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ABSTRACT

The overall objective of this research is to gain fundamental knowledge of fire-suppression agent transport
in the cluttered environments of aircraft engine nacelles (i.e., hydraulic and electrical lines, mounting
brackets, etc.). A new generation of Halon replacements includes chemical suppressants with high boiling
points that will exist in a liquid phase at discharge. The release of these agents in confined spaces may
result in the impact of droplets with nearby solid surfaces and inhibit the effectiveness of the agent. The
focus of the current effort is to develop a model to account for these effects in a Lagrangian modeling
framework for spray transport. The impact model is formulated using mass and energy conservation
principles along with established empirical correlations for breakup of individual droplets. Results are
presented for 1 mm diameter HFE-7100 liquid droplets impacting into a circular cylinder for several
velocities spanning the impact regimes of droplet adhesion, bouncing and breakup.

INRODUCTION

A new generation of Halon replacements includes chemical suppressants that have high
boiling points and theoretically may exist in liquid upon discharge. Release of these
agents into engine nacelles under high pressure will result in the impact of droplets on
nearby solid surfaces, and severely limit the ability of the suppressant to be advected to a
fire. Accounting for these effects will therefore be important in the numerical modeling
of agent transport in these spaces.

Due to its wide range of applicability, several studies have been conducted on droplet
impact and discussed in the excellent reviews on the subject by Healy ef al. [1] and Rein
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[2]. Previous work on droplet impact has largely focused on the spreading rate and
maximum splat size of individual droplets as a function of surface temperature,
roughness, wetting conditions and initial droplet Weber number. These studies include
detailed high-speed photography measurements and numerical simulations of water
[3,4,5,6,7,8,9,10], heptane [11,12], molten metals [13,14] and, more recently, liquid fire
suppressants [15,16]. However, to the authors’ knowledge, there has not been a
simplified phenomenological model for droplet impact that is suitable for numerical
simulation of sprays involving thousands of droplets. The objective of this study is to
develop such a model for use in general purpose CFD codes for prediction of liquid agent
dispersal in spaces including aircraft engine nacelles.

The formulation of a droplet impact model is presented in the following sections.
Results are provided for a stream of 1 mm HFE-7100 droplets impacting a cylinder for
three impact regimes resulting in droplet rebound, sticking, and shattering. Conclusions
are then drawn and recommendations for future work are outlined.

PHENOMENOLOGICAL DROPLET IMPACT MODEL FORMULATION

A droplet impact model is formulated using simple mass and energy conservation
principles at three thermo-physical droplet states shown below in Figure 1.
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Figure 1: Configuration states during droplet impact consisting of (1) pre-impact,
(2) impact and (3) post-impact (i.e., sticking, rebound or shattering).

State (1) corresponds to the pre-impact state where the droplet is assumed to be spherical
in shape and the mass and energy of the droplet can be expressed as follows.
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In Eq. (1), E; and E,, denote the surface and kinetic energy of the droplet, respectively,

where o is the surface tension and D is the droplet diameter. The superscript (..) notation
is to indicate properties of the droplet at a particular state (..) and is used throughout the
paper. At impact state (2), the droplet is assumed to be roughly pancake in shape having



a maximum diameter equal to D, . At this state, the kinetic energy of the droplet is
negligible and resuls in only a surface energy contribution to the total energy of the
droplet [17],

E =omD,, *(1-cosa)/4 2)

where « is the contact angle defined as the intersection of the tangent line at the liquid-
vapor interface with the wall (see Figure 1). The diameter at state (2) may be determined
through an energy balance by equating the pre-impact energy of the droplet at state (1) to
the sum of the impact energy at state (2) and the lost work due to viscous dissipation.

EN+E=ED +Ww 3)

In Eq. (3), Wis the work lost due to viscous dissipation as the droplet undergoes
deformation from states (1) to (2) and may be approximated using the relation [7]:

W = prlUf D*B,..> /3/Re) (4)

where f,,,, 1s defined as the ratio of the maximum droplet diameter at impact to its
original size at state (1), ie., [, =D, /D, and Re (= pD|U|/,u) is the droplet

Reynolds number. Substituting this expression for work along with the surface and
kinetic energy definitions of Egs. (1) and (2) into Eq. (3) allows for the following
analytical result for g,,,, [7].

B =12+ We]/[3(1 - cos ) + 4(we /VRe | )

Once p,,, 1s determined, then the energy at state (2) is known and will be used for

determining the energy at state (3). At state (3), one of three events is assumed to occur
involving either droplet sticking, rebounding, or shattering. Droplet shattering is

assumed if the Weber number, We (= pD|U |2 /o), exceeds a critical Weber number,

We,., expressed in terms of the Ohnesorge number, Oh (=+/We / Re)[2]:
We, =7.9x10" Oh** (6)

If We<2'"We,., then the droplet is allowed to either rebound or stick to the surface.

Recent experimental studies of molten metal droplets [14] suggest that, if the surface
energy at state (2) is greater than the energy dissipated during impact, the droplet will
rebound, otherwise the droplet will stick. This simple criterion for droplet rebound is

employed by assuming that if £ S(z) < W then the droplet sticks to the surface and the
parcel is removed from the calculation (i.e., no dripping effects are taken into account).
If E S(Z) > W then the droplet is assumed to rebound and the velocity components of the
droplet are adjusted to satisfy the known kinetic energy at state (3°). As an example,
normalized ES(Z) and Wof a 1 mm HFE-7100 (C4F9OCH3) are given in Fig. 2 as a

function of impact velocity using Egs. (2) and (4), and the thermophysical properties of
HFE-7100 summarized in Table 1.
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Figure 2: Normalized surface tension energy at state 2 and energy dissipated verses
impact velocity for a 1 mm diameter HFE-7100 droplet.

In Figure 2, the surface energy and work are normalized by the total energy of the droplet
at state (1). The droplet rebound occurs at low impact velocities (i.e., less than 0.3 m/s)
when the surface tension energy of the droplet at state (2) exceeds the amount of work
required to deform the droplet. It is assumed that the difference in these quantities
defines the kinetic energy of the droplet at state (3°”).

E,” =E® -w (7)

Ideally, momentum conservation considerations of the droplet at impact would provide
guidance for how the kinetic energy at state (3°’) is distributed among the velocity
components. Rather than pursue this approach, as a first step, a decrement factor, f, is

introduced which reduces the velocity components at state (1) to match the kinetic energy
state of the droplet at state (3°’) using the following relations.
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In Eq. (8) f is defined as the square root of the ratio of droplet kinetic energies at states
(3”’) and (1). This factor is multiplied by the velocity components of the droplet
decomposed into a coordinate system aligned with the surface of impact, (¢,¢,,,¢,,), as

(8)

shown in Figure 3. The velocities,u, u,, and u , are the components of the droplet

velocity in this new coordinate system decomposed into components parallel to the
surface area vector and perpendicular to it, respectively.
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Figure 3: Relationship between impact surface and Cartesian coordinate systems.

The rebound boundary condition of Eq. (8) is implemented by first transforming the
Cartesian velocities components of the droplet velocity at state (1) to the (¢, e,,,e,,)

coordinate system using the following transformation matrix:
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where the direction angles & and y are defined as:
sinf =¢ ee,
cosfsiny =¢ e¢, . (10)
cosfcosy =¢ e,
Once the velocities at state (3°”) are known from Eq. (8), then the velocities from the
(¢,é,,,e,,) coordinate system are transformed back to the Cartesian velocities using the
following inverse transformation.
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Using Egs. (8) through (11) allows for the determination of the velocities at state (3°’)
that is consistent with the known kinetic energy at that state. This procedure, however, is
not unique and other approaches could be pursued. In practice, the details of how exactly
the kinetic energy is distributed among the velocity components may not be important,
since the inertia associated with the kinetic energy at state (3°”) is much smaller than
local drag forces. Future efforts will focus on better understanding the limitations of the
decrement factor method for droplet rebound.



At still higher velocities, droplet shattering can occur. Two conditions need to be
satisfied for droplet shattering. The first is the droplet Weber number at state (1) is larger
than the critical Weber number. The second is at least two droplets must be formed at
breakup. The combination of these two conditions leads to the following droplet breakup
condition:

We >2"We,. (12)

where We,. is the critical Weber number given in Eq. (6). If this condition is satisfied,
then the size of the satellite droplets are assumed to be uniform in size and given as:

pE» :MAX(U(I)WeC/p“) |U(1) |2’ D(l)SﬂO_/ES(l)) ) (13)

The first term in the MAX operator in Eq. (13) is the size of the droplet that would result
if the Weber number was equal to the critical Weber number given the surface tension,
density and velocity of the droplet at state (1). This estimate has been shown to be
successful for predicting the size of satellite droplets from aerodynamic drag and is
adopted here for estimates of the satellite droplet size at state (3°””) [18]. In reality, a
range of satellite droplet sizes is observed after a droplet shattering event, often
exhibiting a lognormal distribution [19] which has been predicted with limited success
using entropy principles [20,21]. These approaches are outside the scope of the current
study. The second term in the MAX operator in Eq. (13) serves to impose a minimum
droplet size for the satellite droplets. This limit is based on the fact that the sum of the
surface energies from the satellite droplets at state (3°°”) has to be less than the surface

energy of the parent droplet at state (2), i.e., NoaD® < E S(z) , where N is the total
number of satellite droplets that is determined based on conservation of mass,
N =(D"/D®) . The difference between E,* and NozD® | divided by N,
represents the kinetic energy imparted to each of the satellite droplets,

Ee =|E® - NomD™ N . (14)

The velocities resulting from droplet shattering are assumed to be equal in magnitude and
determined from the kinetic energy at state (3’””) using the following expressions:

u™ =\2E,,"" /3
u,"" =2cos(2zRNWE,,"" /3 (15)
u,”” =2sin2QzRNWE,," /3

where RN is a random number between the values of 0 and 1. A random number is
generated for every satellite droplet to create an azimuthally random distribution of
droplets perpendicular to the surface of impact. Once the velocities in the transformed
coordinate system are determined using Eq. (15), then the Cartesian values are assigned
to the satellite droplets using the coordinate transformation of Eq. (11). As an example,
the impact of 1 mm HFE-7100 droplets are considered in Figure 4. The size and number
of the satellite droplets are given as a function of impact velocity. At low velocities,

below 14 m/s, We < 2"°We,. and no shattering is observed. At velocities greater than 14



m/s, the growth of satellite droplets quickly accelerates until an impact velocity of 65
m/s. Further increase in impact velocity beyond 65 m/s results in a more modest increase
in satellite droplets as a minimum droplet size restriction is imposed from surface energy
considerations (i.e., the second term in the MAX operator of Eq. (13)).
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Figure 4: Size and number of satellite droplets as a function of impact velocity for 1
mm diameter HFE-7100 droplets.

RESULTS AND DISCUSSSION

The droplet impact model is implemented in the Sandia’s fire physics code, VULCAN, as
part of the Lagrangian dilute spray submodel. Further details of VULCAN and the spray
model may be found in Ref. [22]. The objective of this work is to expand on the work of
Ref. [23] to study the dispersion of HFE-7100 droplets around a cylinder in a
homogeneous turbulent environment. The problem consists of grid-generated turbulent
flow over a 32 mm diameter circular cylinder. Further details of the experimental
arrangement and flow conditions may be found in Ref. [23]. The 3D CFD grid consists
of a 26 x 51 x 80 grid for a total of 106,080 cells on a 0.772 m x 0.572 m x 0.914 m
domain, as shown in Figure 5. A two-dimensional slice of the mesh in Figure 5 (b)
shows local grid refinement in regions near the cylinder to better resolve the shear layers.
The initial conditions of the calculation are chosen to best match the experiment by
setting the inlet mean streamwise velocity, turbulence kinetic energy and its dissipation to
values of 4.5 m/s, 0.304 m*/s> and 0.0212 m?/s’, respectively. Figure 6 shows predictions
of streamwise (a) mean and (b) RMS velocity for the case considered. Quantitative
comparisons with experimental data in Ref. [23] showed that the numerical results over-
predict the maximum streamwise mean velocity by 20 % and under-predict the RMS by
15 %.



In this study, I mm HFE-7100 (C4F9OCHj3) droplets are injected along the centerline of
the domain and allowed to impact the cylinder. The thermophysical parameters of HFE-
7100 needed for input to the spray model are available from the manufacturer, and
summarized in Table 1. Three cases are considered that correspond to droplet injection
velocities of 0.66, 2.1 and 21 m/s, respectively. These three velocities are chosen to
result in droplet bouncing, sticking and shattering, respectively. Figures 7 through 9
show instantaneous snapshots of particle position and streamwise particle and gas-phase
velocity for each case. For the first case, the velocity for most of the droplets just before
impact is under 0.3 m/s, resulting in droplets bouncing off of the lower surface of the
cylinder (see Fig. 2 for impact regime) and falling back to the inlet injection plane. In
addition, some of the particles are entrained in the high-speed region near the cylinder
surface and accelerated to velocities as high as 1 m/s. For the second case, the injection
velocity is increased to 2.1 m/s resulting in an impact velocity of 1.85 m/s and droplet
adhesion to the cylinder (see Fig. 2 for impact regime). For computational efficiency,
particles that stick to the surface of the cylinder are presently removed from the
calculation resulting in the array of droplets, as shown in Fig. 8. The injection velocity
of the droplets is further increased to 21 m/s in the last case and results in droplet
shattering. As indicated from Fig. 4, approximately 10 satellite droplets are generated for
every parent droplet at this velocity. In this case, the diameter of satellite droplets is
approximately 1/3 that of the parent droplets and they are readily entrained by the co-
flowing air, as shown in Fig. 9.

CONCLUSIONS AND FUTURE WORK

In this study, a phenomenological particle impact model is formulated and implemented
in the VULCAN fire physics code. The model is based on conservation of mass and
energy principles along with breakup correlations for individual droplets. Three cases are
run using 1 mm HFE-7100 droplets to explore the use of the model spanning impact
regimes ranging from droplet bouncing to sticking to shattering. Future efforts using this
model will compare code predictions to measurements of droplet size and velocity for
spray impact on circular cylinders and other representative clutter objects using water and
HFE-7100 agents.
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Table 1: Thermodynamic Parameters of HFE-7100 (C,FsOCH3).

Property Value
Molecular Weight 250 g/mol
Boiling Temperature 334K
Critical Temperature 468.3 K
Heat of Vaporization @ B.P. 111.6 kJ/kg
Specific Heat @ room temperature 1183 J/kg
Density @ room temperature 1520 kg/m’
Molecular viscosity 0.00061 kg/m-s
Surface Tension 0.0136 N/m
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Figure 5: Computational domain showing (a) outline of boundaries and cylinder
and (b) the centerline grid.
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Figure 7: Instantaneous snapshot of 1 mm HFE-7100 droplets impacting circular
cylinder at 0.66 m/s. W and wp are the mean and instantaneous streamwise
velocities, respectively. Note, that the droplet sizes are exaggerated for clarity.
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Figure 8: Instantaneous snaphot of 1 mm HFE-7100 droplets impacting circular
cylinder at 2.1 m/s. W and wp are the mean and instantaneous streamwise
velocities, respectively. Note, that the droplet sizes are exaggerated for clarity.
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Figure 9: Instantaneous snapshot of 1 mm HFE-7100 droplets impacting circular
cylinder at 21 m/s. W and wp are the mean and instantaneous streamwise velocities,
respectively. Note, that the droplet sizes are exaggerated for clarity.
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