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Abstract—Interactions of the detonationproduct gas, shell-casing fragments, soil ejecta and various
other debris with bulk water barriers surrounding the explosive have been demonstrated to have a
potentially major beneficial effect in mitigation d the effects of an explosion. In the present work,
various computational methods ranging from those based on thermo-chemistry of the
detonation/combustion chemical reactions to those involving transient, nonlinear-dynamics based
mechanical interactions between detonation products, air and water are used to better understand and
quantify the beneficial effects of various potential explosion-mitigation mechanisms. In particular, the
absorption of the detonation energy by water, water-aerosolization induced reduction in the shock
speed, transfer of momentum from the explosion products to water and decel eration/suppression of the
combustion reactions are examined computationally. The results obtained show that water evaporation
which consumes a substantial portion of the detonation energy plays a dominant role in the overall
water-induced explosion-mitigation process. The detonation-product-to-water momentum transfer
which causes water aerosolization, on the other hand, is found to be a key prerequisite for efficient
explosion mitigation.
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Constant in JWL Equation of State

Temperature exponent in Arrhenius reaction rate equation
Speed of sound

Diameter of water droplets

Diffusion Coefficient

Internal energy

True Strain

Volume fraction

Gruneisen Parameter

Constant-pressure to constant-volume specific heatsratio
Liquid-to-vapor mass transfer coefficient

Mach number

Thermal Softening Exponent
Molecular mass

Mass evaporation rate

Compression Ratio

Strain Hardening Exponent

Number of Spherical Droplets
Specific Volume

Pressure

Latent Heat of Vaporization for water

Radius of Water droplets

Constant in WL Equation of State
Constant in WL Equation of State
Density

Surface Energy

Temperature

Total volume

Velocity

Constant in WL Equation of State
Weber Number

Molar fraction

Subscripts

air
C(9)
({0
g
H,O
|
mix
N>
p

st

0]
room
melt

Air related quantity

Carbon (solid) related quantity
Carbon-monoxide related quantity
Gas related quantity

Water quantity

Liquid related quantity
Mixture quantity

Nitrogen related quantity
Plastic state related quantity
Steel related quantity

Initial condition

Property at room temperature
Property at melting point
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b - Break-up event
d - Droplet related quantity

1. INTRODUCTION

It is well established that bulk water barriers placed in the vicinity of high-energy
explosives in either a confined environment or an unconfined environment can
significantly mitigate the effects of explosions by reducing the quasi-static gas pressure
and impulse (in some cases up to 90%) [e.g.1-10]. This explosion mitigation effect of
water is of major importance for the safety of explosive production and storage facilities,
protection of military structures, vehicles, personnel and safe demolition of employed
unexploded ordnance. While the explosion mitigation effect of water is clearly
demonstrated, the underlying physica mechanism or mechanisms are not that well
understood. For example, Keenan and Wager [11] suggest that blast waves from the
explosion cause the water to aerosolize and upon mixing with the hot detonation gasesto
evaporate. This causes the detonation gases to cool down and the gas pressure to
decrease. In addition, the resulting lower temperatures of the gases hamper the progress
of the secondary oxidation reaction of the detonation products in oxygen-deficient
explosives further reducing the gas pressure. Ericksson and Vretblad [12], on the other
hand, observed that the latter effect may not be significant since no mgjor differences in
the explosion mitigation effect by bulk water was observed in highly oxygen-deficient
explosives such as TNT and oxygen non-deficient explosives. Also a frequently cited
mechanism for water-induced explosion mitigation which considers bulk water as a
passive barrier that can absorb some of the energy and momentum of the explosion
products is not well understood [13].

The objective of the present work is to carry out various computational analyses in
order to help better understand and quantify the contributions of various mechanisms to
the explosion mitigation effect of bulk water. It should be noted that the term “bulk
water” is used throughout the paper to indicate that initially water is present in a bulk
form, however, as will be discussed later, the interaction of the explosion products with
bulk water can cause the water to aerosolize, i.e. break up into micron-size droplets.
Also the term “bulk water” is used to make a distinction relative to the direct use of
water mist.

The organization of the paper is as follows. A brief description of various
mathematical models used to analyze the different mechanical/therma and chemicd
aspects of a detonation process in the presence of bulk water and an overview of the
constitutive laws governing the response of various materials when subjected to blast
loading are discussed in Sections 2.1-2.3. The results obtained in the present work are
presented and discussed in Section 3. The main conclusions resulting from the present
work are summarized in Section 4.

2. COMPUTATIONAL ANALYSES

2.1. General Consideration

As mentioned earlier, various water-induced explosion-mitigation effects are analyzed
computationally in the present work using several analytical and numerical techniques
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ranging from those emphasizing thermo-chemical aspects of the detonation process to
those dealing with transient; nonlinear-dynamics based mechanical interactions between
detonation products, air and water. In general, thermo-chemical analyses are carried out
using MATLAB, a genera purpose mathematical, computational and visualization
package [14]. Since this computer package is widely used and well-known, it is not
discussed any further in the present paper. The transent nonlinear -dynamics based
mechanical interactions between various materials participating in a detonation process
are andyzed using AUTODYN, a state-of-theart non-linear dynamics camputationa
code [15]. A brief overview of this code is given in next section.

2.2. Transient Nonlinear-Dynamics Calculations

All the transient nonlinear -dynamics mechanical interactions between various materials
atending a detonation process are anadyzed computationally using AUTODY N, a state-
of-the-art nonlinear dynamics modeling and simulation software [15]. In this section, a
brief overview is given of the basic features of AUTODY N, emphasizing the aspects of
this computer program which pertain to the problem at hand.

AUTODYN is a fully integrated engineering analysis computer code which is
particularly suited for modeling the explosion, blast, impact and penetration events.
Codes such as AUTODYN are commonly referred to as “hydrocodes’. Within the code,
the appropriate mass, momentum and energy conservation eguations coupled with the
materials modeling equations and subjected to the appropriate initidl and boundary
conditions are solved. The numerical methods used for the solution of these equations
involve finite difference, finite volume and finite element methods and the choice of the
method used (i.e. “processor” as referred to in AUTODYN) depends on the physical
nature of the problem being studied. The power of AUTODY N is derived mainly from
its ability to handle complex problems in which different regions can be analyzed using
different methods such as the Lagrange processor (typically used for solid continuum
and structures) and the Euler processor (commonly used for modeling gases, liquids or
solids subject to large deformations). While the available Euler processor provides
multi-material capabilities, an additional Euler-FCT single material processor in which
materials are combined to a single material using a Flux Corrected Transport (FCT)
approach is available to help handle computationaly intensive multrmaterial blast
phenomena.

Additional methods available in AUTODYN include: an ALE (Arbitrary Lagrange
Euler) processor capable of carrying out an automatic rezoning (remeshing) of distorted
grids; a Shell processor designated for modeling thin structures and a gridiess SPH
(Smooth Particle Hydrodynamics) processor which does not suffer from a grid tangling
problem (typically encountered in Lagrangian processor) and does not entail the use of
an unphysical erosion agorithm (removal of highly distorted grids to help the numerical
procedure).

2.3. Materials Constitutive Models

Hydrodynamic computer programs such as AUTODYN [15] are capable of predicting
an unsteady, dynamic motion of a material system by solving the appropriate mass,
momentum and energy conservation equations, subjected to the associated initia and
boundary conditions. However, for the aforementioned boundary value problem to be
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fully defined, additional relations between the flow variables (pressure, density, energy,
temperature, etc.) have to be defined. These additional relations typically involve an
equation of state, a strength equation and a failure equation for each constituent material.
These equations arise from the fct that, in genera, the total stress tensor can be
decomposed into a sum of a hydrostatic stress (pressure) tensor (which causes a change
in the volume/density of the material) and a deviatoric stress tensor (which is
responsible for the shape change of the materia). An equation of state then is used to
define the corresponding functiona relationship between pressure, density and interna
energy (temperature), while a strength relation is used to define the appropriate
equivaent plastic-strain, equivalent plastic -strain rate, and temperature dependences of
the equivalent deviatoric stress (or some function of it). In addition, a material model
generdly includes a failure criterion, i.e. an equation describing the (hydrostatic or
deviatoric) stress and/or strain condition which, when attained, causes the materia to
fracture and loose its ability to support normal and shear stresses.

In the present work the following materials are utilized within the computational
domain: air, a hightenergy explosive (e.g., TNT), water and 4340 stedl. In the following
sections, a brief description is given of the models used for each of the four constituent
materials.

231 Air

Air is modeled as an ideal gas and, consequently, its equation of state is defined by the
ideal-gas gamma-law relation as [15]:

r

P=(g-1)—E )
)

where P isthe pressure,g the constant-pressure to constant-volume specific heats ratio

(=1.4 for a diatomic gas like air), I ,(=1.225kg/m°) is the initial air density, and r is

the current density. For EqQ.(1) to yield the standard atmosphere pressure of 101.3kPa,

the initial specific internal energy E is set to 253.4k¥m? which corresponds to the air

mass specific heat of 717.6JkgK and a reference temperature of 288.2K.

Since air is a gaseous material and has no ability to support either shear stresses or
negative pressures, no strength or failure relations are required for this material.

2.3.2 HighEnergy Explosives

High-energy explosives like TNT are chemica substances which when subjected to a
particular mechanical or therma stimulus, can undergo a chemical reaction (or a series
of chemical reactions) releasing, very rapidly (at a time scale of microseconds), alarge
amount of energy. The whole process comprised of chemica reactions taking place
within the high-energy explosive and the associated release of energy is generdly
referred to as detonation. Within a hydrodynamic code, detonation is typically assumed
to take place instantaneously at each material point within the high-energy explosive
when such points are properly stimulated. In other words, as a result of initial detonation
at predefined detonation locations (points, lines or planes), detonation waves are
generated which extend into the unreacted explosive materia instantaneously liberating
the energy of chemica reactions and transforming the explosive material into gaseous
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detonation products at each point swept by the detonation wave.

Mathematical description of a detonation-induced shock wave is based on the normal
Rankine Hugoniot mass, momentum and energy conservation equations which relate the
hydrodynamic quantities (density, pressure, energy) across the discontinuity (a shock
wave) [16]. The only difference between the Rankine-Hugoniot equations for a shock
wave in a non-explosive material and their counterparts for a detonation wave is the
inclusion of a chemical energy term (initialy residing as a chemical energy term in the
explosive) in the energy equation.

For a high-energy explosive material in an initial condition defined by pressure P,

density I ,and specific volume V, =1/r ,, the line denoted as “Hugoniot Curve’ in

Fig.1 represents the locus of al (P, V) states attainable from the initial (P),V;) state
during detonation. It should be noted that, in contrast to the case of a non-explosive
material, the Hugoniot curve does not pass through the initial explosive state (P,, V)

but it is rather shifted toward higher pressures due to the chemical energy release

accompanying detonation of the explosive material. In addition to the Hugoniot curve,

an additional line denoted as the ‘Rayleigh Ling is depicted in Fig.1. This line
corresponds to the al (P, \) states of the detonation products consistent with a given

detonation-wave speed and the Rankine-Hugoniot mass and momentum conservation

equations. It should be noted that there is a separate Rayleigh line for each vaue of the

detonation-wave speed. The Rayleigh line depicted in Fig.1 is the line associated with

the minimum detonation speed which, at the same time, yields the @, v) states of the

detonation-product which are consistent with the Hugoniot curve. The point of tangency

of the Rayleigh line and the Hugoniot curve is generaly referred to as the Chapman
Jouget point and defines both the value of the detonation speed and the corresponding (P,
V) state of the detonation products.

Detonation Branch

Hugoniot Curve

Rayleigh Line

Pressure, P

Chapman-Jouget
Point

Deflagration Branch

Specific Volume, v

Fig.1. Pressure vs. specific volume relations in a high-energy explosive material.
Please see the text for details.
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The equation of state for an explosive then defines a locus of (P, V) states associated
with expansion (or compression) of the detonation products. One of these states is
clearly the initial state of the detonation products corresponding to the Chapman-Jouget
point. Since the detonation products are generally associated with very high
temperatures, their expansion/compression does not give rise to a significant change in
entropy. Hence, it is generally accepted that, at least in the vicinity of the Chapman
Jouget point, the equation of state prescribes the states which are consistent with the P-v
adiabat passing through the Chapman-Jouget point. The remainder of the P-v curve
corresponding to the expansion of the detonation products is generaly obtained by
matching the area under the P-v curve up to large expansions and down to atmospheric
pressure with the experimentally measured work of detonation.

The Jones-Wilkins-Lee (JWL) equation of state is used for a high-energy explosive in
the present work since that is the preferred choice for the equation of state for high
energy explosives in most hydrodynamic calculations involving detonation. The JWL
equation of state is defined as[17, 18]:

P:Aig- ﬂge'Rl"+Blg -ﬂge'RzV+E @)
Rvg R,Vg v

where the constants A, Ry, By, R and w for a given high-energy explosive like TNT are
defined in the AUTODY N materials library and v is the specific volume of the material.
As explained earlier, within a typical hydrodynamic analysis, detonation is modeled as
an instantaneous process which converts unreacted explosive into gaseous detonation
products and detonation of the entire high-energy explosive material is typicaly
completed at the very beginning of a given smulation. Consequently, no strength and
failure models are typically used for the high-energy explosives.

2.3.3 Water

Separate equations of state are used for water depending on whether water is subjected
to expansion or compression. When water is subjected to expansion, a twophase
equation of state proposed by Morgan [19] is used while in compression a polynominal
type of equation of state [15] is used.

The two-phase equation of state for water is applicable when water is expanded from
its initial state or in a single-phase (liquid or vapor) region or in the two-phase
(water+vapor) region. As shown in Fig.2, the pressure/specific-volume plane at the
expansion side (V >V, , V,the initial specific volume) is divided into two regions by the

saturation curve. Above this curve water exists in a single-phase (liquid or vapor) state,
while below the saturation curve the two phases coexist. Vauesfor P, v,I , eand T
adong the saturation curve are known and are tabulated with the AUTODYN material
database.

When the values of v and E place water in asngle-phase region, pressure is defined
by the Mie-Gruneisen equation of state in the form [15]:

P:R(v)+GT(V)[E- E ()] ®
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where the reference quantities denoted with a subscript r are known and are associated
with the saturation curve, while G° V(fP/E), is the so-caled Gruneisen gamma,
whose values are also known aong the saturation line.

A

/ Compression Critical Point
| Curve /

Single-phase
Liquid
Region

Single -phase V apor
Region

Pressure, P

Saturation Curve

Two-phase Liquid-Vapor
Region

v

Vo Specific Volume, v

Fig.2.Pressure vs. specific volume relations for water used in the derivation of the two-
phase equation of state. Please see the text for details.

When the values of v and E place water within a two-phase region, the volume and
energy weighted average equations:

v=av, +(1-a)y,, and (4)
E=aE, +(-a)E 5)

wherea is the mass fraction of vapor and subscript g and | denote the gas phase and the
liquid phase, respectively, are combined to yield:

V-V, E- Eg

= (6)
v,-Vv E; - F
Since the specific volumes and energies of the saturated liquid and vapor (V,, B,

Vg E, ) are mutually constrained by the saturation curve, Eq. (6), defines the pressure (or

temperature) for the given values of v and E.
When water is subjected to compression, the following polynomial equation of stateis
used:

P=am+a,nt +a,nt + (b, +hmr E )
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where m=r /r o - 1 isthe compression, r o the initial density and the coefficients &,

a,, ag, by and by are defined in the AUTODYN materid library.

No strength model is used for water because water has very little ability to support a
shear stress. However, in order to examine the possibility for water break-up into smal
droplets as a result of its interaction with the detonation gases, a minimum negative
pressure failure criterion is used. The magnitude of the critical minimum failure pressure
isvaried in order to examine its effect on the results of the computational analyses.

2.3.4 4340 Sed

For inert solid materials like 4340 stedl, a linear type of equation of dtate is typicaly
used which assumed a Hooke's law type relationship between the pressure, P, and the

ger .0
volume change M= g— -1z as
e g

P=Bn (8)

where K is the bulk modulus of the material. Within the AUTODYN materia database,
the initial material density r,, the bulk modulus B, the specific heat, C, and the

reference temperature (T, ) are defined for 4340 steel.

To represent the constitutive response of 4340 steel under deviatoric stress, he
Johnson-Cook mode is used. This model is capable of representing the materia
behavior displayed under large-strain, high deformation rate, high-temperature
conditions, of the type encountered in problems dealing with the interactions of
detonation products and solid structures. Within the Johnson-Cook model, the yield
stress is defined as:

Y= [A%t + Bs'fe;st]b'-'-cs'f loge, J[l' THmst] ©)
where e _is the equivalent plastic strain, €, the equivalent plastic strain rate, A, the
zero plastic-strain, unit plastic-strain rate, room-temperature yield stress, By the strain
hardening constant, N the strain hardening exponent, C the strain rate constant, m,
the thermal softening exponent and T,, = (T - T, ..,))/ (T, = T,0m) @700M temperature

(Tioom) based homologous temperature while T, is the melting temperature. Al
temperatures are given in degrees of Kelvin.

Since 4340 steel structures are generally subjected to compressive type of stresses, no
fdlure model was used for the 4340 steel in the present work.

3. RESULTSAND DISCUSSION

In this section, the four most frequently cited water-induced explosion-mitigation
mechanisms. (a) absorption of the detonation energy; (b) reduction of the shock speed;
() detonationproduct-to-water momentum transfer and (d) deceleration/suppression of
combustion of the detonation products are analyzed using the underlying physical
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principles. In addition, the results of numerical analyses of the four mechanisms are
presented and discussed. In each case, an effort was made to quantify the effectiveness
of the specific water-mitigation mechanism in reducing the pressure (and temperature)
of the detonation-product gas-mixture. Such effectiveness is judged by both the
maghitude of the effect and by the rate at which such effect takes place.

3.1 Absorption of the Detonation Energy
3.1.1 General Consideration

Due to its relatively large specific heat (~4.187kJKkg K) and arelatively large latent heat
of evaporation (~2.25MJkg), water has an excellent ability to absorb energy of
detonation (and combustion) of high-energy explosives. For comparison, the detonation
energy of TNT is about 4.45MJkg while the combined energies of detonation and
subsequent combustion of this oxygen-deficient explosive & about 4.45+10.22=14.67
MJ/kg. However, for the water to be able to absorb the detonation/combustion energy of
a high-energy explosive at the explosion time scale of tens of microseconds to tens of
milliseconds, the water must be present in the form of a mist (micron-size droplets) to
ensure a fast explosion-products-to-water thermal energy transfer. In general, the mass

evaporation rate of water, My, , , can be defined as:

mHZO = KmA1—|20(PHS§é - XHZO P) (10)
where K, is the liquid-to-vapor mass transfer coefficient, A,  the liquid/gas surface

area, P77, the water vapor saturation pressure, X, . the molar fraction of water-vapor

inthe gasphaseand P the pressure of the gas phase.
According to Eg. (10), the rate of evaporation scales linearly with the surface area of

water being evaporated. The surface area of water dispersed into N spherical droplets
of radius,l'y, o , isrelated to the total water volume, VHZO, and to the droplet radius as:

4 3
:-NHZO _ 3N§er20

Ao = = N4pr,j’2O (11)

M .0 M .0
The application of Eq. (11) shows that a single water sphere which has a volume of 1

and a surface area of 4.836nf gives rise to a surface area of ~200,000m?, if it is
dispersed into spherical droplets with aradius I, , =15mm. In accordance with Eq. (10),

this would increase the evaporation rate by a factor of over 41,000.

3.1.2 AThermo-chemical Analysis

Evaporation of the water droplets gives rise to a reduction in the temperature, and hence,
the pressure of the hot detonation products and, as will be discussed later, can slow
down or even prevent the subsequent combustion chemical reaction of the detonation
products. To quantify the effect of water evaporation on temperature reduction of the
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detonation products, a simple quantitative thermal energy balance analysis for the case
of TNT, ahigh-energy explosive is carried out in this section.

TNT is a solid high-energy explosive with a chemical formula C7HsN3Os which
produces during detonation a gas mixture which is laden with solid-carbon soot and

which has the following chemical composition in mole fractions: X, , = 0.227 ,

Xeo =0.318 , X¢ =0.318 and X, =0.136 . The initid temperature of the

mixture is about 3500K. Temperature variation of the molar specific heats for the gas
mixture constituents (as well as for molecular oxygen and carbon dioxide) are displayed

in Fig.3. From the molecular weights of the mixture constituents, M, , =18,
Mo =28, M =12 and My, =28, dl in g/mol, the average molar specific hest,

Cp, m, mx and the average molecular weght, M . , of the mixture are computed as a
mole-fraction weighted averages of the respective constituent quantities as:

Commx=a X,Cpy, (i =H,0,CO,C(8),N,) (12)

M_.=a XM, (i=H,0,CO,C(s),N,) (13)

The corresponding mass-based specific heat of the mixture is then obtained as.

C .
CP m, mix = D (14)
M mix
To quantify the effect of water evaporation on temperature reduction of the
detonation-product gas mixture, the following energy balance equation is used:

Tinal

My 0 XCpmu,o0(373 - 298) + My o Qeapio = OMrix Cp mmixdT (15
3500
The left-hand side in Eq. (15) corresponds to the energy absorbed by a M, o mass of

water from its initial temperature (298K) till the point of boiling (T=373K) and during
subsequent evaporation. The right-hand side of Eg. (15), on the other hand, corresponds

to the energy given off by a M, mass of the hot detonation-product gas-mixture and is
defined to take into account temperature dependence of the mixture specific heat,
Cs 1 mix» in accordance with Fig.3.

When Egs. (12) - (15) are applied to one kilogram of TNT and one kilogram of water
and the following data are used for the mass specific heat and the mass evaporation

energy of water: Cp 1, o =4.187kJ/kg>K and Quap 1,0 = 2.25MJI /Kg, the final

temperature of the mixture is obtained asT;,,, =2298K . This finding shows that, if
one kilogram of water can be evaporated for each kilogram of TNT detonated, the



12 M. Grujicicet a

temperature of the resulting detonation gas mixture would be reduced by ?T=3500 -
2298 =1202K.

70

20 L C(s)

Molar Specific Heat, J/mol-K

10

o J I A T T S T T

1000 2000 3000 4000 5000
Temperature, K

Fig.3. Temperature variation of the molar specific heat for anumber
of species attending detonation/combustion of TNT.

Clearly, water can be very efficient in reducing the temperature of the detonation
product gas-mixture. In fact, since the specific heat of the gas-mixture constituents
decreases as their temperature is reduced in Fig.3, further increase in the relative amount
of water would be even more effective in reducing the temperature of the detonation-
product gas-mixture. As will be discussed later, a reduction in the temperature of the
detonation-product gas-mixture can substantially reduce the rate of subsequent oxidation
(combustion) of CO(g) and C(s) in the mixture or even prevent this reaction from taking
place. Since, this reaction is associated with the formation of a fire-bal which advances
with the detonation front and releases a substantial amount of thermal energy, its
suppression is highly desirable from the explosion-mitigation stand point.

Previous experimental investigations [e.g. 210] have shown that the use of water
barriers can reduce the peak hydrostatic pressure by as much as 90%. The computed
water-induced reduction in the temperature of the detonation-product gas-mixture from
~3500K by ~1200K, would certainly give rise to a reduction n the pressure of the
mixture. However, it is not clear that the reduction in the mixture temperature could
solely account for the observed reduction of the peak hydrostatic pressure If one
assumes that the hydrostatic pressure of a gas mixture scales linearly with its
temperature, as is the case for the ideal gas law (the use of ideal gas law might not be
fully appropriate considering high pressure levels in the detonation-product gas-mixture)
the observed temperature reduction would give rise to a pressure reduction in a range
between 30-35%. While increasing the relative amount of water is expected to give rise
to a further reduction in the gas-mixture temperature and pressure, the extent of this
reduction may not be proportional to the amount of water since it depends on the ability
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of the detonation-product gas-mixture to aerosolize the additional water.

As stated above, the use of the ideal gas law to predict the potential water-evaporation
induced reduction in the gas-phase pressure may not be very reliable due to the attendent
high pressure levels. Here we provide yet another estimate of this pressure reduction.
In several experimentd investigations [e.g. 10], it was established that the peak side-on
(hydrostatic) pressure at a given point scales with the explosive total energy raised to a
power of 1/3. If one treats the energy absorbed by water during evaporation as a means
of reducing the total energy of the explosive, one can obtain another estimate for the
water-induced pressure reduction.

As dtated earlier the total energy of explosion for TNT which includes the heat of
detonation and the heat of subsequent combustion is ~ 14.67MJkg TNT. Evaporation of
1kg of water consumes about 2.25MJ of energy, so that the effective total energy of TNT
can be considered as 14.67-2.25=12.42MJkg TNT, a reduction of ~15% which would
yield, according to the aforementioned correlation, a decrease in pressure of only ~ 5%
per kg of water. If water completely suppresses the combustion reaction, on the other
hand, the effective specific energy of TNT is reduced to 14.67-10.22-2.25=2.2M J/kg
TNT, areduction of ~ 85%. The resulting pressure reduction is about 53%. It appears,
hence, that for the water evaporation process to have a significant effect on gas-phase
pressure reduction, it must cause cessation of the combustion reaction in oxygen
deficient explosives.

It should be noted that aerosolization of water also consumes some energy initially
residing in the detonation-product gas-mixture. Namely, the formation of small water
droplets is accompanied by a substantial increase in the energy stored at the surface of
water. The surface energy of water is 0.072J/nT at room temperature and decreases to
~0.060J/m? near the boiling point. As shown in the previous section, 1m* of water
dispersed into 15nm-radius droplets have a total surface area of ~ 200,000nf. Thusthe
energy absorbed by water in the aerosolization process is a most 0.072x 200,000
=14,400Jkg HO = 14.4 kJkg HO. This value is only a tiny fraction of the water
evaporation energy (~2.25MJkg H20) and, hence, can be neglected.

3.1.3 AFluid-dynamic Analysis

According to Eg. (10), the evaporation rate of water is proportional to a temperature
dependent liquid-to-vapor mass transfer coefficient, K,,. To a great extent, the magnitude
of Km is controlled by the rate at which the heat is transferred from the detonation
product gas-mixture to the water droplets. The gas-mixtureto-water droplets heat
transfer rate is, on the other hand, greatly affected by the extent of turbulence in the gas-
phase stream. Furthermore, the presence of water droplets in the gas-phase stream is
expected to have some effect on the extent of turbulence. In the early stages of the water
break-up process, when large water droplets (fragments) are present, a genera increase
in the extent of turbulence is expected since water droplets can create turbulent regions
in their wake. Conversely, in the later stages of the water bresk-up process, when
micron-size water droplets are present, such droplets, due to their large density, would
reduce flow fluctuations and, hence, lower the extent of turbulence. However, one must
take into account the fact that due to high values of the evaporation rates, the life span of
micron-size droplets is very short. While no quantitative analysis is carried out in the
present work pertaining to the effects of water-droplets number density and size on the
gas-to-water heat transfer coefficient, the discussion given earlier in this section
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(specifically the presence of counter balancing phenomena) suggests that their effects
are, perhaps, of a second order relative to the effect of enhanced surface area on the rate
of evaporation of the water.

3.1.4 AKinetic Analysis of Water Evaporation

The analyses presented above demonstrate that water evaporation has the potential for
absorbing the substantial portions of the therma energy carried by the detonation
product gases. However, for this potential to be fully utilized, water must be dispersed
in the form of small-size droplets which can evaporate over a time-period of up to few
tens of microseconds. In this section, we utilized severa existing droplet evaporation
models to assess the time for evaporation of the water droplets of different sizes
dispersed within a detonation-product gas mixture at a temperature of 3500K.

The first model utilized was proposed by Butz et a.[26], and assumes that the droplets
do not move relative to the gas, that the droplet surface temperature, and the gas far-
away temperatures are constant. These conditions correspond to the Nusselt number of
2. The results pertaining to the droplet diameter dependence of the evaporation time, are
displayed in Fig.4, the curve labeled “Butz et al.[26] ".
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Fig.4. Variation of the simple water-droplet evaporation time
with the droplet diameter. Please see text for detail.

The second model was developed in the present work and is briefly described in
Appendix A. This model is an extension of the model developed by Butz et al. [26], and
includes the effect of droplet heating to the boiling temperature. The results of this
anaysis are also displayed in Fig.4, the curve labeled, “Present Work” .

The last model utilized is in fact a series of non-equilibrium evaporation models
described by Miller et al. [25]. A brief description of this modd is given in Appendix B.
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The predictions given by this model are shown in Fig.4, the band labeled “Miller et al.
[25]".

The results displayed in Fig.4, suggest that in order for water droplets to be able to
evaporate within a time span not greater than 10ms, their diameter should be smaller
than ~90mm. The period of 10msis commonly considered as a time span over which the
major portion of the momentum transfer from the detonation-product gas-mixture to the
target structure/personal takes place.

3.2 Reduction in the Shock Speed
3.2.1 General Consideration

When water is aerosolized as aresult of an interaction with the detonation products of a

nearby high-energy explosive, the speed of sound and, thus, the shock speed in the

surrounding moisture-laden air becomes substantially reduced [20]. This observation can

be rationalized as follows:

(8 The speed of sound in a material can be defined as the squar e root of a ratio of its
bulk modulus, B, and its density, I ;

(b) At room temperature, water has a relatively large value of the bulk modulus of

By,o =2.05" 10° Paand a density of approximately I ; o =999%g/m’, and
in accordance with the aforementioned relation, the speed of sound
isCy o =1432m/s;

(c) In the frequency range of the sound waves and the shock waves accompanying a
detonation event, the bulk modulus of agas is typically defined as the product of its
pressure, P, and the ratio of its constant-pressure and its constant-volume specific
heats, g . For a diatomic gas like air, g=1.4, and at the atmospheric pressure

P=101.3kPa and a a standard density ofr ,, =1.225kg/m?, the bulk modulus

and the speed of sound arer B,, =1.414" 10°Pa andC,, =340.3m/s ,
respectively;
(d) When water is finely dispersed in air, the speed of sound as a function of the

volume fraction of water shows a very interesting behavior as displayed in Fig.5.
This behavior arises from the fact that the bulk modulus of the air-water mixture,

B« isgiven as:

(16)
mix air BHZO
where szo is the volume fraction of water in the mixture. Eq. (16) reflects the fact that

the modulus of the air-water mixture is dominated by the phase present in a larger
volume fraction and by the phase that is volumetrically more compliant.

The density of the air-water mixture, r is likewise defined as:

mix?

M ix = (1- szo)r air T szor H,0 17



16 M. Grujicicet a

The variation of the speed of sound in an air-water mixture, C . , with the volume

mix !

fraction of water, f,, 5, for the previously stated valuesof By, , B, I o and I,

is calculated using the equation C,;, ( Ty 0) =/ Brix /T i -

(e) The results of this calculation are shown in Fig.5. The results displayed in Fig.5
show that the speed of sound in an air -water mixture is substantially reduced and it
is below 50m/s for the water volume fraction between 0.06 and 0.94; and

(f) According to the standard normal shock relations, a fixed pressure discontinuity
across a shock wave, P,/Py, corresponds to a unique vaue of the Mach number for
air or air-water mixture behind the shock wave, Mg A fixed value of the Mach
number at a reduced level of the speed of sound implies a lower speed of air-water
mixture moving behind the shock wave as well as alower speed of the shock wave.
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Fig.5. The variation of sound speed in the air/water mixture as afunction
of the volume fraction of water at the ambient temperature.

3.2.2 A Nonlinear -dynamics Shock-based Analysis

To demonstrate computationally that the presence of moisture in air would indeed
reduce the shock speed, a simple Euler-based simulation of a shock-tube experiment is
caried out usng AUTODYN. Towards that end, a two dimensiond Eulerian
axisymmetric computational domain with a length-to-diameter ratio of 20:1 is used.

One twentieth of the tube length at one of its ends is filled with high-pressure air while
the remainder of the tube is filled with either the atmospheric-pressure air or with an air-
water mixture containing 50 volume % of water at the atmospheric pressure. Along dl
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the edges of the computational domain, the “no-flow’ boundary conditions are applied.
Six gage points at equal intervals of 50mm were placed and the pressure at these points
recorded during the simulation.

The results pertaining to the pressure-time traces at the six gage points for air and air-
water mixture are displayed in Figs 6(a) - (b), respectively. From the shockwave arrival
times at the different gage points (the times at which the overpressure reaches the peak
value) displayed in Figs 6(a)-(b) and the known locations of the gage points, the average
shockwave speeds (and their temporal evolutions) are computed. The ratio of the two
average speeds is found to vary between 14.0 and 14.1 as a function of time. A similar
ratio is found for the longitudinal velocities of air and the air-water mixture behind the
shock wave. These are in excellent agreement with the corresponding ratio of the sound
speeds obtained using the procedure described in the previous section

C,, /C,, =340.3m/ s/23.82m/ s»14.3.

The results obtained clearly show that the speed at which the air-water mixture moves
and ultimately interacts with a structure/personal is reduced. This speed reduction, on
one hand, yields longer times over which water break up into droplets and evaporation
can take place. On the other hand, as demonstrated in Section 3.3.2, this aso causes a
reduction in the relative droplet/gas velocity, the parameter which greatly affects the rate
of the water break-up process. The presence of these two counteracting effects suggests
(in the absence of a detailed numerical analysis) that the shock-speed reduction has,
perhaps, a second-order effect on the water break -up and evaporation processes.

The results displayed in Figs 6(a)-(b), show that the presence of water increases the
magnitude of the hydrostatic overpressure by around 20%. Even more serious is the
potential increase in the dynamic pressure caused by the use of water. The dynamic
pressure generally scales with a product of the density of the fluid and the square of its
speed. In the present case, the use of 50 volume % of water causes the density to
increase by afactor of nearly 500 while the squared velocity would decrease by a factor
of 14.3°»225. This finding suggests that the dynamic pressure would in fact increase by
a factor (=500/225) greater than 2. It appears, hence, that for the water to display the
desired explosion-mitigation effect, it should be dispersed into fine droplets but these
droplets should evaporate (before reaching the target) and reduce the temperature and
sde-on pressure of the detonation-product gas-mixture rather than remain as liquid
droplets dispersed within the gas phase.

To demonstrate directly that water-aerosolization induced decrease in the shockwave
speed may not have the often-predicted explosion-mitigation effect, a small cylindrical
disk shaped target made of 4340 stedl is inserted into the shock tube. The axis of the
target is set to coincide with that of the tube. The target is modeled as a Lagrangian part
and the Euler/Lagrange coupling option inside AUTODYN is used to account for the
interaction between the detonation-product gas-mixture (with and without water droplets
dispersion) and the target. The temporal evolution of the momentum of the target is
monitored in the two cases. It isfound that the target momentum is approximately twice
as large in the case of the explosion-products gas-mixture containing water droplets, in
full agreement with the results of the dynamic-pressure analysis presented above.
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Fig.6. Pressure-time traces at the six gage points 50mm apart located in:
(a) air and (b) air-water mixture inside a shock tube.
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3.3 Momentum Transfer

3.3.1 General Consideration

When the detonation front of a high-energy explosive, explosive casing fragments or
soil gecta reach the explosivelwater -barrier interface, they creates a positive pressure
wave which travels through the water. When this wave reaches the opposite water
surface, i.e. the water/air interface, it reflects as a negative-pressure (expansion) wave
due to a large acoustic impedance mismatch between water and air. Acoustic impedance
istypically defined as a product of the material density and its sound speed and based on
the density and sound speed values for air and water reported in Section 3.2.1, the
acoustic impedances of water and air are 1.43" 10°Rayles and 417.7Rayles, respectively.
Thus, there is a significant acoustic impedance mismatch at the water/air interface.

A liquid like water cannot sustain a significant negative pressure and the water region
a the water/air interface breaks up into droplets and sprays out into the surrounding air.
This process continues as the expansion wave propagates back towards the
explosive/water interface. In the process just described, the momentum initialy carried
by the explosive products, soil gecta or other debris are transferred to the effectively
entire mass of the surrounding water. Consequently, the average velocity at which the
water droplets are sprayed out can be a very small fraction of the shock velocity,
substantially mitigating the effects of explosion on the surrounding structures/personnel.

3.3.2 Water Fragmentation Computational Analysis

To demonstrate computationally, that the water aerosolization process described above is
feasible, a simple SPH (Smooth Particle Hydrodynamics) method based model is
developed and solved using AUTODYN. The SPH solver is used because its non-mesh
(i.e. particle) based nature gives rise to a more clear visual description of the water
aerosolization process.

The rectangular computational domain used in this portion of the work is shown in
Fig.7 (a). Within this domain, a semicircular region is filled with TNT while the
remainder of the domain is filled with water. The lower edge of the domain is defined as
the axis of symmetry, while “zro-stress’ boundary conditions are applied to the
remaining domain edges. A single detonation point is placed at the center of the bottom
edge. Two gage points are placed along the vertical midline, as shown in Fig.7 (&) sothat
a temporal variation of the pressure can be monitored at these points. In addition, field
variations of the pressure and the morphology of the computational domain during
simulation are aso monitored.

Typical results pertaining to the field and temporal variation of the pressure show a
circular (compressive) shock wave emanating from the TNT detonation point and
propagéding toward the opposite long edge of the domain, i.e. the water/air interface.
Once the shock wave reaches the opposite long edge of the domain, it reflects as an
expansion wave. This behavior is more clearly seen by monitoring the pressure-time
traces d the two gage points, as shown in Fig.7 (b). The results shown in Fig.7(b) show
that the shock wave arrives first at the gage point 1 which is closer to the TNT charge,
while the expansion wave first reaches the gage point 2 which is closer to the water/ar
interface.

The results pertaining to the morphology of the computational domain are found to be
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fairly sensitive to the negative-pressure level selected for the onset of failure in water. In
general however, two different aerosolization mechanisms are observed: (a) a“spalling’
mechanism in which distinct layers of water is spalled-off at the water/air interface, Fig.
8(a) and; (b) a “water-fragmentation” process in which water at the water/air interface
bresks up into irregular fragments, Fig.8 (b). The former mechanism is typicaly
observed when the least negative vaues of the failure pressure are used while the latter
is typicaly observed a the most negative levels of the failure pressure. In the case of
water spallation, discrete layers of water are formed and the interlayer gaps, initialy
containing vacuum, are quickly filled with water vapor. This, in turn, prevents water
layers from coming back into a direct contact and further facilitates break-up of the
layers into discrete water droplets. In the case of the water-fragmentation process, water
fragments freely fly out and undergo furtheﬁ break-up into small-size droplets.
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Fig.8. Two mechanisms of water aerosolization: (a) a “spallation” mechanism and
(b) a*“fragmentation” mechanism.

The two mechanisms described above can be considered as the mechanism
controlling the initial stage of water break-up into larger fragments. Once these
fragments are formed, they undergo further break-up into smaller water droplets. A
detailed analysis of the subsequent fragment break-up process is not caried out in the
present work. Nevertheless, it iswell established that there is a number of such fragment
break-up mechanisms including bag break-up, multi-mode break-up and shear stripping
[21]. A simple schematic of these three fragment bresk-up mechanisms is displayed in
Figs 9(a)-(c). In each case, a spherica droplet (far Ieft) is deformed as a result of its
interaction with the aerodynamic forces of the surrounding gas. In the case of the bag
break-up mechanism, deformed droplets acquire a thin-wall haf-ellipsoid bag shape.
During the multi-mode break-up multiple bags are formed and connected to a central
column of fluid forming an umbrella-like shape. Within the shear-stripping mode, only
the outer layers of the droplets are deformed (sheared off). Which of these mechanisms
dominates water breakup into small dropletsis controlled by the magnitude of the Weber
number, We, which is defined as:

_r u’d
s

We

(18)

where 1, is the water density, ? the velocity of the gas stream relative to that of the
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water fragment, d the equivalent droplet diameter and s the water/gas surface energy. It
is generaly recognized [21-22] that the minimum critical value for the Weber number
required for the break-up mechanism to become operative is about 12. Multi-mode
break-up and shear stripping mechanisms entail high Weber numbers of approximately
20 and 70, respectively.

Since the water density, I, and its surface tension can vary only in relatively small

ranges, large values of the Weber number are attained according to Eq.(18) a large
values of the relative velocity of the gas and at large values of the equivaent droplet
diameter. This indicates that the efficiency of the water break-up processis the highest at
the shortest post-detonation times and degrades continuously. The attainment of a fine
water mist as a result of an interaction between the detonation-product gas-mixture and
the bulk water is governed by the magnitude of the explosive’ sinterna energy, since the
explosives internal energy controls the initial detonation-product gas velocity. Once a
water mist consisting of micron-size droplets is produced, as argued in Section 3.2, the
evaporation rate can become significant, causing a major absorption of the energy
carried by the detonation-product gas-mixture and a substantial reduction in the gas-
phase temperature and pressure. In other words, the momentum transfer from the
detonation-product gas-mixture to the bulk water and the subsequent aersolization of the
water are the key prerequisites for obtaining the desired explosion-mitigation effect.
The actua explosion-mitigation effect, however, appears to be dominated by the water-
droplets evaporation process. It is, hence, critica that the water break-up process into
micron-size droplets is completed over a short time period (perhaps less than 1ms) to
enable a sufficient time for droplet evaporation. Based on the substantial amount of

experimental data, the following corrdation for the time, t,, for one break-up event has
been proposed [27]:

. 1 6(\W\e - 12) 0% 12 <We<18
=2 /h>4 245\ - 12)°® 18 <We< 45 (19)
uyr, i
9 1141 - 12)°% 45 <We < 351

where 1 is the gas density.

As established earlier, the Weber number continuously increases as a function of time
following detonation, so that the time for each subsequent break-up event becomes
longer and longer. The increase in the Weber number during simulation is being studied
by usin an ongoing investigation. Based on the preliminary results of this investigation,
and under the assumption that the initial water fragments have an effective diameter of
10mm, the time required to produce water mist with an average droplet diameter of
50mm has been estimated between 0.5 and 2ms. While more work is needed in the
ongoing analysis to narrow down this time range, the initial results appear encouraging,
with respect to obtaining micron-size water droplets over a time period which is
relatively small compared with the droplet evaporation time.
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Fig.9.A schematic of three water break-up mechanisms commonly observed:
(a) Bag break-up; (b) Mixed-mode break-up; and (c) Shear stripping.

3.4 Deceleration/Suppression of Combustion
3.4.1 General Consideration

Many explosives like TNT are oxygen deficient, i.e. they do not contain enough oxygen
to oxidize al the elements in the explosive during an explosion. The detonation reaction
of TNT with a chemical formula GHsN3;Og in the absence of externa oxygen can be
written as follows:

C,H,N,O,(s) ® 2.5H,0(g) +3.5C(s) +3.5CO(g) +15N,(g) +1.034MJ/moleTNT (20)
If at least 5.25 moles of external oxygen are present per one mole of TNT, the detonation

products C(s) and CO(g) can be oxidized completely, according to the following
reaction:

3.5C(s) +35C0(g) +5.250,(g) ® 7CO,(g) +2373MI/moleTNT oy,

where (s) and (g) are used to denote the solid and the gas phase, respectively.

This reaction typicaly takes place in two steps: (i) An oxidation of C(s) into CO(g)
and (ii) a subsequent oxidation of CO(g) into CO,(g). A comparison of Eq.(20) and Eg.
(21) shows that the total molar heat of combustion of TNT (1.034+2.370 =
3407/MJmole TNT) is 3.295 times larger than the molar heat of detonation
(1.034MJmole TNT). When TNT undergoes only a detonation reaction as defined by
Eq.(20), a cloud of finely dispersed soot is typically formed. In sharp contrast, the
combustion of carbon and carbon monoxide in accordance with Eq. (21) givesriseto a
fireball which expands with the blast front.
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It is well established [22] that bulk water or water mist can be very effective in
hampering or even preventing the combustion reaction as given by Eq. (21). Typically,
no fireball is formed during explosion while air remains clean and water becomes sooty.

While the mechanism by which water hampers/suppresses the combustion reaction is
not well understood, two possible explanations are often cited:

(@ As demonstrated earlier, water evaporation can significantly decrease the
temperature of the detonation-product gas mixture, and, hence, lower the partia
pressure of CO(g) reducing the thermodynamic driving force for the oxidation
reaction of CO(g) to CO,(g); and

(b) The aforementioned reduction in temperature can lower the reaction rate constant
and, thus, sow down the kinetics of the combustion reaction as defined by Eq.(21).

A smple quantitative analysis of these two effects is presented in the next section.

3.4.2 A Chemical Thermodynamics and Kinetics Analyses

As explained earlier if one kilogram of water is evaporated for every kilogram of TNT
detonated the temperature of the resulting detonation-product gas-mixture would be
reduced by about one-third (from ~3500K to ~2300K). A similar reduction in the partial
pressure of CO(g) is expected which would reduce the thermodynamic driving force for
oxidation of CO(g) into COx(g) by aethird. This finding suggests that the water-
induced reduction of thermodynamic driving force for the combustion of the detonation
products most likely plays a minor role in the overall explosion mitigation effects of
water.

In addition to reducing the termodynamic driving force for combustion, water-
induced reduction in temperature of the detonation-product gas-mixture also reduces the
rate of the combustion reaction. The forward rate constant for a reaction such asthe one
shown in Eqg. (21) can be def ined by the following Arrhenius type relation:

K, = ATb exp(- %) @)

where the preexponentia term A,, the temperature exponent b and the activation energy,
E, are characteristic parameters for a given chemical reaction, R (= 8.314 Jmol K) isthe
universal gas constant and T the absolute temperature.

The two elementary reactions associated with the combustion of the detonation
product gas-mixture are:

C(s) +0.50,(9) ® CO(g) (23)
CO(g) +0.50,(9) ® CO,(9) (24)

The temperature dependencies of the forward reaction rate constants for the oxidation
reactions given by Egs. (23) and (24) are calculated using the data from Ref.[23] and
shown in Fig.10. It should be noted that a logarithmic scale is used adong the vertical
axisin Fig.10. The results displayed in Fig.10 show that the water-induced reduction in
temperature of the detonation-product gas mixture from ~3500K t0o~2300K givesrise to
the corresponding reduction in the forward reaction rate constants of 75% and 96% for
the reactions defined by the Eqs.(23) and (24), respectively. These findings indicate that
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the water-induced temperature decrease in the detonation-product gas-mixture can
substantially reduce the rate of the combustion reaction.

It should be noted that both the oxidation of C(s) given by Eg. (23) and the oxidation
of CO(g) given by Eq.(24) are associated with an “ignition temperature”, i.e, a
minimum temperature necessary for the combustion reaction to initiste. The ignition
temperatures for C(s) and CO(g) are generally taken as 1173K and 917K, respectively
[24]. An extension of the thermo-chemical analysis presented in Section 3.1.2, and the
use of the temperature-dependent specific heats displayed in Fig.3 revealed that if 2kgs
of water are evaporated for each kilogram of TNT detonated, the temperature of the
resulting detonation-product gas-mixture would be around 900K giving rise to a
complete suppression of the combustion reaction.

It should also be noted that the chemical-kinetics based analysis presented above is
valid under the condition when the combustion reaction is controlled by the rates of the
associated oxidation reactions. When the rate of the combustion reaction is controlled by
the mass transport of the fuel (C(s) and CO(g)) and oxygen, the presence of water
droplets in the combustion-product gas-mixture can affect the extent of turbulence and,
in turn, increase the rate of the combustion reaction. This phenomenon was discussed in
Section 3.1.2 and is not considered in greater details in this portion of the work. As
stated in Section 3.1.2, the effect of water droplets on the extent of turbulence is
considered to be of a second order.

6
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Temperature, K

Fig.10. Temperature variation of the logarithm of the rate constants for the
forward reactions defined by Egs. (20) and (21).

4. CONCLUSIONS

Based on the results obtained in the present work, the following main conclusions can be
drawn:
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1. Among the four water-induced explosive-mitigation mechanisms studied in the
present work, water evaporation which absorbs the major portion of the thermal
energy carried by the detonation-product appears to be the dominant mechanism.
Water evaporation reduces the temperature and pressure of the detonation-product
gases and can prevent their combustion.

2. The presence of water vapor in the gas phase has dso an explosion-mitigation
effect through the potential reduction of the thermodynamic driving force for the
combustion reaction.

3. The transfer of momentum from the detonationproduct gas-mixture to water is a
key phenomenon controlling the break-up of water into micronsize droplets.
Conseguently, this process acts as a prerequisite for an effective explosion
mitigation via water evaporation.

4. While the role of the reduced shock speed caused by the presence of water droplets
in the detonation-product gas-mixture in explosion mitigation was not anayzed
quantitatively, it appears to be of a second order.
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Appendix A: Rate of Evaporation of Water Droplets

In this section, a simple modél is developed for an assessment of the rate at which water

droplets evaporate when dispersed within hot detonation-product gas-mixture. The

model developed is based on the following simplifications and assumptions:

(@) Water droplets are spherical in shape and all have the same radius, R;

(b) Water droplets are distributed uniformly within the detonation-product gas-mixture
so that it can be assumed that each single water droplet resides within a cube with
an edge length, I. The cubes are distributed uniformly in space. Then each cubeis

replaced with a sphere of an equal volume with a radius, a = (3/4p)"?I . Since
each such spherical cell isidentical, there is no heat flux across its surfaces.

(c) The volume fraction of the water in the gas mixture can be then defined
asf, o =(R/ a)®; and

(d) Due to the intrinsic spherical symmetry of the problem as posed above, a one
dimensional mathematical model within the spherical coordinate system can be
used.

The problem defined above can be mathematically expressed by the following energy
conservation equation:

197, 17T

T _
r gasCP, gasﬁ - kgas(r ﬂr ﬂr 2
subject to the initial conditions:

) (A.D)
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T(r > R t= O) mngas (A'Z)
T(rER t=0) =Tinith,0 (A3
and the boundary conditions:
T
=0 (A4
gas ﬂr a
i _ .
kgas r XAHZO =T HZOCP,HZOTHZOVH o for Ti0 <Th,0.001» and (A5)
r=R
il = / T,,=T
kgas r XA‘HZO =T HZOLHZOVHZOfor H,0 — 'H,0,boil ! (A.6)
r=R

where, r is density, Cr constant-pressure specific heat, k therma conductivity, T
temperature, r spatial coordinate, L latent heat of evaporation, A surface area, V volume,
subscripts “gas” and “HO” are used to denate the quantities pertaining to gas and water
droplets, respectively, while a raised dot is used to denote the first time derivative of a
quantity.

The boundary condition defined by Eq. (A.5) is used while water droplets are heated
up to their boiling point, T, ; ., while Eq. (A.6) is used for the case when water

dropletsare at T, ,0.boil @Nd evaporation occurs.

Egs. (A.1) — (A.6) are solved using an explicit finite-difference procedure. A standard
mesh convergence analysis is carried out to ensure that the effect of the mesh size has
been essentialy eliminated. The results of this analysis, however, will not be presented
here for brevity.

Appendix B: Non-equilibrium Liquid Droplet Evaporation Model

In arecent paper, Miller et a. [25] carried out a comprehensive overview of the existing
non-equilibrium two-phase models for evaporation of a liquid phase dispersed in the
form of single-species spherical droplets. The droplets exchange their momentum with
the surrounding carrier gas only via the drag forces, while the therma energy is
exchanged only via the convective heat transfer. The models had to be modified before
they can be used in the pesent case in order to include the assumption that the droplets
are dationary relative to surrounding gas. Under these conditions, evaporation of a

simple droplet is defined by the droplet temperature, Ty and the droplet mass,Im, ,
evolution equations as.

dT, _ f,Nu &L om
d ae]l ST, )+ e—T—-Hy (B.1)
t 3PrG td CL gmd

and
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dt  3Sc,

dm, ___Sh g:i%m (82)
d

@

where m, =

d
T”t‘d (negative for evaporation), T is the loca carrier-gas temperature, L

the latent heat of evaporation, g, =C /C_ is the ratio of the constant-pressure gas

heat capacity, C,. , to that of the liquid phase C_ , the gas-phase Prandtl,
Pro =nC, /1, and Schmidt, S =m, /1 Dy , numbers, mgas-phaseviscosity, |

gas-phase thermal conductivity, D binary gas-phase diffusion coefficient and rgs gas
phase density. The subscripts denote the droplet (d), gas-phase property away from the
droplet surface ), vapor phase ¥), and liquid phase (). In Egs.(B.1) and (B.2),
tr 4d7(18my) is the particle time constant for Stokes flow, where d is the droplet
diameter, and f,is a heat transfer correction due to evaporation, and the Nusselt (Nu) and
Sherwood (S numbers are empirically modified for convective corrections to heat and
mass transfer, respectively. Finaly, H.t accounts for all additional terms used to
incorporate non-uniform internal temperature effects (i.e. finite liquid thermal
conductivity), and Hy represents the specific driving potential for mass transfer
(analogousto Tg-Tyfor heat transfer).

Egs. (B.1) and (B.2) have been cast into these specific forms in order to highlight the
fact that various models proposed in the literature differ predominantly with respect to
how the parameters f,, Hy and H» 1 are calculated. Five different models (denoted as M3
M7 in Ref. [25]) were implemented into present work and using the same numerical
procedure described in Appendix A.
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