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1 Introduction

Over the past twenty years there has been much debate concerning the interaction of sprinklers and
draft curtains in large storage facilities. At issue is whether or not the two fire protection systems are
mutually beneficial. Draft curtains inhibit the spread of hot gases near the ceiling, In some cases this
may accelerate the activation of sprinklers and in others it could delay the activation of sprinklers
needed to suppress the fire, Predicting the response of sprinkler systems in different fire scenar-
ios would provide insight into problem situations. The description of the governing hydrodynamic
equations put forth in[l, 2] and the numerical codes in[3] have been expanded to include the ef-
fect of sprinkler spray on the fire-induced flow field in an effort to develop a predictive model for
sprinkler system response.

The sprinkler/hydrodynamic model is similar to other models such as those described in [4, 5,
6, 7]. For this project, however, the intent is not necessarily to simulate in detail the two phase
interaction of droplets and air from a single sprinkler, nor to predict the suppression of the fire itself,
but rather to study the effect of dozens of sprinklers on a fire-driven flow field in enclosures up to
60 meters on a side and 10 meters high. The sprinkler spray serves to cool the upper layer hot
gases by mechanical mixing with cooler gases below and absorption of heat by the droplets. The
approximations to the governing equations described in [1, 2] make such calculations possible on
current generation computer workstations.

2 Hydrodynamic Model

Our approach to field modeling fire phenomena emphasizes high spatial resolution and efficient
flow solving techniques. This approach has been fostered by the ever-increasing power of comput-
ers and the development of faster numerical algorithms. To make the most of the current generation
workstations, we have focused our efforts on developing relatively simple numerical algorithms to
address the transport of combustion products in relatively simple enclosures. This includes multi-
room enclosures, gridded uniformly in the horizontal directions, with the option of variable grid-
ding in the vertical direction. Great efficiency is obtained by embedding the enclosures within either
rectangular or cylindrical domains, creating walls and doorways by masking off grid cells. Because
simulations involving over a million grid cells are not difficult, fairly elaborate geometries can be
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considered without sacrificing the spatial resolution, which is two orders of magnitude less than the
characteristic length of the enclosure.

The mixing and transport of combustion products is calculated directly from an approximate
form of the Navier-Stokes equations. This approximation involves the filtering out of acoustic waves
while allowing for large variations in temperature and density [l]. This gives the equations a highly
elliptic character, consistent with low speed, thermal convective processes. In fact, a Poisson equa-
tion is solved at each time step in the calculation with an FFT-based direct solver [3]. This represents
a fair amount of computational work, but the alternative is even less appealing. Solving the full set
of Navier-Stokes equations requires the tracking of information at speeds an order of magnitude
greater than those usually associated with fire. By filtering out acoustic waves (i.e. assuming the
sound speed to be infinite), the time step size is limited only by the spatial resolution of the under-
lying grid. General-purpose solvers often yield unphysical results due to the presence of pressure
waves reflecting off of open boundaries. By exploiting the elliptic nature of the flow equations, it
is possible to avoid this type of problem.

The fire itself is prescribed in a manner consistent with a mixture fraction based approach to
combustion, but the combustion phenomena themselves are not simulated. No turbulence mod-
els are employed; the large scale eddies are simulated directly and sub-grid scale motions are sup-
pressed. This is what is meant by the use of the phrase “large eddy simulation”. The transport of
smoke is simulated by tracking a large number of Lagrangian elements, which originate in the fire.
These same elements carry the heat released by the fire, providing a self consistent description of the
smoke transport at all resolvable length and time scales. Large temperature and pressure variations
are permitted, subject to the limitation that the Mach Number is less than one. The methodology
has been used to study a number of fire-related phenomen% for example, the interaction of draft
curtains and sprinkler sprays, flows through vents, and more basic combustion problems.

Presently, these computations require approximately 20 microseconds per cell per time step on
an IBM RS 6000/58H server, and use several hundred megabytes of memory. The large memory
requirement is not a problem, since memory is now relatively inexpensive. With this speed, com-
putations involving over a million grid cells can be done in about 24 hours. Simulations with only
tens of thousands of grid cells (usually the limit of most commercial packages) can be done in less
than one hour.

The exchange of momentum and energy between a sprinkler spray and a fire-induced flow is
computed using a standard model for spherical drag such as that found in Ref. [8] and heat transfer
presented in Ref. [9]. Corrections provided by enhanced models for drag and heat transfer [10,
11] were found to be small relative to the uncertainty in the initial water droplet velocity and size
distributions.

The two forces influencing droplet motion are gravity and drag. The droplet motion equation is

; (mdvd) = mdg - ;pcdAdvd[vd[ (1)

where cd is the drag COeffiClt31t, Ad, Vd and VZdare the droplet’s cross-sectional area, velocity and
mass, respective y, and p is the gas density. The flow field generated by an activated sprinkler is
computed before a simulation begins by computing trajectories for several thousands of droplets.
Each trajectory is representative of many more water droplets depending on the sprinkler flow rate.
This flow field is then used to define the external force term in the momentum equation. It is as-
sumed that the fire-induced flow field does not significantly influence the trajectories of the droplets,
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Figure 1: Slice through a simple three dimensional simulation of a single sprinkler, flush with the
ceiling in the middle of the open enclosure. Shown are velocity vectors of the gas being entrained
into the sprinkler flow. The velocity of the fluid being entrained is on the order of 1 m/s.

whereas the water droplets certainly effect the flow field.
Sprinklers are activated when their link temperature exceeds a certain threshold. The tempera-

ture of the sensing element found in heat detectors and sprinklers is estimated using the differential
equation developed in [12]

dTL = @# (T,(,)_ ~L(t))

x 9

TL(0) = Tg(0)

(2)

where TL, Tg are the link and gas temperatures in “C , [uIis the magnitude of the gas velocity and

RTI (ms)05 is a measure of the sensor’s sensitivity to temperature change (a thermal inertia). This
model assumes that forced convection is the dominant mode of heat transfer. Heat loss due to ra-
diation and conduction is assumed to be small.

3 Preliminary Computational Results

Shown in Figs. 1 and 2 are two simple examples of the methodology. The first displays the flow
field generated by a single sprinkler with no fire-driven flow present. Note the entrainment of air
into the sprinkler spray, a key mechanism by which hot gases in the upper layer are cooled. This is
shown next in Fig. 2, where a plume of hot gases forma ceiling jet which is redirected downwards
due to the force of the water spray from an open sprinkler head. The full-scale simulations presently
being performed involve enclosures up to 60 m on a side and 10 m high, gridded by more than one
million cells. In most cases considered, about 100 sprinklers are included, spaced 3 to 4 m apart.

Shown in Figure 3 is an example of the methodology applied to a portion of a typical commercial
warehouse with rack storage and draft curtains. The ceiling height is 7.5 m (25 ft). The draft curtains
are 1.8 m (6 ft) deep and divide the simulation region into four quadrants. The fire size is 5.0 MW.
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Figure 2: Slice through a simple three dimensional simulation of a ceiling jet impinging on an ac-
tivated sprinkler (located 15 m from the origin of coordinates).

The fire is located in the upper right quadrant below the center storage rack just to the right of the
draft curtain between the two squares labeled 1 and 2.

The sprinklers are modeled using an RTI value of 165 (nzs)”sand an activation temperature of
374 K (165 F). The sprinkler links are located 0.18 m (7 in) below the ceiling. The flow rate of each
sprinkler was 3.0 x 10–3m3/s (48 gpm). The order of sprinkler activation is indicated by numbered
squares.

Note that all sprinklers in the upper right quadrant (containing the fire) activated. The draft cur-
tains prevented and/or delayed hot fire gasses from going to adjacent quadrants. Only two sprinkler
activated in the upper left qudrant, These sprinklers though closer to the fire than most sprinklers
in the fire quadrant activated later than all of these sprinklers.

4 Summary

A model for the exchange of momentum and energy between water droplets in a sprinkler spray
and gas flow induced by a fire has been inco~orated into a field model. A model for sprinkler
activation has also been incorporated. Sample cases have been run which illustrate features such as
entrainment, gas cooling, that one would expect in a sprinkler/fire flow system.
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Figure 3: Temperature contour plot in a horizontal slice 0.30 m (1 i?) from the ceiling. The ceiling
height is 7.6 m (25 ft). The storage racks are 5.8 m (19 ft) high. The draft curtains are 1.8 m (6 ft)
deep. The shaded regions represent temperatures in excess of ambient 100 seconds after ignition.
The fire size was 5.0 MW. The numbered squares represent sprinklers in the order that they acti-
vated. Squares without numbers represent sprinklers that did not activate. Shown in the figure are
three storage racks The fire is located beneath the center storage rack just to the right of the draft
curtain. Notice how the draft curtains trap the heat from the other three quadrants.

.
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