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Abstract: Sprinkler skipping is an important issue in fire spread. In general, two sprinklers are
installed in air conditioner rooms at the ceiling and 30 cm below to avoid spray failure by energy
recovery ventilator in the ceiling. However, there is a problem in that sprinkler skipping occurs in
the air conditioner room. In this study, the sprinkler skipping phenomenon was analyzed through
numerical analysis and the applicability of the open type of sprinkler operation method was reviewed.
As a result, when the upper sprinkler works, sprinkler skipping occurred in all cases. The lower
sprinkler shall not rise above the operating temperature of 68.3 °C with a maximum temperature of
65 °C. In particular, the spray failure caused by the energy recovery ventilator reduces the sprinkler
head temperature by more than 8 °C by concentrating the spray droplets. As an open type, simulta-
neous operation of two sprinklers is capable of obtaining an appropriate fire extinguishing effect by
covering the fire source with the spray of the lower sprinkler. The research results are expected to
help in fire protection in buildings such as modern apartments with air-conditioned rooms.

Keywords: sprinkler skipping; air conditioner room; spray failure; temperature; apartments

1. Introduction

The sprinkler system is the most used main system to prevent the spread of fire in
buildings. Generally, sprinkler systems are installed on the final finished surface of the
ceiling, but if the presence of an obstruction such as an energy recovery ventilator or duct
in the ceiling has the potential to impede sprinkler spray, additional sprinklers must be
added under the obstruction in the form of a pendant. However, if the upper sprinkler
close to the ceiling operates first, the lower sprinkler which is mounted on the pendant
of about 30 cm below the ceiling is cooling down by low temperature water droplet from
the upper sprinkler. Therefore, the sprinkler skipping problem occurs by this effect of
cooling down.

In general, sprinklers used in many buildings operate using a glass bulb that expands
and breaks at a specific temperature as a trigger. Therefore, for the sprinkler to work,
the glass bulb must receive sufficient heat from the surrounding environment. Ensuring
sufficient spray density is particularly important to block convection and radiative heat
transfer. Moreover, the sequential operation of sprinklers is an important factor in ensuring
spray density. However, if the ‘Sprinkler skipping’” phenomenon occurs, there is a high
possibility of problems in preventing and suppressing the spread of fire because sufficient
spray density is not secured in the near of fire source. According to previous studies, there
are four main mechanisms of sprinkler skipping: cooling by droplet, droplet impingement,
water vapor condensation, and air entrainment by spray [1].

The following studies were conducted to investigate the heat transfer between the
droplet and the flow and the cooling effect by the droplet impinging. The cooling effect
was presented as an empirical formula by analyzing the temperature variation of sprinkler
water temperature according to the droplet flux in a unit space [2-5]. As a result of this
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study, it was shown that the droplet flux is about 80-125 g/ m?s when water is discharging
1.9 L/s [1]. Additionally, by analyzing the heat transfer mechanism in droplet size dis-
tribution, temperature, and fire plume size, the relationship between sprinkler skipping
occurrence ratio and heat release rate and temperature was presented.

Air entrainment is the air flow dragged by droplets that are sprayed from the ceiling to
the floor. This air flow cools the sprinkler head and causes sprinkler skipping. Specifically,
Heskestad et al. [4] showed that 0.85 m3/s of air entrainment in the ceiling layer was
generated by a sprinkler with a flow rate of 1.9 L/s.

Based on this analysis, sprinkler design was performed to prevent sprinkler skipping.
John L. DE RIS presented a theoretical concept for a skip-resistant sprinkler. This study
provided a theoretical basis for the cooling of the incoming gas to the sprinkler based on
the C-Factor of the sprinkler and the reduction of heat transfer by the shield [6]. Benjamin
ditch et al. [7] experimented with sprinklers that added a shield to prevent water droplets
from impinging. As a result, it was shown that an average maximum of 50% sprinkler
skipping prevention effect can be seen when operating at 5.2 bar.

P. Croce et al. [8] presented a review paper on fast response sprinkler technology.
The concepts of quick response residential sprinkler and early suppression fast response
sprinkler have been summarized. In particular, early suppression fast response sprinkler
was developed to deliver water quickly in the early stage of fire growth in an environment
with rapid fire growth such as storage rack fire, but there is a high probability that sprinkler
skipping will occur. If sprinkler spray is applied on the 12.2 m obstruction fire from the
storage rack, the initial fire source suppression is slightly affected. However, the fire grew
and strong plume carried the water droplets into the surrounding space, and the second ring
sprinkler did not work, showing that sprinkler skipping occurred [9]. Therefore, in order
to prevent such sprinkler skipping, FM Data sheets have been proposed through various
studies and the NFPA 13 Standard has been proposed and continues to be studied [10].
Subsequently, complicate rules on an early suppression, fast-response sprinkler system
installation method with regard to obstructions was proposed [8].

However, these sprinkler skipping studies are limitedly applicable only to an open
space or a space similar to a storage rack, and the shape of obstruction. The reason for this
limitation is that the flow caused by a fire should be differences depending on the shape of
the space and the boundary of environmental conditions. In particular, in a narrow space,
as an air conditioning room, which is recently constructed for aesthetics and safety reasons
in high-rise buildings, the effects of space and obstruction should be considered together
with the existing sprinkler skipping characteristics. Moreover, various obstructions such
as ducts, pipes, and energy recovery ventilators are installed in the air conditioning room,
and sprinklers are additionally installed under the obstructions. However, in case of fire,
the sprinkler skipping phenomenon under the obstruction causes a lot of casualties.

Therefore, in this study, in order to prevent the sprinkler skipping phenomenon in
air-conditioning rooms, the fire characteristics were analyzed by numerical method and
the effectiveness of open-type simultaneous opening sprinklers was analyzed.

2. Numerical Setups
2.1. Governing Equations
Fire dynamic simulator (FDS), an open source program, was used to numerically

analyze the behavior of fire and sprinklers. The detailed setup and governing equations of
FDS are as follows [11].
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2.1.1. Fluid Domain

We calculated the density, momentum, mass fraction of each species, and energy by
four equations. Low Mach number Navier-Stokes equations were used to calculate the
momentum and the turbulent model was selected for Large Eddy Simulation (LES) [11].
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2.1.2. Sprinkler

We have to calculate and the force f in the Equation (2), which is the momentum
transferred from the droplets to the air. f This is calculated by
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We can calculate the following equation to analyze the trajectory of the droplets
as written in Equation (6). Additionally, the equation of drag coefficient is determined
according to the local Reynolds number Equations (7) and (8)
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The mass loss rate of the droplet in the air is calculated by the following equations:
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We have to calculate not only mass transfer but also energy transfer by the evaporation
of the water droplets. The temperature of droplets is determined by the convective heat
transfer across the surface of the droplets and the evaporation energy of water.
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The first term in the right hand side (RHS) means the convective heat transfer across
the surface of the droplets, and the second term is the evaporation energy. h; Equation (11)
shows the heat transfer coefficient, which is calculated by

Nuk
= — 12
h =%, (12)
1 1
Nu =2+ 0.6Re2Pr3 (13)

The real water droplet has various shapes; however, it was assumed to be spherical.
The size distribution of water droplets can be specified in terms of Cumulative Volume
Fraction (CVEF), a function that indicates the fraction of the total mass carried by droplets
less than the given diameter. The CVF for a sprinkler may be represented by a combination
of log-normal and Rosin-Rammer distributions [12]:
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where Dy o5 is the median volumetric droplet diameter (i.e., half the mass is carried
by droplets with diameters of Dy 5 or less), v and ¢ are empirical constants equal to
approximately 2.4 and 0.48, respectively [12]. The median droplet diameter D, 5, was
estimated using the formula reported by Yu [13]:

Dv[,)OE _ Cspweil/a (15)
u2D
W, = LUS (16)

where D is the orifice diameter of the sprinkler. p, is the density of water in kg/m3, u, is
the initial droplet velocity in m/s, and o, is the water surface tension in N/m. Analysis
of Sheppard’s data results in an average value of Cs;, approximately 1.53 for sprinklers
tested [14].

2.2. Geometry and Mesh Generation

In this study, we set two types of geometry, which is with and without an energy
recovery ventilator in order to study on the problem of sprinkler’s skipping. In Figure 1,
we described the geometry without the energy recovery ventilator. It is necessary to set
two sprinklers to study on the skipping phenomenon. The upper and lower sprinklers are
located 0.2 m and 0.5 m down from the ceiling, respectively. The upper sprinkler ejects in
an upward direction, but the lower sprinkler ejects in a downward direction. In high-rise
buildings, air-conditioning rooms are being constructed for safety and aesthetic reasons, and
the geometry of the air-conditioning rooms is the average of three recently constructed high-
rise apartment buildings. The size of the air conditioner is 0.6 x 0.2 x 0.5 m? and the room
is 1.8 x 1.8 x 2.75 m>. The air conditioner is located on the floor 0.1 m away from the louver.
In Figure le, we drew the geometry with the energy recovery ventilator. Every condition
was the same as the geometry described in Figure 1, but an energy recovery ventilator
exists in this geometry. The size of the energy recovery ventilator is 1.5 x 0.5 x 0.4 m? and
located 0.4 m away from left wall, opposite to louver. We set 236,000 hexahedral meshes
which size of mesh as 0.1067 x 0.1033 x 0.1050 m? through grid independence test.

2.3. Numerical Setup

Numerical analysis was performed on three cases as shown in Table 1. The first case
is a case where two sprinklers are installed 20 cm and 50 cm below the ceiling in the
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absence of an obstruction such as energy recovery ventilation. Additionally, the energy
recovery ventilator was set to inactive so that it did not generate flow or heat. Case 2 added
obstruction from Case 1. Case 3 is a case where there is obstruction and two sprinklers
were operated at the same time.

Figure 1. Geometry of the enclosure room fire, (a) sprinkler: sprinklers are installed 20 and 50 cm
under the ceiling, (b) fire source, (c) louver, (d) open boundary, (e) obstruction.

Table 1. Summary of numerical cases.

Cases Obstruction Sprinkler Operation Type Fire Source Louver
Case 1 X Closed 96001(;‘2] Open
Case 2 (@) Closed 960018‘2] Open
Case 3 (@] Open 960 018‘2] Open

2.3.1. Fire Source and Heat Release Rate

Heat release rate (HRR) is the most important parameter to simulate a fire, because
it represents the growth of a fire. For the fire growth curve, a t? curve was used that
expresses the combustion characteristics according to the material of the fire source in
a lumpy manner [12]. The fire source was assumed to be an air conditioner outdoor unit.
Through the previous experimental study [15], we set the maximum value of HRR as
90 kW and the ramp-up time as 600 s.

2.3.2. Sprinkler

The two sprinklers set in this study have the same mass flow rate about 80 L/min.
Their jet stream types are conical and have same velocity, 5 m/s. In addition, their jet
stream offset is 0.05 m from sprinkler outlet, and two latitude angles are 60 and 75 degrees,
respectively. The shape of water particle was set to sphere, and dense volume fraction was
set to 1.0 x 107°. The activation temperature of upper and down sprinkler are 68.33 °C and
response time index are 50 \/ms.
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2.3.3. Boundary Conditions

We assumed that a fire occurs on only the top surface of the air conditioner. So, the
fire source was set as a burner with Heat Release Rate Per Unit Area (HRRPUA) in units
of kW/m?2. Five walls of the room are inert, and the other one wall is a louver. We set the
pressure 0 Pa, so the air freely enters and exits through this louver. If there is no air domain
outside the room, the boundary condition of 0 Pa could affect the results of simulation.
Thus, we additionally made the air domain. The left and bottom walls of the air are inert,
and the others are open. The air flows in and out through these open walls.

3. Results
3.1. Effect of Obstruction in Sprinkler Spray Pattern

The change of sprinkler spray pattern according to the presence of obstruction was
analyzed as shown in the Figure 2. Blue and red particles represent water droplets sprayed
from sprinklers installed 0.2 and 0.5 m below the ceiling respectively. The time the analysis
was performed was 600 s when100 s after the sprinkler was operated.

(a) : Side view (b) : Top view

Figure 2. Sprinkler spray pattern according to the obstruction, (a): Side view, (b): Top view.
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(a) Case 1

In Case 1, the blue droplet sprayed from the upper sprinkler was relatively evenly
distributed in the air-conditioned room, but there was no red droplet from the lower
sprinkler. The upper sprinkler was operated by a fire source, but the lower sprinkler
did not work, causing a sprinkler skipping phenomenon. An analysis of the effect of
temperature on lower sprinkler operation is detailed in the next chapter. Additionally,
the droplets sprayed from the upper sprinkler show the trend of spraying most of the
enclosure space in a circular shape as shown in the Figure 2b side view. Moreover, some of
the sprayed droplets show movement toward the louver exit.

Case 2 shows a spray pattern in which droplets sprayed from the upper sprinkler are
blocked by obstruction. Since the spray flow is not formed at all toward the fire source due
to the spay failure caused by the obstruction, it is considered that there are many problems
in suppressing the fire source even if the propagation of the fire to the obstruction can
be prevented.

Case 3 is a spray pattern of a system in which the upper sprinkler is activated, and the
lower sprinkler is also activated at the same time. The red droplet of the lower sprinkler has
insufficient flow to the ceiling side close to the louver, but it shows a trend of sufficiently
flowing as a fire source.

3.2. Effect of Obstruction in Temperature

In general, sprinklers operate by breaking glass bulbs by thermal expansion. Therefore,
the analysis of the hot combustion gas is important for understanding the sprinkler skipping
phenomenon. The temperature contour of XZ plan Y = 0 is represent in Figure 3 at 600 s.
The high-temperature combustion gas rises by the buoyancy flow generated by the fire,
and the outside air is entrained under the louver as shown in the Figure 3a.

(b) Case 2 (c) Case 3

Figure 3. Temperature contour of XZ plan 'Y =0, (a): Case 1, (b): Case 2, (c): Case 3.

In Case 1, since there is no obstruction, the water droplet is sprayed relatively evenly
into the space, and the flow temperature discharged to the louver showed about 40-50 °C,
which is relatively lower than that of Case 2. In addition, although the flow tempera-
ture around the lower sprinkler showed a relatively high trend; since the water droplets
were impinged, the lower sprinkler head was sufficiently cooled to cause sprinkler skip-
ping. The detailed temperature change over time of the sprinkler head is analyzed in the
next chapter.

In Case 2 and Case 3, the spray flow of the upper sprinkler was blocked by the obstruc-
tion. Therefore, spray pattern of water droplets was concentrated under the obstruction.
Therefore, the cooling effect of the flow around the lower sprinkler further increased, and
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(a) Case 1

the maximum temperature was maintained below 62 °C, which has a more adverse effect
on the sprinkler skipping.

Case 3 had the lowest overall temperature distribution because both sprinklers were
operating. In Case 3, as described above, when the upper sprinkler works, the lower
sprinkler is also set to work. Thus, it works freely with sprinkler skipping. Droplets
sprayed from the lower sprinkler were properly sprayed near the fire source; therefore, the
overall temperature of the space showed the lowest trend.

The velocity contour of XZ plan Y = 0 is represented in Figure 4 at 600 s. In all cases, the
flow is caused by buoyancy, and after impinging the ceiling, a ceiling jet with a maximum
flow velocity of 2 m/s is formed in the direction of the louver. In Case 1, it was formed near
the ceiling because there is no obstruction that prevents the flow of the ceiling jet. However,
the flows of Case 2 and Case 3 showed downward trends under obstruction. In addition,
the flow velocity after exiting the louver was the fastest in Case 2. After exiting the louver,
the flow velocity of the flow was most affected by the buoyancy force.

(b) Case 2 (c) Case 3

Figure 4. Velocity contour of XZ plan Y = 0, (a): Case 1, (b): Case 2, (c): Case 3.

The temperature of the flow exiting through the louver near the ceiling was the highest
in Case 2 as shown in the Figure 5. This variation in temperature is due to the cooling
effect of water droplets as described in Figure 3 above. Moreover, there was relatively
high fluctuation in temperature because the velocity of Case 2 was relatively higher than
other cases.

The sprinkler head temperatures for each case are shown in Figure 6. Obstruc-
tion delays the upper sprinkler head activation time by about 15 s to block the flow
of high-temperature combustion gas about 540 s, 555 s, and 555 s in Case 1, Case 2, and
Case 3 respectively. The increasing rate of the lower sprinkler temperature is relatively low
because the combustion gases need to come down 50 cm from the ceiling. The maximum
temperatures of the lower sprinkler were 65 °C, 57 °C, and 57 °C in Case 1, Case 2, and
Case 3 respectively, lower than the sprinkler operating temperature of 68.33 °C.

In particular, after the upper sprinkler operation, the lower sprinkler head temperature
of case 1 shows a trend of continuously increasing unlike other cases. This change in the
sprinkler head temperature in case 1 is thought to be related to the spray pattern. As
explained in the previous chapter, the temperature variation of the sprinkler head is
affected by the high-temperature flow from fire source and the cooling effect by sprinkler
spray. In Case 2 and Case 3, the spray patterns of the upper sprinkler were concentrated
downward due to obstruction, and the water droplet densities were increased, resulting in
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sufficient cooling, and limiting the temperature rise. However, in case 1, it was analyzed
that the temperature rose because the water droplet density was low.
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4. Conclusions

The sprinkler skipping phenomenon that occurs in the case of a condenser fire in
an air-conditioned room was analyzed by a numerical method. In general, two sprinklers
were installed in air conditioner room at ceiling and 30 cm below to avoid spray failure by
obstruction as duct and energy recovery ventilator in ceiling. However, the sprinkler skip-
ping phenomenon occurred under all operating conditions, where the high-temperature
heat flow from the fire source only operated the upper sprinkler close to the ceiling. In
particular, the maximum temperature of the lower sprinkler was 65 °C, which is lower
than the sprinkler operating temperature of 68.33 °C. The reason for this is that the water
droplets sprayed from the upper sprinkler are sufficiently cooled by the flow temperature
in the space, impinging on the sprinkler head. This is because the water droplet sprayed
from the sprinkler sufficiently cools the flow in the space, and the low-temperature water
droplet is impinged into the sprinkler head. Sprinkler skipping is exacerbated because
the spray is blocked by obstruction. Moreover, it is analyzed that spray failure due to
obstruction will be a problem because water droplets are not sprayed to the fire source.

Therefore, as an open type, simultaneous operation of two sprinklers could be able to
obtain an appropriate fire extinguishing effect by covering the fire source with the spray of
the lower sprinkler. This research results are expected to help in fire protection in buildings
such as modern apartments with air-conditioned rooms. In addition, the results of this
study can be usefully applied not only to air-conditioned rooms, but also to underground
parking lots where sprinkler spray is disturbed by ducts and pipes.
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Nomenclature

uj velocity q; radiative heat transfer

fi,  mass source term my mass of the droplet

p pressure uy velocity vector of the droplet
g gravity 4 droplet radius

fi body force Cp drag coefficient

Y; mass fraction for species!  Re Reynolds number

D droplet diameter Y, mass fraction of the droplet
D diffusivity for species | Ye mass fraction of the gas

w; rate of reaction Sh droplet Sherwood number
h enthalpy Sc Schmidt number

T temperature Greek letters

cpw  specific heat of water 0 density

Ty temperature of the droplet  T; shear stress

A,  surface area of the droplet  dxdydz volume of the grid cell

hy heat transfer coefficient U dynamic viscosity of air

Tg temperature of the gas Superscripts and subscripts

hy heat of vaporization d droplet

Nu  Nusselt number w water

k thermal conductivity of air ¢ gas

Pr  Prandtl number v vaporization
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