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THERMODYNAMIC FEEDBACK OF SEA SPRAY AT AIR-SEA INTERFACE

Abstract
by

Tianze Peng

Sea-spray droplets generated in large quantities under strong winds exchange heat
and water vapor with the turbulent airflow, which potentially modifies air-sea heat
fluxes. However, questions regarding the appropriate method for modeling the effects
of spray on air-sea fluxes still exist due to untested assumptions in existing models
and low fidelity in the measurements. In this study, an Eulerian-Langrangian model
is implemented to simulate two-way coupled spray droplets in a turbulent flow via
direct numerical simulations. While the study is not meant to replicate a real air-
sea interface, the fundamental physics underlying turbulence-droplet coupling is the
focus. With high-fidelity simulations with mono- and poly-dispersed droplet size dis-
tributions, the dissertation covers topics on: (1) the sensitivity of air-sea heat fluxes
on various droplet and flow parameters; (2) fundamental assumptions on the micro-
physics and the poly-dispersity of spray droplets using bulk air-sea algorithms; and
(3) potential improvements and corrections to the bulk algorithms on parameterizing
spray effects. The findings of this dissertation bring insights on the spray micro-
physics and feedback effects from a small-scale perspective, which narrows the gap in
understanding the spray effects at the air-sea interface for the large-scale modeling

community.
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PREFACE

This dissertation study focuses on sea spray and its influences at the air-sea inter-
face. While the spray droplets and their dynamics and thermodynamics are usually
regarded as details to large-scale systems such as tropical cyclones, the consequences
of different assumptions to these details could be significant.

Rather than replicating the real-world scenarios of spray transportation and evap-
oration at the air-sea surface, this dissertation aims at the inherent hypotheses in
conventional meteorological models given a simplified but high-fidelity simulations of
turbulent flows to investigate spray’s influences and parameterization.

Three peer-reviewed journal articles based on this dissertation are published (
Peng and Richter| (2017) for Ch. [3} and Peng and Richter (2019) for Ch. or in
prep (Ch. [5)) at the time the dissertation was submitted at the being of the chapters.
Updated contents may be present in the ETD record of the University Notre Dame

via Curate ND (https://curate.nd.edu).
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CHAPTER 1

INTRODUCTION

1.1 A mismatch of scales

Modeling the dynamics in the earth systems requires an enormous amount of
computational resources. In modern meteorological applications such as numerical
weather prediction suites, the dynamics of the atmosphere and other earth systems
are calculated via software modules discretely in space and time. Each module has
its solvers for a specific physical system, and solvers of these systems are also coupled
with others to capture the interactions between each system. In general, the spatial
resolution of a weather prediction model ranges from mesoscale at O(10 km) to
O(100 km) to even a larger system (e.g., synoptic scale at O(1000 km)), and nesting
and local refinements of the mesh bring the spatial scale down to O(1 km) in the
region of interests such as the interfaces of land-atmosphere or ocean-atmosphere
systems (Park et al., 2014).

However, mismatch of scales occurs between smaller-scale physical processes and
numerical weather models. These small-scale processes have characteristic scales
ranging from the micro-scale at O(1 km) down to the Kolmogorov scale at O(1 cm),
and such processes include the cloud in the atmospheric boundary layer, wave break-
ing at the ocean surface, and turbulent transport near the complex territory. That
is to say, the influences of smaller-scale processes have to be parameterized by other
resolved meteorological parameters, which brings challenges to represent these small-

scale processes in large-scale simulations.



One example showing the challenges could be the research for the energy transfer
at the lower boundary of tropical cyclones (TCs). A tropical cyclone is defined as a
cyclone originated from the ocean surface, and it is one of the most spectacular and
lethal extreme weather events Emanuel (2003). It is generally believed that the a
TC is fueled by the energy transferred from the ocean (Emanuel, 2003; |[Nolan, 2007)
and that the air-sea exchange is a deterministic effect of hurricane intensity (Andreas
et al., 2015; |[Lee and Chen, 2012; Montgomery et al., 2010). Meanwhile, in a cyclone
model (e.g., (Lee and Chen| 2012)), the multinested grid size ranges from O(10)km to
O(1)km. Therefore, how air-sea processes are parameterized will affect the accuracy
in quantifying air-sea exchange in the numerical meteorological forecasts over the
ocean. This kind of mismatch of scales motivates studies on various air-sea processes

and their parameterizations.

1.2 Physical processes at the air-sea interface and sea spray

The air-sea interface (ASI) consists of the first few meters of ocean and the lower
marine atmospheric boundary layer (MABL). On the atmospheric side, the MABL
consists of multiple layers. Right above the ocean surface for a few millimeters, it
is a molecular-diffusion layer, where the molecular diffusion dominates the transport
processes. Beyond the diffusion layer to 10-100 m above the ocean surface, turbulence
dominates the vertical transport, which is also called surface layer (Garbe et al.,[2014).

Physical processes at the ASI are complex, including a series of events such as
turbulence in multiple scales at both sides of the interface, waves and wave breaking,
surface film, bubbles, and spray. In particular, these processes become more intense
and chaotic under high winds, so they certainly play specific roles in the air-sea
exchange of momentum, heat, moisture, and mass, although the degree to which
they mediate air-sea transfer remains in question.

While complex processes occur at the air-sea interface, when evaluating the tur-



bulent transport at this region, the ocean surface is usually assumed as a flat surface
with explicit parameterizations of these air-sea processes added on the flat-surface
turbulent transport. For example, the turbulence in the lower MABL is assumed
homogeneous and in an equilibrium condition. Hence, the vertical profile of the sur-
face layer can described by the Monin-Obukhov Similarity Theory (MOST) given a
neutral atmosphere stratification (Stull, [1988), and the vertical transfer within the
surface layer can be approximated by constant flux. In addition, the gradient trans-
port hypothesis indicates that the constant surfaces fluxes in the surface layer are
purely driven by the differences of the exchanged variables (e.g. wind speed, temper-
ature, and humidity) between a reference height (subscript ‘z’) and the sea surface
(subscript ‘0%) with the efficiency of the air-sea exchange represented by the transfer
coefficients. Thus, one could write the surface fluxes of momentum (7), sensible heat
(H), and moisture (£) in a bulk form that is used in virtually all numerical weather

prediction models as:

7 = pati2 = poCp (U, — Up)?, (1.1)
H = pach = paC,CrU, (0, — 0p), (1.2)

and
E = paw = paCEUz(qz - qo)a (13)

where Cp, Ck, and Cg are the bulk transfer coefficients. Thus, if all the meteo-
rological parameters (e.g., U, 0,, and etc.) in Egs. to can be fetched via
observations or numerical models, one could evaluate the surface fluxes by retrieving
the gradients of temperature and humidity. Therefore, the transfer coefficients play
the deterministic role in evaluating air-sea surface fluxes.

However, difficulties exist in quantifying the air-sea transfer coefficients. First,

these coefficients are not necessarily independent from the wind speed (Andreas and



Mahrt, 2015; Bell et al., 2012), indicating wind-induced physical processes may play
roles that are implicitly reflected in these coefficients. Second, transfer coefficients of
different fluxes may have different dependence on wind speed, which adds complexity
in understanding these processes. For example, from retrievals of the absolute angular
momentum and total energy budget during the 2003 Coupled Boundary Layers Air-
Sea Transfer (CBLAST) campaign (Bell et al., [2012), it shows C has an increasing
trend with the average 10-m wind velocity while Cp has a decreasing trend, and

Ck/Cp drastically increases wind speed exceeds 60 m s~ .

Therefore, explicitly
quantifying the near-surface physical processes and their influences modifying the
surface fluxes are necessary for developing air-sea exchange parameterizations.

Among common air-sea processes, ocean spray is one of the most visible phenom-
ena at air-sea interface or lower MABL. The spray is generated from ocean surface
by two main pathways: 1) bubble-burst after air being entrained in the water column
by breaking waves (film and jet drops) and 2) surface wave torn off by strong winds
(spume drops) Veron| (2015). These spray droplets somewhat function like an addi-
tional continuum phase at lower MABL but also has its own characteristics which
are separated from air flows. Hence, the distinctive characteristics of spray have been
indeed challenging many observational and numerical studies in finding the potential
influence of sea spray on air-sea fluxes.

One ordinary argument regarding spray’s influence is the increased surface area of
water in the atmosphere under hurricane strength winds (Hasse, |1992). For example,
the ratio surface area of a spray droplet to its value is scaled as %, which indicates
1% of volume fraction of droplets with radius at 10 um would result in about 3.3
times increase of the surface area of water droplets compared to the ocean surface
area. Thus, based on this argument, one example question is whether or not Cg or

Ck would grow with the increased surface area due to spray, which motivates a series

of studies to quantify the influence of sea spray droplets.



1.3 Previous efforts in quantifying spray’s influences in the air-sea heat fluxes

In the past decades, there is a large volume of studies in quantifying and charac-
terizing the complex physics associated with sea spray at the MABL. Nevertheless,
the degree to which spray mediates air-sea transfer and the basic coupling mecha-
nisms between the air and spray remain in elusive despite its potential impacts on
meteorological forecasting (Andreas and Emanuel, [2001; |Soloviev et al., 2014; [Wang
et al., 2001). As noted by Kepert et al. (1999) and others, two fundamental issues
need to be solved in order to fully quantify the effects of spray: (i) the generation
mechanisms of spray (i.e. constraining the source function); and (ii) the feedback
mechanism by which spray droplets modify the the the local turbulent environment.
These issues persist due to the inherent complexity of the system and difficulties in
direct observations. The topic of this dissertation covers the latter of the two chal-
lenges, in particular, the thermodynamic feedback of spray on latent and sensible
heat fluxes.

When the spray is present, the total (sensible and latent) heat transported from
the sea to the air consists of two routes: interfacial fluxes and spray-mediated fluxes
(Andreas, 1992). It is commonly assumed that these two independent components
can be summed to produce the total heat flux, or that if one could estimate the
interfacial component, the overall spray effects could be measured via the change of

the total. In other words, the total heat fluxes can be written as

HT - Hs,int + Qs + HL,int + QLa (14)

where )5 and @), are the sensible and latent heat fluxes mediated by spray, and Hj ;,

Hi, ine are the corresponding interfacial fluxes. Given Eq. , one could evaluate the



transfer coefficient associated with the total heat flux in Eq. can be written as

Hs int + HLint + Qs + QL
Ck = : : . 1.5
. PacpU-(0. — 6h) (1:5)

Thus, quantifying each term in Eq. gives a Uk that is utilized in a large-scale
meteorological model with spray effects considered.

In practice, however, decoupling the two routes, or measuring one in the absence
of the other, is not trivial and involves significant approximation. Relatively few
experimental or observational studies exist that even attempt to measure the total
heat fluxes in high winds, and these are generally based on indirect measurements
(Bell et al., [2012; Richter and Stern, [2014; Wang and Street, 1978), lab experiments
(Jeong et al., 2012; |Komori et al.. 2018), or direct eddy covariance measurements
(Drennan et al., 2007; Zhang et al.,[2008). In these studies, it is challenging to address
the role that sea spray plays conclusively. Also, it remains nearly impossible to
distinguish between the interfacial and spray-mediated routes or provide the necessary
detail for assessing whether or not the total heat flux can be decomposed in this way.

When developing models to account for the effects of the spray, one must consider
both the droplet microphysics as well as the feedback effect of spray onto the sur-
rounding flow. There are two directions where modeling studies focus on. The first
type of study focuses on the effects of spray on specific meteorological events, such as
spray’s influences on the intensity of tropical cyclones. Usually, these studies apply
the parameterizations of spray on momentum, heat, and mass transfer occurred in
the lower marine atmospheric boundary layer (MABL) to the system and generalize
the sensitivities of the objective meteorological events or variables to the sea spray
(e.g.,|Andreas and Emanuel (2001); Bao et al. (2011); Fairall et al. (1994); Liu et al.
(2011)). Another type of studies focuses on the parameterizations of spray’s effects,

given simplifications and assumptions on flow conditions. Based on the two direc-



tions of spray studies, the numerous numerical /theoretical spray models that exist
can be categorized into three major groups: bulk algorithms, Fulerian multiphase
approaches (or one-dimensional models), and Lagrangian approaches.

In general, bulk parametrizations are used as a standard tool for estimating the
sensitivity of surface fluxes in large-scale weather and climate model to the spray,
rather than being used as a tool to investigate spray’s influences. The models usually
attempt to estimate the net air-sea fluxes without resolving the corresponding vertical
profiles in the atmosphere nor the details of spray’s dynamics and thermodynamics
(Andreas et al., 2015; Bao et al.,2011; Fairall et al.,[1994; Mestayer and Lefauconnier,
1988). Hence, bulk models are associated with two common hypotheses: (i) contribu-
tions from individual sea-spray droplets are independent and can directly add to the
interfacial heat fluxes, and (ii) the sensible and latent heat released from sea spray
can be determined from the difference between the initial and final temperature and
size of the droplets, neglecting all intermediate dynamics.

However, the question of whether or not these are reasonable assumptions has
not been addressed, which could be the reason for continued discrepancies between
measurements and theory. For example, by paramterizing the “spray-mediated” and
“Interfacial” routes of heat fluxes, the recent study of |Andreas et al. (2015), based
on earlier work (Andreas, 1990, 1992, 1995), provides an improved bulk air-sea flux
algorithm to that in |Andreas| (2005). The study finds that the spray route of the air-
sea scalar transfer becomes a significant fraction of the total at modest wind speed,

and that the spray-mediated sensible and latent heat fluxes overcome the interfacial

1 1

fluxes at 19 m s™" and 26 m s~ respectively. In contrast to the bulk model, the
results from observations (DeCosmo et al., [1996; Drennan et al., [2007; |Zhang et al.|
2008) and certain experiments (Jeong et al., 2012) indicate a lack of dependence
of the heat and moisture transfer coefficients Cx and Cg on wind speed. Other

experimental data, however, show that there may be a significant increase in the



transfer coefficients due possibly to spray (Komori et al., 2018; [Troitskaya et al.,
2018a,b)). These disagreements emphasize the necessity of understanding the details
of air-spray turbulent coupling, and the difficulties associated with formulating bulk
models and making detailed measurements.

The other two modeling approaches (Eulerian-multiphase and Lagrangian) have
increased complexity, attempting to account for the vertical transport of the droplets
as they interact with the air flow. When sea spray is treated as an additional con-
tinuum phase along with turbulent airflow, it can be modeled in an Eulerian frame-
work, where spray’s concentration, velocity, temperature, and mass are computed in
same domain as the turbulent air as a separate phase (e.g., Rastigejev and Suslov
(2019, |2016)). Meanwhile, the vertical transport of momentum, heat, and moisture
in the atmosphere are modeled via turbulence closure schemes. Thus, the coupling of
spray droplets with the air flow is included in the model as horizontally-homogeneous
sources/sinks of the air, and in principle, these models can capture the effects of el-
evated spray sources on the vertical profiles of air temperature and humidity. For
example, Rastigejev and Suslov (2019) found the difference between small droplets
and large droplets in modifying the total heat flux and vertical profiles of the air
temperature, and the modification of heat fluxes heavily depends on the spray con-
centration. However, how to properly parameterize the statistics of spray droplets
within a grid remains unclear in particular when droplets are dillute and inertial,
e.g., the transport of inertial droplet (e.g., concentration) in turbulence. Thus, the
assumptions behind calculating the spray source/sinks on energy and moisture re-
quire careful investigation and are nearly impossible to measure directly.

An alternative approach is to estimate the accumulated impact of spray by track-
ing droplets individually (Edson and Fairall, |1994; Edson et al., |1996; Mueller and
Veron, 2010, 2014ab; Troitskaya et al., 2018a,b). This method is referred as La-

grangian method. For example, Edson and Fairall (1994) designed a Lagrangian



model to investigate the turbulent transport of evaporating droplets based on stochas-
tically generated ambient MABL conditions. The model is then extended in |[Edson
et al. (1996) by adding the interaction of droplets with the turbulence field as rep-
resented by a two-dimensional £ — € model. The results show a substantial increase
in latent heat flux along with a significant decrease in sensible heat flux for droplets
released at the significant wave height. Mueller and Veron (2014a,b) put forward a
Lagrangian stochastic model with more sophisticated and accurate droplet physics
(Mueller and Veron, |2010) and an updated source function (Veron et al.,|2012). The
results predict that the total enthalpy coefficient quickly increases as wind speed ex-
ceeds 20 m s~ (here the enthalpy flux is defined as the sum of the sensible and latent
heat fluxes). Similarly, Troitskaya et al.| (2018b]) also reported a noticeable increase
in the total heat flux and attributed the effect to the giant droplets. However, in
typical Lagrangian stochastic models, a trade-off exists in deciding whether to treat
the background flow in a simple manner (e.g. one-dimensional MO theory) or at-
tempting to resolve the turbulence explicitly. And in the former, assumptions must
again be made in treating the two-way coupling of heat and moisture between the
spray and air phases.

With advances in computational capacity in the last decade, high-resolution
Eulerian-Lagrangian simulations have been emerging, which is the method that best
reflects the unique characteristics of sea spray droplets in turbulent air flows and re-
solves the physics of both air turbulence and droplets. Thus, the Eulerian-Lagrangian
method directly reveals the underlying physics behind droplet-flow interaction, par-
ticularly in regards to heat and moisture fluxes when the droplets are evaporating.
This kind of numerical methods had been successfully applied in the engineering con-
text (e.g., Bukhvostova et al. (2014); Russo et al. (2014) for paritcle-laden Turbulent
channel flow, Helgans and Richter| (2016)); Richter and Sullivan (2014) for the Cou-

ette flow), and it is the main investigation method used in this dissertation to better



understand surface fluxes and transport within the spray-laden MABL.

Although the high-resolution simulations implementing the framework of Eulerian-
Lagrangian DNS is not designed to reproduce the real system, it is an ideal tool to
reveal the details of the microphysics of spray droplets and small-scale turbulence
and sensitivities of the heat fluxes to sea spray in an explicit way. In addition, this
framework can also be used to assess other models (e.g., bulk models) regarding
its assumptions made for spray parameterizations, which bridge the updated under-

standings of the spray droplets without further complications of the existing models.

1.4  Objectives and structures of the dissertation

In this dissertation, with the guidance of Dr. David Richter, we design a set of nu-
merical experiments in turbulent open-channel flow with direct numerical simulation
(DNS), where Lagrangian droplets of a specified concentration are thermodynami-
cally coupled to the surrounding flow. The primary goal of the study is to using
high-resolution simulations to assist in the interpretation of existing theories and
measurements related to spray feedback to the air-sea heat fluxes. We examine the
fundamental influence of evaporating droplets on the heat fluxes and compare results
between other spray models in an idealized and isolated setting, despite many other
factors including wave breaking and droplet formation still require attention and are
not considered in this dissertation.

Following the introduction in this chapter, Ch. covers the methodology of
direct numerical simulations (DNS) implementing the Eulerian-Lagrangian method
for idealized droplet-laden open-channel flows used throughout the dissertation along
with its numerical implementation. Three following chapters focus on the research
questions that motivate the numerical experiments discussed in this dissertation.

To investigate the fundamental sensitivity of the turbulent air flows and heat

fluxes to spray droplets, Ch. discusses how spray droplets modify the sensible
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and latent heat fluxes and background air temperature and humidity. A series of
numerical control experiments are reported in this chapter to investigate specific
relationships between heat fluxes and spray properties such as droplet size, mass
concentration, and time constants of spray droplets. The following research questions
are answered in this chapter: How do spray droplets modify the turbulent and total
sensible heat fluxes? What are the most important parameters for modeling spray’s
effects on surface heat fluxes?

Ch. [4] continues to utilize the DNS framework and connect the physical-resolving
DNS simulations with bulk air-sea models for spray’s influence on the total heat flux.
Three scientific questions are discussed in this chapter: Can the spray-mediated heat
flux be directly added to the interfacial heat flux? How significant is the feedback
effect of spray droplets? How can one specify effective atmospheric conditions in a
simplified bulk model?

To bring more reality to the idealized DNS study, Ch. |5|revisits some fundamental
questions answered in Ch. [3| with a series of spray sizes considered simultaneously
(poly-dispersed) in the numerical experiments. This chapter is designed to assess
another fundamental assumption in most existing spray models for the independence
of spray’s contribution from different size. Three scientific questions are discussed in
Ch. [jlinclude: Does individual spray droplet have the same effects on the heat fluxes
given a poly-dispersed condition comparing with the mono-dispersed case? Is there a
representative spray size for droplets following a size distribution? Can bulk models
still apply given the poly-dispersed DNS results?

The dissertation will be concluded in Chapter [ with the contributions and lim-
itations of the study in this dissertation discussed in this chapter. Suggestions for

future development toward the topics that this dissertation covers are also discussed.

11



CHAPTER 2

METHODOLOGY

2.1 Overview

This chapter covers the main methodology in this dissertation. First, the funda-
mental investigation method of the thesis — the Eulerian-Lagrangian direct numerical
simulations (DNS) for evaporating spray droplets will be introduced. The following
section will introduce the microphysics and characteristics of spray evaporation dis-
cussed in later chapters. In addition, the sampling method of droplet statistics and

bulk algorithms of spray heat fluxes are also introduced in this chapter.

2.2 The Eulerian-Lagrangian algorithm

One goal of this dissertation is to understand the thermodynamic behavior of
droplets in a turbulent boundary-layer flow from both a per-droplet and statistical
perspective. Here, the solver used in this study combines the advantages of several of
the aforementioned Eulerian-Lagrangian algorithm and implement direct numerical
simulations (DNS) to simulate the air (‘carrier’) and droplet (‘dispersed’) phases
simultaneously. All scales of turbulent motion in the air phase are resolved with
DNS, and no turbulence modeling is required. At the same time, we also individually
track and compute the trajectory, temperature, and size of individual water droplets
throughout the domain. This section will begin with the governing equations of
the carrier phase and dispersed droplets and then introduce the configuration of our

numerical experiments.
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2.2.1 Governing equations
2.2.1.1 Carrier phase

To represent idealized shear-driven turbulence at the ASI, we simulate turbulent
open-channel flow driven by a pressure gradient with various boundary conditions.
We further assume (1) incompressible flow; (2) neutral stability for the carrier phase;
and (3) a flat surface at the lower boundary. Thus, this system is meant to focus on
the physics underlying turbulence-droplet coupling and is not meant to replicate a
real air-sea interface. We also assume, due to the limited variation in temperature,
that material properties such as viscosity and thermal diffusivity are constant and
independent of temperature and humidity.

With the assumptions stated above, the governing equations of mass, momentum,

temperature, and humidity for the air are given by

(9uz-
813i

—0, (2.1)

where u; is the velocity of the air at location x;,

ot 0x;  paOr;  “O0x;01; '

where P is the pressure, p, is the air density, and v, is the kinematic viscosity of air

(see Table for parameter values),

or or _ 9T 1
- U = -
ot 0w 0x;0x;  pa

(2.3)

where the specific heat of air ¢, , and thermal diffusivity o = k1 /(pacpq) are assumed

constant (k7 is the thermal conductivity of air) and S" is the heat source due to
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TABLE 2.1

SIMULATION PARAMETERS

Parameters Symbols Values
Friction Reynolds number Re. 300
Schmidt number Sc 0.615
Prandtl number Pr 0.71
Density of air Pa 1.1kgm™
Density of water Puw 1000 kg m ™
Kinematic viscosity of air Vg 1.537 x 10°m? s~ !
Specific heat of air Cpa 1006 J K™ kg™
Specific heat of water vapor Cpv 1952 J K kg™
Latent heat of evaporation L, 2.44 x 10%] kg_1
Molecular weight of water M, 0.018 kg mol ™!
Molecular weight of salt M 0.0584 kg mol ™"
Vertical height of domain o 0.04 m
droplets. Also,
2
% + ujg—; - Dv% + isq, (2.4)

where the diffusivity of vapor D, is also assumed constant, the specific humidity ¢
is defined as the ratio of local vapor density to dry air density ¢ = p,/pa, and the

source SY is the droplet source of humidity.
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2.2.1.2 Dispersed phase

We employ the point-particle approach based on the fact that the diameters of
most droplets near the air-sea interface are smaller than the Kolmogorov length scale
Nk which is the smallest scale in a turbulent flow. Therefore, droplets are modeled
as infinitesimal points exhibiting their own velocity, temperature, and radius. Under
the point-particle approximation, we introduce the following Lagrangian equations
governing the location, velocity, temperature, and radius of each particle based on
conservation of mass, momentum, and energy.

The diameters of most droplets near the air-sea interface are smaller than the
Kolmogorov length scale ng, the smallest scale in the turbulent flow. Therefore we
employ the point-particle approach, which represents droplets as infinitesimal points
exhibiting their own velocity, temperature, and radius. Under the point-particle ap-
proximation, we introduce the Lagrangian equations governing the location, velocity,
temperature, and radius of each particle based on the conservation of mass, momen-

tum, and energy. The evolution of a droplet’s location is computed via its velocity

dx i
d? = Up, (25)

where z,,; is the location of a particle (this does not necessarily coincide with the grid
used to solve the air-phase equations), and v, ; is the velocity of an individual droplet.
The droplet velocity is governed by momentum conservation assuming Stokes drag

with a small Reynolds number correction (Clift et al., [1978))

dU : 1
d? =(1+ 0.15362'687)?(vf,z‘ = Upi) = g:0is, (26)
p

where the particle Reynolds number is defined as Re, = d,, |vs; — vp;| /v,, and 7, =
ppd2/(18v4p,) is the acceleration time scale of the particle, which is a function of

the droplet diameter d, and droplet density p,. The term g, is the magnitude of
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acceleration due to gravity in the z-direction. Equation indicates that a particle
is accelerated both by hydrodynamic drag and gravity. The former is based on the
difference of the particle velocity and the local fluid velocity vy;, and vy; must be
interpolated to the particle location from the velocity u; in Eq. at the surrounding
grid points.

The thermodynamic evolution of a droplet includes both mass and temperature
changes. The microphysical model used to describe droplet evaporation is based on
Andreas (1992), Andreas et al. (1995), Pruppacher and Klett (1996), and Mueller
and Veron| (2010). A full description can be found in |Helgans and Richter| (2016).

We have the following equations for the mass (m,) and radius (r,) of a spherical

droplet,
dm,, o dr
=4 ”—" 2.
drp 7 Pa
— = hm—(q7r — @), 2.
o o (g5 — @) (2.8)

where p,, is the density of pure water. The term h,, is the convective mass transfer
coefficient of evaporative droplets

ho— Loty ppry

m

= 2.9
9 Sc pa1p (2.9)

where Sh is the Sherwood number Sh = 2 + 0.6Rey/>Sc'/3 (Ranz and Marshall,
1952), and Sc¢ = v,/D, is the Schmidt number that relates the viscosity and vapor
diffusivity (the values are given in Table 2.1])

Equation shows that the change in particle mass (radius) is dependent on
the difference between the local air humidity ¢; (interpolated from the grid) and the
humidity near the droplet surface g,. The value of g, is based on the saturation

vapor pressure at the droplet temperature 7}, the surface curvature, and the droplet
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salinity. The detailed expression can be found in Helgans and Richter| (2016)), and is
the same as that used in Mueller and Veron (2010).

Energy conservation governs the temperature of the droplet, which we assume
uniform throughout its interior. Temperature evolution is based on the air-droplet
sensible and latent heat transfer exchange rates Qcom, and Qzatent, the former being
driven by the difference between the droplet temperature 7}, and the surrounding air

temperature Ty. The latter is associated with evaporation/condensation

dT; 1 ~ .
—L = [Qconv + Qlatenti|
1 Nuycpq pp 1 1 dr, ’
=|l-———=—(1,—-T 3L,———|,
[ 3 Pr cp pw Tp( P 1|+ rpcr dt

where Vj is the volume of the spherical water droplet, p, is the bulk density of the
saline droplet (nearly equal to the pure water density p,), ¢, is the specific heat of
liquid water (assumed constant), and L, is the latent heat of evaporation. Sensible
heat transfer between the droplet and surrounding air is treated as a convective
process with a heat transfer coefficient given in non-dimensional form by an empirical
relation for the Nusselt number (Ranz and Marshall, 1952): Nu, = 2+O.6Rezl,/2PT1/3.
Here, Pr = v,/a = 0.71 is the Prandtl number of air, which is the ratio of the viscosity

and thermal diffusivity.

2.2.1.3 Two-way coupling

A key feature of the current model is that it captures two-way coupling between
the droplets and air simultaneously — a process that nearly all past Lagrangian
studies lack (Edson and Fairall, 1994; |Edson et al.,|1996; Mueller and Veron, |2014a,b).
The momentum-coupling is not considered in this study and is isolated from the
formulation to specifically focus on the thermodynamic coupling in a turbulent flow.

In fact, reported by Richter and Sullivan (2014)), the influence of momentum coupling
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from inertial particles on the total momentum flux in a shear-driven turbulent flow
is nearly negligible due to the compensating effect between increased particle stress
and near-wall vortical activity. Therefore, throughout the study in this dissertation,
we remove the air-droplet momentum exchange for simplicity.

The two-way exchange of heat and moisture is found in the terms S* and S9 in
Eqgs. and These source terms are computed at a grid node as the summation
of weighted contribution from all particles that reside in the eight surrounding com-
putational grid volumes. Detailed expressions of S* and S? are given in the following
equations. For the latent heat (vapor moisture) coupling term S? is calculated by

summing all nearby droplets on one Eulerian grid, i.e.,

Z Nl/ pa (2.11)

where ¢ represents the index for an individual droplet, IV, is the total particle number,

w; represents the weight of droplets based on the distance of the droplets to nearby

dmyp
dt

grid points, m = are the exchange rate of droplets and calculated based on Eq.

The coupling term for the sensible heat S” has two components: one from heat

convection and another from evaporation, so that

Sh _ Sh,comz + Sh,evap’ (2.12)

where details of S and S™¢% are listed in the following equations:

Sh,COTL’U == Z Qconv i (213)
and
Np
w;
Sh,evap = - : AV (mp<cp7 Tf — Cp,va))i (214)
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2.2.2 Numerical set-up
2.2.2.1 Simulation domain

The underlying code is succeed from previous studies (Helgans and Richter, 2016;
Richter, 2015; |[Richter and Sullivan, 2014) for solving Egs. - The solver
for the carrier phase uses a pseudospectral spatial discretization with anti-aliasing
in the periodic streamwise (x) and spanwise (y) directions, and uses a second-order
finite difference method in the wall-normal (z) direction. Incompressibility is enforced
by solving a pressure Poisson equation, while time integration is performed with a
low-storage third-order Runge-Kutta method (Spalart et al., [1991) for both phases.

The domain is set up to simulate pressure-driven, turbulent open-channel flow
over a flat plate. The domain has dimensions of 274, 274, §] using a corresponding
grid of [128, 256, 128] grid points, where § = 0.04 m. The friction Reynolds number
Re, = u,d/v = 300 throughout, where the friction velocity u, = \/Tw—/pa is defined
using the total stress 7,, at the bottom boundary. All simulations are initialized with
a previously obtained particle-free turbulent flow field. A no-slip condition at the
bottom surface and a no-stress (full-slip) condition at the top surface are enforced
for the air velocity. The air temperature and humidity are specified at both the top
and bottom boundaries, where the baseline condition is such that the top boundary
is cooler and drier (T}, = 25°C, RH},, = 90%, where RH is the relative humidity)
while the lower boundary is warmer and saturated (Ty,; = 28°C, RHp,y = 100%), in
order to represent a turbulent boundary layer over a smooth water surface. See Fig.
for a schematic, and Fig. for an instantaneous temperature and humidity

distribution.

19



TK: 2985 299 2995 300 300.5 301

IR k" =

Q: 0.02 0.021 0.022 0.023 0.024 u[ms]:02 06 1 1.4 18 22

Figure 2.1. (a) A schematic of the domain, (b) an instantaneous snapshot
of the domain, where the open-channel flow is driven by a pressure gradient
in the a-direction that generates shear-driven turbulence. Contours of
velocity, temperature, and humidity are plotted with the presence of water
droplets (black dots) interacting with turbulent temperature and humidity
fields. The number of droplets is held constant by the re-injection
mechanism.



2.2.2.2 Boundary and initial conditions

The current study, rather than replicating a real system, aims to use DNS to test
whether or not the parameterizations of spray properly capture the complex physics.
Thus, we design the following boundary and initial conditions to fulfill the goals.

The system is initialized with a fully developed, horizontally-homogeneous tur-
bulent flow field with a random distribution of spray droplets in the domain. At the
top boundary, droplets reflect elastically in order to keep them contained within the
computational domain (this is equivalent to a no-flux condition), and since particles
undergo gravitational settling, they are removed from the system when they fall be-
neath the bottom surface. We maintain a constant loading of droplets by re-injecting
a droplet for the ones that are removed. The new droplets are introduced at a random
location across the bottom surface and given a random initial velocity chosen from a
uniform distribution between zero and the velocity that would allow the droplet to
reach a maximum height of d;,; defined in Table. in quiescent conditions. This
process mimics a high-concentration “spray-layer” near the bottom surface, and is
sufficiently deep such that turbulence can entrain droplets from within this layer and
transport them throughout the domain. Particles above a height of z = 4/8 have
necessarily been carried there by turbulent motions.

As the turbulence develops, we obtain a statistically steady droplet production
flux, which gives a steady mean F (e.g., F ranges from 8 x 10 s7! to 5 x 10% s~ for
various spray sizes when Re, = 300), and we get a steady mean number concentra-
tions above d;,,; ranging from 3.176 x 107 m™3 for 20 um droplets to 152.6 m~3 for
200 pm droplets.

Finally, we note several important considerations regarding the dimensional quan-
tities used. Since DNS cannot be used to simulate the true MABL, our goal here is
to match as many essential non-dimensional quantities as possible. For instance, the

baseline Reynolds number of Re, = 300, while necessarily low to resolve all scales
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TABLE 2.2

SIMULATION GRID SETUP UNDER DIFFERENT Re,

Re;, N, N, N, g.[ms? 6[m] b, mm]

300 128 256 128  0.8027 0.04 5.000
700 256 512 256 1.0302 0.08 4.286
1500 512 1024 512 1.1398 0.16 4.008

Note: (N, Ny, N) represent grid numbers in (z,y, z) di-
rections, g, is the gravity scaled for the DNS, § is the dimen-
sional height of the domain, and ¢;,,; is the maximum height
that droplets with initial velocity can reach.

of motion, is sufficiently high to provide insight into the consequences of turbulent
suspension and thermodynamic coupling between droplets and air. We also consid-
ered and tested another two different values of Re, (700 and 1500) to ensure that the

results from the baseline DNS are robust with varying turbulence intensities.

2.2.2.3 Selection of other droplet parameters

Other quantities, such as the gravitational acceleration g¢., are chosen to provide
the same non-dimensional quantities as found in the true MABL. To ensure that
the droplets settle with the same tendency relative to turbulence intensity, g, is
chosen such that the non-dimensional settling velocity w,/w’, where w’ is the root-
mean-square of the vertical velocity fluctuations (on the order of 1 m s™! in the
atmosphere) and w, = 7,g, is the terminal velocity of droplets (on the order of 1
m s~! for a 100 um droplet in quiescent air, see [Veron| (2015)), is the same as that
outside. Thus, we set g, = 0.84 m s~2 in the present simulations.

Within the broad spectrum of spray droplet and aerosol sizes, which ranges from
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TABLE 2.3

BOUNDARY CONDITIONS OF DNS SIMULATIONS

BC Groups Tpt[K] TioplK] RHyr RHiopy Puw=my/mq Re,

M1 301.15 298.15 100%  90% 1%, 5%, 10% 300
M2 301.15 301.15 100%  90% 5% 300
M3 301.15 298.15 100% 100% 5% 300
M4 301.15 296.15 100%  90% 5% 300
M5 301.15 298.15 100%  80% 5% 300
M6 298.15 301.15 100% 100% 5% 300
M7 304.15 301.15 100%  90% 5% 300
R1 301.15 298.15 100%  90% 1% 700
R2 301.15 298.15 100%  90% 1% 1500

Note: Tyt and Ti,p, represent the temperature at bottom and top bound-
aries, RHy,; and RHy,p, represent relative humidities at two boundaries, 7,9
represents the initial spray size, ®,, represents the spray mass ratio to the
air, and Re, represents friction Reynolds number of the domain.
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sub-micron to several millimeters (see e.g. |de Leeuw et al.| (2011) or |Veron| (2015)),
the radii listed above fall in the range of medium to large. Therefore references to
“small”, “medium”, and “large” herein refer to the relative size of droplets within
the upper portions of the full spectrum. Previous studies (Mueller and Veron, 2014a;
Richter and Sullivan, 2014) indicate that the dynamics and thermodynamics of spray
are related to its size and its ability to change size and temperature. Droplets (e.g.
spume droplets) in this range not only occur at the peak of the volume spectra at
high wind speeds (Fairall et al., 2009), but also dominate the heat and mass transfer.
According to spray-mediated flux models (Andreas, |[1992; Andreas et al., 2008, 2015),
the peaks of sensible and latent heat fluxes at high wind speed are located near
rp ~ 50 pm and 100 pm respectively.

For the non-dimensional perspective, the droplet sizes and densities are chosen to
match the dimensionless Stokes numbers of real spray droplets, St = 7,/7x, where
Tk is the vertically-averaged Kolmogorov time scale of the flow. St indicates on
how rapidly the droplet adjusts to the local air velocity. The present simulations
are configured so that the Kolmogorov time scale in the simulations roughly matches
that of the true MABL (2 ms is selected as a reference value while 75 ranges from
0.2 ms to 6.5 s (Thorpe, 2005)). Therefore the droplet sizes and density are chosen
to match those of realistic spray as well (p, = 1000 kg m~®, with rp Tanging between
25 pm and 200 um). Therefore, the selection of droplets in this dissertation covers

the range that most significantly influences heat and mass transfer.

2.2.2.4 Droplet size and size distributions

Considering one size in a simulation is an idealized scenario, but it provides a
unique perspective for isolating the influence from a specific size from others. In
practice, spray is generated with a wide range of size, and the generation of spray is

related to wind speed and other parameters at the air-sea interface.
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When there is only one size of droplets, we refer it as a mono-dispersed case,
which is discussed in Ch. 3| and |4l Otherwise, cases with multiple sizes are referred
to as poly-dispersed cases, which is discussed in Ch. Details of configurations on

droplet size will be discussed these chapters.

2.2.3 Timescales of evaporating spray droplets

Three types of timescales are associated with moving droplets that are evaporat-
ing in a turbulent field. First, the residence time, t;, that is determined by both
spray droplets and turbulent intensity, denotes the duration between the genera-
tion of a droplet and the moment droplets deposit to the ocean surface. Second,
the droplet temperature response time, 7, which is governed by Eq. , shows
how fast temperature is exchanged with the ambient air by spray droplets. Third,
the droplet radius response time, which is associated with the evaporation, is gov-
erned by Egs. and . Figure shows a schematic example for these
three timescales. There are discussions on the definition and theoretical expressions
of these three timescales (e.g. |Andreas| (1992, 2005); [Holterman (2003); Lewis and
Schwartz (2004)), and in this dissertation, we adopted a simple expression from these
studies to illustrate the microphysics associated with spray droplets.

For the residence time (¢1), the DNS solver is designed to count the time for
each spray droplets. For the two thermodynamic timescales (7r and 7,), based on
Eqgs. and and given a common range of temperature (288.15K to 330.15K)
and relative humidity (70% to 100%), the numerical results of Eqs. [2.10| and
shows the temperature and radius evolution of a droplet during evaporation can be
characterized by different time scale for each equation. An example of theoretical
solutions of droplet evaporation in a quiescent environment is plotted in Fig. [2.3]

From the figure, it is clear that droplets change temperature first before a sig-

nificant change in their radius due to evaporation. To characterize the speed and
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Figure 2.2. A schematic example showing spray timescales in an x — z
cross-section of the domain with an instantaneous contour of simulated air
temperature. Three timescales listed near dashed lines are the residence
time (t1), temperature response time (77), and radius response time (7;.).

extent of the evaporation of droplets, two time constants of droplet evaporation is
defined, 7 and 7., where subscript ‘1" stands for temperature change and ‘r’ for
radius change.

In Eq. it is clear that in an early stage, the radius changes in a slow rate,
so that latent term containing %’J is much smaller than the convective term. If

one neglects the evaporation term, given a initial radius 7,, temperature of droplets

changes in an exponential way (cf. [Andreas| (2005)). Thus, as mentioned in |Andreas

(1990), 7r can be defined as the e-folding time for a droplet reaching its equilibrium

temperature (7.,) from its initial temperature (7}, nit), i-€.,

M — exp <_%> _ (2.15)

pyinit T Teq

To derive a detailed expression of 77, we follow the dimensional analysis by

and Veron (2010) (77 was called 75y there) to get the following estimation of 77 in

our simulation,

Pr cr pw 9
—T,xT (2.16)
Nuy cpa pp ¥

r = Cr P
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Time Evolution of Temperature and Radius
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Figure 2.3. Temperature and radius evolution of droplets at a quiescent
environment, where the ambient temperature is 298.15 K, and the relative
humidity is set constant as 90%. Dashed lines denote temperature change,

and solid line denote radius change.

where Cp is the scaling constant, and 7, is the Stokes relaxation time, which is

proportional to 7“]2). Other terms are defined in the previous section. To combine the

self-similar results from Eq. (2.16)) with the definition by |Andreas (1990), we define
Cr=1

The definition of the characteristics timescale of droplet radius evolution is less

conclusive among different studies. One common area that nearly all spray studies

agree is that tau, is approximately O(10%) larger than 7 (also cf. [Richter et al.

(2016a); [Veron| (2015)). Despite variant expressions of 7, and the fact that r, is

not necessarily scaled exponentially with time, we analyzed the theoretical solution

shown in Fig. and adopted a self-similar definition of 7, as its e-folding time too,

rolt) ~Teq _ (_i> 7 (2.17)

7ﬁp,init - req Tr

where the evolution of r., is the equilibrium radius for droplets with the initial radius
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T'pinit-

Therefore, 7, can be estimated from 7 as

7. = Co 77, (2.18)

where C,. are scaling constants, and we fit C, = 760 based on the solution shown in

Fig.

2.2.4 Heat fluxes partitioning

Heat fluxes quantify the energy transfer across the boundary layer. The com-
ponents of sensible and latent heat fluxes from DNS discussed in this dissertation
are defined in a similar way as Richter and Sullivan (2014) and |[Helgans and Richter
(2016). First, define a total moist enthalpy as being the enthalpy contained by both

the vapor and air phases, i.e.,

hgas = ,Oacp,aT + paQ(Cp,vT + hg) (219)

Then, with Eqgs. and , an equation for total enthalpy can be established (see
Helgans and Richter (2016) for the full expression). Using this expression, we apply
a Reynolds decomposition on the temperature 7', moisture g, and velocity u; of the
air phase, and then average the equation horizontally. This procedure yields a total

moist enthalpy flux in the vertical direction that has the form

HT = Hs,total + HL,total = constant, (220)
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where H totq1 and Hp yorq; are individually decomposed into three components repre-

senting the turbulent, diffusive, and particle-induced flux of enthalpy

Hs,total = Hs,turb + Hs,diff + Hs,sp

d(T)

. (2.21)
= PaCpa(WT'y — PaCpal= = = /0 Shdz,

and
Hi otar = Hp pury + Hr gipr + Hrop

— (epe + 1) [(/q) — paD, L _ / suaz].
dz 0

(2.22)

We define positive fluxes upwards. Also, the cross-coupling terms between latent
(we define here as terms with subscript “¢”) and sensible (subscript “a”) terms are
negligible and are therefore not included in the above equations (cf. Helgans and

Richter (2016)).

2.3 Bulk parameterizations for spray-mediated heat fluxes

In the last section of this chapter, we introduce the method of bulk air-sea models

of spray effects. This method will be assessed in Ch. ] and

2.3.1 Heat fluxes in a bulk model

The fundamental framework of a bulk model is to assume the total heat flux is the
direct sum of interfacial and spray-mediated components. To start with, we follow
the two bulk models and define the total heat flux Hy that consists of the interfacial
(subscript ‘int’) and spray-mediated (subscript ‘sp’) components. Each term can

be further decomposed into their latent (subscript ‘L’) and sensible (subscript ‘s’)
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components, i.e.,

HT = Hint + Hsp - HL,sp + HL,int + Hs,sp + Hs,int7 (223)

and we list the descriptions for each term in Table [2.1] Thus, the estimation process
for the total flux requires accurate quantification of all four components in Eq.
at the air-sea interface. For example, the sensible and latent interfacial heat fluxes
can be estimated based on gradient-wind transfer laws of the (potential) temperature
and specific humidity (Andreas and Emanuel, 2001; |Andreas et al.| 2015), which is
commonly used among bulk models. However, parameterizing the spray-mediated
sensible and latent heat fluxes varies across different bulk models because of different

assumptions associated with the spray microphysics.

2.3.2 Estimates of spray-mediated heat fluxes

Specifically, the two common bulk models considered in this study, |[Fairall et al.
(1994) (herein “F94”) and |Andreas et al.| (2015) (herein “A15”), estimate spray
evaporation differently. F94 assumes that the temperature change will be the only

effect that contributes to the total spray-mediated heat flux, i.e.,

F94> _ A
H; 7 = Q,, (2.24)
and
Hpy™ = Q. (2.25)
so that
HS" = Qs — Qu. (2.26)

Here in Eqgs. — Q. and @ respectively represent the nominal spray-

mediated sensible and latent exchange rates — that is, the rate of net exchange of
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TABLE 2.4

LIST OF SYMBOLS FOR HEAT FLUXES USED IN THIS STUDY.

Variables Description
Hr Total heat flux computed by DNS
H, o Sensible spray-mediated heat flux com-

puted by DNS

Hy o Latent spray-mediated heat flux com-
puted by DNS

Hy int Sensible interfacial heat flux computed
by DNS

Hi, int Latent interfacial heat flux computed
by DNS

Q:AY> or QP> Bulk sensible spray-mediated heat ex-
changing rate (the nominal flux) with

the model specified by the superscript
(e.g., “A15” or “F94”)

QA% or Q5% Bulk latent spray-mediated heat ex-
changing rate (the nominal flux) with
the model specified by its superscript
(e.g., “A15” or “F94").

Qs Estimates of sensible spray-mediated
heat exchanging rate (the nominal flux)
via Eq. (2.30) with inputs from DNS

Qr Estimates of latent spray-mediated
heat exchanging rate (the nominal flux)

via Eq. (2.31)) with inputs from DNS

AH;p, The change of the total interfacial heat
flux of spray-laden DNS simulations
from the unladen simulations

AHr The change of the total heat flux of
spray-laden DNS simulations from the
unladen simulations
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sensible and latent heat by the droplets between entering and leaving the ocean.

Meanwhile, A15 assumes some degree of compensation due to evaporative cooling,

ie.,
Hi%" = aQr, (2.27)

and
HIA> = BQ, — (o —7)Qr, (2.28)

where the fitting coefficients «, 5, and v are determined by observational data given
assumptions on Q, and Q. However, A15 explicitly assumes an increase of sensi-
ble heat components induced by spray evaporation, so 0 < 7 < « represents the
adjustment of interfacial heat fluxes due to the cooling effect of spray evaporation.

Therefore, the total spray-mediated heat flux described by A15 is
HM"% = Qs +Qu- (2.29)

Comparing Eq. [2.29with Eq. one notices the equivalent coefficients («, 3,v) =
(1,1,0) in F94 model, while in A15 the three coefficients are given as (a, 8,7) =
(2.46,15.15,1.77). Obviously, the difference in the magnitude of coefficients in the
two models could eventually lead to very different influences of spray droplets pre-
dicted by the bulk models.

One of the factors that contributes to the discrepancy between the two models is
the assumed form of the spray sensible and latent heat exchange rates or the nominal

fluxes Q, and Q. Written in generic terms, these take the form:

F
Qs = _Cpmp,OATp27 (230)
and
7 F
QL = _LvAmpZ; (231)
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where AT, and Am, are the mean net difference of spray temperature and radius,
respectively, between the initial and final condition when entering the water surface.
F' is a spray renewal rate at the surface (related to the spray generation function),
and A is the horizontal area of interest. Therefore, both Q, and @ have units of
[energy area ' time '].

In F94, spray is assumed to enter the surface with a temperature equal to the air
temperature at the significant wave height (7%), after beginning with a temperature
equal to the sea surface surface (7;). Thus AT, = T, — T, which implies an instan-
taneous temperature adjustment of the spray. On the other hand, A15 assumes that
the difference 7Tj, — T is the maximum potential temperature difference, and A7), is

Y

limited by its residence time (“74” in the original text of A15 and “¢;” in this paper),

so that for each size of spray AT, = (T, —T,)[1 — ewp(—i—fp)], where 77 is the thermal
response time of spray defined by Eq. (1.4) in |Andreas| (2005) as the e-folding time
of temperature evolution given steady ambient condition.

Similarly for spray evaporation, for the spray’s mass change (Am,), F94 assumes
an instantaneous evaporative adjustment to the conditions at the significant wave
height, while A15 considers the temporal evolution due to a evaporation timescale
(7, also defined as an e-folding time in |Andreas| (2005)) which is much longer than 7.

Using the DNS, we can calculate directly the quantities AT}, and Am,,, and therefore

compare to the assumed forms of A15 and F94.
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CHAPTER 3

INFLUENCE OF EVAPORATING DROPLETS IN THE LOWER MARINE
ATMOSPHERIC BOUNDARY LAYER

3.1 Overview

To overcome some of the limitations of the bulk or Eulerian models, in particular
the difficulty of including spray feedback on the surrounding flow, we use the model
described in Ch. In this section, a set of numerical experiments are designed in
turbulent open-channel flow with direct numerical simulation (DNS) to examine the
fundamental influence of evaporating droplets on the heat fluxes in an idealized and
isolated setting. The goal of this chapter is to provide a detailed investigation to the
sensitivity of heat fluxes due to spray droplets, so that one could use the results to
assist in the interpretation of existing theories and measurements related to spray
feedback in the MABL.

Based on the methodology discussed above, we conduct three sets of numerical
experiments (see Table focusing primarily on the influence of droplet radius on
overall vertical sensible and latent heat transfer (group A); additional tests are chosen
to probe the sensitivity of these results to mass loading (group B) and boundary
conditions (group C). Here we define the mass loading as the ratio of the mass of
water and mass of air in the domain (®,, = m,/m,). In this section, we compare
horizontally- and time-averaged quantities (e.g., heat fluxes) with respect to droplet-

free flow, and use droplet lifetime statistics to comment on the behavior of droplets.
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TABLE 3.1

LIST OF SIMULATION GROUPS

Group 7, Q,,  Tip K] Thor [K] RHiop (%) RHpor (%)

A varied 1% 298.15  301.15 90 100
B fixed wvaried 298.15 301.15 90 100
C fixed 1% systematically varied

3.2 Results and discussion

3.2.1 Influence of droplet size

Our overall interest lies in the thermodynamic influence of droplets on mean
vertical energy transfer in a turbulent boundary-layer flow. In this context, previous
studies (Andreas, |1990,|1992,1995) have provided an extensive theoretical description
of droplet dynamics and thermodynamics, which have indicated that droplet size is
an important quantity since it controls the droplet lifetime, inertia, settling velocity,
and the time scales associated with heat transfer and evaporation. We therefore
construct the first group of simulations to investigate the role of droplet size on
heat-flux modification by choosing six different radii: 25 ym, 50 pm, 75 pm, 100 pm,
150 pm, and 200 um. The selection of radii gives thermodynamic time scales 7p
ranging between 7.5 ms (25 um) and 478.8 ms (200 um). All other parameters are
set based on Table 2.1l

An overview of key mean flow quantities is given in Fig. [3.1 where it is clear that
droplets can have a significantly different mean velocity than the surrounding flow
at a given height. The smallest droplets (here 25-um radius) behave somewhat like

fluid tracers, while the largest droplets (200-um radius) have little correspondence to
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the ambient flow. This is particularly clear in Fig. [3.1p, where small droplets spread
evenly throughout the upper domain, while large droplets, due to their high inertia
and settling velocity, remain near the bottom. Figures 3.1k, d show that despite
two-way coupling in humidity and temperature, at a mass fraction of ®,, = 1% only
a slight change in the average fields is found for all droplet radii compared to the
unladen field. If anything, large droplets slightly increase the air temperature while
small droplets decrease the temperature, a feature qualitatively consistent with other

studies of spray thermodynamic effects (e.g. Bianco et al.| (2011)).
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Figure 3.1. Overview of the mean flow quantities for the unladen and
selected laden cases with @, = 10%: (a) mean velocity of droplet phase
(solid lines) and air phase (dashed line, which is equivalent to unladen
flow); (b) horizontally averaged mass concentration, ®,, = m,,/my; (c)
mean relative humidity (RH); (d) mean temperature. Angular brackets
denote the horizontal averaging.

3.2.1.1 Behaviors of droplets in the turbulence

Since the droplets are evaporating, it is important to understand their thermody-

namic evolution as well. To do this, we compare the dynamic and thermodynamic
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evolution of representative 25 ym and 200 um droplets in Fig. Two scenarios
are considered: one where the droplet has escaped the lower regions of the flow (this
only occurs for the smaller droplet) and one where the droplet has a much shorter
lifetime because it is transported immediately downwards after injection.

In the first of these two scenarios (first column), droplets experience evaporative
cooling as they almost continuously find themselves cooler than their environment
(second row). Additionally, droplets experience a vapour pressure deficit at the sur-
face (third row) and thus evaporate with a 2% radius decrease (fourth row). However,
other small droplets are transported back into the lower boundary and slightly con-
dense and warm in their short lifetime, which leads to the next scenario.

In the second scenario (second and third columns), droplets are immediately re-
moved but due to different mechanisms: gravitational settling for large droplets and
turbulent advection for small droplets. Small droplets (second column), travelling
within a very limited vertical distance where local humidity is high, find themselves
warmer than their surroundings due to condensation in their brief lifetime. Larger
droplets, on the other hand, have a longer thermodynamic response time; therefore a
lag exists in their radius change. The droplets start to evaporate because the larger
inertia keeps the droplets moving further, and the droplets experience a wider range
of temperature and humidity differences with the surroundings. For this scenario,
we note that both small and large droplets have the potential to slightly warm the
ambient air (as droplets are warmer than air). This has been seen in, e.g., Edson
et al. (1996), for the release of sensible heat from droplets at high relative humidity.
In [Bianco et al.| (2011), it is also mentioned that large droplets have the potential to

warm the surrounding air due to their long thermodynamic characteristic time.
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Figure 3.2. Time series evolution for 25 ym (column 1 and 2) and 200 ym
(column 3 ) droplets for various quantities: vertical location (first row),
particle temperature difference from ambient (second row), specific
humidity difference (third row), and radius change from inception (fourth
row).
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Figure 3.3. Probability density functions (PDFs) of (a) normalised
residence time (¢7), where temperature time scales 7 for droplets are
0.0075 s (25 pm), 0.0670 s (75 pm), 0.4788 s (200 um), (b) temperature

difference (normalized by its initial temperature), and (c) radius difference
(normalized by its initial radius) through their lifetime, compared with (d)
time evolution of temperature and radius compared to their initial values
during quiescent evaporation
(Tr =298.15 K, T}, init = 301.15 K, RH = 90%). Three types of droplets are
presented: small (25 pum, red), medium (75 pm, yellow), and large (200 pm,
blue)
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3.2.1.2 A statistical view

For a better understanding of the collective effect of droplets, we track several
key statistics related to the initial and terminal states. Figure describes the
probability density functions (PDFs) of, (a) the normalized residence time ¢, (b)
temperature change, and (c) radius change throughout the lifetime of small (25 gm),
medium (75 pm), and large (200 pm) water droplets. We also plot the solutions for
the temporal evolution of temperature (dashed) and radius (solid) (Egs. and
for the three radii in Fig. in quiescent ambient conditions. The gaps
between solid and dashed lines of the same colour show the discrepancy between 7p
and 7.

We find in Fig. that the droplet residence time (¢1) sharply decreases with
radius. Since 71 7“2, small droplets have sufficient time to change temperature
(T),) during their lifetime and adjust themselves to the ambient temperature (7%). In
contrast, large droplets only experience very early stages of the evolution depicted in
Fig. , where the temperature changes relative to the initial temperature (7}, ;n:)
stay within a narrow range due to their short residence time and large thermal inertia.
Specifically, in Fig. , the discontinuity around the point where T}, — T}, ;s = 0
demonstrates the rapid adjustment for small droplets, showing that small droplets
either cool due to evaporation or warm from condensation when colliding with the
boundary. However, large droplets essentially are all cooled by a small amount from
evaporation, as noted in Fig. 3.2

Regarding the change in droplet radius, Fig. shows an agreement with Fig.
that the majority of small droplets re-enter the lower boundary at a slightly
larger radius than their initial radius (also see Fig. , while the exponential tail of
25 pm describes the longer suspension by turbulence entrainment. This results in up

to a 2 pum decrease in radius throughout their lifetime due to evaporative cooling.

41



3.2.1.3 Heat fluxes

To understand how droplets modify the total heat transfer, we are particularly
interested in fluxes of both sensible and latent heat. Therefore based on Eqgs. [2.20
2.22] we plot the heat fluxes in Fig. [3.4 Figures[3.4h, b compare the six components
and total heat flux profiles for an unladen flow and a laden case with 25 ym droplets.
Due to the no-penetration conditions at the top and bottom boundaries (w = 0),
the turbulent fluxes are zero at these two locations. Likewise the particle fluxes are
zero at the top boundary because the concentrations approach zero. Furthermore,
the total heat flux Hy is uniform with height, as are the total sensible and latent
fluxes, respectively Hj totar and Hip o1q. Compared with the unladen case, several
terms are modified by 25 pum droplets, including H; s, Hy sp, and Hp tp, while the
overall modification on total heat flux is not as significant as its components.

Figure presents the evolution of the the total heat flux as a function of the
droplet radius. Although the total heat flux is uniform with height, in the following
discussions, it is convenient to describe the magnitude of various flux components
at a specific height. For this purpose we use the height at z = §/8, since this is
the maximum height droplets can reach without turbulent transport by our particle
re-injection scheme. In a qualitative sense, this height is meant to mimic the so-
called droplet evaporation layer (e.g. |Andreas et al. (1995)). The total heat flux
at z = 0/8 increases with droplet radius and then exhibits a weak non-monotonic
shape at large radius with a 1% mass loading. Additionally, the figure shows a
limited modification with the largest change (decreasing by 2% from the unladen
flow) occurring for smallest droplets (25 pum). Note that since the mass fraction is
the same, smaller droplets are more numerous than large droplets in the domain.

It is instructive, however, to look beyond the total heat flux and consider the
sensible and latent components individually. Figure illustrates how the total

sensible heat flux H; ot and its two dominant components H,, and Hy g, vary
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Figure 3.4. Normalized vertical heat fluxes for the 25 ym case (brown) and
unladen case (black): (a) Turbulent and particle heat fluxes, (b) diffusive

and total heat fluxes. Components of heat flux are normalized by

Ui (Ppot — Ptop), Where hyoy and hy,, are calculated based on Eq. given
the specific humidity and temperature, and wu, is the friction velocity at
lower boundary. (c) total heat flux extracted at the top of the spray layer

versus particle radii. Asterisk indicates the unladen value.
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Figure 3.5. Sensible heat flux components versus droplet radius extracted
at z = /8, compared with non-evaporative droplets (diamond), and
unladen flow (blue asterisk). Components of heat flux are normalized by
the total heat flux between two boundaries in z direction. (a) Total sensible
heat flux Hj totar, (b) turbulent component of sensible heat flux Hj ¢y, (€)
particle direct sensible flux H .
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with radius. Compared to the total heat flux shown in Fig. , H; tota1 has a
more pronounced non-monotonic trend with radius, where it has a peak around a
radius of 100 yum. The largest magnitude of modification compared to unladen flow
is 5.4%, and the peak is 7.1% greater than the minimum at 25 um. We find that the
turbulent and particle-induced components are also heavily influenced by droplet size,
and that the modification becomes less sensitive above roughly 75 ym. Comparing the
sensible flux with its counterparts from non-evaporative droplets (hollow diamonds)
with the same initial and boundary conditions, small evaporating droplets influence
H 1y and H, g, opposite to non-evaporating particles, highlighting the importance
of evaporative cooling. However, larger droplets (e.g. > 100 pm) behave very similar
to non-evaporating droplets (consistent with radius statistics shown in Fig. );
i.e., all three curves, especially Hy sy, in Fig. tend to converge towards the non-
evaporative cases with increasing radius. This is in agreement with the results from
Sect. [3.2.1.2 and Fig. [3.3h, and suggests that the sensible heat flux corresponding to
large droplets is not sensitive to evaporation.

In the present system, vertical latent heat transfer dominates sensible heat transfer
(see for example Fig. , b), so Fig. is only part of the story. Figure
therefore provides similar quantities as in Fig. for latent heat flux components
varying with droplet size. Compared to the pronounced modification in sensible flux,
modification of total latent heat transfer (Fig. [3.6R) is not as large, ranging within
2% for all radii. The particle-induced latent flux Hy 4, converges to zero at large
radii at the top of ejection layer, which is similar to Hy,,. Likewise, we note that
Hi e generally increases with radius, but slightly decreases near 200 pm. We also
find that the increase for Hy 4 is of the same order of the decrease of Hy g, which
leads to the relatively flat curve in Fig. [3.6h.

The relation between Hr, 1, and Hy, 5, demonstrates a cancellation between tur-

bulent and particle-induced heat fluxes. A similar result is found in Fig. for
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Figure 3.6. Latent heat flux components versus droplet radius, compared
with unladen flow (blue asterisk) at the top of ejection layer (z = 6/8).
Components of heat flux are normalized by the total enthalpy difference
between the two boundaries in the z direction. (a) Total latent heat flux
Hi totar, (b) turbulent component of latent heat flux Hp s, (¢) particle

direct latent flux Hy .
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Hg turpy and Hy . In addition, the latent components evolve opposite to their sensible
counterparts: the two particle-induced terms, Hy, 5, and Hj 4, are of opposite sign,
which indicates that droplets travelling upwards are releasing moisture and cooling
the surrounding air, and the opposite is true for downward travelling droplets. We
also find that Hip ;. has a qualitatively opposite evolution with radius to Hg sy
Similar evidence of this cancellation between latent and sensible heat flux has been
documented in previous numerical studies (Edson et al., [1996; [Fairall et al., 1994),
where the decrease of sensible heat for droplet released at wave height offsets the in-
crease of latent heat flux. In the current simulation, the multiple cancellation effects
not only lead to an overall small heat flux modification, but also make the total heat
flux relatively insensitive to droplet radius (see Fig. [3.4p).

Therefore, we summarize that droplet size influences the balance of residence time
scale (t1,) and thermodynamics time scale (7 or 7,.), which leads to different combined
behavior, although the total modification on heat flux is modest. We mainly focus
on droplets in the small and large limits, because the transition between the two
behaviors is relatively narrow. Small droplets with shorter thermodynamic response
times have more flexibility to interact with the environment. Due to the longer
suspension time, evaporative cooling of small droplets leads to a self-cancelling effect,
where sensible and latent components of heat flux are modified but compensated,
yielding a limited total modification. Large droplets have ballistic inertial motions
near the lower boundary and remain almost unchanged in temperature and radius,
exhibiting different behavior from small droplets. While each evaporating drop still
releases a small amount of latent heat during preliminary stage of evaporation (see
Fig. ), the cumulative effect on the total latent heat flux is trivial once averaged
across the domain. This eventually leads to a very slight modification of the total

heat flux.
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3.2.2 Influence of mass loading

In the previous section, the focus was mainly on the role of droplet radius on
thermodynamic evolution and feedback at a fixed droplet loading ®,, = 1%. We now
comment on the influence from droplet mass loading by extending the mass loading
of droplets to ®,, = 5% and 10% while keeping boundary conditions the same. Three
different radii are selected, 25 um, 75 um, and 200 pym, representing small, medium,
and large droplets. We focus mainly on how the total heat flux and its components
change with increasing mass fraction.

Figure 3.7 displays the vertical profiles of the total heat flux and its components for
25 um and 200 pm at ®,, = 10%, as a counterpart of Figs. , b at ®,, = 1%. For
Hr, large droplets provide a stronger modification than small droplets. The increase
of large droplets is almost solely from the two turbulent fluxes, Hj 5 and Hrp yyrp,
and part of latent heat flux Hy 4, near lower boundary. However, in Fig. for
small droplets, all sensible and latent components are modified and continue to cancel
each other, yielding a total heat flux which remains nearly unchanged from both the
unladen and ®@,, = 1% cases. For example, Fig. shows that this is generally true
up to a mass loading of 10%, since in all cases the particle flux components and the
modifications to the turbulent fluxes all cancel each other.

Regarding the total heat flux Hp, large droplets tend to be slightly more sensitive
to mass fraction, which is also shown in Fig. In Fig. 3.8h, from ®,, = 1% to
10%, the magnitude of Hr increases by 6% for the 75 um and 200 um droplets but
decreases by 1.6% for 25 um droplets. However, Figs. , e show that large droplets
are insensitive to mass fraction for heat flux directly from the droplet feedback, Hj g,
and Hy 4. In particular, the sensible heat flux H 4, is very insensitive to droplet mass
fraction up to ®,, = 10% (note that 75 pum and 200 um have overlapping curves).
Considering that large droplets are confined within the ejection layer (as shown in

Fig. and have short lifetimes, the added contribution to the sensible heat flux

48



0.8+

0.6 t

z/8

0.4+

0.2t

0.8+

0.6

2/0

0.4+

0.2+

(a) rp, = 25um, ®,, = 10%

S~
N, ™~
g. Q\ ~ - Hs,turb
_. ‘I 1 } _____ Hs,sp
| l. II - HL,turb
i I
o | ===Hiy
oy |
F| I
Ph 1
i! :‘ |
[ |
H ! ! | 1 I
o IIII I
| |
P Ii ||I l'
N B /
R /
] L‘ﬁ’_ ~
0 0.02 0.04
H/u,Ah]
(c) rp, = 200pm, @, = 10%
\‘ — ‘ ‘
r \\\ ~ - H.s',turb
“ “ -0 Hs Sp |
] l‘ — 'HL,turb
]
1] _-'HL.sp
I h
I
Il
1 I
Il
I h
Il
I
o
[
W ’
L= = ‘
0 0.02 0.04
H/[u,Ah|

(b) r, = 25um, ®,, = 10%

1 -u--““’
08} i
0.6f
2
n &
0.4/ .
H
0.2} 1
i»
0 .~.....""""- 5 N
0 0.02 0.04
H/[u; Ah]
. (d) m, =200pm, @, =10%
ral
0.8} H
L[]
1 ]
[ ]
L[]
06
o H
~ o
3 :
04+ .
L[]
H
L[]
0.2+ -
HC)
0 0.02 0.04
H/[u, AR

—_—H, L.total

Sf—

s,total
....... H Ldiff
H L,total

1 —

Figure 3.7. Normalized total heat flux Hy for a mass loading of ® = 10%
for 25 ym case (brown), 200 um case (blue) and unladen case (black). (a)
(¢) Turbulent and particle heat fluxes, and (b) (d) diffusive and total heat
fluxes. Heat fluxes are normalized by the total enthalpy difference between
the two boundaries in the z direction.

49



(a) Hp vs. @,

0.036
<
4 0.035 - —, = 25um
5} rp = THum
P 0.034-*- rp = 200um
\\ % Unladen
0.033 : : :

0.02 0.04 006 0.08 0.1
¢77L

x1073 (b) Hs,turb Vs. (I'm

9
< <
<3 <
S S
3. =
~ ~
= 7 aw
0 0.02 004 006  0.08 0.1 0 0.02 004 0.06  0.08 0.1
¢77l (I)TII
(d) HL,turb V8. ém A %1073 (e) HL,sp Vs. q>m
0.024 ‘ ‘ ‘
< =
<1 0.023 <
=
=) 32
= =
au) 0.022 \ E
0.021 ‘ ‘ ‘ ‘ 0 : ‘ ) ‘ ‘
0 002 004 006 0.08 01 0 0.02 004 006  0.08 0.1
o, ®,,

Figure 3.8. Sensible and latent heat fluxes at a height of z = §/8 versus
droplet mass fraction ®,,, compared with unladen flow (blue asterisk): (a)
Total heat flux Hp, (b) turbulent component of sensible heat flux Hy sotar
(c) particle sensible flux Hy g, (d) turbulent component of latent heat flux

Hi, turb, (e) particle latent flux Hy s,. Note: in (a) and (c), 75 um and
200 um have overlapped curves.

50



does not cancel in the same way as for smaller droplets which essentially do not
participate in the evaporation process.

Therefore, the influence from mass loading is more important when considering
heat flux from large droplets than small droplets, though the flux modification for

both small or large droplets at ®,, = 10% is still not very pronounced.

3.2.3 Influence of boundary conditions

Here, we probe the effect of boundary conditions in order to better characterize
how well our idealized simulation set-up can be extended to understand more realistic
conditions. Hence we systematically vary both the top and bottom temperatures and
relative humidities; the details of the four different cases are given in the Table
where the “benchmark” condition is the “M1” set-up in Table[2.3] The five boundary
conditions (“M17, “M2”, “M4”, “M5”, and “MT7”) represent different enthalpy gaps
between the two boundaries distributed in various ways between sensible and latent
heat. For example case “M2” would only yield a latent heat flux and no sensible
heat flux since the top and bottom temperatures are held equal. Similarly, we expect
stronger sensible heat transfer in group “M4” than the “M1” (benchmark) group.

Figure [3.9| shows that regardless of the boundary conditions, however, when nor-
malized by the total enthalpy difference between the top and bottom boundaries, the
total heat flux and its combined diffusive, particle-induced, and turbulent compo-
nents remain nearly unchanged. This is likewise true for both small (Fig. [3.9a) and
large (Fig. [3.9b) droplets, indicating that the consequent feedback of droplets from
the thermodynamic evolution onto the surrounding flow identified in the previous
sections is a robust effect that remains identical with changing boundary conditions
(given proper normalization).

This insensitivity to boundary conditions, much like the influence of mass loading,

is due largely to the aforementioned cancellation between the particle flux compo-
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Figure 3.9. Normalized vertical heat flux for different boundary conditions.
(a) Profiles of vertical heat flux for 25 yum drolets. (b) Profiles of vertical
heat flux for 200 ym droplets. The colors are given in the legend. Here we
combine the sensible and latent heat fluxes from same physical mechanism
as one term, e.g. Hyyppy = Hpury + Hp puryy Haipr = Hggigy + Hrpgigy, ete.
Note: Lines not shown in the plot are overlapped with same terms for
different BCs.
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nents H,,, and Hy g, and the modified turbulent fluxes Hy sy and Hi z. Figure
3.10] illustrates this cancellation effect for small droplets for the various boundary
conditions. The modifications to sensible turbulent and particle-induced fluxes are in
all cases offset by modifications to the latent turbulent and particle-induced fluxes,
leading to an overall weak influence in total heat flux regardless of the boundary
conditions.

Finally we note that the results presented herein are also insensitive to the initial
droplet temperature (7}, ;n;). Small droplets, which experience the most complex
thermodynamic evolution in the domain, quickly adjust to their surrounding tem-
perature and therefore forget their initial value. This has been tested in the current
set-up by manually changing the initial droplet temperature to be different than the
bottom boundary temperature, and minimal changes were observed (not shown here).
This is consistent with the findings of Mueller and Veron (2014a) which points out

that small droplets rapidly exchange heat before reentering the ocean.

3.3 Summary

We investigated the feedback due to evaporating droplets in the turbulent marine
boundary layer via idealized numerical simulations. Particularly we focused on how
droplets modify the total heat/enthalpy transfer across the domain.

We observe that the feedback and evolutionary behavior of droplets can be clas-
sified into two broad categories: “small” and “large” droplets, whose definitions are
based on the balance between the droplet residence time and its thermodynamic time
scales. Small droplets are more susceptible to entrainment into turbulent motions and
transported throughout the domain and thus have a longer residence time, and at
the same time have a more rapid thermodynamic response time than large droplets.
This combination of scales for small droplets, however, leads to a cancelling feedback

effect between modifications to sensible and latent heat fluxes, which results in a
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limited overall modification to the total heat flux across the boundary layer. Large
droplets with longer thermodynamic time scales, however, do not have sufficient time
to significantly change both temperature and radius. Therefore, large droplets be-
have somewhat as non-evaporating droplets, but also have small modifications to the
total heat flux. See Fig. for a schematic.

While the direct numerical simulations performed are an idealized representation
of the spray-laden MABL, we have demonstrated a robust insensitivity of this over-
all picture to both mass loading and boundary conditions. Increased mass loading
affects small and large droplets slightly differently, since large droplets barely change
the temperature and radius during evaporation and therefore have an incomplete
feedback mechanism compared to the small droplets. Thus the influence of increas-
ing mass loading is greater for larger droplets than it is for smaller ones. Likewise
the boundary conditions do not affect the feedback due to small droplets but only
increase the magnitude of the individual terms that ultimately cancel one another.

In the context of spray modeling in the real MABL, we emphasize that feed-
back between droplet modifications to sensible and latent heat fluxes are critical if
the overall affect of spray is to be modelled accurately. Our results show a qualita-
tive difference from the significant increase of the total heat flux found in previous
numerical studies (Andreas and Emanuel, |2001; |Andreas et al., [2015; Mueller and
Veron, 2014b)), but this is perhaps due to the different coupling physics of droplets
and turbulence. However, we found our results are in a qualitative agreement with
Edson et al. (1996) and Bianco et al. (2011) with respect to the cancellation effect
and limited total flux modification. For small droplets that have the smallest thermo-
dynamic response times, this feedback between their influence on sensible and latent
heat fluxes could render them completely ineffective at increasing heat fluxes from
the ocean to the atmosphere. This is perhaps the reason why all existing observa-

tions (e.g. DeCosmo et al. (1996); Drennan et al.| (2007); [Zhang et al. (2008))) at high
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Figure 3.11. A schematic of the influences of large and small droplets on
particle-induced enthalpy.

wind speeds show no significant increase of heat flux coefficients. Large droplets on
the other hand, potentially enhance latent heat fluxes due to their incomplete evap-
oration cycle, but this enhancement is highly dependent on their concentration and

suspension — physical processes that are not fully described in the present system.
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CHAPTER 4

ASSESSING BULK ALGORITHMS OF AIR-SEA HEAT FLUXES

4.1 Overview

The primary aim of this study is to use DNS to directly test certain assumptions
made in bulk estimates of spray-mediated thermodynamic fluxes, and in particular
those of Fairall et al. (1994) and Andreas et al. (2015). For the bulk models, we
simplify the details (e.g. spray generation), and focus instead on the fundamental
hypotheses made for the total heat flux and spray microphysics that can be assessed
by DNS.

For DNS, we use the same numerical scheme of droplet-laden turbulent flows as
our previous study (PR17) that is adapted from [Helgans and Richter (2016). We
treat turbulent air flows and spray droplets separately. Hence there are two phases
in the model: a carrier phase (air) and a dispersed phase (droplets). For the carrier
phase, we use the DNS model to resolve turbulence in an open-channel flow. For spray
droplets, we compute the dynamics and thermodynamics of each droplet individually
from Lagrangian perspective, and treat them as point particles which respond to the
local fluid velocity, temperature, and humidity. In this section, we will introduce both
the bulk and DNS models as well as the methodology for testing the bulk models
using DNS.

In our DNS model, the open-channel turbulent flow provides a uniform total
vertical heat flux. This constant vertical heat flux is consistent with what bulk

models commonly assume and allows for us to compare the two types of models for
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the thermodynamic coupling between phases and the role of droplet microphysical
processes. We compute each component of heat flux found in Eq. explicitly
via Eqgs. — in DNS. Therefore, we can attempt to reconstruct the DNS-
obtained fluxes via the bulk model formulations and provide physical interpretations

behind the fitting coefficients. In addition, for the bulk estimation of spray-mediated

fluxes, all variables in Egs. (2.30)) and (2.31]) are known or can be measured from the

Lagrangian solutions of DNS.

We firstly examine the how well F94 and A15 predict the spray-mediated heat
fluxes given by Egs. (2.24)) to . Then, we test the magnitude of spray’s feedback
term (v-term) to predict the total heat flux given only an interfacial heat flux without
spray droplets and the mean difference of spray’s temperature (A7),) and radius
(Arp). Finally, we will discuss the approximation of AT}, and Ar, as well as spray’s

overall influence on the total heat flux Hr.

4.2 Results and discussion

4.2.1 Predicting spray-mediated heat fluxes

We start the assessment with the spray-mediated heat fluxes. First, we follow the
expressions of F94 via Egs. (2.24) to (2.26]), which in A15’s notation use o = =1
and 7 = 0 according to Egs. (2.27) to . Thus for F94, the latent spray-mediated
heat flux is approximated by the nominal flux @, and the sensible spray-mediated
heat flux is expressed as the difference between the total and the latent fluxes, Q,—Q;..
To test the estimates given by Eqgs. and , we plot in Fig. the DNS-
computed spray fluxes H; g, and H g, against Q, — Qr and Q;, respectively, where
based on Egs. and we calculate Q, and @, from droplet statistics AT, P
and Am, known from the DNS. Spray radii in the plot range from 20pm to 200pm,

and we include all three Reynolds numbers and boundary conditions. We normalize
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the heat fluxes by the product of friction velocity (u,) and total enthalpy difference
(Ah = hpor — hiop) between the top and bottom boundaries.

Fig. shows that spray behaves differently as a function of droplet size. For
example, in panel [b] for the latent heat flux H s, 200 gm droplets provide a positive
contribution of latent heat to the system (Hp s, > 0) although the amount is small.
As radius decreases, the magnitude of Hy g, increases, and spray actually extracts
latent heat from the air when the bottom surface exhibits a warmer and more humid
condition. However, both panels in Fig. show that F94 has drawbacks of pre-
dicting heat fluxes of smaller droplets (25um or less), in particular for the sensible
spray-mediated heat flux H; g,, where deviations are observed for the smaller droplets
(shown by asterisks and dots). Specifically, points beneath the reference line in panel
[a] indicate an overprediction of spray-mediated sensible heat flux calculated by the
F94 model for small droplets. Meanwhile, panel [b] suggests a slight underprediction
of latent spray-mediated heat flux via the F94 model for small droplets, although
this effect is smaller. Nevertheless, the different directions of deviations indicate an
internal reallocation of sensible and latent spray-mediated heat flux due to spray
evaporation/condensation, which is related to the cancellation and feedback effects
documented in PR17. Thus, if the deviations for smaller droplets are due solely to
the internal reallocation of sensible and latent heat fluxes, we would expect F94 to
predict the total spray-mediated heat flux more accurately than its sensible/latent
components.

Therefore Fig. plots the total spray-mediated heat flux as calculated by the
DNS (H,,, vertical axis) and the F94 model (Eq. [2.24] horizontal axis). As seen in the
figure, F94 indeed does predict the total spray-mediated heat flux fairly accurately,
which confirms that the deviations in Fig. are due to reallocation of sensible and
latent heat fluxes. In addition, the clustering around the reference lines in Fig. |4.2

confirms the assumption by F94 that the total heat exchanged with spray is reflected
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Figure 4.1. Estimated spray-mediated heat fluxes vs. DNS computed
results: [a] spray-mediated sensible heat flux (H,, vs. Q,), and [b]
spray-mediated latent heat flux (Hy 4, vs. Qr). The product of the friction
velocity (u,) and the vertical enthalpy difference of the domain (Ah) is
used to normalize heat fluxes.

in its temperature change (via @Q,). This is because the changes of droplet radius and

temperature are separate processes occurring at disparate response timescales — see

for example Fig. 1 in /Andreas and Emanuel (2001).

In the above discussion, we verify that the F94 model works well at predicting
total and latent spray-mediated heat fluxes when applying the known statistics of
spray microphysics directly retrieved from DNS. Similar conclusions can be drawn
for the A15 model. Based on Fig. [4.1 we can confirm that the coefficient « for
latent flux Hy, 4, in the A15 model (Egs. and (2.28)) is indeed O(1). However,
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Figure 4.2. DNS-computed spray-mediated total heat flux Hy, vs. nominal
sensible heat flux (Q,), showing spray-mediated heat fluxes are reflected in
its internal energy change. Heat fluxes are normalized by the product of
the friction velocity (u,) and the vertical enthalpy difference of the domain
(Ah). Various simulations with different Re,, ®,,, and size are denoted by
color and marker in the legends. See Table for simulation settings.
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the value of g based on the DNS for the spray-mediated sensible heat flux is not as
large as what the A15 model predicts. According to A15, § = 15.15, while the DNS
results suggest that § & 1, as evidenced by symbols clustering near the reference line
in the left panel of Fig. Furthermore, to predict the spray-mediated Hg,, we
find that the feedback coefficient ~ is negligible if we assume o = 1. Therefore, the
implied values o = 8 = 1 in the F94 model are a good approximation of the total
spray-mediated heat flux given a correct estimate of spray microphysics (i.e. Am,
and AT),), and the A15 model may overestimate the sensible heat flux by an order
of magnitude due to the large value of 5. The question of whether or not a nonzero
v is required to describe interplay between spray-mediated and interfacial fluxes is

considered next.

4.2.2 The feedback effect of spray evaporation

The above analysis demonstrates that one can obtain reasonably accurate pre-
dictions for the total spray-mediated flux H,, with an accurate prediction of Q;, and
Q,. However, it remains to be verified whether or not the spray-mediated fluxes can
simply be added to the spray-free interfacial fluxes to yield the total heat flux. In the
F94 model, the total heat flux is Hy = H;¢+ Hj,, which makes no attempt to account
for any reductions in the interfacial flux due to the presence of the spray-mediated
component. In contrast, the A15 model considers a feedback effect between the two,
which is associated with the latent heat released from the spray by the v parameter
in Eq. The parameter v takes into account the fact that latent spray-mediated
heat flux from the droplet phase can modify the corresponding interfacial flux, pre-
sumably by moistening the near-surface air and increasing the temperature gradient
by evaporative cooling (e.g., when v > 0). Since we calculate each term in Eq.
explicitly in DNS, we shift our focus to the total heat lux Hy and discuss whether

the bulk models provide a reasonable estimate for the total heat flux as well.
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Figure 4.3. DNS-computed total heat flux (Hr) versus the estimated total
heat flux (Hgp + Hinto) by adding the DNS-computed spray-mediated flux
with the corresponding unladen total interfacial heat flux. The heat fluxes
are normalized by u,Ah. Color of symbols and marker styles in the legends

match Fig.

We first evaluate whether or not one can add the spray-mediated heat fluxes to
the interfacial heat fluxes estimated from spray-free conditions as F94 suggests. To
test this assumption, we compute an unladen case (with subscripts ‘0’) from DNS
where the total heat flux consists solely of the interfacial flux H;y,;o. Then, we add
Hipny o to the bulk estimate of the total spray-mediated flux H,, by F94 via Eqs.
and for the corresponding spray-laden cases, and we plug them in Eq. ,
ie. Hp = Hipso + Q,.

Fig. [4.3shows that the DNS-calculated Hr versus the estimates given by the F94
model do not always agree.  In particular, the estimates for smaller droplets (r, <
25pum) can deviate by up to 120% from the corresponding DNS-calculated values,
although the predictions of F94 are more acceptable for larger droplets (r, > 75um)

especially with warmer bottom surface. Thus, according to Fig. 4.3 how well F94
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Interfacial heat flux changes in DNS
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Figure 4.4. Modification of total interfacial heat flux (AH;p,;) versus
nominal latent heat flux (), showing that evaporation of spray induces a
modification of the total interfacial heat flux. Color of symbols and marker

styles in the legends match Fig. 4.2

predicts the Hy depends on the droplet size.

Along the lines of A15, we assume the error in Fig. is due to the feedback
effect between spray and interfacial fluxes. We test this assumption by defining the
change of interfacial flux (AH;,;) from the unladen case after loading spray droplets
in Eq. ,

AH;p = Hp — (Hgp + Hint o). (4.1)

If the feedback is negligible, the AH;,; should be approximately zero. Otherwise,
AH,;,; in Eq. quantifies the net feedback between spray and interfacial heat
fluxes that is missing in bulk models.

In Fig. we plot AH,,; versus the DNS-calculated spray-mediated latent heat
flux Hp gp. Interestingly, comparing the net feedback AH,,, with Hy , in Fig.

M, we find that AH;,, is inversely proportional to Hy, 5. The negative linear trend
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in Fig. is in contrast to the feedback effect assumed by A15, which indicates a
negative feedback effect induced by spray. Hence the interfacial heat flux will adjust
itself to attenuate the influence from spray evaporation rather than being enhanced

by spray droplets. We can describe this linear relationship as

A-[_-Iint = ’7HL,sp) (42>

where the coefficient is determined as v = —0.7349 with R? = 0.9895 by linear
regression.

As we have shown that the bulk estimates of spray-mediated latent heat flux, Qp,
agree reasonably well with the DNS-calculated Hp ), in Fig. [£.1[b], we arrive at an

approximation for the total heat flux:

HT ~ H’int,O + Qs + 7@L7 (43)

where v = —0.7349, H;,; o is the unladen total interfacial heat flux, and @, the
approximation of the total spray-mediated heat flux Hj, shown in Fig.

With the correction of the negative feedback term from DNS results, we plot
the two sides of Eq. using bulk estimates of spray-mediated heat fluxes in
Fig. It is obvious that the errors are significantly reduced to a range around
5% compared to Fig. especially for smaller droplets. Therefore, the negative
feedback term (y < 0) in Eq. suggests that both F94 and A1l5 models can
overestimate the influence of spray on the total heat flux when there is a substantial
amount of latent heat flux released by spray, although the F94 model works when
the spray-mediated latent flux @ is small. Moreover, the A15 model can further
overestimate it by imposing a positive feedback term (y > 0). We briefly summarize
the main comparisons of the bulk algorithms with DNS in Table [4.1]

Based on Eq. (#.3]), one can see that the quality of estimating Q, and @, deter-
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spray-mediated latent heat flux Q. Color of symbols and marker styles in
the legends match Fig. [4.2]
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TABLE 4.1

COEFFICIENTS OF BULK MODELS AND DNS-FIT RESULTS

F94 Al5 DNS

o 1 246 1
B 1 1515 1
v 0 17T -0.74

Notei HLﬁp:a@s,
Hs,sp:/BQs - (a - ’Y)Q_La
and Hr=Hn; +BQs +7Q1L

mines the accuracy of the final prediction of Hp, and Q) and @, are calculated via
spray’s microphysics (i.e., AT, and Ar,). In the above discussion, we directly apply
AT, and Ar, from our DNS model to the bulk algorithms, so the next step is to

examine the assumptions behind how bulk models quantify Qs and Q.

4.2.3 Spray evaporation in turbulent air and its temporal dependence

In bulk models, the evaporation for all spray droplets occurs with an assumed
constant ambient condition (e.g., the 10-m temperature and RH) that is usually
drier and cooler than the lower part of the ASI, as we have shown in Sec. [2.3] In this
section, we use the Lagrangian statistics of spray droplets in the DNS to investigate
the characteristics of spray evaporation, specifically to test the behavior of AT}, and
Ar, and compare with solutions given by constant ambient conditions as per bulk

models.
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4.2.3.1 Influence of spray timescales

We have illustrated three timescales involved in spray evaporation in turbulent air
in Fig. 2.1} the residence time ¢, and the thermodynamic evolution timescales, 7
for temperature and 7, for radius. In this section, we will discuss how these timescales
are associated with the relationship between the net differences AT, and Ar, with ¢r.
In Fig. |4.6 we plot the joint probability density function (JPDF) of these quantities
for droplets with r, = 25, 75, and 200 pm for Re,.=1500. Since all spray droplets in
the DNS are initialized with same temperature and radius, the JPDFs in Fig.
are equivalent to the distributions of the re-entrance temperature and radius, which
varies on spray initial size.

As seen in Fig. the maximum of the residence time ¢; (shown in vertical
axes) decreases as the initial droplet size increases. This phenomenon is because
both the settling velocity and inertial effects increase with 7. We also find two
qualitatively distinct types of distribution of spray temperature and radius change
with ¢, observed in Fig. [4.6] The first is a strong correlation between AT, or Ar,
and t;, (e.g. panels [b], [d], [e], and [f]), i.e., the longer the residence time, the
greater magnitude in the change of spray temperature or radius. This relationship is
similar in principle to what A15 assumes. The second type of distribution features
a high-density area at small values of ¢; and a much weaker correlation between
AT, and t; (e.g., panel [a]), while panel [c] appears to be a transition between
the two. This is similar in principle to F94’s assumption that spray immediately
adjusts to the ambient air temperature, and it is observed that the high-density
area is independent of residence time (parallel to the vertical axis). Therefore, only
assuming one temporal relationship for spray temperature change does not appear
to cover all scenarios for various spray sizes, and the various timescales associated
with a droplet’s thermodynamic evolution and lifetime should be carefully considered

when parameterizing their radius and temperature change for use in bulk models.
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Figure 4.6. Joint PDF's of residence time (¢1,) and droplet temperature
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How AT, and Ar, are associated with ¢; depends on their timescales 7 and
7,. [Andreas (2005) defines 7 as the time required for changing to a factor of 1-
e~! of the initial temperature. Thus, 7r is proportional to 7’12) since it is based on
the exposed surface area for heat transfer. Based on Eqgs. and , one
can notice that temperature and radius change are strongly correlated with time
within 77 or 7, respectively (Andreas| 1992; |Veron, |2015). For example, given the
top boundary condition of M1 in Table Tr for 25-um droplets is 7.3 ms, while
7 is 47 ms for 200 um. The response time for radius, 7., is defined either by
the e-folding time (used in the A15 model) or a linear decay rate (e.g. Lewis and
Schwartz| (2004)), and is also proportional to rf). Thus, Fig. shows an increased
probability density concentrated at a specific temperature for all ¢;, suggesting that
the near-surface environment would play a dominant role governing the re-entrance
temperature regardless of the residence time. In this scenario, t; is not a good
indicator for AT,.

As 7, is greater than 7p by three orders of magnitude (Andreas, 2005; Veron,
2015), radius change with the ambient air is a much slower process than temperature
adjustment. Thus, we expect radius to present a strong correlation for a wide range of

tr, because 7, > t, for most droplets. For this reason, we select the shorter timescale

77 to non-dimensionalize ¢; and define a non-dimensional timescale as

it (4.4)
T

By definition, if £, < O(1), the limiting timescale for the evaporation is the residence
time ¢y, and spray cannot finish the initial temperature adjustment and is less likely
to experience a wide range of temperature and humidity, so A7), should retain a
strong correlation with t;. However, when t; > O(1), the limiting timescale is 77, so

spray tends to establish a new equilibrium with the ambient air.
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Thus, if £, > O(1), using its initial conditions would lead errors in estimating the
spray’s returning temperature based on its residence time given a stationary ambi-
ent condition, because spray will “forget” its initial state. For example, when F94
assumes that spray instantaneously adjusts to the air temperature at the represen-
tative location (the 10-m condition), we would expect a peak of AT}, which is always
clustered at negative values due to evaporative cooling. Figure [a] shows, however,
that AT, in the high-density regions of the JPDFs for small droplets (especially for
25 pm) is positive, i.e., the spray is warmed due to condensation effect near sur-
face. Therefore, given a different timescale balance, a model should distinguish the
paramterizations of spray evaporation based on 7.

As 1, increases, the ratio 7, decreases rapidly because 77 increases as 7‘]27 (as noted
above), while ¢, decreases due to an increased settling velocity and higher inertia.
This suggests a sharp border between the high- and low-correlation scenarios, possibly

simplifying proper modeling strategies.

4.2.3.2 The ambient conditions of spray evaporation

While the JPDFs in Fig. [4.6] show two distinct types of relationship between ¢,
and AT, or Ar,, bulk models still require specifications of the representative ambient
conditions in order to predict the re-entrance radius and temperature accurately.

To further quantify the relationship between spray evaporation against its resi-
dence time, in Figs. and we plot the conditional mean (the expected value)
of temperature and radius change given a residence time, E(AT,|tr) and E(Ar,|tL),
for varying Re, and r,. We then compare the result with solutions which would have
been retrieved from bulk models assuming a constant background ambient tempera-
ture and humidity (usually cooler and drier than the bottom surface). The idealized
radius and temperature change with constant ambient background are given as curves

“C1” to “C4” in the figures for different ambient conditions, with shading to repre-
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Figure 4.7. Conditional mean of temperature change (A7), [K]) and radius
change (Ar, [pum]) given residence time (¢, [s]) for 75-pum spray droplets.
Shaded areas represent possible solutions of stationary evaporation (grey

for AT, and green for Ar,) with limits from two assumed constant ambient

conditions (C1 and C2): (C1) RH=97%, Ty=27.8 °C, and (C2)

RH=95.5%, Ty=27.4 °C. Also included are prediction using Eq. for

specifying representative ambient conditions: (P1) RH=98.48%,
Ty=27.35°C, and (P2) RH=96.19%, Ty=26.85°C.

sent conditions in between. Thus, in Figs. and [4.8 if AT, and Ar, given the
residence time are well predicted by the bulk models, we would see them follow the
solutions of spray evaporation given stationary ambient conditions.

In some scenarios, the statistical behavior of spray droplets in DNS agrees with
what bulk models assume. For example, as seen in Fig. [4.7p, the evolution of radius
change (Ar,) with lifetime is linear for almost all Re,, which is qualitatively expected
when assuming constant background conditions. This would indicate that the tur-
bulent fluctuations felt by the droplets in the DNS in this scenario are substantially

filtered out as 7, < O(1). In other words, it is feasible find a possible single ambient
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condition that the droplets have experienced to characterize spray’s radius change.
Similarly, we also notice that the temporal evolution of AT, in Fig. is in the
range of possible steady-state solutions for spray droplets, at least for 75 um droplets
since ¢, is O(1) (curves lie within the gray shaded area).

On the other hand, droplets with t;, > O(1) have a different story (e.g., t;, =
10.52 for 25-um droplets), as seen in Fig. The ambient conditions used for
estimating the change in radius (C3 and C4) cannot apply to its temperature (C1
and C2), although the conditional mean AT, mostly follows some other stationary
ambient conditions. In Fig. [4.8h, the condition C1 is the wet-bulb temperature at the
bottom boundary, and C2 is the condition very close to the bottom boundary (RH =
98%). Neither of these causes spray to adjust to a cooler and drier ambient condition
(resulting in negative AT,) as F94 or A15 would expect. Instead, Fig. shows a
positive mean AT}, indicating that condensation occurs on these droplets (also shown
in Figs. and . This phenomenon is because of the immediate response of
the droplet to the local ambient conditions before impacting the lower surface. Even
though some spray may have spent most of its lifetime away from the bottom surface,
its re-entrance temperature is predominately determined by the local condition due to
the small 77 (i.e., t; > 1). Therefore, the selection of ambient condition for assuming
a constant background needs to incorporate the limiting timescale.

To summarize, our DNS results suggest that the balance of residence time and
other timescales modifies the selection of representative ambient conditions when
mean gradients of air temperature and humidity are present above the ASI. We
observe drawbacks in both F94 and A15 in this regard, especially in predicting the re-
entrance temperature. However, the results do not necessarily exclude the possibility
of assuming stationary ambient conditions within bulk models. What is needed is a
more accurate specification of these assumed conditions (i.e. not simply the 10-meter

temperature and humidity).
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Nevertheless, the question of how to specify this condition remains unanswered in
real systems, and there are several necessary parameters of fluid and spray to consider.
For example, as t; increases, droplets with longer residence time experience slightly
lower humidity as they are transported to a drier environment during their lifetime.
Also, as Re, increases in our simulations, the gradient of background temperature and
humidity changes. Thus, the change in Ar, with ¢; behaves as though an assumed
background ambient condition were becoming more humid. For example in Fig.
and [4.8b, Ar, for Re. = 300 is nearer the C2 (or C4) line at 95% RH while
Re, = 1500 is nearer the C1 (or C4) line at 97%.

4.2.3.3 A tentative estimate of the equivalent ambient condition

Here we propose a simple, tentative estimate for these effective ambient conditions
based on our DNS results. For heavy droplets (e.g. large spume droplets), spray’s
evaporation is usually limited by the residence time (f;, < O(1)), so both radius
and temperature retain their correlation to the initial condition. Thus, we would
assume the equivalent ambient conditions sit beneath the so-called “spray layer”
2 € (0, 0spray), defined as the maximum height spray can reach (usually where spray
concentrations are assumed uniform with height). In our DNS model, when spray
exhibits inertial motions, 0sprqy = din; is the maximum height spray could reach
without turbulent transport (shown in Table [2.2)).

As t1, increases for smaller spray droplets, §s,,q, grows as droplets are transported
more easily by turbulence across, and eventually reaches gy, = 9; i.e., spray is
distributed evenly across the domain (or perhaps the surface layer in real systems).
Meanwhile, the surface conditions become more dominant as 7 decreases. There-
fore, the assumed location to extract the equivalent ambient condition needs to be a
function of the limiting timescales, 7 or 7,.. Otherwise, it would lead to inaccurate

predictions of AT, and Ar,.
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To improve this issue, we assume that spray droplets travel with a mean vertical
settling velocity ws, leading to the following expression for the height z.,q, at which

to extract the mean ambient conditions:

I .
Revap,p — 5 min (dspray; "LUS7'¢), (45)

where 0gprqy 1S the height of the spray layer (when t;, > 1, it is assumed to be the
height of the domain of interest), and 7, represents timescales for ¢ = r,,7,. Then,
the constant ambient conditions for temperature and humidity to be used in the
bulk models would be T, (Zevap.¢) and RH,(Zevap¢), Where T, and RH, are the mean
ambient air temperature and relative humidity.

For instance, we plot solutions based on the ambient condition predicted by Eq.
in Figs. and (“P1” for AT, and “P2” for Ar, in both figures), where
wWe assume Zeygpr = 0 and Zeygp, = %(5 for 25 pm droplets and zeyopr = %@nj
and Zeygp, = 0.30 for 75 pm droplets. Although this estimation is only based on
the hypothesis of the one-way coupling, we find that Eq. overall provides a
reasonable ambient condition for both cases and can significantly improve the error

for AT, (hence Q) for the smaller spray with ¢; > O(1) than the conventional

assumption.

4.2.4 The importance of spray timescales on estimating spray feedback

Different treatments of spray heat flux in bulk models cause significant differences
in predicting the influence of the spray and thus the total heat flux. For example,
when applying both F94 and |/Andreas and Decosmo (1999) (a predecessor of the A15
model with same framework) to hurricane models (Wang et al., [2001), it is reported
that the F94 model results in an increase by 8% of the intensity of the tropical

cyclone, while A15 gives an increase by 25% and generates a physically unrealistic
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Figure 4.8. Conditional mean (expectation) and predictions of [a]
temperature change (AT, [K]), and [b] radius change (Ar, [um]) given
residence time (t[s]) for 25-pum spray droplets. The predictions (dashed

lines) with equivalent ambient conditions are given by Eq. . The
ambient conditions used for temperature are different from radius: (C1) &
(P1) the quasi-equilibrium evaporation temperature of the spray at
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near-core environment. Previous discussions suggest that spray timescales are the key
to accurately quantify the spray-mediated fluxes. Thus, in this section, we revisit the
bulk estimations of total heat flux Hy and discuss the influence of spray timescales
on estimating spray feedback.

We have shown in PR17 that two types of cancellation were identified in a tur-
bulent system with evaporating spray droplets: one between spray-mediated sensible
and latent heat fluxes, and the other between spray-mediated and turbulent (i.e.
interfacial) heat fluxes. These cancellation effects prevent the spray droplets from
enhancing the total heat flux without constraint. However, in their bulk models,
F94 does not include an explicit form of the feedback effect on the interfacial heat
flux, while A15 predicts this feedback effect as positive by stating that v > 0 due
to the assumption that spray cools the surface air. We have mentioned that both
formulations would overestimate the influence of spray droplets.

As spray evaporation induces a change in the total heat flux Hy, we define the
change of total heat flux, A Hr, as the difference between the spray-laden and unladen
cases: AHp = Hp — Hpy. With bulk estimates, we can connect AHp with the net
change of spray’s temperature and radius directly. Combining this with Eqs. (12.25])
and , one gets

AHr =~ Qs +Qr, (4.6)

with v < 0, which relates AHyp to the nominal spray-mediated heat fluxes, Q, and
Qr. Since Q, and Qp, are defined as proportional to AT, and Arg, AHr can be
approximated as a linear function of AT, and Arﬁ given a specific spray generation
rate F'. Therefore in principal, one can predict the change of total heat flux based on
the temperature and radius of the re-entering spray. Based on the previous discussion
on AT, and Ar,, we have two major scenarios for spray feedback effects.

The first scenario occurs for spray with r, > 50um when spray evaporation is

limited by its residence time (e.g. spume drops), i.e., t, < 1, where we expect
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Qs > Q > 0 as the radius change is small (cf. Fig. |4.7)), and thus AH; > 0. Note
in Fig. that we confirm that Q, is a good estimate for the total spray-mediated
heat flux Hy,, so we expect Q, > Qr. Therefore, spray in this regime enhances Hr,
and the enhancement grows with the generation rate.

In Fig. 4.9 we plot the relative modification of total heat flux (AHr/Hryp) for
different Re, and ®,,, with respect to droplet size r,. We observe a low sensitivity of
AH7 to Re, but a fairly high sensitivity to ®,,, and the enhancements of AHp by
75um and 200um droplets in Fig. [4.9demonstrate the potential of the enhancement of
Hp by spray with t;, < 1, especially under high spray-generation rate F. In addition,
—~Qy, is very small because Ar, is small, so the interfacial feedback is insignificant
in this scenario. Thus, the framework that F94 presents (with no negative feedback
term) can physically represent Hrp for spray with ¢, < 1.

The second scenario occurs when the residence time no longer limits spray’s tem-
perature adjustment, i.e., t; > 1. Fig. indicates that Q < Q, < 0 at the bottom
surface, i.e., small droplets condense near the surface (cf. Fig. [4.6), which is not
considered in most bulk and 1-D models. In addition, the combination of Q, and Q;,
makes AHy/Hry < 0(0.01) as one can see in Fig. 1.9 We also observe that as the
mass fraction increases by a factor of 10 (solid lines vs. diamonds in Fig. [£.9), 25 um
droplets show an overall insensitivity to ®,,. Based on Egs. and , the
insensitivity on mass fraction indicates that @, and @ would be less dependent on
the spray generation rate in real systems. Since there is a weak dependence on Re,
for AH7 in Fig. , we argue that the dominant influence on @ and Q, for 25 ym
or smaller droplets is the local boundary condition when spray re-enters the bottom
surface. Therefore, the discrepancy of the spray modification on the total heat flux
between DNS and bulk models comes from the direction of the latent heat flux at
the bottom surface.

Although the condensation effect that is determined by the boundary condition
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Spray modifications to total heat flux Hp
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Figure 4.9. Modification of total heat fluxes Hp of different initial spray
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sounds counter-intuitive, the fact that small droplets can condense (Q; < 0 thus
Hp sp < 0) near the bottom surface does not conflict with their potential to evaporate
hence increase the local humidity and decrease evaporation away from the surface.
In fact, the two phenomena are consistent if one can interpret the timescales of spray
properly per their corresponding ambient conditions, although we only focus on the
bulk models at the bottom surface in the current study.

For the lower part of the domain (z € [0, £4]), we plot in Fig. 4.10| the averaged
spray-mediated sensible and latent heat fluxes computed by DNS, H;,, and Hp ).
The DNS heat fluxes are normalized by the product of friction velocity (u,) and total
enthalpy difference (Ah = hpor — hiop) between the top and bottom boundaries re-
spectively. The positive spray-mediated latent heat flux Hy, 5, in Fig. represents
an upward latent heat flux from spray evaporation. For the sensible heat flux Hj ),
we find that spray with r, < O(50pm) has a sensible heat flux H g, with opposite
sign to the latent flux, which indicates that the evaporative cooling effect cancels out
the latent heat flux released from the spray. This leads to a smaller estimation of
(), than the estimate without considering cancellation and thus yields the limited
enhancement in Fig. Spray with 7, > O(50um), instead, has positive H, g, and
cannot cancel Hy ,, which results in a larger value of Q, and thus has a net positive
contribution to the total heat flux that is discussed in sect. [4.24.2.3.

Whether or not the spray exhibits this cancellation of spray-mediated fluxes de-
pends on its timescales. The quick adjustment to the fluctuating temperature and
humidity by spray allows the spray to reach the equilibrium temperature at a highly
localized position (e.g. PR17). Here, as we can see from Fig. cancellation
occurs when ¢, > O(1) when spray is away from surface. At the bottom surface, the
cancellation effect still occurs as we have seen in Fig. since H, o, and Hp, 5, have
different signs. Therefore, from both perspectives, the cancellation effect or the con-

densation at the surface, show that bulk model can overestimate the spray-mediated

81



heat fluxes.

To summarize, timescales of spray play an important role in predicting the total
heat flux besides spray-mediated heat fluxes based on Eq. , which needs be
incorporated in bulk models. As a result, the bulk estimation could have better
parameterizations of AT, and Ar,, and the influence of spray, in particular given its

different dependence on ¢, can be better understood.

4.3 Summary

In this study, we investigate how total heat flux responds to sea-spray via high-
resolution Eulerian-Lagrangian simulations, where we use DNS to represent turbulent
airflow in the lower atmospheric boundary layer at the air-sea interface with neutral
stability. We apply the principles from air-sea bulk models that estimate total heat
transfer from the water surface and compare to our DNS results. Under our current
idealized settings, we find spray might not necessarily enhance the total heat flux in
turbulent flow with constant vertical heat flux. Also, the current study suggests the
importance of spray timescales on parameterization of spray-mediated heat fluxes.
We find a non-monotonic relationship between spray’s enhancement to the total heat
flux and its residence time so that models like F94 and A15 can overestimate the
influence of spray droplets for several reasons.

First, previous understanding of the feedback mechanisms of spray is not com-
plete. Our DNS results suggest that the total heat flux cannot always be expressed
as the sum of an interfacial and a spray mediated component directly, especially for
droplets with small size (e.g., r, < 25um). We find an additional negative feedback
mechanism for total interfacial heat flux that is proportional to the spray-mediated
heat flux at the surface (negative v term in Eq. (4.1)). This negative feedback ef-
fect limits the overall influence of spray regarding the total heat flux from the water

surface, which is not included in either F94 or A15. In particular, A15 argues that
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spray-mediated latent heat flux would insert positive feedback to the total heat flux,
which is not observed in our DNS results (see Table for a comparison). There-
fore, we would suggest further implementation on the negative feedback effects and
investigations on its tuning coefficient for bulk models in practical use.

Second, inaccurate estimates of spray evaporation could also cause bulk models
to fail to capture the cancellation effect between spray sensible and latent heat flux
for smaller droplets. The failure is due to the different timescales involved in droplet
evaporation when evaluating the spray evaporation via assumed-stationary ambient
solutions, particularly when the droplet experiences a wide range of environmental
conditions during its lifetime.

We find that the balance between the residence time and temperature response
time of spray (f7) is a good indicator for determining whether or not a stationary
ambient condition can be assumed for the droplet. When the residence time is longer
than temperature timescales, t;, > O(1), the re-entrance temperature and radius of
spray lose their correlation with the initial condition, and are determined by the local
condition at the water surface. Therefore, the assumption that spray re-enters the
water surface with substantially decreased temperature (e.g., ones determined by 10-
m conditions) would not apply and would introduce further over-estimations to the
spray-mediated sensible heat flux.

When the residence time is shorter than the correlation timescales of evapora-
tion, i.e., t;, < O(1), spray retains a correlation with its initial condition. Therefore,
AT, and Ar, follows the solutions with an assumed-stationary ambient condition like
bulk models. As a consequence, spray in this regime has the potential to enhance
the total heat flux, and the enhancement will be magnified by higher generation
rates. However, the equivalent ambient condition is not uniform but a function of
spray timescales and is related to ¢;. Since the spray temperature response time

7r ~ 10737, further assumptions are required for bulk models to approximate the
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equivalent ambient for re-entrance temperature and radius, and we propose an esti-
mate of the equivalent ambient condition in Eq. based on our DNS results.
Although our idealized study contains many simplifications regarding the surface
processes (especially those associated with waves, such as wave-breaking, droplet
formation, etc.) and atmospheric variability, this study provides clear evidence that
the spray effects are dependent on their thermodynamic timescales, and highlights
physical processes (e.g. feedback) that are not properly accounted for in bulk models.
Therefore, given a reasonable assumption for residence times across all sizes of spray,
one could potentially improve the prediction of the total heat flux via bulk models

without further complicating the model itself.
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CHAPTER 5

FEEDBACK IN THE POLY-DISPERSED SYSTEM

5.1 Introduction

In previous chapters, the investigations on spray effects have focused on the spe-
cific spray properties on the heat fluxes. We have learned that how spray droplets
evaporate and interact with turbulence is different based on the ratio between their
residence time and thermal timescales. However, in conventional spray models, con-
tributions from each size of droplets are usually summed up directly, which implicitly
assumes no interaction between droplets of different sizes. Whether or not neglecting
this kind of interaction between different droplet sizes is eligible is not yet answered
when the interactions between droplets become significant. In particular, we are con-
cerned whether or not assuming droplets are independent could impede the quality of
bulk-model estimations. In this chapter, we focus on the effects of sea-spray droplets
with multiple sizes and assess this fundamental assumption on treating each droplet

as an independent source.

5.1.1 Background

Spray droplets are generated with a wide range of sizes. The distribution of the
spray sizes is usually expressed by a size-distribution function to represent the con-
centration of droplets generated given a size range. In practice, the size-distribution
is converted to a sea-spray generation function (SSGF), which yields the number flux

of droplets generated per incremental size at the ocean surface (Veron, [2015). SSGF
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is usually parameterized by wind speeds or whitecap fraction empirically due to the
difficulties in the direct measurements of the number flux. In particular, the SSGF
on larger droplets (e.g., spume droplets with radius peaked at 100 yum but extended

to more than 2000 pm) is still under debate. For example, difference relationships of

SSGF on the droplet initial size 7o are reported in |Ortiz-Suslow et al. (2016); Veron|

et al. (2012).

A safer approach is to assume the influence of spray is independent of the size

distribution, considering the uncertainty in SSGF's. In other words, the contribution

from a specific size does not affect droplets in other sizes. For example, in a bulk

model (e.g. [Andreas and Mahrt| (2015)), the nominal sensible heat flux mediated by

spray (Qs.p) can be written as,

Qusp = / 0 g (5.1)

- d7’0

where 7 and 7y are the size limit considered in a model, ¢(ry) represents the heat

contributed from droplets with the initial size rq, and % is the SSGF'. For example,

in the bulk spray models of [Fairall et al.| (1994) and |Andreas et al.| (2015), g(ro) is

calculated a priori separately based on the hypothesis on spray evaporation regardless

of the SSGF. A similar treatment is also applied to the Lagrangian models by

and Fairall| (1994); Mueller and Veron (2014a/b); Troitskaya et al| (2018b), where the

total effect is the sum of the contributions from each size together for a wide range
of spray droplets.

By assuming droplets have independent influences, many Eulerian or Eulerian-
Lagrangian studies only consider mono-dispersed spray droplets to simplify the in-

vestigation on the sensitivity of the air-sea fluxes from a specific spray size (e.g.,

Helgans and Richter (2016); Peng and Richter (2017, 2019); Rastigejev and Suslov]

(2019, [2016); [Richter and Sullivan| (2014); Richter et al.| (2016a)). In fact, only a few
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studies, in particular with an Eulerian-Lagrangian framework, consider spray with
more than one size coupled with the air phase. For example, a poly-dispersed size
distribution is considered in [Richter et al. (2016b)) to evaluate the momentum cou-
pling. For the thermal influence, [Edson et al.| (1996) uses a 2-D Eulerian-Lagrangian
model to simulate the influence of spray droplets on the atmospheric boundary layer
with a & — € turbulence closure. However, assessments on the influence between
droplet sizes using a high-fidelity model are merely found, which leaves another kind
of uncertainties in addition to the strong assumption on droplet microphysics.

In Ch. we discover that the role of droplets vary with different droplet sizes,
and we also found that the feedback effects become stronger when the mass frac-
tion increases. Thus, in this chapter, we assume that the interaction between spray
droplets depends on both the mass fraction and size of spray droplets.

Nevertheless, in an operational model where spray effects are parameterized, con-
sidering multiple size is indeed a difficult task for large-scale numerical models such
as [Bao et al.| (2011) and |Chen et al. (2013). To simplify the computation, |Andreas
et al. (2008, 2015) put forward the concept of a representative size for sensible and
latent heat fluxes to simplify the computation procedures. In his studies, the repre-
sentative size are selected a posteriori from the size where droplets contribute most
sensible and latent heat flux. In Eq. , this idea is equivalent to looking for
the maximum of q(ro)j—ri, the contribution from a single droplet multiplied with its
generation strength (SSGF, represented by %). By using a stochastic Lagrangian
model, this concept was qualitatively demonstrated by Mueller and Veron (2014b))
(c.f. Fig. 6), but the peak changes accordingly to different SSGF's selected. Hence,
how to select the characteristic size still remains obscure, and the limitation of using

a single characteristic size needs to be identified.

87



1.00 ——

0.75 1"

=.0.50
0

0.25 -

Fim v ©

Instantaneous droplet location and temperature [K]

D T
Loy

. T . T
gt

y/(m9)

302.5

302

301.5

301

300.5

300

299.5

299

298.5

298

297.5

Figure 5.1. Instantaneous temperature and location of droplets (projection
from z-axis, i.e. the stream-wise direction). Mass fraction is here 5%, and
half of droplets are plotted for a schematic. Color represents the droplet

temperature, and the size of dots is scaled by the instantaneous droplet

radius.

88



5.1.2  Goals of this chapter

In this chapter, we continue to take advantage of the Eulerian-Lagrangian frame-
work with direct numerical simulations (DNS) to resolve the evaporating spray droplets
poly-dispersed in turbulent air. While spray droplets of multiple sizes are computed
individually, their thermal influences from spray are two-way coupled with the air
phase via the governing equations (c.f. Egs. and for the expressions and
Fig. for a schematic).

The first group of questions discussed in this chapter is the feasibility of the
superposition of the fields of air temperature, humidity, and heat fluxes from mono-
dispersed cases to make up a poly-dispersed case. To simplify the scenario, we imple-
mented bi-dispersed simulations of different combinations of droplet sizes, and these
bi-dispersed cases are compared with the corresponding mono-dispersed cases for the
same mass fraction in each component. Droplet sizes are chosen based on differ-
ent regimes of non-dimensional residence time (f; = :—;) defined in Ch. Thus,
from this set of experiments, we also look into how droplets interact with others in a
different size class.

Following the idealized simulations of multiple spray sizes, poly-dispersed droplet
concentration distributions are evaluated. Specifically, our goal is to test whether
feasible one can add the spray-mediated heat fluxes directly in a bulk model and to
find a reasonable method to calculate the representative size.

For the feasibility of bulk spray estimations on two-way coupled poly-dispersed
simulations, we estimated the individual spray-mediated fluxes related to each size
class using the bulk model and the statistics sampled from DNS, and compare with the
corresponding DNS values directly computed in the DNS solver. Thus, a direct one-
on-one comparison shows the size regimes where the bulk model succeeds. Moreover,
we also compare the total heat flux (Hr) computed from DNS and the improved bulk
model (e.g., Eq. in Ch. {)) to assess the underlying hypothesis of the spray heat
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fluxes used in all bulk models.

For the representative size, we consider three representative sizes averaged by its
radius, surface area, and volume. We compare the poly-dispersed simulation with
the mono-dispersed cases with representative size. Specifically, we assess the mean
temperature and humidity of the carrier air and the vertical profiles of mean spray-

mediated and turbulent heat fluxes.

5.1.3 Simulation configurations

The framework of the methodology in this chapter is consistent with previous
chapters and is discussed in Ch. [2, where the difference is the change in droplet size
class (V,,). Since only one-way coupling is considered for the momentum coupling
in the current study, the settling effect and number concentration of droplets in
each class are identical to the mono-dispersed cases. In other words, the statistics
of droplets such as the mean droplet velocity, the rate of being reintroduced to the
system per droplets as well as the residence time remains the same for each size
class, and so does the mean flow velocity. For example, Fig. shows normalized
droplet number concentration for selected radii from 20 to 200 pm, which is supposed
to be applied for the same size in all simulations regardless of the size distribution.
In this chapter, both simplified droplet size configurations and full-spectrum SSGF
are considered. Details of the size distributions are described in the corresponding

sections.

5.1.4 Partitioning spray-mediated fluxes by size

The goal of this chapter is to assess the assumptions in the bulk spray model
regarding poly-dispersity, so we compute the components of spray-mediated heat
fluxes by spray size. To do so, Eqs. to are expanded based on a specific
spray size class, so that spray-mediated heat flux in Egs. and can be
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written as
Nio Nio

H, ., = Z H,op(ros) = Z a /OZ S (ro,)dz], (5.2)

where Hj q,(ro;) is the spray-mediated sensible heat flux computed by DNS for
droplets with an initial size (ro;) based on Eqgs. (2.12) and (2.14). Similarly, the

latent spray-mediated heat flux can be computed as:

Nrg Nrg N
HL,sp = Z HL,sp(TO,i) = Z [ — /0 Sq(TOJ‘)dZ} . (53)
i=1 =1

Correspondingly, one can also calculate the components of bulk estimates of spray
exchange rate of the sensible and latent heat (the nominal fluxes) in Table that

are denoted as Q, and @, so that

Nro NT‘O
Qs =Y Qu(ros) = > —cymy AT, i(F;/A), (5.4)
=1 i=1
and
Nr N,

QL = ZQL(To,i) = Z —L,Am,,;(F;/A), (5.5)

i=1
where Q4(ro;) and Qr(ro;) are the components from droplets with the size class 1,

723}
1

the subscript represents the droplet size class.

Therefore, the bulk estimates (“F94” in Table based to the spray-mediated

W

heat fluxes for each size class “i” can be written as:

A — —

Hy op(r0,) = Qs(r0,) — Qr(roy),, (5.6)

and

FIL,sp(TO,i) = QL(To,z')> (5.7)

where the hat on H denotes the bulk-estimated values of heat fluxes comparing with
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the corresponding one with DNS calculated values.

5.2 Bi-dispersed cases: A test on the superposition of mono-dispersed distributions

5.2.1 Bi-dispersed droplet size distribution

In this section, we present results from bi-dispersed simulation, where only two
sizes are considered in a simulation. We then compare the bi-dispersed cases with
the corresponding mono-dispersed simulations of the components of each bi-dispersed
simulations. We select three droplet sizes from different timescale ratios shown in Fig.
b.12(b), which are 25 pm, 50 pm, and 200 pm. The three radii represent the small,
medium, and large spray droplets, which give the ratio £, = t;/7r in a decreasing
order of O(10), O(1), and O(0.1) respectively. For each combination, three total mass
fractions ®,,, of 1%, 5%, and 10% are considered. The details are listed in Table

Since the size of droplets plays a vital important role in determining their feedback
effects in turbulence, in this section, we focus on the potential consequence that
droplets influence the other size via modification of air humidity and temperature.
First, we test the vertical profiles of the temperature and humidity fields as well
as heat fluxes directly computed in DNS and compare the results with the mono-
dispersed case. Then, we apply the bulk estimation to the bi-dispersed simulations.
We select a relatively high mass fraction at ®,, = 5% as a benchmark level to present

results in this chapter for the strength of spray effects.

5.2.2 Responses in air temperature and humidity

To begin with, we compare the response of air temperature (7) and relative
humidity (RH) to the bi-dispersed cases and corresponding mono-dispersed cases,
where each corresponding mono-dispersed case has half the initial mass of those in

bi-dispersed simulations. In Fig. the results are plotted in red solid lines (with
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TABLE 5.1

BI-DISPERSED CASES

Group 1o [pm] oo [pm] Pp1/Pn P/ D,
S+M 25 50 50% 50%

S+L 25 200 50% 50%  1%,5%,10%
M-+L 50 200 50% 50%

Note: (I)m71 + (I)mg = o,,.

legend “mixed”), while dashed lines represent the mono-dispersed simulation.

In Fig. [5.3, one observes that the temperature and the relative humidity are
dominated by the small droplets when they are present. These small droplets cool
and humidify the ambient air (the right column). This response is in accordance
with the finding in Ch. |3| that smaller droplets are more efficient in modifying the
ambient field due to the shorter thermal response time for evaporation. In contrast,
the modification of medium (50 pm) and large droplets on the temperature is not as
significant as smaller droplets, and air tends to be slightly warmed by these droplets
(third row), and the warmed air slightly decreases the RH near the lower boundary
where large droplets reside.

One also notices that, in Fig. [5.3] the temperature and humidity of a bi-dispersed
case can be made by simply adding the differences between the temperature of each

component and the unladen case to the unladen case, i.e.

Nrg

(T3") = (Tpo) + Y {{Tha) = (Tro)} (58)
i=1
where V,, = 2, and subscript ‘0’ represents the unladen case, and the angular bracket
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Figure 5.3. Air temperature (1) and relative humidity (RH) of different
combinations of spray droplets. Solid lines represent the poly-dispersed
cases, and dashed lines are the components from corresponding
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represents the horizontal and temporal average. Similarly, one can write the equation
for the specific humidity ¢y (c.f. Eq. (2.4)). As a result, we plot the comparison
between the bi-dispersed cases and the supers-positioned results from mono-dispersed
cases in Fig. [5.4

From Fig. for all three size combinations, one observes that in a simple bi-
dispersed simulation, the super-positioned values from mono-dispersed cases predict
the temperature and the specific humidity profiles very well. We also find a similar
result for other mass fraction. This indicates that, statistically, spray maintains a
similar air-spray difference of temperature and radius to the surrounding air compar-
ing with the mono-dispersed cases, while the mean profiles are modified in a different

way from the mono-dispersed cases.

5.2.3 Responses of heat fluxes

For the focus of this dissertation — heat fluxes: we first evaluate the overall sen-
sitivity of the total heat flux (Hr) to the mass fraction (®,,) and compare it to the
mono-dispersed cases. As seen in Fig. from Ch. {4} small droplets have multiple
cancellation effects that diminish its sensitivity of Hy to ®,, due to its very short
temperature response time. However, larger droplets show increased sensitivity to
®,,,, and the increase tends to stop when the ratio of residence time and temperature
response time reaches O(10).

For the bi-dispersed case, in Fig. we compare the modification of Hy (in
vertical axis) from the bi-dispersed simulations (solid lines) with the mono-dispersed
cases (dashed lines) versus @, (in horizontal axis), where the mass fraction of mono-
dispersed cases is matched to the total mass fraction of the corresponding bi-dispersed
cases. As can be seen in Fig. [5.5] Hr modified by bi-dispersed cases is generally
bounded by the corresponding mono-dispersed cases of their components, but not a

perfect average of the mono-dispersed cases.
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Figure 5.6. Sensible and latent spray-mediated heat fluxes, H s, (thin
lines) and Hy, 5, (thick lines) respectively, of different combinations of spray
droplets. Solid lines represent the poly-dispersed cases, and dashed line is
the components from corresponding mono-dispersed cases.

We then break down the total heat flux (Hr) into its sensible and latent spray-
mediated (with subscript ‘part’) and turbulent heat fluxes (with subscript ‘turb’)
(c.f. Eq. (2:20)). In Fig. we plot the heat fluxes that are associated with each
size class from the bi-dispersed cases (solid lines) and from the corresponding mono-
dispersed cases (dashed lines) with a 50% of the total mass of bi-dispersed cases (c.f.
Eq. and ) Note, the comparison is different from Fig. m where the total
®,,, is matched between individual mono- and bi- dispersed cases.

By definition, the spray-mediated heat fluxes are computed based on the source

terms in Eqgs. (2.12) to (2.14)), which are functions of temperature or humidity dif-

ference between the air and droplet at the droplet surface. For all three size combi-
nations, we observe that the dashed lines almost overlap with the solid line except

for a slight error near the lower boundary, indicating the spray-mediated heat fluxes

are not significantly influenced by other sizes.
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Figure 5.7. Sensible and latent spray-mediated heat fluxes, Hj s, (thin
lines) and Hy, 5, (thick lines) respectively, for different combinations of
spray droplets. Solid lines represent the poly-dispersed cases, and dashed
lines represent the superposition of corresponding mono-dispersed cases.

Given the minimal difference between the mono-dispersed and bi-dispersed cases
in the spray-mediated heat fluxes for each component, we again compare the com-
bined results of H g, and Hj 4, from bi-dispersed cases with the super-positioned
heat fluxes in Fig. in a similar manner shown in Eq. . As expected based
on Fig. [5.3] adding the spray-mediated flux from mono-dispersed cases well predicts
the spray-mediated heat fluxes in bi-dispersed cases, although slight errors occur for
the 25450 pm case for the sensible spray-mediated flux Hy ).

In terms of the sensible and latent turbulent fluxes, we also test if we can add the
differences between the two mono-dispersed cases and the unladen case to infer the
heat flux in a bi-dispersed system similar to Eq. (5.8). In Fig. Hy tury and Hp, g
of are plotted for both super-positioned and bi-dispersed DNS results. We find that
super-positioning turbulent heat fluxes also predict the bi-dispersed system pretty

well. Especially, when small (25um) or medium (50um) droplets are mixing with the
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large droplets (200 pm), the fact that large droplets cannot be easily transported by
turbulence due to relatively large inertia makes the prediction a bit more accurate.
However, for the case with 25450 um droplets (the first panel), the result shows
a slight under-prediction in the turbulent latent heat flux in the lower half of the
domain where 50-pum droplets have a substantial local concentration.

To summarize for all cases, we plot the error of super-positioning heat fluxes from

mono-dispersed cases in Fig. 5.9, and the error is calculated as

err — % /0 [H(z) — F(2))dz, (5.9)

where the hat indicates the super-positioned estimates and ¢ is the domain height.
Thus, a positive error indicates an underestimate by super-position, while a negative
value indicates an overestimate. For the total heat flux (Hrp, panel (f)), as we can
see, increasing mass fraction leads to a transition from a slight underestimation to
an overestimation by super-positioning mono-dispersed cases, although the error for
all scenarios are confined within +2% for Hp.

For the individual flux components, the errors are more significant. In particular,
the magnitude of errors for small-medium droplets on the sensible and latent spray-
mediated heat fluxes increase to about 10%, which indicates that simply adding heat
fluxes from mono-dispersed case exaggerates both sensible and latent spray-mediated
heat fluxes. As we have seen in Ch. small droplets not only redistribute the
heat fluxes for the two routes (sensible-latent and spray-turbulent). Thus, errors in
the total spray-mediated flux (Hy, = H;s, + Hp ) are much more confined (but
still negative) compared with the larger errors in individual spray-mediated heat-flux
components. Otherwise, we would expect a similar magnitude of error for Hy), as its
sensible component H z,. On the other hand, when there are no small droplets (pink

lines), a consistent pattern of how errors evolve with mass fraction ®,, is present for
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all flux components. This pattern agrees the previous discussions on the potential of
independent contributions from droplets when the timescale ratio £;, is smaller than
O(1).

In Fig. , we also notice that the latent turbulent flux (Hp, ) dominates other
heat-flux components. Hence, the error of Hr is significantly influenced by the error
of Hi, 4ur» under the current boundary condition. If the boundary condition varies, the
leading source of the errors might change to another flux component. As seen in Figs.
and the cancellation effects of small droplets applies to various boundary
conditions, which may suggest that the error of Hr would be constrained while other
components experience different scenarios of errors due to the redistribution of heat

fluxes by small droplets.

5.2.4 Statistics on the temperature and radius change of droplets

As discussed in Ch. [} bulk models rely on the droplets statistics to evaluate the
spray-mediated heat fluxes. Thus, the mean AT}, and Ar, are essential for capturing
the sensible and latent heat transfer of droplets. In Fig. [5.10, we plot a set of
comparisons between bi-dispersed and mono-dispersed cases for AT, (first row) and
Ar, (second row). In each panel, the solid lines are the result of mono-dispersed cases,
and the markers represent the bi-dispersed cases. The mass fraction of all cases in
each panel is also the same. For example, in panel (a), the mono-dispersed case for
25 pm is 0.5%, which is the mass fraction of 25-pm droplets in the bi-dispersed cases.

For small droplets like 25 pm, a general trend among all scenarios is that AT,
and Ar, are kept at nearly the same value as the mono-dispersed case. This finding
is similar to what Fig. [4.8/showed that AT, and Ar, for small droplets are controlled
by the boundary conditions because they have little memory of what they have
experienced in the turbulence. The only exception is that AT, and Ar, slightly

increase under a high mass fraction at 10% (panel (c¢) and (f)) when mixed with 200-
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mono-dispersed cases (lines). Three mass fraction are plotted: panel (a)
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pm droplets, although the magnitude of the change is very small too. One possible
reason is the increased humidity and temperature near the bottom boundary due to
200-pm droplets.

For medium droplets (~ 50pm), how AT, and Ar, vary from their mono-dispersed
value depends on the size of droplets they are mixed with. When mixing with 25-pm
droplets, as mass fraction increases, AT, decreases from the mono-dispersed value
(solid lines). Considering the decreased air temperature and increased humidity in
the air (see Fig. induced by 25-um droplets, the change in the field could be
the reason for the decrease of AT, for 50-pm droplets. Similarly, as we have seen the
increase in the air humidity in Fig. [5.3] Ar, for 50-um droplets also decreases since
the increased background humidity weakens the radius change.

In an opposite way, when large droplets coexist with medium droplets, taking
the cases with 50- and 200-pm droplets (diamonds in Fig. as an example, AT,
and Ar, slightly increase with ®,,, although the trend is not as significant as the
scenario when mixed with 25-pym droplets. Note that the normalized residence time
tr, =ty /7 for 50-um droplets is at O(1), so the AT, at this size range tend to rely
on the ambient condition, which can be modified by both small and large droplets.

For large droplets (~ 200pm), AT, and Ar, also stay nearly the same as the
mono-dispersed cases. However, under higher concentration (e.g., 5% or 10%), mixing
with 25-um droplets increases the magnitude of both AT, and Ar, shown in panels
(c) and (f) for hexagrams. In other words, 200-pum droplets tend to give up more
sensible and latent heat compared to the mono-dispersed cases. This is a similar
phenomenon to 50-um droplets when co-existing with 25-pm droplets as T’ decreases
and RH increases for the most of the domain. For the 50- and 200-um bi-dispersed
cases, only a slight decrease in the magnitude of AT, and Ar, of 200-um droplets is
observed when ®,, = 10%.

To summarize, the extent of how AT, and Ar, are influenced by other sizes
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varies by spray size and mass fraction. While small droplets have a minimal change
in AT, and Ar,, they modify the humidity and temperature field, which is ‘felt’ by
droplets with a larger size (thus larger thermal response times). On the other hand,
small droplets with short thermal response times will adjust their temperature based
on the last moment before returning to the lower boundary, where larger droplets
deposit heat and moisture so they could potentially be indirectly influenced by large
droplets. Nevertheless, the changes in AT, and Ar, are insignificant unless under a

high concentration with large droplets (e.g., 200um).

5.2.5 Bulk estimates of heat fluxes

The formula of the bulk model is conceived by assuming that all feedback effects
between spray and turbulence are induced by evaporation and related to the spray-
mediated latent heat flux. As previously discussed, bulk models rely on accurate
estimates to AT, and Ar, to capture the spray-mediated heat fluxes.

While the bulk model assumes that statistics of droplets such as AT, and Ar,
are not affected by size distribution, we have seen how AT, and Ar, are affected by
other sizes in Fig. |5.10l To test this assumption, when applying the bulk model fit
by the mono-dispersed DNS results in Eq. with v = —0.74, we can rewrite the

equation as:
Nrg

Hr = Hro + Z [Qsz + VQL,z‘] ; (5.10)

i=1
where N,, = 2 for the bi-dispersed cases, and Q,; and Q L are the nominal sensible
(with subscript ‘s’) and latent (with subscript ‘L.’) heat exchange rate (explained in
Egs. and (5.5)).

In Fig. we plot the estimated Hp from the bulk model with the results
directly computed in DNS (markers filled in gray). We can see most predictions (in

gray) overestimate the Hrp, especially, for the case consisting 25+200um under a high
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Figure 5.11. Bulk estimation of Hy vs. the DNS computed values. Markers
filled in grey use the original expression shown in Eq. , and markers
filled in green filter out the smaller size between the two sizes in a
simulation.

®,,,, where the error is around 15.5% (e.g., dark red hexagrams filled in gray).

Thus, by observing the errors in Fig. [5.11], we can infer that the overestimates of
Hr might be a result of over-estimating the contributions from small droplets. As
we discussed in the previous sections, the changes in air temperature and humidity
are dominated by small droplets, so they modify the effective ambient environment
for larger droplets. However, the AT, and Ar, of small droplets is determined by
the temperature and humidity field near the bottom boundary, where larger droplets
dominate the concentration. These ‘conflicting’ facts indicate that the influence of
larger droplets could also be included in these statistics for small droplets, potentially
leading to double counting the influence from both sizes, thus overestimates of Hyp.

Considering that small droplets tend to have a net cancellation effect by redistributing
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the heat fluxes, in Fig. [5.11] we try to re-evaluate the bulk estimation and remove
the contribution from the smaller droplets by setting the corresponding generation
rate I; = 0.

In Fig. [5.11] we plot the estimates of Hy to compare with the original bulk model
in Eq. . The updated results are plotted with the same markers but filled in
green. For cases with 25 + 200 pum droplets (hexagrams), removing the contribution
significantly improves the prediction quality, especially for cases with a high ®,,,
where errors for all three cases are reduced to +2.5%. The correction by filtering out
the smaller droplets also works for cases with 50-um and 200-pm, where the errors
after the correction approached within £0.5%.

However, for cases with 25+ 50 droplets, although removing the 25-um droplets
improves the issue of overestimates, it also causes an underestimate of Hr under a
high ®,,, (dark red circles), indicating that the interaction between small and medium

droplets is more complex than the combination mixing small and large droplets.

5.2.6  Summary for the bi-dispersed cases

To summarize, from a series of idealized bi-dispersed simulations, we find that
the influence of droplets from different sizes are nearly independent when considering
mean quantities such as temperature, humidity, and heat fluxes. However, this find-
ing does not necessarily distract the attention for the interaction between droplets
on the life-time temperature and radius change for droplets, which are essential to
bulk models. In particular, we find evidence that small, medium, and large droplets
influence each other but in different ways, resulting in the differences in how sensitive
droplets are to other sizes. This difference suggests a reconsideration of the bulk

estimation on the total heat flux.
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5.3 Simulations with a poly-dispersed size distribution

Given a more realistic scenario, the poly-dispersity of spray droplets are parame-
terized by sea spray generation function (SSGF). In this study, we adopt two types

of commonly used scaling of SSGF:

e a power-law scaling of droplet number to droplet radius (1, 3 uniform droplet
mass) that is observed by the lab experiment by Ortiz-Suslow et al. (2016) for
droplets ranging from 80 pm to 1400 um (thereafter ‘UM’), and

e an exponential-decay of droplet number to droplet radius derived by |Andreas
(1998) which is further simplified by Troitskaya et al. (2016) for idealized study
(thereafter ‘A98’).

Mathematically, for the two types of the scaling, one could write the SSGF S, as

Cyry® UM
S, (ro) = (5.11)

Cg(%—g’)dexp (—xro) A98

where Uy is the 10-m wind velocity and selected at 40 m/s in the current study as an
example, and the remaining fitting coefficients are set as d = 0.01 % (Uyp —40) +5.5 =
5.5 and y = 0.023 (Troitskaya et al., 2016). In this study, we adopt the scaling of the
SSGF but control the total mass of droplets in a simulation. Hence, C and Cs in
Eq. are the fitting constant coefficients to adjust the the droplet size sampled
from S,, to the assigned mass fraction.

Converting Eq. , one can get the probability of droplet generated (P(rg;))

for each size class i in a discrete perspective as,

Plro,) = —proi)__ (5.12)

S Sn(ros)

with the cumulative probability for each size as

]:(’f’o,j) = Z'P(TOJ), (513)
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Figure 5.12. (a) Number concentration distribution of the initial size (ry)
for different SSGF's, and (b) Ratios of spray timescales given the initial size
(ro). Note that the ratio between residence time (¢7,) and radius response
time (7,) is much smaller than the ratio scaled by the temperature response
time (77).

where j =1 to ¢, and ¢ =1 to N,,.

To initialize the number of droplets in the simulation, first, the mass of water
m,, in the droplet phase is calculated based on the mass fraction (defined as ®,, =
M /Mg, where my, is the mass of air in the domain). At the initialization stage, the
radius array ro; (where ¢ = 1 to N,,) is defined, and a random number is drawn
from a uniform distribution ranging from 0 and 1. The size ry; that has the closest
cumulative probability F (g ;) to this random number will be selected as the droplet
radius. The drawing continues until the total ®,, reaches the set value. To ensure
a statistically steady size distribution, new droplets introduced to the system have

the same initial radius of its precedent one at a random location and with a random
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initial velocity.

In this section, we approximate the continuum SSGF's in the simulation to sample
the SSGF with an incremental size drg = 1um for the initial droplet size. To simplify
the complexity in sampling simultaneous flow and spray statistics for the DNS solver
in parallel, we also consider a group of case for the poly-dispersity, where N,, is

reduced to 35 with a wider interval of drg.

5.3.1 Changes in droplet temperature and radius

To begin with, we evaluate the droplet AT, and Ar, for the uniform-mass SSGF
as a comparison to Fig. Similar to the bi-dispersed cases, we measure the
change in droplet temperature (AT),) and radius (Ar,) throughout its residence time
for all sizes. In Fig. [5.13] we plot the 2-D probability density functions (PDF's)
sampled in simulations (subplots (a) and (c), in log color-scale) and mean values of
AT, and Ar, are plotted against droplets’ initial size 7, (subplots (b) and (d)).

From the 2-D PDFs, one can see a larger variability in AT), given the initial
size than the more concentrated distribution for radius change Ar,, qualitatively in
agreement to the statistics sampled for mono-dispersed cases in Ch. [d] Moreover, we
also see that smaller droplets (e.g., 7o < 50 pum) have a strong preference in AT}, and
Arp in the high-density region, indicating the local influence of droplet statistics in
this size range.

For AT,, Fig. shows that droplets with radius greater than about 70 pum
have a negative AT, while smaller droplets (with 7y < O(70pm)) have a positive
AT,. This general trend of AT}, on droplet size here is consistent with the results in
Chap. [3land 4] From Fig. [5.12] we notice that the transition zone between positive
and negative AT, is around ry = 70pm, which has a corresponding t, = tg /Tr in
O(1).

In addition, it is remarkable that there is a small difference of the mean AT, when
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it comes to the small droplets (size ranging from 25 to 50 um) regarding the different
total mass fraction (®,,) and SSGF. The insensitivity of AT}, here again gives another
example that the temperature of small droplets with ¢, > 1 is determined by the
boundary conditions rather than its residence time. As the droplet size increases, the
differences in AT}, among different simulations also become more significant, where
the maximum magnitude of AT, occurs in O(100 um) (i.e., f; ranges between O(1)
to O(0.1)).

Compared to the relative insensitivity of AT}, to the SSGFs (between yellow and
green lines), spray’s sensitivity in AT, is stronger to the total droplet mass fraction
(®,,,), where a higher ®,, results in a smaller magnitude of AT, for larger droplets.
This indicates that the extra heat and moisture due to a high ®,, slows down the
evaporation of larger droplets. However, as ®,, increases, the magnitude of positive
AT, for droplets around 50pm slightly increases, indicating smaller droplets may
experience a higher humidity once returning the lower boundary. As we discussed
in Ch. the increase of AT, is primarily caused by the condensation of saline
droplets at a high RH. In mono-dispersed cases, we learned that the magnitude of
AT, decreases with ®,,. Hence, larger droplets in the system cause the change in the
trend of AT, for smaller droplets.

When it comes to the mean radius change, we see slightly more complex behavior
among all droplet size classes. First, there does not exist the same Ar, for small
droplets (e.g., 20 pm). For example, Ar, for small droplets (< 50 pm) decreases when
®,,, increases, indicating a negative feedback effect by the change in the humidity
field near the bottom boundary due to increased droplet mass. When the droplet
size increases, one can see a similar trend of AT, for Ar,, where the differences in r
among various cases are more significant. Also, the magnitude of Ar, increases with
ro until it saturates at about 250 pm.

We also notice, in Fig. (second panel), that there is a neck-like zone for Ar,
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Figure 5.13. Statistics of droplet temperature change (A7},) and radius
change (Ar,) as a function of initial droplet radius on different evaporation
and two-way coupling conditions. In the left column, subplots (a) and (c)
show the 2D-PDF for the “U-M” case (raw) under ®,, = 5%; in the right
column, subplots (b) and (d) show the mean of AT, and Ar, for both
“U-M" and “A98” SSGF under different ®,,.

114



when 7 is between 50 pm and 100 pm before the Ar, reaches the net-zero value.
Since medium-size droplets can receive influence from both small and large droplets,
this could be the reason for the low sensitivity on both mass fraction and SSGF's for
this size range.

As a summary, for the poly-dispersed simulations, we see a similar trend of AT,
and Ar, from the mono-dispersed and bi-dispersed cases, and the interactions be-

tween sizes are noticeable, especially under high mass fraction.

5.3.2 Bulk estimation for the poly-dispersed cases

Recall Egs. (2.26]) and (2.25]), the sensible and latent spray-mediated heat fluxes,
H,, and Hy, g, respectively, are written based on AT}, and Ar,. In this part, we first
examine the estimates of bulk models on the spray-mediated heat fluxes to see if the

bulk model works on all sizes and then discuss the estimates on the total heat flux.

5.3.2.1 Spray-mediated heat fluxes

Based on Egs. and 7 we estimate spray-mediated heat fluxes in a similar
way to Ch. [4| but for each size component in a simulation. In Fig. we plot
the ratio between bulk estimates and DNS results of total spray-mediated heat flux
(Hsp) and its sensible and latent components at the surface (z = 0), against the
initial droplet radius for the uniform-mass SSGF.

As we can see, these ratios between the bulk estimates and DNS for the spray-
mediated heat fluxes are not always equal to 1. Hence, the bulk model does not always
give an accurate prediction. First, for the total spray-mediated heat flux Hg,, the
bulk estimates are fairly accurate for droplets below 50 pm (where results are plotted
near the dashed reference lines). However, the bulk model constantly underestimates
the Hg, for droplets larger than 70 pum. The ratio between bulk estimates and DNS

results is about 0.9. In [Fairall et al.|(1994), using Q, to approximate H,, is based on
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Figure 5.14. Spray-mediated heat fluxes: the ratio between the bulk
estimates and DNS results as a function of initial droplet for the three mass
fractions of the ‘UM’ SSGF (N,, = 35). If the ratio between bulk-estimated

value and DNS results is great than 1, it indicates the overestimation by
the bulk models, and vice versa.

the assumption that the evaporation of droplets is in equilibrium. Since ¢, indicates

whether or not droplets enter the equilibrium stage, there is no surprise that the bulk

model provides a good result for ry < 50 pum (with #;, > O(1)).

Between 50 to 70 um, predictions in this range involve significant errors. In fact,

tr, = tr/7r for this range is O(1). Droplets in this size range have very small AT,
and Ar, as we seen in previous figures, and the spray-mediated heat fluxes H, 5, and
Hpp, are also small compared with small droplets (c.f. Fig. [5.3). Therefore, the

errors are easily magnified when estimating the flux in this range due to the small

value from DNS in the denominator.

However, in contrast to H,,, the bulk model, in fact, is inferior for providing
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Figure 5.15. Spray-mediated heat fluxes: the ratio between the bulk
estimates and DNS results for ‘UM’ (in green) and ‘A98’ (in yellow)
(N,, = 35). Different line styles indicates the evaporation and coupling
conditions. Ratio > 1 indicates the overestimation by the bulk models, and
vice versa.

a reasonable prediction on the sensible spray-mediated flux H;,,. First, for the
small droplets, it overestimates Hj s, with a significant error for more than 40% for
20-pm droplets. Also, from 50 pum to 100 pm, there is a local maximum for the
overestimating errors. For droplets larger than about 125 pum, an underestimation
occurs, while the extent of the underestimation hits a local maximum between 150
to 200 pm and then gradually recovers back to an accurate estimation.

For the latent spray-mediated heat flux (Hy,), we see a more similar trend to
the total spray-mediated flux H,,, with less sensitivity to the mass fraction than
the sensible counterpart H,,,. However, the errors between 50 to 100 pm are still
significant.

To find the reason why the bulk model fails to predict spray-mediated heat fluxes
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in a certain size range, we consider more scenarios with varying conditions on evap-
oration and SSGF. For both ‘UM’- and ‘A98’- size distributions, we consider a case
with evaporation but no two-way thermal coupling and a case with no evaporation
nor the thermal coupling, along with the original two-way coupled.

In Fig. [5.15) we plot the same evaluation in Fig. for ®,, = 5%. For the
two-way coupled cases (solid lines), two different size distributions have a similar
general trend to the results on spray-mediated heat fluxes. However, for the sensible
component H ,, different size distributions yield different accuracy on the bulk esti-
mates, which can be seen near 50 to 100 um, showing the sensitivity of the influence
from another sizes in this size range via the two-way coupling.

Then, we compare the results between the uncoupled (dashed lines) and cou-
pled (solid lines) cases. We find the most sensitive size range for the interactions
and feedback from other sizes occurs at 50 to 70 um. For the sensible components
H; 5, implementing two-way thermal coupling increases the error when predicting
the medium size range, and it also emphasizes the sensitivity of SSGF on the quality
of bulk models. That being said, when inferring the background temperature field in
a practical model by implementing constant heat fluxes with Monin-Obukhov simi-
larity theory (e.g. Mueller and Veron| (2014b)), neglecting the coupling effects would
lead noticeable errors due to neglecting the coupling effects.

By comparing to the non-evaporating cases (dotted lines) and fully coupled cases,
we find that evaporation of droplets is the ultimate reason why the discrepancies
arise between bulk and DNS models for droplets, and the errors are magnified by the

two-way coupling.

5.3.2.2 Total heat flux

Last but not least, we revisit the bulk estimation for the total heat flux Hy. Here,

along with those plotted in Fig. [5.11] we consider another modification to the bulk
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model. The original bulk estimation can be write as Hy = Hro + Qs + Q. In
Ch. {4} we adopt § = 1 from [Fairall et al.| (1994) and fit the feedback term (y-term)
based on the difference between laden and unladen cases (Hr) for how much the
interfacial flux is changed.

In Fig. m we plot a larger variety of size range in Fig. [5.16| (e.g. pentagrams
for 20-135um and hexagrams for 70 to 200 pm). We notice that filtering out small
size significantly reduced the errors, where the limiting size is set at 70 pum after
several trials between 35 pum to 100 pm. In particular, for a high mass fraction, the
errors are also significantly reduced. Therefore, the plot again shows that the original
bulk model itself cannot capture the interaction between different droplet sizes and

thus double-counts the influence from smaller droplets.
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Consider the important role that spray timescales play, we hence put forward the
following tentative correction to Eqs. (4.3) and (5.10)) for the bulk model to eliminate

the over-counting issue based on droplet timescales, i.e.,

Nrg

Hr = Hro + Z H(—logtr) [6Qsi + QL] , (5.14)

i=1
where H(z) is the Heaviside step function, which is equal to 1 when # > 0. t, =t /7
is the timescale ratio defined in Eq. (4.4]), and 3 is set in O(1) with v = —0.74. The
updated results applying Eq. (5.14]) are plotted with markers filled in green in Fig.

.16l

5.3.3 Representative droplet sizes of a continuum size distribution

To make a further simplification for the spray model, an a “fast” model is intro-
duced to use one size to representing the SSGF (e.g., |Andreas et al.| (2008, 2015);
Rastigejev and Suslov| (2016)), where the representative size is assumed based on
either the statistical characteristics of an SSGF (a priori) or the proportion of the
contribution of sensible and latent heat fluxes from each size class in the bulk model
(ad hoc, i.e., the size where most spray-mediated heat fluxes come from).

In reality, however, the inertia and the settling effect of droplets result in a varying
size distribution along the vertical direction, which indicates that the SSGF param-
terized at the ocean surface may not reflect the size distribution for the majority of
the lower MABL. For example, some of the droplets with large St; can merely be
transported upward away from the lower domain by the turbulence. Thus, unless all
droplets play the same role in heat fluxes and the turbulence dispersed the sensible
and latent heat into the whole region of interests, using one size may introduce errors
due to ill-posed assumptions on spray-mediated heat and mass transfer. Then, a

further question is how to pick this representative droplet size for a given SSGF.
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In this section, we test the three representative sizes on a ‘UM’ (cubic-decayed)
on a benchmark boundary condition ("M1” in Table. , where the vertical profile

of air temperature, relative humidity, and heat fluxes are examined.

5.3.3.1 Poly-dispersity and the representative size of SSGF's

Three representative sizes based on a given size distribution are considered in this
study, which are the arithmetic mean, square-root mean, and cubic-root mean of the
distribution. Specifically, given n = 1,2, 3, one could write the representative sizes
as:

Zﬁvzpl 7“3

(o) = (T

p

)" (5.15)

where 7 is the unique index for generated droplets, and N, is the total amount of
droplets given a specific size distribution and mass fraction.

In Eq. , for the arithmetic mean when n = 1, it indicates the contribution of
heat and mass from spray are not related to spray’s properties such as size or density;
for the square-root mean when n = 2, the representative size indicates that only the
total surface area matters exists among all spectre of spray droplets that dominate the
heat and mass transfer (i.e., a surface process); when n = 3, the representative size
indicates that heat and mass transfer is a volume-process where the volume/mass
of droplets is the important parameter, so that the shape or the size may not be
important.

Applying Eq. to the uniform-mass SSGF, we calculate the representative
size given the size range starting with 20 pgm, which yields the three representative
sizes listed in Table [5.2]

In Fig. we plot the three representative size (rp);) (i = 1,2,3) for three
cases in Table for all droplets and the vertical profiles of (r,))(2) when only

taking the horizontal average. We notice that turbulence only transports a cer-
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TABLE 5.2

POLY-DISPERED CASES AND THEIR REPRESENTATIVE SIZES

SSGF Size range (1)) (Tp)2)  (Tp)3)

UM-narrow 20-200 36.0 42.7 52.2
UM-medium 20-250 36.6 44.7 56.6
UM-wide 20-380 37 48.1 65.6

Note: (rp)(1),(7p)(2), and (rp)3) are calculated based
on Eq. [5.15. ‘UM’ represents the uniform-mass (cubic-
decay) scaling of droplet concentration. Unit: [pm)].

tain range of size upward as already seen. Within the spray layer (3;,,; = g6), the
volume-weighted mean radius is much larger than (7)) due to the presence of heavy
droplets. However, the mean size weighted by volume above the spray layer is smaller
than 35um, which is slightly smaller to the value of the arithmetic mean (r,)y. In
addition, despite the different size range, the mean size for these SSGFs above 9;,,
quickly converges, which are invariant to the difference in the concentration of heavy

droplets.

5.3.3.2 Comparisons on air temperature, humidity, and heat fluxes

To compare the response in temperature and humidity fields to the droplet rep-
resentative sizes, in Fig. we plot the vertical profiles of Ty and RH for three
different representative sizes and the corresponding poly-dispersed size distributions.
We find that the volume-weighted (r,)s) successfully predicts the Ty and RH pro-
files for the 5% mass-loading case. In Fig. one could see that the blue dashed
lines (representing (rp)s)) are overlapped with the solid magenta line (poly-dispersed

case), although there is slight error in the lower domain for RH. That being said,
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Figure 5.17. The volume-weighted mean radius for three size ranges of the
‘UM’ SSGF, along with three representative sizes calculated for the
‘UM-medium’ case.

although the volume-weighted radius for the most of the domain (when z/6 > 0.2) is
close to the arithmetic mean (around 37um), Ty and RH of the air phase respond to
the spray droplets in a similar way regardless of how the droplets are transported by
the turbulence (c.f. Fig. , under the current system with one-way momentum
coupling in the current turbulent flow.

By comparing the heat fluxes, it is seen that the sensible spray-mediated and
turbulent heat fluxes can be generally predicted by the mono-dispersed case with
(Tp)(3), although error occurs within the injection layer. For example, Fig. shows
that (r,)() better predicts the sensible spray-mediated and turbulent heat fluxes
compared to the latent counterparts. For the latent spray-mediated heat flux, Fig.
5.20 shows that (r,) ) still gives the closest estimation among three representative
sizes, while one could also notice the significant errors in the lower domain where
heavier droplets reside.

Since a representative size better predicts the sensible heat fluxes, a potential
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Figure 5.18. Air temperature (T, left) and relative humidity (RH, right)
for the three representative cases and the ‘UM-medium’ case.

reason could be that the equilibrium temperature of droplet evaporation prevents
droplets further from going below the limit given a similar background temperature
and humidity. For example, based on Eq. , the lowest droplet temperature in
the system for a droplet is near the wet-bulb temperature (c.f. the quasi-equilibrium
of T, in Fig. . In the left panel of Fig. , one notices where the results for
representative size and the SSGF overlaps above z = %5 , and in Fig. the volume-
weighted average radius above z = %5 is around 70 pm or less. In Fig. , we
see that droplets in radius below O(50 — 70 um) have £, > 1, which suggests that
droplets beyond z > %5 are capable to reach the quasi-equilibrium statistically.

We further test on different boundary conditions (listed in Table for the zero
temperature difference (denoted as “M2”, hence no sensible turbulent heat flux in
principle) and an inverse temperature difference (denoted as “M6”, colder air at the
bottom boundary) than the benchmark boundary conditions. As one can see in Fig.

5.19, under different boundary conditions, the volume-weighted representative size
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Figure 5.19. Comparisons of heat fluxes between the poly-dispersed cases
and cases with the volume-weighted representative size (r,=57um) for
different boundary conditions listed in Table (a) bottom and top

boundaries have the same temperature (“M2”); and (b) inverse
temperature difference (“M6”).

(rp)(3) arguably captures all heat fluxes across the domain, especially above the so-
called spray-layer (d;,;). Therefore, the volume-weight average size of an SSGF is a
decent a priori option of the representative size.

In fact, in the previous section, when applying super-positioned solutions of T and
RH as well as heat fluxes from two mono-dispersed cases with a half droplet mass for
the corresponding bi-dispersed cases, we have implicitly applied the volume-weighted
average to the temperature and humidity field. Thus, we see the super-positioned
results give fairly well prediction of the bi-dispersed cases, showing the feasibility to

use (7p)(3) as the representative size.
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Figure 5.20. Sensible and latent spray-mediated heat fluxes (left), turbulent
and total heat flux (right) for the three representative cases and the
‘UM-medium’ case.

5.3.3.3 Effective size range

To avoid the caveat due to a specific selection of the size range and to examine the
sensitivity to different size ranges of SSGF, we also compare the results of the (rp) )
calculated for 20-250 pum to other two size ranges listed in Table by changing the
size limit of heavy droplets.

In Fig. the overlapped curves between all three cases and representative
mono-dispersed cases indicate that the heavy droplets may not have a significant
influence on the fields of 7y and RH. Since we have learned from the bi-dispersed
section that small droplets lead the changes in the temperature and humidity fields,
the limited turbulent transport on these heavy droplets plus its low mass fraction
could explain the minor changes when narrowing or expanding the range of the size

distribution.

For the heat fluxes, from panels (b) and (c) in Fig. [5.21} one can notice only slight
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Figure 5.21. Vertical mean profiles of (a) Air temperature (7%), (b)
Sensible and latent spray-mediated heat fluxes, and (c) turbulent and total
heat flux for (r,)s of the ‘UM-medium’ case and three ‘UM’ cases with
different size distributions.

differences in both the spray-mediated and turbulent heat fluxes by extending the
heavy-end of the size distribution, but overall the differences are trivial considering

the changes in the volume-weighted mean radius shown in Fig. [5.17]

As mentioned in both Mueller and Veron| (2014b) and Ortiz-Suslow et al. (2016),

large droplets (e.g., the spume droplets) occur under very high wind speed, and the
end of size spectrum increases with the wind speed. Unless the distribution of the
mass significantly increases at the heavy end of the SSGF, our results here does not
suggest a remarkable sensitivity of the heat fluxes to the extending heavy size of the
size distribution, because heavy droplets essentially could become a part of lower
boundary above the ocean surface while smaller droplets are transported away from
this region.

To thoroughly investigate the influence of the tail of the droplets, other factors
such as turbulence intensity, the increase in mass fraction, and other surfaces pro-
cesses (e.g., wave breaking) need to be systematically considered. However, due to

the limitation of the solver, we cannot resolve heavy droplets such as 2000 pm. Other-
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wise, it violates the hypothesis of point-particles for the Lagrangian solver. However,
based on the discussion on Ch. |4} a possible result when wind speed increases could
be that the increased residence time of droplets shifts the transition area to a larger
size, which in turn compensates the heat-deposit effect due to increased mass in very
heavy droplets. Nevertheless, to reveal the scaling relationships between wind speed
and the increase in f; or the change in the SSGF requires further investigations,

which is beyond the scope of the current dissertation.

5.4 Summary

In this chapter, we discuss the spray effects with multiple sizes involved in a simu-
lation, and we examine another fundamental assumption of the so-called bulk model
for heat fluxes when the poly-dispersed size distribution is involved. With idealized
two-size experiments, we find that from an Eulerian perspective, droplets have a rel-
atively independent impact when mixing with other sizes, so that the vertical profiles
of temperature, humidity, and heat fluxes can be reasonably approximated by super-
positioning the results from mono-dispersed DNS simulations. Furthermore, we test
three different averaging methods to find a representative size of a continuum size
distribution. We find that the volume-weighted-mean size predicts the temperature
and humidity field well and qualitatively captures the vertical profiles of heat fluxes,
which could help simplify the computation for the large-scale models.

However, we find issues when applying droplet temperature and radius change
to our DNS model. The interactions between droplet sizes indicate that assuming
independent contributions from different spray classes may introduce error, which is
the overestimation issue of the bulk model. By analyzing the direction how droplets
are influenced in the idealized two-size simulations, we find the overestimation of bulk
models is caused by over-counting the contribution by small droplets. We hence put

forward correction by filtering out the contribution from the droplets with #; > 1,
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which in turn successfully improves the accuracy of bulk estimations on the total
heat flux.

For the spray-mediated heat fluxes, we further evaluate a common bulk model
by Fairall et al. (1994), where the hypothesis is based on equilibrium evaporation.
In contrast to the mono-dispersed study shown in Ch. [4 the bulk estimates do
not always predict the spray-mediated heat flux for all size when considering poly-
dispersity spray distribution. While the bulk estimates generally captured the total
spray-mediated heat flux, the bulk model has a poor performance on the sensible
components and all fluxes with timescale ratio f = t; /70 ~ O(1) — the size range
that is most susceptible to the influences from other sizes.

For the representative size, we evaluated three different averaging methods to
find a representative size of a continuum size distribution. We find that the volume-
weighted mean size predicts the temperature and humidity field well and qualitatively
captures the vertical profiles of heat fluxes given different boundary conditions, which
could help simplify the computation for the large-scale models. We further discuss the
effective size range, with varying weights on the heavy droplets under the uniform-
mass distribution. We find an overall weak influence from heavy droplets on heat flux
as well as temperature profiles under the uniform-mass size distribution, indicating
the limited influence from the heavy droplets in terms of heat exchange.

The conclusions may sound conflicting, but the frameworks discussed of the two
perspectives (Eulerian vs. bulk) in this chapter are different. Thus, the different
perspectives lead to different treatments for predicting the thermal influence from
spray in turbulence where fluctuations are in a wide range of temporal signatures.
Though the simulations are based on a simplified surface layer, the current study
provides physical evidence for simplification of the complex physics associated with
spray, which potentially improve both the accuracy and efficiency of spray model

development.
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CHAPTER 6

CONCLUSIONS

Due to the inherent complexity of the system, there are many limitations that
hinder the process from revealing the underlying physics on the feedback effects
of sea spray. With direct numerical simulations, we simulate a simplified air-sea
interface via a spray-laden turbulent open-channel flow. With the high-resolution
Eulerian-Langrangian solver, we resolve the dynamics and thermodynamics of spray
droplets in turbulence. With the high-fidelity model, we conduct a series of numerical
experiments to investigate topics related to spray effects that not well understood in
the air-sea modeling community.

For the influences of spray droplets on the air-sea heat fluxes, we find that the
role of spray depends on its size in Ch. Since the size of droplets determines
its signatures in dynamic and thermodynamic responses to the turbulence in the
atmosphere, spray droplets have a different residence time and temperature/radius
response times at the air-sea interface. Reciprocally, the feedback effects from spray
droplets to the turbulence vary with the size of droplets.

From the DNS, we observe two categories of influences from spray droplets. The
smaller droplets respond rapidly to the ambient environment and have long suspen-
sion times. Hence, they modify and redistribute the latent and sensible heat in the
turbulence. However, the competing signs of this modification lead to an overall
weak effect on the total heat flux. On the other hand, larger droplets have a slower
thermodynamic response to the environment, so they are less prone to insert this

compensating effect. When this compensating effect is not present, the total heat
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flux is enhanced given the warmer lower sea surface, but the enhancement is de-
pendent on the concentration and suspension time. Therefore, one can identify the
role that spray droplets play in the turbulence (c.f. Fig. by considering the
ratio between the residence time and temperature response time ({; in Eq. )
The main difference between our study and the previous understandings lies in the
influence of droplets with ¢; > 1, where studies that ignore the cancellation effect
overestimate their influences.

We then connect our findings on the governing roles of droplet timescales with
the bulk models of Andreas et al. and Fairall et al. in Ch. 4 We find that the
quality of the underlying assumptions of bulk models is sensitive to spray’s timescales.
While both models assume that spray experiences a uniform and steady ambient
condition, our results show that this assumption only works well for droplets with long
thermodynamic time scales and relatively short lifetime. When the thermodynamic
time scales are short, the models fail to predict the correct temperature and radius
change of spray that are irrelevant to the field that droplets have experienced. Thus,
the models introduce errors in predicting spray-mediated heat fluxes, which in turn
overestimates the total heat fluxes. Moreover, we find a negative feedback mechanism
induced by the spray evaporation that may be missing in the bulk models. Ignoring
this feedback effect could lead to further overestimates of the total heat flux when
the spray-mediated flux is treated as an add-on to the corresponding interfacial flux.

For the hypotheses on the poly-dispersity of spray droplets, we discussed them
in Ch. for the interaction between different droplet sizes. From idealized bi-
dispersed simulations, the mean profiles of temperature, heat, and heat fluxes of a
poly-dispersed system can be primarily inferred by super-positioning corresponding
mono-dispersed simulations, but the errors in the heat fluxes suggest the interaction
between droplets in different sizes. We also observe the interactions between different

spray size classes in terms of the statistics of droplet temperature and radius change.
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Hence, neglecting the cross-size interactions may lead to further misunderstanding of
the total heat flux when applying bulk models due to the double-counting problems.
To avoid the potential double-counting issues, we suggest the removal of the con-
tribution from smaller droplets with £;, > O(1). This correction improves the bulk
estimate of the total heat flux from the DNS results. In addition, the representative
size of a continuum distribution is also discussed in this chapter. We find that the
mono-dispersed cases with the volume-weighted mean size qualitatively reproduce
the vertical profiles of temperature and humidity as well as heat fluxes of the poly-
dispersed cases. Hence, the volume-weighted average size of SSGFs may be used as
the non-ad hoc representative size, although we observe that errors are present near
the lower domain where heavy spray droplets are dominant.

There are prospects for the extension of the current study. First, given the spray
microphysics with small-scale fluctuations are revealed in this study, one may apply
the current Eulerian-Lagrangian model into different spatial scales via large-eddy
simulations with more physical processes included. The sub-grid model for spray
dispersion and evaporation can be built using the findings in the DNS study. Sec-
ond, the current DNS produces an enormous amount of information on the flow
fields and droplet trajectories. Thus, one could apply statistical analysis to test
the hypotheses in Eulerian or Lagrangian-stochastic models (e.g., Mueller and Veron
(2014b)); Rastigejev and Suslov| (2016))) and conduct studies for the model compari-
son. Third, it is well known that solving Navier-Stokes equations for turbulence to
the Kolmogorov-scale is very expensive, while it is relatively easier to compute spray
trajectories and its evolution in temperature and radius. Thus, a data-driven model
(e.g., Ma et al.| (2016); Tryggvason et al. (2016)) that tuned by small-scale simula-
tions like the one in this dissertation could possibly help increase the accuracy while
retaining the efficiency and simplicity for large-scale models, for spray transport in a

Lagrangian perspective or profiles of heat fluxes in an Eulerian perspective .
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