to compare the droplet shape. These results show
that the droplet dimension perpendicular to flow is nearly the same for all Weber number
cases. Moreover, droplet break-up is not observed even at Wey = 20 when the droplet is
burning. This seems to contradict previous literature on the droplet Weber number effect,

which predicts increasing deformation with increasing Weber number. In particular, Weber



number Wey, = 12 was reported as a critical Weqy for the onset of breakup in previous

literature such as [36, 45, 54].

\

Figure 6.10: Sectional view of droplet shapes at different Weber number at ¢/7, ~ 10,
Weg =1 (Black), Weq = 16 (Magenta), Wey = 20 (Cyan)

As a result of this lack of deformation, the results all show surprisingly similar combustion
behavior as Weg = 1 in terms of gas temperature and species mass fraction of C'O,. The
time history of gas temperature for the new cases is shown in Fig. 6.11 which suggests nearly
the same gas temperature for all cases. The spatially averaged gas temperatures and species

mass fraction of COy (not shown here) are seen to be closely the same for all Weber numbers.

To investigate this phenomenon further, we simulated non-combusting, non-evaporating
droplets at Weq = 16, 20 and compared them against the corresponding combusting cases.
A cross-section of the droplet for Wey = 20 cases is compared in Fig. 6.12 at time instant
t/7, ~ 10. Smaller deformations are seen for burning droplet at the same Weber number.
Moreover, the droplet break up is observed at time t/7, ~ 87, 81 for Wey = 16 and Wey = 20

respectively for non-combusting droplet. This clearly points toward a complicated interac-
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Figure 6.11: Comparison of gas temperature for different Weber numbers at Req = 25

tion between combustion and droplet shape as the droplet never reaches to its maximum
deformation while burning. It also suggests that the droplet deformation is inhibited due to
higher evaporation rates in combustion case. This can also be understood from the jump
condition in Eq. (2.13), where the surface tension must balance the pressure difference across
the interface and the evaporation flux. For non-evaporating cases, the balance is purely be-
tween surface tension and pressure. A large curvature (k) is required for the surface tension
to balance the aerodynamic pressures from the flow around the droplet. Hence, larger defor-
mation results to create this curvature. However, when evaporation is introduced, it works
in conjunction with the surface tension to balance the pressure jump. Therefore such large
deformations are not required. This is related in concept to established literature that shows
the droplet break-up does not only depend on Weber number. Other conditions such as
density ratio, viscosity ratio, Ohnesorge number, and ambient gas velocity affect the defor-

mation, break-up time, and break-up mode [72, 112]. This current paper suggests that the



evaporation rate is also an important factor in predicting droplet deformation and break-up.

Figure 6.12: Sectional view of droplet shape at Wey = 20 at t/7, ~ 10. //Cyan: with
combustion, Cyan dashed: without combustion

Internal Circulation

It may be expected that the rate of internal circulation inside the droplet can affect the
evaporation and combustion properties. In this paper, the droplet is pre-heated, so internal
circulation only affects the evaporation and combustion via changing the boundary layer
development in and around the droplets. This effect was demonstrated in [70] which inves-

tigated the evaporation of multicomponent jet fuel surrogate.

Past studies on the effect of internal circulation [47, 49, 50] showed that the internal cir-
culation can be predicted by the density ratio of two fluids (p;/p,). As the density ratio
increases, the magnitude of internal circulation is observed to be decreasing. Therefore,

higher density ratio cases demonstrated weaker internal circulation. The density ratio for



the presented work is p;/p, ~ 60, so internal circulation is expected to be negligible. To
demonstrate the internal motion for this study, Fig. 6.13 shows vectors of normalized liquid
velocity overlaid on normalized vorticity inside droplet. The initial inflow velocity U, and
initial droplet diameter dy are used for the normalization. A counter-rotating vortex pair is
observed near the top and bottom of droplet in both cases. However, the overall magnitude
of normalized liquid velocity remains low (< 7.5%U,) in both cases. Therefore, the effect of

such internal motion is not expected to be significant. This agrees well with the observations

in [49].
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Figure 6.13: Normalized vorticity with vectors of normalized liquid velocity at t/7, ~ 7 at
Reg =25
Black line marks the liquid-gas interface.

6.4.2 Comparison of 3-D vs 2-D Results

A common strategy, particularly for simulations, is to develop and test models for multiphase
flows such as boiling, evaporation in 2-D [25, 97, 103]. This is due to the significant reduction
in computational cost associated to this change in dimensionality. However, this leads to
the question of how useful such validations are. Can 2-D studies be used to gain useful trend

information about 3-D flows, or are the physics of three dimensionality inherently important



to the study of combustion? This can be done by interrogating if 2-D Cartesian analysis
sufficient for simulating the droplet evaporation and combustion. Hence, as an additional
insight to this research question, this section discusses the qualitative and quantitative dif-
ferences between 2-D and 3-D results for combustion at Wey = 12. The reason for selecting
this Weber number is to analyze the differences for highly deformed shape, making it a more

conservative test than the lower Weber number case.

To evaluate 2-D vs 3-D, the comparison of local evaporation flux (sz” ), the area evolution
(A/Ap), the flame stand-off distance and flame shape is presented in this section. Figure 6.14
shows the comparison between 2-D and 3-D for combustion at Wey, = 12 for the given
conditions. The surface-averaged m” is observed to be higher in 3-D when compared to 2-D.
At t/7, ~ 15 is 42.5% lower in 2-D (thin yellow line with markers) when compared to 3-D

(thick yellow line).
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Figure 6.14: 2-D vs 3-D : Local evaporation flux [kg/(m? - s)] with t/7, at Wey = 12,
Re = 25




This higher mass flux in 3-D case is associated with the higher temperature gradients near
to the liquid-gas interface. Such temperature gradients near the front stagnation point are
shown in Fig. 6.15 where the thickness of this region of thermal gradient is lower in Fig. 6.15b

than Fig. 6.15a, hence gradients are higher in 3-D.
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Figure 6.15: 2-D vs 3-D : Gas Temperature [K| near L-G interface for combustion at ¢t /7, ~ 7,
Weo = ].2, R€0 =25

The maroon box is of size | X w = 20 um x 20 pum

This region of higher temperature gradient in 3-D case is seen to coincide with the higher
curvature near the windward stagnation point as shown in Fig. 6.16b when compared to
Fig. 6.16a. The curvature is non-dimensionalized using the initial droplet diameter. The
peak curvature in the stagnation region in 3-D is seen to be about twice that in 2-D, which
agrees with trends for spherical/circular droplets in 3-D/2-D. This higher curvature results

in a higher local evaporation flux (Fig. 6.14), consistent with the results from [95].

Figure 6.17 shows the comparison of A/Ay for combustion at Wey = 12, Rey = 25. A/Ap in
3-D shows nearly linear increase in A/ A till ¢/7, ~ 12— 15 and tends to stabilize at a steady
value at later time. However, 2-D results show the oscillations in A/A,. These oscillations

in A/Aj continue till ¢/7, ~ 10 — 15 and then reach nearly steady value. As observed from
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Figure 6.16: 2-D vs 3-D : Non-dimensional curvature at t/7, ~ 7, Weg = 12, Re = 25

these results, the trends of normalized surface area indicates that the selection of droplet

geometry has a clear impact on the way it deforms. Furthermore, 2-D case has higher initial
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Figure 6.17: 2-D vs 3-D : Normalized total surface area with ¢/7, at Wey = 12 , Re = 25

deformation when compared to 3-D case, however the long term trend is opposite. This

comparison of shape is shown in Fig. 6.18.



To evaluate the difference between 2-D and 3-D on combustion at Wey = 12, Fig. 6.18 shows
the flame shape and flow field around the droplet. This demonstrates that although some
aspects of the combustion are altered, the fundamental chemical behaviors between 2-D and
3-D droplets remains largely unchanged. However, an intriguing observation is the flame
shape at the downstream of the droplet. In 2-D, a stronger vortical region forms in the wake
of the droplet is leading to a cusp in the flame which is absent in 3-D cases. Such boundary
layer development and the flow separation suggest a stronger influence of the wake dynamics
on the combustion. Accordingly, there is a stronger interaction between the droplet shape

and the combustion dynamics in 2-D when compared to 3-D.
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Figure 6.18: 2-D vs 3-D : Velocity vector field for combustion at ¢/7, ~ 7, Rey = 25
blue line marks the flame

It is also interesting to note that, although a cusp was not observed in the 3-D flame Fig. 6.18b
(i.e. the stochiometric contour), it is observed on the inner contour of CO, and absent
on the outer contour of CO, Fig. 6.8b, suggesting the nature of the flame development
may be different between 2-D and 3-D. Moreover, the flame appears to be wider in 2-

D combustion case. The normalized flame stand-off distance S* is calculated using the



following expressions,

A ame
(5%)y_p = —Lame. (6.10)

AO droplet

* A ame
(S)3-p = ,/—Aoﬂ (6.11)

Here Ay .., is initial area of droplet. It is important to note that the ‘area’ of the 2-D flame
is its the surface area per unit depth i.e. its perimeter. The given expressions are written
such that for a spherical (circular) flame in 3-D (2-D) the resulting expression simplifies to
T flame/To- Using these expressions, the flame stand-off distance history is plotted with non-
dimensional time as shown in Fig. 6.19. Higher flame stand-off distance is observed for 2-D
cases in comparison to 3-D with combustion. This supports the observation of 34% wider
flame in 2-D in Fig. 6.18. Moreover, the magnitude of S* is seen to be increasing with time

which suggests the flame growth in time.
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Figure 6.19: 2-D vs 3-D: Normalized flame stand-off distance (S*) vs t/7, at Rey = 25

It is important to note that the results here are demonstrated for a envelope flame configu-



ration. Given the greater importance of wake dynamics in 2-D compared to 3-D, it is likely
that wake flame dynamics and flame stability will be significantly different between 2-D and

3-D. However, such aspects are beyond the focus of this study.

6.5 Conclusions

With the focus on large spray droplets, this work presents a DNS study on the combustion
of a freely deformable droplet in a high pressure (P,, = 20 atm), high temperature (T,, =
1400 K) convective flow at Req = 25. This work improves upon the existing understanding
of droplet evaporation and combustion as most of the past studies consider the droplet shape
to be either spherical or an imposed shape such as ellipsoid throughout its lifetime. However,
in reality, these large droplets have tendency to deform due to imbalance of surface tension
and aerodynamic forces. This deformation is governed by Weber number. Wey = 1 (nearly
spherical shape) and Weg = 12 (the limit for droplet breakup) are selected for this work. A

single step combustion mechanism is used for combustion.

The effect of droplet shape on pure evaporation and combustion is studied by varying the
surface tension inside the liquid droplet at Req = 25 for the same ambient gas conditions.
The results showed higher total evaporation rate for higher Weber number case. This en-
hancement reaches upto 9% for Wey = 12 combustion case. This is due to net effect of
decrease in local flux and increase in total surface area for higher Weber number case. More-
over, at this Reg and ambient gas conditions, initial Damkoéhler number is Dag > 1.02 which
favors a non-spherical envelope flame. From the detailed analysis of gas temperatures, flame
shape, and flame stand-off distance, it is found that even with the droplet shape change
and enhancement in total evaporation rate, the combustion demonstrates little sensitivity to
droplet shape at this Rey. Small differences are noticed in the flame shape, and in particular

the flame appears to be longer in the higher Weber number case. However, due to domina-



tion of chemical reaction rate over evaporation at given ambient conditions, the overall effect
is small. It is also important to note that droplets do not reach critical deformation condi-
tions and break-up even at further higher Weber numbers such as Weg = 16, 20. Whereas,
the non-combusting, non-evaporating droplets at Wey = 16, 20 demonstrate larger defor-
mation and experience the vibrational break-up mode. This leads to an understanding that
the droplet deformation is suppressed by the higher evaporation rates during combustion.
Therefore, there is a more complex interaction between droplet shape and combustion which

needs further investigation.

3-D numerical studies including the combustion are known to be computationally expensive.
The question “what can be learned from less expensive 2-D simulations ? 7 was explored.
After a careful scrutiny between 2-D and 3-D results at Wey = 12, it is found that surface
averaged local flux is 42.5% lower in 2-D when compared to 3-D. This is due to larger
temperature gradient near the droplet, which drives higher evaporation. Moreover, the trend
of total surface area of droplet in 2-D is not same as 3-D. Though both cases show envelope
flame, the presence of larger recirculation region due to larger deformation is causing a cusp
in the flame shape at the downstream in 2-D cases. This wake region is significantly smaller

and the vortices in the wake are less powerful in 3-D. This leads to absence of cusp in flame.

Moreover, the flame stand-off distance is higher in 2-D when compared to 3-D. Hence, it
is learned that 2-D studies do not represent the accurate flow physics. Although, similar
trends are demonstrated for this envelope flame topology. However, it is likely that due to
the stronger influence of wake dynamics in 2-D, this strategy will not work well for other

flame regimes.



Chapter 7

Summary and Future Work

7.1 Summary

This dissertation covered detailed studies on droplet evaporation and combustion under var-
ious environments. Truly, the purpose of these studies is to analyze the small-scale processes
involved in spray combustion. Similar to experimental strategy to study such problem, a
single isolated droplet is investigated here using numerical tools. An existing numerical
framework is utilized which is built upon an in-house multiphase solver NGA. This frame-
work is based on Interface-capturing approach using VOF for fully-resolved phase-changing
flows at low Mach numbers. Chapter 2 covers the detailed description of this numerical
framework along with short summary of general strategies to solve various multiphase flows

numerically.

As the focus of this work is to observe the inside-out of the evaporating/burning droplet,
the motion of the droplet needs to be restricted. Instead of using a fiber to suspend the
droplet (which is usually one way of doing it in the experiments), a non-intrusive numerical
technique “gravity update method” is developed and demonstrated in Chapter 3. This
addition in the numerical framework led to minimal droplet shift inside the domain even
under highly convective flow conditions and further utilized in all of the presented studies

here.
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Chapter 4 dealt with the evaporation of a deformable droplet under convective flow. In
these studies the droplet deforms freely based on the aerodynamic forces it experiences.
Before exploring the effect of droplet shape, the solver accuracy is validated against empir-
ical correlation for droplet evaporation by Abramzon and Sirignano [3] and the results are
found in good agreement. To analyze the effect of droplet shape on its evaporation rate, a
quasi-steady evaporation approach is implemented. A detailed discussion of this approach is
covered in Section 4.2.2. For a constant relative inflow velocity, the droplet shape is varied
by modifying Weber number from We = 1 — 12. The convective flow velocity is modified by
changing initial Reynolds number Re = 25,120. For highly deformed droplet at We = 12
and Re = 120, 20% enhancement in total evaporation rate is observed when compared to
nearly spherical droplet. Strong effects of wake dynamics are uncovered for such highly de-
formed droplet, suggesting a more complex relationship among We, Re and the evaporation

phenomena.

Chapter 5 covered the evaporation of deformable droplet under natural convection. Such
natural convection around the hot droplet is a results of varying buoyant forces on liquid
and gas phase due to variable density with temperature. The existing framework is modified
to account for the variable density of both liquid and gas phases using Bousinessq approxi-
mation. A thorough validation of these changes in numerical framework is done against the
measured experimental results as well an existing experiment results by Murakami et al.

[61]. The solver shows reasonable agreement with the experiment results.

Finally, Chapter 6 demonstrated the combustion of a deformable droplet under convective
flow at Re = 25. For the selected ambient gas conditions, initial Damkoéhler number is
Day > 1.02 which favors an envelope flame. The higher Weber number case consistently
show higher evaporation rate when compared to We = 1. This enhancement reaches upto

9% for We = 12 combustion case. From the detailed analysis of gas temperatures, flame



shape, and flame stand-off distance, it is found that even with the droplet shape change
and enhancement in total evaporation rate, the combustion demonstrates little sensitivity
to droplet shape at this Rey. Moreover, the droplets do not reach critical deformation
conditions and break-up even at further higher Weber numbers such as Wey, = 16, 20.
Whereas, the non-combusting, non-evaporating droplets at Weg = 16, 20 demonstrate larger
deformation and experience the vibrational break-up mode. This suggests that the droplet
deformation is suppressed by the higher evaporation rates during combustion. Therefore,
there is a complicated interaction between droplet shape and its burning which calls for

further investigation.

7.2 Future Work

While this work has brought significant contributions to our understanding on the droplet
evaporation, it is important to acknowledge that there is still ample room for further explo-
ration. The following areas represent promising avenues for future work and deserve careful

consideration:

Development of correlation for evaporation under forced convection: It is evident from the
results presented in Chapter 4 that the deformation of droplet has significant impact on
the evaporation rate under forced convection. These results demonstrate an opportunity to
introduce a correction factor based on Weber number in computation of total evaporation
rate with point mass assumption. A rigorous focus on correlation development can be a step

forward in this direction.

Ezxploration of droplet shape effect under natural convection: After the validation of nu-
merical solver for variable density in Chapter 5, the solver can be used to investigate the
interaction of natural convection and droplet shape on evaporation. This can be done by

varying the relevant non-dimensional numbers, i.e. Grashof number and E6tvos number



respectively. The findings derived from these results offer valuable insights into the intricate
dynamics between natural convection strength, droplet shape, and their combined impact
on the development of the boundary layer. Furthermore, this approach can be utilized for

the exploration on the droplet evaporation under partial gravity environment.

Advanced Combustion Mechanism: Currently, we utilized one-step combustion mechanism
from Westbrook and Dryer [114]. There are more sophisticated combustion mechanisms such

as global mechanism which can predict the chemical aspect of combustion process better.

Droplet-Droplet interaction: Under the presence of forced convection, the evaporation of
deformed droplet is significantly impacted by the wake interaction. Such interaction is seen
to alter the distribution of local evaporation flux especially in the wake region. This learning

can inspire further investigation on how these deformed droplets interact with each other.

By addressing these areas of future work, we can further advance our understanding of the
complex interplay between droplet shape, evaporation, and combustion, leading to improved
numerical modeling for the design and optimization strategies for a wide range of practical

applications.
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