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ABSTRACT

An overview of the development and application of state-of-the-art fire suppression modeling is described
herein. This begins with the identification of the key physics in fire suppression. A brief description of the
submodel development and small-scale validation is included. These submodels, when merged together
warrant large-scale validation. Finally, the combined model is used to simulate several practical,
industrial-scale scenarios, examples of which are given.
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INTRODUCTION

Fire modeling is a tool that has been used effectively for several decades [1], providing great value
to the fire protection engineering community. Early models relied on many simplifications,
correlations, and empiricism, such as found in two-zone models, e.g. [2]. The rise in high
performance computing (HPC) has led to a shift in the current state-of-the-art fire modeling
approach towards physics-based computational fluid dynamics (CFD). CFD-based fire models excel
at capturing flow dynamics in complicated geometries. As such, these models have found the most
success in simulating the fire plume and the resultant transport of smoke, e.g. [3].

Continued progress in CFD modeling has resulted in the ability to simulate ever more complex
scenarios. Most modern, general purpose CFD codes (e.g., ANSYS Fluent and Star-CCM+) can be
useful in modeling basic fire related phenomena (gas-phase combustion [4], plume and ceiling jet
dynamics [5, 6], etc.). Specialized fire-modeling codes (e.g. FDS [7]) have incorporated many fire-
specific submodels, such as design-fire specification, solid-fuel pyrolysis, and sprinkler spray, etc.
Unfortunately, both general purpose and specialized CFD codes have been of limited use with
regards to water-based fire suppression modeling. This is because the key physics related to role of
water in the suppression processes are missing.

Recently, FireFOAM [8, 9] has been developed with the goal of simulating fire suppression from
first principles. FireFOAM includes key physics related to fire dynamics [9], heat transfer [10, 11],
and soot/radiation [12]. FireFOAM also includes models for solid-phase pyrolysis [13]. These
physical models have been used to simulate the intermediate-scale fire growth between parallel
panels [14], and the large-scale rack-storage [15] and roll-paper [16] fire growth. This initial
framework laid the foundation for introducing the effects of water and, thereby, simulating fire
suppression.
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DEVELOPMENT OF FIRE SUPPRESSION MODELING

In the simulation of water-based fire suppression, additional processes are relevant and robust
submodels to treat these processes are needed. Specifically, the following physics need to be
accurately modeled: sprinkler activation, sprinkler atomization, spray transport, spray impingement,
thin-film transport, interfacial heat and mass transfer, gas-phase suppression due to evaporation and
cooling from water spray, and radiation attenuation by sprays, etc. Many of these processes are
depicted in Fig. 1a. Each of these submodels will be addressed in turn, along with available separate
effect validation. Coupling these submodels together yields a robust platform fire suppression
modeling.

Suppression submodels

The sprinkler activation model was implemented following the work of Heskestad and Bill [17], and
is a function of the local gas-phase temperature and velocity, as shown in Eq. (1):
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where AT, is the temperature rise of the sprinkler thermal element, t is time, u is the gas-phase
velocity magnitude, C is the conduction loss parameter, AT, is the gas temperature relative to
ambient temperature, and RTI is the response time index of the sprinkler. Once the sprinkler thermal
element rises to a value above the activation temperature, the sprinkler will operate.

The sprinkler spray atomization model was implemented using a hemispherical injection model
based on near-field experimental measurements [18]. The injection model utilizes measurements of
liquid volume flux (an example of which is shown in Fig. 1b), droplet diameter, and droplet velocity
as a function of azimuthal and elevation angles [19].
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Fig. 1. (a) Key phenomena related to fire growth and suppression. (b) Liquid volume flux measured at a radial
distance of 12 c¢m (i.e., near-field) of a sprinkler [19].

The injection model introduces Lagrangian particles on this hemispherical surface in a fashion so as
to ensure the liquid volume flux measurements are reproduced, initializes the particle velocity to the
measured value, and randomly samples for particle diameter from a Rosin-Rammler distribution so
as to match the measured mean volume diameter of the spray.

The spray transport model utilizes the existing Lagrangian-particle transport model within
OpenFOAM [20]. Heat transfer, mass transfer, and momentum transfer models have been validated
[21] against detailed spray-plume interaction measurements [22]. An example of the comparison
between the measured velocity field for a spray-plume interaction is shown in Fig. 2 for increasing
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plume strengths for a fixed spray condition. As the plume strength increases, the stagnation region
between the spray and the plume is pushed further downstream.
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Fig. 2. Velocity comparisons for thermal plumes of 1.6, 2.1, and 2.6 kW convective strength [21].
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Fig. 3. (a) A splashing event captured 15 ms after impact for We = 810; (b) splash mass fraction
comparisons for three Weber numbers [23].
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Fig. 4. Thin-film water transport model, encapsulating partial wetting (e.g., rivulet flow) and interfacial
transport phenomena.

A model is needed to treat the interaction of the spray with solid surfaces. The spray can either
absorb onto the surface (creating a thin liquid film) or can splash (resulting in the ejection of many
small, high-speed droplets). A model to treat spray impingement has been implemented [23] that, as
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a function of Weber number, determines the type of interaction at the surface. Based on this model,
the impinging droplet can adhere, bounce or splash. The model has been compared to experimental
measurements for splashing behavior. An example of such is shown in Fig. 3.

Once the spray has impinged and adhered to the surface, a thin film will be formed. This thin film
can transport over the surface. To capture the physics of thin film flow (as depicted in Fig. 4), a
model has been developed and implemented [24]. This model considers partially-wetted flow,
namely the formation of dry patches and rivulets due to contact angle forces. Simplifications were
made based on the thin-film assumption [25] that allowed for a two-dimensional representation,
thereby greatly reducing the computational cost while still adequately capturing the main physics.
The model also considers interfacial mass, momentum, and heat transfer such as
evaporation/boiling, viscous shear stresses, and convective/radiative heat transfer, the physics of
which are represented schematically.

The thin-film model has been verified and validated against the Nusselt solution [25] for thin film
flows and also against experimental measurements [26], as is shown in Fig. 5 for various surface
inclination angles.
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Fig. 5. Comparisons of film model with Nusselt solution and experimental data: (a) film thickness; (b) velocity.

A model for partially-wetted flow was added to the film model to simulate rivulet formation and
continuous-film flow [26]. Partially wetted flow behavior entails flow delineated by a contact line
separating the dry and wet surfaces, which takes the form of rivulets, dry patches, and isolated wet
spots. These effects were introduced in the model as a contact-angle force term that acts along the
contact line delineating the separation of wet and dry regions of the flow. This surface-tangential
force limits the film from spreading, and reproduces the partially wetted flow behavior. For a given
contact angle a film will exhibit a minimum or critical film thickness. Below this thickness, the film
will not be able to flood the surface but will be balanced by the contact angle force. Validation of
the partially-wetted flow model was performed by comparing with experimental measurements of
film flow on an incline surface, as shown in Fig. 6. At high flow rates, the film spreads out and
tends to flood the surface. As flow rate decreases (from right to left), the film undergoes a transition
to rivulet flow. The model reproduces this behavior.
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Fig. 6. Experimental film flow (a—d) compared with simulated film flow (e-h) (5° incline) [26].
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Fig. 7. Comparisons of the thin-film model results with experimental measurements for surface temperature on
a thin, steel plate. The film is shown by the low temperature regions [28].

A phenomenon that has been shown to be important in fire suppression scenarios is the
thermocapillary (or Marangoni) stress on the liquid film caused by spatially varying heating rates
and film thicknesses [27]. Dry regions are formed on the surface as the film pulls together as
rivulets. the high surface tension near the center of the rivulet (at a lower temperature) pulls the
lower surface tension fluid near the rivulet edge (at a higher temperature) towards the center. A
model for the effect of thermocapillary stress was implemented [27]. This model, along with a
model for the conjugate heat transfer between the gas-, liquid-, and solid-phases was compared with
experimental data [28]. The results show validation for the heat transfer, vaporization, and partially-
wetted flow behavior of the thin film model, as shown in Fig. 7. These experiments and simulations
imposed a given radiant heat flux on the surface of a vertical panel. The flow of a thin liquid film
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down the surface was validated by comparing temperature measurements, evaporation rates, and
wetted area fractions.

The film model was applied to simulate the flow over rack-storage commodities [24], as shown in
Fig. 8. As in the vertical panel simulations, when the flow rate is low rivulets are formed. During

fire suppression, these dry patches have the potential to allow for easier fire spread within the rack
storage array.
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Fig. 8. Qualitative comparisons of experiment and model predictions for film thickness on a cardboard box
with an applied water flux to the top surface of 4 L/(min-m?) [24].

Additionally, the film model was validated for the flow of water over a more complex-shaped
commodity for scenarios where the sprinkler is placed directly within the storage array (i.e., an in-
rack sprinkler configuration) [29]. An example of the resulting predictions for film thickness are
shown in Fig. 9a for an uncartoned, expanded plastic commodity (UEP), whereas comparisons with
experimental measurements of collected water at the base of the array are shown in Fig. 9b. The

predictions for the spatial distribution of the flow at the base of the array matched well with the
experimentally measured values.
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Fig. 9. a) Contours of film thickness (blue) on a complex commodity (UEP) surface (grey) at 100 s after
sprinkler (purple dot) operation. b) Comparison collected water flux at the base of the array; the red diamond
represents the sprinkler location.

Two other separate-effect physics have been included in FireFOAM to enable accurate simulation
of fire suppression. First, an additional submodel was needed to treat gas-phase extinction in
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oxygen-reduced environments [30]. This model treats the interactions of the non-premixed flame
with flow turbulence. Turbulence can disturb the flame surface and initiate mixing between fuel, air,
and combustion products. Near extinction, pockets of pre-mixture in the form of mixed eddies can
be formed. The evolution of such a mixed eddy is determined by the competition of the heat release
and heat loss rates, which are linked to the eddy size, the local flame thickness, and the turbulent
Karlovitz number. Radiation from the reacting flame sheet is modeled considering the gaseous
combustion products and soot. The model was evaluated using gaseous-pool fires in an enclosure
with CH,, C3Hg and C,H, diluted with nitrogen in air flow. The model predictions compared
favorably with test data for combustion efficiency, flame height and global radiant fraction.

Secondly, a radiation attenuation due to interaction with sprays has also been included [31].
Accurate numerical models were needed to better understand radiative heat transfer process in
water-based suppression scenarios. To that end, a Mie-theory based model for radiation attenuation
by water droplets has been developed and implemented in FireFOAM. This wide-band model has
been formulated for absorption and scattering by water droplets. The absorption and scattering
efficiencies (calculated from Mie theory), and the phase function, are pre-tabulated to make the
CFD calculations more efficient. The model employs an enhanced formulation for scattering with
discrete solid angles to ensure energy conservation. The model results have been compared with
theoretical data for a canonical configuration and with detailed Monte Carlo Ray Tracing (MCRT)
calculations, and good agreement has been obtained.

Combined validation

A similar approach (i.e., development, verification, validation) was also taken for the fire-dynamics-
related submodels and physics, such as reacting buoyant plumes [9], thermal radiation heat transfer
from soot emission [12], and solid-phase pyrolysis [13]. The combined-effects, fire-dynamics
submodels were validated for a rack-storage fire, where all above-mentioned submodels are
combined to produce results that need to match quantities such as global heat release rate, flame
spread pattern, local heat flux and temperature, etc. Fig. 10 shows the simulation results for rack
storage of Class 2 commodity [32] (corrugated cardboard boxes on a hardwood pallet with a metal
liner inside). The simulations demonstrated the ability of the fire growth model to reproduce the
vertical and lateral flame spreads for different storage heights and footprint sizes.
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Fig. 10. Experimental and simulated rack-storage fire growth for 5-tier high, Class 2 commodity [32].

These models, combined with the suppression-related submodels, were validated by comparing to a
series of rack-storage suppression cases [15, 32]. An example of this validation is shown in Fig. 11.
Test snapshots are also shown alongside the simulated suppression cases. Shown in Fig. 12, the
simulation can predict the heat release rate of the free-burn case, and the fire suppression response
when water is applied for a 3-tier high storage scenario and a 5-tier high storage scenario. The
comparisons for model prediction with free-burn and suppression experiments demonstrates that the
current CFD model captures major physics important for Class 2 commodity fires.
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Still, there are many outstanding challenges in simulating practical, industrial-scale fire suppression.
One challenge relates to improving the existing suppression submodels to account for more real-
world effects such as sprinkler skipping. Another challenge is treating complex fuels (i.e., solid
fuels made up of more than one material). For example, simulating a commodity such as cartoned,
unexpanded plastic (CUP) is more challenging because the interior of the commodity also contains
combustible material. While the existing fire modeling framework has been extended to cover a
commodity such as CUP [33], further work related to coupling the suppression models with the
interior contents of the commodity is needed. In general, dealing with changing geometries (e.g.,
due to burnout, deformation, delamination, melting, etc.) is still illusive for CFD modeling in
general. More effort is needed on this front. Finally, improving the model fidelity while at the same
time maintaining a tractable solution time can be difficult. Efforts on this front related to adaptive
mesh refinement, improved parallel efficiency, and dynamic load balancing are needed.

-

Fig. 11. Snapshots showing comparison between test and simulation of 3-tier (top) and 5-tier (bottom) high
rack-storage array; white color on the boxes shows the water film flow cases [15, 32].
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Fig. 12. Simulated heat release rates for both free-burn and suppression cases;
symbols indicate the first two sprinkler activation times [15].
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Applied suppression modeling

The combined suppression model has been applied to simulate other realistic scenarios, allowing
simulations, coupled with testing, to provide guidance on protection solutions. Recently, the
suppression model was extended to simulate roll-paper fire protection [16]. This application
required the development of a specialized pyrolysis model to handle roll-paper specific phenomena,
such as delamination, peeling, and the corresponding heat transfer mechanism. Detailed injection
models for large K-factor sprinklers were used to simulate the injection of the sprinkler spray. The
thin-film model was coupled with the pyrolysis model to simulate the cooling of the pyrolyzing
surfaces, thus determining the suppression response. The model validation was performed by
comparing with a series of roll-paper fire tests with ceiling at 18.3-m high and different storage
heights. The validated model was then used to evaluate the design options for even higher roll paper
storages, scenarios that are difficult to testing directly. Figure 13 demonstrates the full modeling
capability for this configuration, ranging from immediately following sprinkler activation to the
suppression state.

(@ (b)

Fig. 13. Simulated fire suppression of roll-paper storage at a) just after sprinkler activation, and b) after
sufficient time for suppression to begin to take effect.

Other applications of this suppression model for practical scenarios have been in the areas of
complex fuels (e.g., cartoned unexpanded plastics) [33], sloped ceilings [34], and in-rack
sprinklers [29].

CONCLUSIONS

A state-of-the-art model for simulating fire-suppression has been developed and coupled with well
validated fire dynamics models. The suppression models include sprinkler activation, spray
transport, thin-film flow, gas-phase extinction, and radiation attenuation due to sprays. These
models have been separately validated. The combined model has been used to simulate rack-storage
suppression and validated against full-scale test results. The model has been extended and applied to
simulate practical industrial fire protection scenarios such as roll-paper storage.

Although fire-suppression modeling has progressed to a certain level of maturity, the fidelity of the
modeling will continue to be enhanced and extended to additional scenarios. With the new
capabilities, fire-suppression modeling will evolve to be a powerful tool for industrial fire protection
to complement fire testing and lead to improved protection solutions in a more expedited and cost-
effective manner.
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