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Abstract

When a fire occurs, the sprinkler closest to the location of the fire typically activates first and
releases water droplets into the tising plume of hot gases. Part of these droplets is entrained by
the plume and may impact on adjacent sprinklers providing evaporative cooling and thus
delaying their activation. The model of the thermal response of sprinklers in these conditions
suggests the introduction of the concept of equivalent cylindrical links: a solid metallic
cylinder is said to be equivalent to a given fire sprinkler link if it reaches the activation
temperature of the sprinkler at the same time, both in dry conditions and in presence of water
droplets carried by the hot gas fiow, Tests are conducted on both fire sprinklers and equivalent
cylindrical links to validate this theoretical approach. The results compare favorably both in
dry and wet conditions for the range of parameters considered in this study. Therefore, this
approach enables the transient quantification of the sprinkler thermal response in an actual
fire scenario such as a large-scale fire test,

@© 2004 Elsevier Ltd All rights reserved.

Keywords: Sprinklers; Evaporative cooling; Fire testing instrumentation

*Part of this work was presented in a paper at the 7th JAFSS Symposium in Worcester, MA, in 2002.
*Corresponding author. Tel.: + 1-3024055257; fux: + 1-3014059383,
E-mail address: marino@eng.umd.edu (M. diMarzo).

0379-7112/% - see front matter © 2004 Elsevier Ltd All rights reserved.
doi:10.1016fj.firesaf, 2004.07.002



722 P. Ruffino, M. diMarzo } Fire Sufety Journal 39 (2004} 721736

Nomenclature

A sprinkler link cross-sectional area orthogonal 1o the flow, m?
c specific heat at constant pressure, ) kg™! °C™!

d simulated sprinkler link diameter, m

E evaporative cooling parameter, "Csm™2, see Ey. (5)

h convective heat transter coefficient, Wm™2°C !

k thermal conductivity, Wm™!*C~?

Pr gas Prandtl number

Re Reynolds number: Udvg!

RTI Response Time Index, m!/?g!/2

S sprinkler link surface, m?

t time,

1 temperature, °C

U gas velocily, ms™’

V sprinkler link volume, m*

V volumetric flow rate, m*s~!

X coordinate along the duct, m

Xg distance of complete cvaporation from the point of water injection, m
Greek

A water volumetric fraction

AT asymptotic temperature difference, °C, see Fig. 2 and Eq. (%)
K collection efficicncy

P density, kgm™>

A latent heat of vaporization of water, J kg !

2, &, v, @ constants, sce Eqs (14) and (15)
Subscripts and Superscripts

initial time

sprinkler activation

dry condition

gas

liquid

reference value

sprinkler link

wet condition

su-rQg»o

Acronyms

ECSAT Evaporative Cooling Sensor Accuracy Test (facility)
QR Quick Response glass bulb sprinkler

SE Solder Element sprinkler

SR Standard Response glass bulb sprinkler
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1. Introduction

Traditionally, the modeling of the sprinkler activation syslem is based on a
lumped heat capacity energy balance for the sprinkler link [1,2]. According 1o this
model (identified in the following as the RTT model), the hot gases, flowing under the
ceiling, heal the sprinklers by convection. The time delay between the onset of the
fire and the activation of a given sprinkler depends on the size of the link and the
distance from Lhe fire location, us well as on the intensity of the fire. A correction to
the simple convective model can be introduced to take into account the heat lost by
conduction from the sprinkler to its supporting pipe, as well as the radiative heat flux
induced by the fire plume )3].

A model for estimating the evaporative heat loss due to the water spray introduced
by a sprinkler in a smoke layer is reported by Chow [4]. The author points out that
the water droplets evaporate while travelling through the smoke layer. This results in
higher cooling and smaller air-drag effects. However, the water droplets may not be
able Lo reach the burning objects. The model investigales the evaporalion of the
sprinkler water spray in the hot smoke layer, providing a scheme to evaluate the
penetration of the watcr.

Studies on the interaction beciween a water spray generated by a sprinkler and
smoke are important to improve the undersianding of these complex processes and
to provide effective design parameters [or fire protection [5]. A model to simulate the
interaction between a sprinkler walter spray and a (wo-layer fire cnvironment under
arbitrary combinations of sprinkler elevation, upper and lower layer thickness and
gas temperature is derived by Cooper [6]. The control of the temperature and
thickness of the upper layer to sub-critical values could be useful Lo guarantee firc
sprinkler opcration without smoke accumulation in the fire compartment,

An understanding ol the behavior of the fire plume and fire induced flow near the
ceiling of a room is necessary to optimize the res ponse time and the placement of the
sprinklers. An experimental and theoretical study is devcloped by Alpert [7] to
characterize natural convection associated with large fires where the flames are
comparable in height to the ceiling. Recent experiments on warchouse fires indicale
that the RTI model [1,2] is not always adequate to predict the response of an array of
fire sprinklers. The model, indeed, appears to be accurate in simulating the behavior
of the sprinkler closest to the fire, but fails to predict the response of the surrounding
sprinklers. The cause for this deficiency is related to the presence of water droplets,
which are sprayed onto the fire by the first activated sprinkler. Part of the watcr
droplets released by the first sprinkler is entrained by the ascending fire plumc and
transported away. Some of these droplets may reach other sprinklers and deposit on
their link. The consequent evaporation absorbs heat from the link, causing it to cool
down. This cooling effect increases the time required by the sprinklers to activate and
cannot be predicted by the original RTI model.

An improved model for the thermal response of the sprinkler has been developed
and experimentally assessed at the Evaporative Cooling Sensor Accuracy Test
(ECSAT) facility of the University of Maryland [8]. This model takes into account
the cvaporative cooling effect produced by water droplets contained in the £as
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strcam as they impact over the sprinkler surface. The purpose of this paper is to
describe the thermal transient of fire sprinklers exposed to a gas flow laden with
water droplets using an appropriately constructed equivalent cylindrical link.

2. ECSAT Facility description

Fig. | provides a skecich of the main portion of the ECSAT facility. A blower
placed near the outlet of the duct generates the gas flow inside the system. The air
entering into the duct (of squarc section, 0.61 m = 0.6] m} is heated up by a natural
gas burner and then flows upward. A honcycomb structure, about 0.2 m thick and
madc of tightly packed steel wool, is placed in the initial portion of the duct. Its

HOT GAS

Fig. 1, Schematic of the ECSAT facility.
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purpose is to spread the gas stream over the entire cross-section, as well as to obtain
a uniform temperature distribution over the flow cross-section. As the hot gas
emerges [rom the honeycomb, it reaches (he water spray Injection location. A
fincly atomized water spray is injected into the gas strcam. A square-edged circular
orifice (0.25m diameter) is located 0.5m downstream of the sprays. The orifice
represents an abrupt restriction of the cross-sectional area for the two-phasc flow,
The orifice generates a vena contracta, which is characterized by a ncur parallel
streamline profile.

At the location of the vena contracta, which occurs about 0.4 m downstream of the
orifice, the mean velocity field is parallel to the axis of the orifice (no radial velocity
component). The range of velocities investigated in this study is in between 3 and
9m/s, For Lhese values, the Reynolds number associated with the gas flow inside the
duct is larger than 9000, indicating that the flow is turbulent upstream of the orifice.
Additional turbulent effects at the vena contracta may also be induced by the gas jet
produced by the orifice as it mixes with the slower gases {lowing downsiream.
Clearly, the turbulence level in the test section and the disturbances induced by the
gas jet affects the gas velocity field, in particular its alignment with the axis of the
duct. Calculations [9] show that the intensily of turbulence, defined as the ratio of the
fluctuating radial velocity to the mean gas velocity, is about 5% percent, which is not
significant compared to other cxperimental uncertainties prescut in this study. Also,
note thatl typically 300 particle samples are analyzed to obtain slatistically
meaningful velocity measuremeats, thus decreasing the inaccuracics associated with
the turbulence level of the gas flow. Because of the one-dimensional characteristic of
the flow field, the vena contracta is chosen as the test section for the sprinkler
experiments. Downstream of the vena contracta, the flow spreads and returns to
occupy the entire duct cross-scetion.

The ECSAT facility allows for the mcasurement of the followin g quantities, which
arc needed in order 10 determine the evaporative cooling parameter £

® the gas velocity
® the axial temperature evolution in both dry and wet conditions.

Particle Tracking Velocimetry (PTV) provides the gas velocity measurements in
the cross-section [10]. The test section is illuminated by a 600 mW Argon ion laser
sheet. Thirty measurements are made to obtain a statistically mcaningful valuc of the
droplets velocity. Note that the droplets introduced in the gas flow have a maximum
volumetric mean diameter of less than 100 um. By balancing the gravitational and
drag forces, within the Stokes’ approximation, the droplets reach a terminal velocity
with respect to the gas flow of about 0.24 ms~' while the gas velocities are in excess
of 3.5ms™!. Therefore, the measured droplets velocity lags the actual gas velocity by
less than 4%. Neglccling this diffcrence, we can assume that the PTV measurements
provide the velocity of the gas stream. The uncertainty in the velocity measurements
is about 10 percent.

Thirty-three thermocouples (type K, with accuracy of +2 °C) arc placed inside the
duct along its axis, both before and ufter the test section, to measure the gas axial
temperature distribution in the facility and monitor the conditions during the



726 2. Ruffine, M. diMurzo | Fire Safety Journal 39 (2004 ) 721-736

220&

180 - O<>

140 -

TEMPERATURE {°C)

100 - " 3

60 T ;
0 1 2 3 4

X (m)

J

Fig. 2. Temperaturc cvolution along the axis of the ECSAT facility: the open symbaols identify o test in dry
condition while the closed symhaols refer 1o the very same tesl with addition of water droplets.

experiment. Fig. 2 reports the typical temperaturc axial evolution, for both dry and
wet conditions. It can be observed that:

® due to the heat losscs Lo the external environment, the gas temperature drops as
the flow procecds downstream the orifice.

¢ the gas temperature upstream the spray nozzie location is equal in both dry and
wet conditions.

e About 2m downstream the test section, the slope of the temperature distribution
for the wet case matches the slope of the lemperaturc distribution for the dry casc,
This indicates that the water is completely evaporated and the temperature is
affected only by the heat losscs to the environment.

Therefore, the thermocouples measure (he gas temperature at the location before
the sprays and at the location after the complele evaporation of the water. To
detcrmine the gas temperaturc between the sprays and the location of complete
cvaporation of the water, some information concerning the rate of vaporization of
the droplets is needed,

3. Model formulation

A new model for the thermal response of a firc sprinkler link is derived (o
overcome the deficiencies of previous approaches |1,2]. In presence of water droplets,
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the evaporative cooling term is proportional to the mass flow rate of the drops that
deposit on the link surface. The following assumptions are made:

¢ the droplets in the gas stream are at (he saturated liquid conditions. Therefore, the
evaporative cooling per unit mass of waler is equal to the latent heal of
vaporizalion. :

® the droplet distribution is uniform across any given flow cross-section.

® the water droplets are sparse in the hot gas flow, so thal no droplet-droplet
interactions are considered.

® only a portion of the droplets impacts the surface of the link, while some have
sufficiently small inertia to move around the obstaclc.

® all the water deposited on the link is assumed to cvaporate.

In order to conduct the experiments in a controlled environment the primary
sprinkler spray is simulated with a series of spray nozzles. These nozzles generate
draplets of about 100 um in diameter. The actual sprinkler heads typically generates
a broad range of droplet sizes far exceeding 100 um. However, consider that large
droplets have terminal velocities that exceed the fire plume upward velocity.
Therefore, they fall to the ground. Smaller droplets with moderate terminal velocity
can be entrained by hot gasses toward the secondary sprinklers. Minute droplets will
quickly evaporate in the stream. The droplets selected for this study are a reasonable
compromise in size because they can easily move along with the gas while stil] being
able to affect greatly the secondary sprinkler response. Another important aspcet to
consider is the relative humidity presence in the fire environment. Below the hot
layer, one can consider the environment saturated. However the same air steam
mixture transported in the hot layer will exhibit an extremely low relative humidity
due to the sharp increase of the steam saturation pressure with temperature. This
means that rapid vaporization will take placc in the hot layer due to mass transfer.

The presence of the sprinkler affects the gas flow so that only a [raction of the
water that would have passed through the cross-sectional areu occupied by the link
will actually deposit on it. We introduce the collection efficiency « to represent the
fraction of water that mmpacts the link. The impacting drops are assumed to
evaporate on the link surface. This is reasonable because the droplets are small (their
mean diameter is less than 100 um) and sparse (the volumetric fraction is of the order
of 10ppm) and the gas temperature is high. Therefore, there is little chance for
significant water build-up on the link, which may lead to run-off or re-entrainment
of water in the gaseous stream. In fact, calculations show that the wdter volumetric
[raction in the gas flow is too low to consider even remotely the possibility of water
film formation over the cylinder surface. The evaporation rate of droplets over the
cylinder surface is fast enough to completely vaporize the water before stgnificant
flooding occurs. Further, an experimental study by Grissom and Wicrum [11]
confirms that no flooding is likcly to occur over the cylinder surface under any
condition investigated in the present study. Correlations provided by Paleev and
Filippovich [12] and Berry and Goss [13] indicate that any possible water build-up
and consequential entrainment of water in the gas flow are negligible, as well. The
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resulting energy balance can be written as:
a7y W W
pscng—dr—-:hS(TG ~7Tg ) — pLUABxA, (n

The collection efficiency can be estimated by considering the Stokes’ approxima-
tion applied to droplets carried by the gas stream over a cylinder in cross-flow |14].
In fact, the water droplets have a characteristic mean diameter of less 100 um. The
droplet Reynolds number, based on the droplet relative velocity to the gas, is less
than 0.8 and the Stokes’ approximation holds true, For the applications of concern,
the collection efficiency approaches its asymptotic value ol 0.97. Therefore, k can be
regarded as a constant in the applicable range of parameters.

The heat transfer correlation, [or a cylinder in cross-flow, with a Reynolds number
(based on the cylinder diameter) ranging between 40 and 1000 [15], yields the
following dependence of the heat transfer coefficicnt on the relevant governing
parameters:

“G
h=10.52 — Re%> P03, (2)

Note thal, considering that the physical properties are almost constant, one can
conclude that the heat transfer coefficient is proportional to the square root of the
ratio U/d. Introducing the Response Time Index (RTT) and the Evaporative cooling
parameter (£), by considering Eq. (2), we obtain:

RTI.—.%S-—VV/TE 3)
AxA JUTd
£ =GR @

This means that the RTI is proportional to psesd'> while the Evaporative cooling
parameter s a constant quantily. With thesc new paramcters, Eq. (1) can be
rewritten as:

d7§ _JUTE-T¢) EUpVd

dr RTT RT1 )
This equation can be integrated with the initial condition Ts = Tp (at ¢ = 0) to yield:
TS =T — EpVUd + (TW— TO—EB\/UQ’) exp(—%;%:). (6)

Eq. (6) provides the solution for the thermal response of a sprinkler link in presence
of a flow of hot gascs and water droplets. The value of the evaporative coohing
constant I will be determined in the following. Note that, if no waler is present in the
flow (i.e. B = 0), the solution reduces to that provided by the RT/ model:
. VU
TP = 12 — (T2 = 1) exp(-———z)

RT7 ™
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Consider the energy balance written for the airflow as:
pcVaca(TG ~ TE) = p Vo (B — F) . @®)

The asymptotic temperature difference AT, between the two traces in Fig. 2, is
associated with the sensible heat removed from the air in order to vaporize the
droplets. It can be expressed in the following form:

AT = £hed 9)
PoeG
With Eq. (9), Eq. (8) can be simplified as:
T — TY = ATl — £(x)]. (10)

The functional f7x) relates the initial volumetric fraction to its evolution along the
duct.

Eq. (1), written for a sensor wettcd by water droplets vields a direct relationship
between the convective heat transfer to the sensor and the latent heat associated with
the vaporization of the droplets that deposit over its surface. At steady state, Eq. (1)
simplifies as:

AS(TE — 1V = p  UABxA, (11)

Considering the volumetric fraction evolution during the evaporation process and
using Eq. (4), Eq. (11) can be rearranged as;

T — 1Y = ENUdBf(x). (12)

By adding Eqs. (10) and Eq. (12), one finds that the functional f(x) can be expressed
in the following form:

T8 - TY — AT
) = L Tag, = a1 =

Note that f{x} is equal to 1 at the spray nozzles location and is equal to zero for x
greater or equal to xg, where all the water drops are evaporated. The D? law [16]
suggests the following form ol the functional:

f(x) = (I ‘?E!E)i XS XE (14)

0 X>Xg

By plotting ?‘2 — Tg — AT vs x one easily determines the value of xp. Then
limiling the data 1o the evaporative ran ge and normalizing the abscissa us x/xz, onc
can look at these data in a logarithmic plot and deduce the exponent ) of Eq. (14).
The value of this expenent is found to be 1.7 for all the data considered. Note that
the D? law vields an exponent equal to 1.5. This difference can be explained if one
takes into account the expansion of the jet downstream the circular orifice {(sce
Fig. ). By continuity, this expansion produces a sharper decrease in the volumetric
{raction than the one would observe in a constant cross-section flow configuration.
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Finally, with the exponent and the evaporation distance known, onc can
determine the value of the evaporative cooling parameter £ for all the tests. This
18 easily done filting the wet condition data using Eq. (13) where the only fitting
parameter available is indecd E To facilitate this process, the temperature in dry
conditions is representcd with an exponential fit of the available data in the following
form:

TEO) =(Ty— O™ 4 px+¢&. (15)

The constant ¢ represents the slope of the trace on the right side of the plot in Fig. 2
due to the heat transfer losses (o the ambient.

Notc that the volumetric fraction at the nozzles is evaluated considering the water
and air volumetric {low rates, respectively. The database used to determine the value
of the evaporative cooling parameter encompasses tests with:

® velocity ranging from 3 to 7ms™'
® gas temperatures at the nozzle locations between 150 and 250 °C
¢ volumetric fractions at the nozzles up to 19 ppm.

The numerical value of the evaporative cooling constant E, for all the tests
considcred here, is equal to 8249 x 10°K s!/2m~!.

The water volumetric fraction along the axis of the ECSAT facility is evaluated
making use of the previous results as:

L7
ﬁ:/}n(l -—) for x< xg. (16)
XE
These results are validated independently by direct measurements of (he gas
temperature and of the volumetric fraction obtain with novel instrumentation [17].

4. Sprinkler phenomenology

Solder-type sprinklers activate upon the melting of a metal alloy as it reaches a
specific temperature. Various combinations of levers, struts and linkages are used to
reduce the force acting on the solder. This minimizes the response time by reducing
the mass of fusible metal to be heated. The solder material used for automatic
sprinklers is an alloy composed principally of tin, lead, cadmium and bismuth.

A second type of sprinkler utilizes a frangible bulb. The small bulb of glass
contains a liquid that does not completely fill the bulb, leaving a small gas bubble
entrapped in it. As the liquid is heated up, the pressure increases leading to the
shattering of the glass bulb thus activating the sprinkler.

In the ECSAT f[ucility, thesc devices can be tested under combinations of gas
lemperature, gas velocity and water volumetric fraction. The ranges are: 100-250 °C,
3-9m/s and 1-10 ppm, respectively, for the temperature, velocity and volumetric
fraction. The sprinkler is mounted on a supporting frame through a Teflon insert
that minimizes the heat losses by conductive heat transfer. The supporting frame
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Table i
Test condilions

Condition A Condition B
Gias temperature in dry conditions °C) 146-149 208- 210
Guas temperature in wet conditions ("C) 132-137 182-186
Initial & ambient temperalure (°C) 25-30 32-33
Gas velocity (m s") _ 44456 3.7
Water volumelric fraction (ppm) 2 374

(constituted of an enclosed stcel pipe) is filled with pressurized air. The sprinkler is
suddenly exposed to the steady state flow in the ECSAT facility duct at the test
scction location identified in Fig. 1. The time of activation is measured by the
operator from the very moment the sprinkler link enters the test section to the
moment the air pressure inside the pipe collapses indicating the activation of the
sprinkler. This measurement technique is similar to the one used in the plunge test
{18]. Each tesl is repeated ten times to obtain a statistically meaningful value of the
activation time, both in dry and wet conditions.

In the series of tests reported in this paper, the Solder Element sprinkler (SE), the
Standard Response glass-bulb sprinkler (SR) and the Quick Response glass-bulb
sprinkler (QR) are tested. Two differcnt conditions have been selecied. One
{condition A) is a combination of low temperature, high velocity and low water
content i the gas flow, whilc in the other (condition B) the gas temperature has been
mncreased significantly and the gas velocily decreased. One water spray nozzle has
been used in condition A, two nozzles are used in condition B. Tuble | summarizes
the test conditions. As one may notice in Table 1, some properties have been given as
a range of values since the experiments have been performed in different days. In
particular, the climatic variations are reflected in the range ol the initial ambient
temperature,

S. Design of equivalent cylindrical links

In the following, the procedure to delermine the size and material of an equivalent
cylindrical link capable of simulating the behavior of a sprinkler link exposed to a
gas flow laden with water droplets is described. A cylinder is said to be equivalent to
a given sprinkler link if it reaches the activation temperalure T in the sume amount
of lime fs, both in dry and wet condition, under any combination of £as
lemperature, gas velocity and water volumetric fraction.

The size and material of the simulated sprinkler link are chosen accordingly to the
results shown hercafller. From the RTT model, described in Eq. (7), one obtains the
CXpression:

. RJU .
ln((\'ft"([;}l — TO)/(TE —Ta))

(17)
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Eq. (6), writlen at the time of activation, provides an expression for the equivalent
cylindrical link diameter as:

g 1|2 T8N = exp(¥VT/RTD] + Tacxp (¥ VT/RTI) - 1) %)
U |(pE 1 - exp(t¥ v U/RTI) '

The temperature g and T¥ are the gas temperaturc at the test section, in dry and

wet condition respectively. Tg is measured by a thermocouple exposed to the hot
gases in abscnce of water; TG‘Y s calculated from Eq. (10) analyzing the temperature
profiles in dry and wet conditions as previously mentioned.

The heat capacily of the equivalent cylindrical link is given by Eq. (3) in the form:

d\"" RTI
Pg-€s = (a‘) m(PS'CS)p (19)

In this equalion, an aluminum cylinder is used as the reference cylinder with
dr = 6.4mm. Its RTT has been determined experimentally to be 100 (m s)!”?

The experiments on commercial sprinklers provide the RT7 representative of any
given sprinkler type using Eq. (17). The size of the equivalent cylindrical sprinkler
hnk and its material are evaluated through Eys. (18) and (19). For the sprinklers
lested, we found that:

® For the SE sprinkler the heat capacity is equal to 2710 kJ mT K,
® For the SR sprinkler the heat capacity is equal to 2740kJm~ * K L.
® For both the SE and SR sprinklers the equivalent diameter is between 6 and 7 mm.

To represent both these sprinklers we decided to usc a 6.7mm diameter cylinder
made of zin¢, which has a heat capacity of 2780kJm > K1,

® For the QR sprinkler the heat capacity is equal to 2240,
¢ For the QR sprinkler the equivalent diameter is about 4mm.

To represent this sprinkler we decided to use aluminum, which has a heat capacity
of 2440 kI m™> K=", This valuc is somewhat higher than the sprinkier heat capacity,
Considering Eq. (19), while maintaining the same RTY, it follows that one should
reduce the equivalent cylindrical link diameter, Therefore, a 3.7mm diameter has
been selected. '

The equivalent cylindrical links are inserted in the test section in condi-
tions identical to those of the corresponding sprinkler tests and the temperature
evolulion, measured by a thermocouple positioned at the center of the cylinder,
1s recorded.

6. Results

Table 2 summarizes the results for the various sprinklers used in the study. The
activation time of the sprinklers is given as the average valuc plus or minus one
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standard deviation, calculated from ten plunge tests. Note that the time of aclivation
in wet condition is about twice the time measured in absence of water and also that
the standard deviation is larger for the wet condition tests.

Table 2
Results
Condition A Condition B

R11 tor sprinkler SE (m'?5'%) 100 98
SE sprinkler activalion time in dry conditions measured (s) 214424 137114
SE sprinkler activation time in wet conditions measured (s) 350426 271418
Temperature of activation SE (°C) 72
RTI for sprinkler SR (m'?5'3) 110 109
SR sprinkler activalion time in dry conditions measured (s} 232423 13.1-L 1.7
SR sprinkler activation time in wet condilions measured (s) 41.8+6.2 2404246
Temperalure of activation SR "C) 68
RTT for sprinkler QR (m*/?s!/%) 42 44
QR sprinkler activalion time in dry conditions measured (s) 8.0+1.5 4.5+41.2
QR sprinkler activation time in wet conditions measured (s) 124+3.1 81415

68

‘Temperature of activation QR "C)
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Vig. 3. Comparison of the thermal response of the equivalent cylindrical link (zinc, 6. 7mm in dJiameter)
and of SE sprinklers: the open symhols identify the sprinkler activalion times for the different conditions
labeled in the figure (c.g. “A-DRY" means condition A without water droplets).
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Fig. 4. Comparisons of the thermal response of the equivalent cylindricul link {zinc, 6.7 mm in diameter)
and of SR sprinklers; the open symbols identify thc sprinkler activation times for the different conditions’
lubeled in the figure {e.g. “B-WET" means condition B with water droplets),
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Fig. 5. Comparison of the thermal response of the equivalent eylindrical link (alumimum, 3.7 mm in
diameter) and of QR sprinkler: the open symhols idenlify the sprinkler activation times for the different
conditions labeled in the figure (e.g. “A-WET" means conditions A with water droplets).
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Figs. 3-5 report the measured temperature evolution of the equivalent ¢ylindrical
links. Also, the values of the measured activation time for the sprinkiers are
identified in the plots. It can be observed that, in each situation, the equivalent
cyhndrical link behaves like the corresponding sprinkler, well within the accuracy of
the measurcments that are listed in Table 2. The important contribution of the
equivalent cylindrical link concepl is the description of the continuous temporal
evolution of the thermal response rather than the simple binary information
provided by the sprinkler (activated /non-activated). Further, this experimental tool
used in a large-scule test can provide a superior description of the thermal
phenomena and thermal history leading to the activation of sprinklers in presence of
water droplets or in dry conditions.

7. Conclusions

The evaporative cooling model has been used 1o simulate the behavior of a given
commercial sprinkler under any condition through appropriate cylindrical sensors.
Three different sprinkler types have been tested in both dry and wet condition, for
two completely different situations. The correspondent simulated sprinkler links
have been lested in the same conditions used for sprinklers. The rcsults compare
favorably. This proves the capability of the equivalent cylindrical links to simulate
sprinklers thermal behavior under any circumstance and may cnable the monitoring
of the thermal excursion of sprinklers by inferring their behavior from the data
collected with this kind of sensors positioned in proximity of the actual sprinkler.
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