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ABSTRACT

The last five years of research, development and testing of ultra fine water mist raised
significant interest in its application for fire suppression and as an advanced inerting
system. The objective of this work was to understand the transport behavior of ultra fine
mist (UFM) under controlled discharge momentum which was intended to reduce the
number of droplets coming into contact with surfaces and plating. This work was mainly
focused on exploring the reasons for requiring dense gas model (DGM) approximation
and solving convection-diffusion equations as opposed to the Lagrangian, Discrete Phase
Model (DPM) generally applicable to a high momentum spray stream. The work showed
that at high convective flow, DPM and DGM model predictions are close and transport
time scales are not far off. However, at relatively weak flow conditions, the DPM model
under-predicts the transport timescale and does not agree with experimental results. At
this flow limit, diffusion transport contributes significantly and the DPM two-phase flow
model cannot account for this. The lack of a strong convective field in the current ultra
fine mist flow is mainly responsible for its ability to flow around objects without
significant deposition. The understanding of the UFM transport behavior provides a
robust tool for engineering and integrating the UFM technology into fire protection
systems.

INTRODUCTION

More than half a decade of work on ultra fine water mist has shown that, under some
selected process conditions, the mist transport and extinction behaviors are comparable or
superior to Halon agents. The ultra fine water mist with droplet diameter below 10-
micron closely resembles gaseous agents in transport behavior in cluttered spaces with a
superior ability to diffuse around obstructions without significant loss of mist due to
deposition [1-7]. A considerable amount of work has been reported on characterization,
droplet behavior and mist fire suppression behavior under different laboratory conditions
[8-12]. Although commercial water mist can be an efficient fire suppression agent, it has



not been effective when applied to volumes with significant obstructions. Further, as
compared to ultra fine mist, it requires large quantities of water, which cause wetting and
collateral damage to the protected area and infrastructure. In order to explore the benefits
of UFM, further work is needed to address: 1) UFM transport issues, and 2) scaling of
ultra fine water mist for high throughput real-scale scenarios. This paper will address the
mist transport issues while ongoing, proprietary NanoMist® work is focusing on the
possibility of a seamless scaling of mist production [13-14].

In order to reduce droplet impact events and thus reduce the coalescence and plating of
water droplets “contacting” the obstructing surface, the discharge momentum was
reduced to the extent possible by way of extremely fine droplets and low velocity. The
droplet momentum for a 1-micron droplet is on the order of 5.23 x10® kg.m.s*  (u=1.0
m/s; m= 5.23 x10™® kg). Compare this with the momentum of 100-micron droplet,
typical of regular water mist droplet, with a velocity of 10 m/s of 5.23 x 10 (a factor of
107). Thus, the low velocity combined with an extremely small droplet mass provides the
desirable gas-like behavior for ultra fine mist, not contacting and impacting on surfaces
causing significant mist loss as shown in prior work [1-7]. At this limiting flow
condition, the convection becomes weak and is comparable to diffusion transport that
helps mist droplets go around objects.

This work addresses the requirement of using a convection-diffusion approach to predict
the transport behavior of extremely fine mist rather than the generally used Lagrangian
DPM approach. This issue was reported in our work published recently in Fire Safety
Journal [1]. That work did not address the reasons why the DPM model predicted short
time scale (~ 5 seconds) while the tests showed significantly slow mist transport (5-8
minutes).

OBJECTIVE

The objective of this work was to understand the transport behavior of ultra fine mist
under controlled momentum conditions and to evaluate the modeling methodologies for
predicting the time dependent mist concentration within a flooding volume.

The specific objective was to determine the reasons for requiring a dense gas
approximation and the solution for convection-diffusion transport modeling for ultra fine
mist as opposed to the usually adopted Lagrangian droplet tracking approach used for
high momentum droplet flows.

MODELING AND EXPERIMENTS
CFD Modeling

The Fluent CFD program was used to model flow, turbulence, energy and species
transport [15]. The UFM transport and vaporization was modeled using the Discrete
Phase Model in Fluent. The Lagrangian discrete phase uses the Euler-Lagrange
approach. The fluid phase is treated as a continuum by solving the time-averaged
Navier-Stokes equations, while the dispersed phase is solved by tracking a large number



of particles, bubbles, or droplets through the calculated flow field. The dispersed phase
can exchange momentum, mass, and energy with the fluid phase. The particle or droplet
trajectories are computed individually at specified intervals during the fluid phase
calculation. This model is appropriate for simulating high momentum spray, but its
application to a very weak flow is the topic of this study.

The trajectory of a discrete phase particle (or droplet or bubble) is obtained by integrating
the force balance on the particle, which is written in a Lagrangian reference frame. This
force balance equates the particle inertia with the forces acting on the particle, and can be
written (for the x direction in Cartesian coordinates) as
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where F} is an additional acceleration (force/unit particle mass) term, Fp(u —up) is the
drag force per unit particle mass and
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Here, u is the fluid phase velocity, u, is the particle velocity, p is the molecular viscosity
of the fluid, p is the fluid density, p, is the density of the particle, and d, is the particle
diameter. Re is the relative Reynolds number, which is defined as

Re = P [up — U] @)
n

The dispersion of particles due to turbulence in the fluid phase can be predicted using the
stochastic tracking model or the particle cloud model. The stochastic tracking (random
walk) model includes the effect of instantaneous turbulent velocity fluctuations on the
particle trajectories through the use of stochastic methods

The CFD package, FLUENT, solves conservation equations for mass and momentum;
additional equations for energy conservation, and species conservation equations are
solved as well. Additional transport equations are also solved when the flow is turbulent.

The equation for conservation of mass, or the continuity equation, can be written as
follows:

dp

(4)



Equation (4) is the general form of the mass conservation equation and is valid for
incompressible as well as compressible flows. The source S, is the mass added to the
continuous phase from the dispersed second phase (e.g., due to vaporization of liquid
droplets) and any user-defined sources.

Conservation of momentum in an inertial (non-accelerating) reference frame is described

Fi ) . — - =
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where P is the static pressure, 7 is the stress tensor (described below), and pg and F
are the gravitational body force and external body forces respectively. These arise from
interaction with the dispersed phase.

The stress tensor 7 is given by
= - =T 2 - (6)
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Where, pis the molecular viscosity, | is the unit tensor, and the second term on the

right hand side is the effect of volume dilation.
For an arbitrary scalar ¢, Fluent CFD [15] solves the equation
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where [ and ¢k are the diffusion coefficient and source term supplied for each of

the N scalar equations. Note that /7 is defined as a tensor in the case of anisotropic
diffusivity. The diffusion term is thus:

Ve (T dg)

The above conservation equation has both convective and diffusive flux. The scalar ¢

will define for enthalpy N, species Y and turbulence equations K and € are for
problems where heat transfer and species conservation are considered.

For turbulence modeling, the standard K -€ model is a semi-empirical model based on
model transport equations for the turbulence kinetic energy (k) and its dissipation rate

(€).

All individual terms, scalar equations and associated terms are defined in Fluent User
Guide [15].



RESULTS AND DISCUSSION

As described earlier, the previous study on ultra fine mist total flooding fire tests showed
that the DPM model transport time prediction was an order of magnitude shorter when
compared to experiments as shown in Figure 1A and B. The DGM model gave closer
agreement to measured water concentration [1]
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Figure 1: Comparison of A) measured water concentration history near the firebase

and B) DPM and Dense Gas Model predictions in compartment fire tests. 1B
computation times 0 — 120 sec correspond to 1A test times of 120 — 240 seconds.



This behavior of ultra fine mist at low momentum motivated further work in order to
understand the reasons for the observed modeling discrepancies. The Understanding the
discrepancy between the DPM model being valid for strong convective flow conditions
and its inability to reproduce low momentum ultra fine mist behavior is the main
objective of this work.

Figure 2 shows the geometry of the flow channel used for both DPM and dense gas
model predictions. The flow geometry has a cross section 0.5 x 0.5 m and length 1.5 m.
Predictions are taken at the centerline of the channel, x-z mid plane, and x-y plane-1 as
show in Figure 2. The geometry had a slightly converging outlet in order to reduce the
backflow into the calculation domain.
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Figure 2: Geometry of flow channel used for simulating ultra fine mist flow

Comparison of Mist concentration profiles inside the channel:

A comparison of DPM and dense gas model (DGM) mist concentrations is shown in
Figures 3A and B on the x-z middle plane (shown in Fig.2), at 2s after starting the mist.
Droplets are monodispersed with 1-micron diameter. The contours predicted by DGM
resembles dispersion of water mist in experiments; slowly spreading axially as well as
radially. The mass fraction concentration gradient across the axial distance is very steep
from the inlet at about 0.15 and at the outlet 0.01 showing a relatively slow transport.
This behavior resembles ultra fine mist dispersion seen in experiments. However, the
DPM model predicted an axially concentrated stream (without much radial dispersion) of
mist with nearly uniform concentration, within 2 seconds. These contour plots show a
relatively faster transport of water mist predicted by the DPM model as compared to the
dense gas model. As indicated before, the DGM predictions are closer to prior
experiments, which will be shown later.
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Figure 3: Predicted water concentration by: A) Dense Gas Model (DGM)
and B) DPM at t=2 s using discharge velocity 5.0 m/s

The following section demonstrates detailed differences between DPM and DGM
predictions, using simulations with varying mist discharge velocities from 1.0 m/s (a
weak convective field close to free convection) to a strong convective field with a
velocity of 25 m/s.

Dense Gas Model predictions:

Figure 4A and B show water concentrations predicted by the DGM model along the
centerline of the channel at increasing time intervals. At a low velocity of 1.0 m/s, the
centerline concentration builds up slowly to 180 seconds, as seen in Fig.4A. Even at
180s, the mist concentration at the end of the channel is significantly lower compared to
the inlet concentration. However, in a strong convective field with a discharge velocity
of 25 m/s, the mist is transported quickly downstream, as expected (Fig.4B). This
behavior resembles the DPM transport prediction at low velocities. The rate of mist
transport predicted by the DGM is shown by water mass fraction histories at different
discharge velocities in Figure 5. The sharp increase in mist concentration at high velocity
(u=25 m/s) shows the role of the convective field on the transport behavior. As the
velocity increases, the mist concentration rises quickly, similar to the DPM model, shown
in the next section.
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Figure 4: DGM centerline concentration of mist at various time steps for: A) a low
discharge velocity of 1.0 m/s, and 2) a high discharge velocity of 25 m/s.
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Figure 5: Time-dependent water mass fraction maximum at x-y plane-1 normal
to flow -DGM Model

Discrete Phase Model (DPM) Prediction

DPM water concentration histories at a low discharge velocity of 1 m/s and a high
velocity of 5 m/s are shown in Figures 6A and B respectively. The mist concentration
spreads quickly in the axial direction even at 10-15 seconds as opposed to 150-180
seconds taken by the DGM model to reach similar concentrations. This is faster than
DGM predictions by a factor of 10. The fluctuations in concentrations are due to
stochastic tracking of droplets and are within the usual variations. The rate of buildup of
concentration is clearly independent of final concentration at the plane unlike in diffusion
dominated species transport. This is obvious from the fact that the rate did not decrease
with time. This is inherent in the DPM because droplets are plunged into a continuum
flow field with a time dependent stochastic tracking method of their position. Unlike in a
diffusion dominated (weak convection) flow, the rate does not fall off as the
concentration builds up at the target location.
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Figure 6: DPM centerline concentration of mist at various time steps for: A) a low
discharge velocity of 1.0 m/s, and 2) a high discharge velocity of 5 m/s.



As shown in Figure 7, in the DPM modeling context, the mist concentration builds
quickly, within 5-10 seconds, depending on the discharge velocity. This is similar to
DGM predictions at 25 m/s where convection was strong (Fig.5, u=25 m/s). Since DPM
predicted this fast build up of water concentration even at a relatively low flow field, it
was necessary to adapt the use of the dense gas modeling approach.
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Figure 7: Time-dependent water mass fraction maximum at x-y plane-1 normal to
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Low momentum gas like flow behavior in a obstructed channel

The dense gas model simulation of ultra fine mist in a flow channel with multiple
staggered baffles is shown in Figure 8A. The flow is shown in terms of contours of mist
(water). Predicted mist dispersion is similar to the usually observed ultra fine mist flow.
Although not matching exactly in dimensions and baffle configuration, Figure 8B shows
a photograph of an ultra fine mist flow in a flow channel with staggered baffles. The mist
flows like a gaseous agent passing through sharp turns and reaching corners. The DGM
prediction reproduces the overall flow behavior well within the obstructed flow channel.
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Figure 8B: Ultra fine mist flow
experiment in a flow channel

CONCLUSIONS

At strong convective flow fields, the behavior of ultra fine mist transport can be
reproduced using a dense gas model, DGM or DPM model. At these high velocity
discharges, the transport rate is relatively fast and both model predictions are close to
each other. They differ significantly, however, at very weak convective flows (1.0-2.0
m/s) where diffusion transport contributes significantly to the overall transport. Here, the
mist dispersion behavior is slow and is similar to a dense gaseous species at low
velocities. In these cases, the DPM predicts the droplets will be transported in the
predominant flow direction without significant lateral dispersion, resulting in under-
prediction of transport time. However, the dense gas model reproduces the lateral
dispersion as well as the axial flow resembling a dense species convection-diffusion
transport. The flow behavior of ultra fine mist at low momentum in an obstructed flow
channel resembles such a dense gas flow. This behavior was the motivation for
developing the current ultra fine mist technology with low momentum discharge and
taking advantage of these traits in certain fire suppression application scenarios. The
modeling options are crucial to produce a robust engineering design tool for new
technology integration into the system.
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