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SUMMARY

The paper considers the prediction of time to operation of sprinklers, as well as the
response of heat detectors to changing fire conditions. The discussion concentrates on
devices having a heat-sensitive element which operates at a preset temperature, though
rate-of-rise devices are also mentioned.

I NTRODUCTION
The time which elapses between ignition and the
operation of a sprinkler or fire detector has a cru-
cial bearing on fire losses of both property and
life. A quantitative assessment of fire hazard
requires therefore that some prediction be made
of the likely time to operation of such devices.

Fire detectors (including sprinklers) respond
either to some property of the fire itself or of the
gases produced. Prediction of the time to opera-
tion requires that an estimate be made of the
appropriate fire property in the vicinity of the
device. In addition, an independent description
of the response of the device to different and
changing conditions is necessary. The present
paper considers both of these aspects for ther-
mal detectors. The discussion centres on devices
possessing a heat-sensitive element which oper-
ates when it reaches a preset temperature. The
arguments which apply to devices which oper-
ate when a preset rate of temperature rise is
exceeded are also touched upon.

THERMAL RESPONSE
The temperature at which the heat-sensitive
element of a thermal detector operates is set by
the manufacturer and specified by the fire pro-
tection engineer. For fusible-link sprinklers, it is
the melting point of the solder. For glass bulb
sprinklers, it is the temperature at which the
vapour bubble disappears, following which the

pressure rises sharply and the bulb shatters.
For heat detectors, a range of different princi-
ples may be involved. One very common simple
type is that based on a bimetal strip. On heat-
ing, the strip bends, ultimately touching a stop
and causing the device to operate. The physical
gap between the strip and the stop determines
the operating temperature. Alternatively, a heat
detector may depend on a fusible link, may have
a chamber containing air which expands on
heating to operate a pressure switch or may
possess a heat sensitive electrical device such as
a thermistor. This last type of detector is
increasingly common and can be made to
respond in a variety of ways by having a degree
of built-in intelligence. Whatever its ultimate
mode of operation, the response of a sprinkler or
heat detector depends on its sensitive element
being heated by the fire gases flowing past it.

If a thermal device is heated slowly and is not
subject to heat losses, (so that it is close to being
in thermal equilibrium with its surroundings),
it will operate at a gas temperature equal to its
set temperature. This is alternatively known as
the actuation temperature or nominal operating
temperature, Tnom. If the device is heated rapid-
ly, its temperature will lag behind that of the
surroundings. The faster the rate of change of
ambient temperature, the greater the time lag
will be. This arises because the device has a
thermal capacity and cannot respond instantly
to changes in the surroundings. The quantity
which is used to characterise the time lag is
known as the thermal time constant r. For an

isolated body temperature T,, subject only to
convective heat transfer from a hot gas flow at
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temperature Tg, the heat balance equation may
be written as

where

The symbols are defined in the Nomenclature
section. The parameter 1: is not strictly constant
since the heat transfer coefficient, h, depends on
the gas velocity to the one-half power (approxi-
mately). An alternative parameter, the

Response Time Index (RTI), was therefore
defined by Heskestad~ such that

The RTI should be velocity-independent and has
been used widely to characterise thermal
response. The heat balance Equation 1 may
therefore be written as

Solutions to this equation allow the body tem-
perature T, to be calculated at any time, given
T9 and u as a function of time, and can be used
where the sensitive element of a detector is sub-
ject only to convective heat gain.

CONDUCTIVE HEAT LOSSES
It has been noted that, for many sprinklers in
particular, convective heat transfer is not the sole
factor governing thermal response2,3. Sprinkler
elements are not thermally isolated and, to a
greater or lesser extent, lose heat to the support-
ing frame, to the mount and to the associated
pipework. Heat detectors rarely suffer from this
type of problem: since there is no requirement for
the heat sensitive elements to hold back a head of
water, the supports can be of light construction
and thermally insulating.

Loss of heat by conduction from the sprinkler
element slows the rate at which it heats up.
Under certain fire conditions it has been shown
that a sprinkler may fail to operate at al13, even
though the gas temperature rises far above the
element’s nominal operating temperature. In

characterising sprinkler response, it is therefore
important that this aspect is not ignored, and
an additional parameter needs to be defined to
take it into account.

An effective operating temperature Te ff was first
defined by Theobald2. This is the minimum gas
temperature at which the sprinkler can operate
when connected to pipework filled with cold
water. Because of heat losses, Teff is always
greater than Tnom, and sometimes very much
greater. Though an attractive and readily
understood concept, Te ff is not an ideal sprinkler
characteristic as it is dependent on the gas
velocity and the pipework temperature.
Heskestad3 proposed an alternative, the con-
duction parameter C, which should be constant
for a given sprinkler. Its definition will be dis-
cussed in the next section.

In deriving the conduction parameter - or the
effective operating temperature - a number of
simplifying assumptions are made. In particular
the heat loss from the sprinkler element is
assumed to be proportional to the temperature
difference between it and the pipework.
Complex conduction paths, which exist in reali-
ty, are therefore ignored. Beever and Evans4
carried out a numerical study to look at realistic
heat flows in idealised sprinklers using a finite-
element method. It was concluded that a two-

parameter approximation, based perhaps on
RTI and a conduction parameter, was adequate
in modelling thermal response, but that a
single-parameter model, based on RTI alone,
would be insufficient in certain circumstances.

RADIATIVE H EAT TRANSFER
Radiative heat transfer can influence the

response of a detector in two opposing ways.
Radiation from flames will enhance the speed of
detector response. Conversely, heat re-radiated
from the detector to the surroundings will
retard it. In the early stages of a fire, the flames
are likely to be small and ignoring radiation
from them to the detector will probably intro-
duce only a small error, which is on the side of
safety.

Radiative rate of heat loss 4,,,d, from a warm



13-

detector element to cool surroundings can be
estimated using Stefan’s Law;

Reasonable values of the parameters can be
substituted into this equation and Qrad compared
with the connective heat transfer Cjconv given by

The heat transfer coefficient h may be estimat-
ed by substituting suitable values into Equation
2. In order to justify ignoring radiative heat loss
in modelling a particular problem, 4,d should
be small compared to the convective component
q~o~~. This can usually be shown to be the case.

LATENT HEAT
Apart from heat losses by conduction, a certain
amount of heat needs to be absorbed by a fusible
link sprinkler or heat detector in melting the
solder prior to operation. It has been suggested5
that glass bulb sprinklers may exhibit a similar
effect, though this has not been investigated.

Opinions differ as to how large the latent heat
effect is. Melinek5 estimates it to be smaller for a
particular fast-response sprinkler. The total heat
required to bring the element to its operating
temperature was calculated. Less than 6% addi-
tional heat was calculated as being required to
melt the solder. On the other hand Evans and
Madrzykowski6 found that for one sprinkler, over
30% additional heat was needed to melt the
solder. Some of the difference is due no doubt to
different sprinkler designs: a large mass of solder
clearly requires a large input of heat to melt it.
The discrepancy may also be due in part to the
fact that Evans and Madrzykowski did not take
into account conductive losses from the sprinkler
element in carrying out their calculations.
Allowing for this would have reduced their esti-
mates for the heat required for solder melting.
More work is needed in this area. Currently
latent heat effects are generally ignored in mod-
elling response of fusible link detectors.

RATE-OF-RISE DETECTORS

Fixed temperature detectors have two main dis-

advantages. As pointed out above, the faster the
rate of gas temperature rise, the greater the time
lag between the sensitive element and its sur-
roundings. For rapidly growing fires therefore,
the size of the fire at detector operation is greater
than for slowly growing fires. Secondly, the detec-
tor must be heated from the initial ambient tem-

perature, to its nominal operating temperature.
Therefore the size of the fire at detector operation
will be larger, the lower the initial temperature.
To overcome these problems, rate of rise heat
detectors were developed. These devices respond
when a preset rate of temperature rise, rather
than a preset temperature, is exceeded. They
therefore operate earlier in a rapidly growing fire,
and are unaffected by the initial temperature.
There are many different designs, but one of the
simplest to understand is the system which con-
tains two bimetal strips. The bimetal strips are
nominally identical, except that the upper one is
lagged. One end of each strip is rigidly mounted
to the base of the detector, whilst the other ends
carry a pair of contacts (see Figure 1). These con-
tacts must meet for the detector to operate. As the
ambient temperature rises, the strips bend
upwards under the influence of differential
expansion between the two metals of which they
are composed. At slow rates of ambient tempera-
ture rise (Figure la) the two strips have sufficient
time to heat and both bend in the same way, the

lagging on the upper strip having little effect. For
faster rates of rise, the unlagged strip heats more
rapidly than the lagged one and, bending more,
meets it, causing the contacts to make (Figure
lb). There is a critical rate of ambient tempera-
ture rise, below which the detector will not oper-
ate.

Figure 1. A bimetal strip rate-of-rise detector
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An alternative common design is the pneumatic
detector which utilises a chamber with a thin
shell fitted internally with a pressure switch. On
the surface of the chamber, there is a small bleed
hole. At slow rates of temperature rise, the bleed
hole allows the pressure inside the chamber to

equilibrate with that outside. As the rate of tem-
perature rise increases, the hole does not allow
sufficiently rapid passage of expanded air, and
the pressure switch closes, operating the detector.
It can be seen that, once again, a critical rate of
temperature rise must be exceeded for operation.

To cover the need for operation under conditions
where the rate of ambient temperature rise may be
very slow, many rate-of-rise heat detectors also con-
tain a system to insure operation at a fixed temper-
ature. In the bimetal strip detector this is very
simple. A stop, shown in Figure 1, is provided pre-
venting movement of the lagged strip beyond a cer-
tain position. The unlagged strip will ultimately
reach this point causing the detector to operate. At
rates of rise below the critical value, the detector
responds therefore as if it contained only one ele-
ment. In the case of the pneumatic detector, no such
simple provision is possible, and a separate fixed
temperature element would have to be included.

There are also heat detectors designed to operate
at essentially the same gas temperature, no
matter what the rate of temperature rise. These
devices are known as rate compensation detec-
tors. The example quoted in NFPA 72E13 is as fol-
lows. A set point detector has a tubular casing of
a metal that tends to expand lengthwise as it is
heated, and contact mechanism that will close at
a certain point in the elongation.

A second metalic element inside the tube exerts an

opposing force on the contacts tending to hold them
open. The forces are balanced in such a way that
on a slow rate of temperature rise, there is more
time for heat to penetrate to the inner element,
which therefore inhibits contact closure until the
total device has been heated to a rated tempera-
ture level. However, on a fast rate of temperature
rise, there is not much time for heat to penetrate to
the inner element, which therefore exerts less of an
inhibiting effect, so that contact closure is obtained
when the total device has been heated to a lower
level. This, in effect, compensates for thermal lag.

THEORETICAL MODELS OF

THERMAL DETECTOR RESPONSE
The first model of thermal detector response to be

discussed includes both convective heat gain and
conductive heat loss terms. It has been shown to

apply well for sprinklers3. It should also be appro-
priate for certain simple types of fixed temperature
heat detector which have as an element a single
bimetal strip, for example, or a fusible link. For
most heat detectors, and for some sprinkler designs
with very low heat losses, the conduction parameter
can be set to zero in the following analysis.

With conduction losses taken into account,

Equation 4 becomes

This equation serves to define Heskestad’s3 con-
duction parameter C.

To predict the time to operation, this equation
must be solved with suitable forms for Tg and u
inserted. The equation can be solved analytically
for simple Tg (t) and u (t). For fire conditions such
simple expressions may not be available.
However, test methods, used to deduce the RTI
and conduction parameters, adopt simple func-
tions for Tg (t), and solutions to Equation 5 under
these conditions are of interest.

Step function: Tg (Q = constant
This is the condition which applies to the Plunge
testl,3 developed for assessment of sprinkler sen-
sitivity. The device, initially at temperature To, is
suddenly exposed to a hot gas stream at tempera-
ture Tp and velocity u. Under these conditions the
solution to Equation 5 is (see Appendix 1)

where

Several features of this solution are worth noting.
Firstly, at very long times the exponential term on
the right hand side becomes small. The element
temperature tends therefore to a steady value
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which is lower than the gas temperature Tp. If,
under these circumstances, T, is set to Tnom, then
Tp is the minimum gas temperature which will
cause the device just to operate. This is the effec-
tive operating temperature Te ff previously men-
tioned and is given by

’ 

In Heskestad’s3 terminology (Te ff - To) is called
a virtual operating temperature of the element.

Figure 2. Element temperature as a function of time for
a plunge temperature Tp. Response curves are shown
for low conduction losses (low C) and for high conduc-
tion losses (high C)

For large C values Te ff is far above Tnom. For
devices with smaller C, the effective operating
temperature becomes closer to the nominal
operating temperature until in the limit of C = 0
(k = 1), it is equal to it (see Figure 2).

This minimum gas temperature for sprinkler
operation is dependent on gas velocity via the
parameter k. Reducing the gas velocity reduces
the ultimate temperature reached by the ele-
ment and for sufficiently low velocities the ele-
ment does not operate at all, for a given Tp. This
feature is exploited by Heskestad and Bill in the
development of their modified plunge test3. This
will be described in the following section.

Ramp function:
Substituting a linear rate of rise of gas tempera-
ture with constant u in Equation 5 yields

The solution (see Appendix 2) is given by

In this case, at long times the element tempera-
ture rises linearly. For C = 0 (k = 1) the rate of
rise is the same as that of the gas temperature. At

any given time, the element temperature lags
behind the gas temperature by a constant amount
.R77/M~ which is the thermal time constant r.
For larger C the rate of temperature rise of the

Figure 3. Element temperature as a function of time for a
rate of rise ~3 in gas temperature. Response curves are
shown C = 0 and C > 0

element is less than f3 (see Figure 3) by a factor k.
At any time, the element temperature lags behind
the gas temperature by an amount which increas-
es with time.

In principle, it is also possible to model mathe-
matically the operation of some kinds of heat
detectors. For fixed temperature detectors, the
model outlined above is suitable providing the
detector is fairly simple in design. For rate-of-rise
detectors, a slightly modified model is required.
For the detector with two bimetal strips, the tem-
perature of each is governed by Equation 5 with
C = 0. Each element will have a different RTI and
will lag behind the rising ambient temperature by
a different amount. Initially, the contacts on the
ends of the strips are separated, and the degree of
separation can be expressed as the temperature
difference dTnom required to bring them together.
Once this difference is exceeded, the detector will
operate. For a steadily rising ambient tempera-
ture, the temperature of each element is given by
Equation 9 with C = 0 (k = 1). The temperature
difference between the two elements is given by

where the subscripts 1 and 2 refer to the
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unlagged and lagged elements respectively. At
long times, the exponential terms become small
and the temperature difference becomes con-
stant. If this does not exceed dTnom the detector
will not operate. The minimum rate of rise for
operation f3e is therefore given by

At very rapid rates of rise, the lagged element
scarcely moves relative to the unlagged element.
The detector therefore behaves like a fixed temper-
ature detector, with the gap between the elements
determining the operating temperature. If the
detector is also fitted with a stop for ensuring oper-
ation at low rates of rise, as discussed above, the
gap between the unlagged element and the stop
determines the low rate-of-rise operating tempera-
ture. The combination of these two effects gives the
rather unexpected overall response for the device
shown in Figure 4. Behaviour is seen not to be
simple even for the very simple type of device mod-
elled. Modelling the behaviour of other devices,
such as the pneumatic rate-of-rise detector gives

Figure 4. Air temperature at operation for the bimetal
strip rate-of-rise detector shown in Figure 1. Without a
fixed temperature element, the device operates only for
~3 > 0,. With a fixed temperature stop, the response is
as shown.

rise to rather more cumbersome mathematics, not
reproduced here.

METHODS OF TEST

Purpose of testing
A range of tests is applied to sprinklers and heat
detectors to ensure that they meet necessary
standards of quality and long life. In addition
some of these tests address aspects of sensitivity.
Though the principal purpose of such tests is usu-
ally to classify devices and to define spacings in

installations, recently attention has been turned
to the specifying test procedures which produce
useful parameters for modelling purposes.

A model of detector response is of no value in

predicting times to operation unless the charac-
teristic parameters highlighted in the model can
be determined for practical devices. Much atten-
tion has been given to this problem for sprin-
klers and, to a much lesser extent, for detectors.

The Plunge Test
Two methods are currently used for testing
sprinklers. The first is the Plunge Test, devel-
oped at the Factory Mutual Research

Corporationl. This consists in plunging a sprin-
kler into a hot gas stream in a wind tunnel at

temperature Tp and velocity u. Under these con-
ditions the element temperature is given by
Equation 6. The time to operation top is mea-
sured, and may be written down from Equation
6 by setting T, = Tnom. Rearrangement then
gives,

B. r -.T’ ,,--,

where To is the initial sprinkler temperature and
is also the temperature of the sprinkler mount
and pipework. In the early analysis of sprinkler
response, k was taken as unity and the above
equation used to calculate RTI1. This estimate of
RTI has since been termed the virtual RT13. A
further test is required to establish C (and hence
k) and the true value of RTI. This is achieved by
conducting a further series of Plunge Tests on a
sprinkler at varying gas velocities. The first test
is conducted at very low u, where the sprinkler is
not expected to operate. The gas velocity is then
increased to higher values in a succession of pro-
longed tests. The steady-state temperature
reached by the element increases as u increases.
This is a feature of Equation 6, already discussed.
For sufficiently high velocity u,, the element will
just operate after a long period. At this point

C can therefore be calculated, and the true
value for RTI deduced from Equation 12. An
account of the test method, including details of
actual test temperatures and velocities used is
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given by Heskestad and BiJ13.

The Ramp Test
The Ramp Test for assessing sprinkler sensitivi-
ty was developed at the Fire Research Station
United Kingdom, and derives from earlier work
on the testing of heat detectors. A device is sub-
jected to a flow of hot gas at velocity u, assumed
constant, and at a steadily rising temperature
in a wind tunnel. The gas temperature at which
the device operates is noted Tgop, as is its time
to operation top. This procedure is repeated at a
range of different rates of temperature rise.

The response of the heat sensitive element can
be expressed in the form of Equation 9. If top is
long such that the exponential term becomes
small compared to unity, Equation 9 at opera-
tion becomes

where To is the temperature of the mount and
pipework to which heat is lost. Rearranging
Equation 14 gives

where

and is the effective operating temperature iden-
tified earlier. If, for a series of rates of rise, Tgop
is plotted as a function of ~3, a straight line
should be obtained of slope r = k RTIlull2 and
intercept Te ff Using these two values, RTI and
C can be deduced. As long as top is greater than
about 3r, very little error is introduced by
neglecting the exponential term in Equation 9.
However for rapid rates of rise and slow sprin-
klers this condition may not be satisfied. In
such cases, Equation 15 should be used to
obtain preliminary estimates of C and RTI
which can be used to correct the /3 term in
Equation 15 for each rate of rise prior to recal-
culation. In this way improved estimates are
obtained.

Although the two test methods outlined can be
used to calculate the same nominal sprinkler

parameters, it is unlikely in practice that the
results from the two methods would agree.
Sprinklers are of fairly complex geometry, and
provide several thermal pathways between the
element and the pipework. A sensitivity model
based on only two parameters is an approxima-
tion and, as a result, the parameters deduced
will be test method dependent.

Heat detector testing
A ramp test approach is used in testing heat
detectors according to the European standard7.
The method involves subjecting devices to a
range of rates of rise and comparing response
times to a set of tabulated values. This allows
broad classification of detectors into one of three
classes which define sensitivity, and determine
how the device may be installed. In principle,
the data from the test could be interpreted in
the manner outlined above, to deduce detector
sensitivity characteristics. Clearly great caution
would have to be exercised in adopting such an
approach. Attempting to interpret a response
such as that given for the rate-of-rise detector
shown in Figure 4, in terms of an RTI and C
factor, is doomed to failure! However, given an
understanding of the principle of operation of a
detector, interpretation of the results of the
European standard test in terms of useful
parameters may well be possible.

In the United States, heat detector sensitivity is
assessed by use of large-scale fire tests and/or
oven tests8. The aim of the approach is to define
detector spacings for installations, and the
derivation of sensitivity parameters from the
results is not easy. The oven test subjects the
device to temperature-time histories following
specified curves. The results of these tests could
be used to deduce characteristics for a device
whose mode of operation was understood, given
a simple analytical form for the temperature-
time curves.

PREDICTING FIRE CONDITIONS

General
Estimation of thermal detector response time

requires a prediction of the temperatures and
velocities of the fire products in the vicinity of
the device as a function of time. Following igni-
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tion, hot gases produced by a fire rise above the
burning fuel and impinge upon the ceiling. The
ceiling surface causes the flow to turn and to
move horizontally to other areas remote from
the fire position, and to interact with heat
detectors and sprinklers. The prediction of the
temperatures and velocities in such flows is dis-
cussed in detail by Evans9.

Unconfined ceilings
The simplest correlations which can be used to
make suitable predictions are those of Alpert10.
These are derived from measurements made on

steady fires with heat release rates from about
600 to 100,000 kW and ceiling heights from 4.5
to 15.5 m. The following are Alpert’s expressions
for maximum gas temperatures and velocities
recast into SI units:

where the rate of heat release Q is in kW. This
set of equations is divided into two regions.
Equations 17 and 19 represent the radial veloci-
ty and temperature within a plume of height H
and are independent of radius. Equations 18
and 20 apply to the jet of hot gases spreading
out under the ceiling. The correlations were
derived for fires which occur under large unob-
structed ceilings. More sophisticated equations,
derived by Heskestad and Delichatsiosll, and
based on a larger collection of data are given by
Evans9. In general Alpert’s correlations predict
lower temperatures and velocities and their use
introduces a margin of safety. The correlations
discussed above were developed to describe gas
flows from steady fires. For growing fires, the
expressions may still be used, with the steady
heat release rate Q being replaced by a function
Q (t). An error then arises due to the neglect of
the time taken for hot gases to travel from the
fire to the detector. As a result the temperature

and velocity calculated by the equations at any
time in a growing fire would be greater than the
actual values. Predicted times to operation
would therefore err on the low side, which is
undesirable. Alpert suggests that the use of
Equations 17 to 20 is acceptable provided the
rate of heat release of the fire does not double in

less than a minute. For more rapidly growing
fires, an alternative approach is required.

Many fires are found to grow in a way which is
approximated by a heat release function which
varies as the square of the time from ignition
(or from a reference time). Beylerl2, following
work of Heskestad and Delichatsios, and dis-

cussing the detection of growing fires, used a set
of correlations, which yield the maximum tem-
perature and velocity in the ceiling jet as a func-
tion of time. The equations may be written in
the form

where i1T/B u* and t* are dimensionless tem-
perature rise, velocity and time respectively.
These quantities are defined in Appendix 3. The
time t f* is the dimensionless arrival time of the
initial heat front at the point of interest defined

by rlH. It is given by

These correlations are the basis for the calculat-

ed values of fire detector spacing found in NFPA
72E, Standard on Automatic Fire Detectors,
Appendix C13.

Based on these equations, Evans9 provides a
simple criterion whereby the errors in applying
the quasi-steady approach, and using Alpert’s
equations for a growing fire, may be evaluated.

All the correlations mentioned so far aim to cal-

culate the maximum temperature and velocity
in the ceiling jet. This maximum generally
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occurs at a distance of about 1% of H below the

ceiling. The thickness of the jet grows with
radial distance, but lies between about 5% and
12% of Hlc. Detectors situated outside this

range will be poorly placed for response to the
fire gases, and predictions for such detectors
based on the above equations could be seriously
in error.

Compartments
The equations described above apply to condi-
tions under large unconfined ceilings, or to the
early stages of a fire in a compartment, where
there is no significant accumulation of warm
gas in the vicinity of the ceiling. In the later
stages of a room fire, the hot gas layer can total-
ly submerge the ceiling flow and temperatures
close to the ceiling will be higher than those
predicted by Equations 17 to 20 for the uncon-
fined case. To this extent the use of the above

equations provides an overestimate of time to
detector operation and is therefore a conserva-
tive approach.

Methods do exist, however, for prediction of
temperatures and velocities in compartments.
Evansl4 has developed particularly useful
expressions based on Equations 17 to 20. In this
approach, it is assumed initially that the fire
source is totally enclosed in an environment
having the warm upper layer temperature T,’.
This substitute fire has a rate of heat release Q’
and a location below the ceiling H’ which differ
from those in the real fire. These values are cal-
culated by preserving the temperature in the
plume and the heat flux with respect to the
lower ambient layer. Evans9,14 gives the expres-
sions to make the necessary calculations for Q’
and H’. In order to make the formulation a com-

plete time-dependent prediction, a separate
estimate is required for the temperature of the
upper layer To’ with respect to time. This could
be obtained from any one of a number of zone
fire models, ASET15 actually being used by
Evans to illustrate this methodl4.

Field modelling
If the fire protection problem under considera-
tion is being modelled using a field model, such
as JASMINE16, then there is no need to use an
approximate independent method to calculate

ceiling jet temperatures and velocities. This
information will necessarily be produced as part
of the solution process, in each cell in the solu-
tion domain and at as many time intervals as

desired. A field model can in principle take into
account any degree of complexity in the problem
geometry and is not in any way limited in the

way the fire is allowed to grow. Because of the

large amounts of time and effort involved in
tackling a problem in this way there would,
however, have to be some independent justifica-
tion for adopting such an approach.

PREDICTING DETECTOR
OPERATION

Given a suitable time-dependent description for
gas velocity and temperature near a detector, it
is then necessary to solve Equation 5 subject to
these conditions. For fairly simple tempera-
ture/time and or velocity/time histories, it is
possible to do this analytically. For steady veloc-
ities, for example, and step function or linear
temperature rises, Equations 6 or 9 can be used.
Such conditions are unlikely to apply to real
fires.

If the correlations for the t2 fire, Equations 21 to

23, are substituted into Equation 5, the result-
ing equation may be solved analytically to yield
the element temperature as a function of time.
This integration was carried out by Beylerl2 for
the case where C = 0. The final equation is of
the form

Where Y (defined in Appendix 3) is a composite
dimensionless variable dependent on dTg*, u*,
t* and proportional to 1/RTI. The time to opera-
tion can be deduced for a set point detector by
substituting T, (t) = Tnom and solving for top.
The rate of temperature rise of the element is

given by

The time to operation of a rate-of-rise detector
can in principle be calculated by substituting /3c
for the left hand side of Equation 25. However,
this equation can only apply to detectors to
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which a single RTI value can legitimately be
assigned. Attempts to use this equation for a
detector with a characteristic such as that
shown in Figure 4 could result in predictions
which are widely in error.

Stroup and Evansl7 have embodied Beyler’s
solution into a code for predicting DETector
ACTuation (DETACT-T2) for fires under large
unobstructed ceilings where heat release varies
as t2. The user inputs a parameter which
describes the growth rate of the fire, together
with detector characteristics: RTI and a set

temperature or rate of temperature rise. The
code outputs the calculated time to operation
and the fire heat release rate at operation.
Evans and Stroupl8 describe an alternative
code DETACT-QS for arbitrary fires. This
makes use of Alpert’s equations (Equations 17
to 20) and as such is only suitable for slowly
growing (quasi-steady) fires. The user inputs, in
addition to the detector parameters, a series of
points which allow the fire to be approximated
by a set of straight line segments. The code
interpolates between these and recalculates the
gas temperature and velocity at the sprinkler
location every second. The detector response at
the end of this interval is calculated using an
equation similar to Equation 9 (but not identical
since detector and gas tempratures are not
equal at the start of the time interval). Once
again C is taken as zero and the only parame-
ters of the device which are input are operating
temperature and RTI value. The output tabu-
lates the rate of heat release of the fire, the gas
temperature at the sprinkler location, and the
calculated detector temperature as a function of
time. The calculated detector actuation time is

output. No option for rate-of-rise detectors is
available.

A modification of DETACT-QS named DACTIL
(Detector ACTuation Including Losses) is cur-
rently under development at the Fire Research
Station, United Kingdom. This takes into
account heat losses from the sprinkler and
allows input of RTI and a heat loss parameter
(currently entered as Teff from ramp test
results). The code has options which dispense
with Alpert’s correlations and allow gas temper-
atures and velocities, calculated by other means

or measured in experimental fires, to be input
directly at suitable time intervals. This facility
allows the code to be used as a subroutine to the

FRS field model JASMINE. DACTIL is also cur-

rently being incorporated into the fire engineer-
ing calculator ASKFRS19.

SUMMARY
Over quite a short space of time, a number of
tools have become available to the fire protec-
tion engineer for estimating thermal detector

response. It has been realised that an operating
temperature, or rate of temperature rise, is not
sufficient to define sensitivity characteristics. It
is now accepted that at least two other parame-
ters are required for sprinklers, one describing
thermal response, and one heat losses from the

element to its supports. For detectors, the latter
consideration is generally not important, but a
single RTI value may fail to describe the
response of anything other than very simple
heat detectors.

When coupled with theoretical predictions of
fire conditions at the detector location, it is pos-
sible to use models of detector response to calcu-

late times to operation. Various options for cal-
culating fire temperatures and velocitities are
available, and some of these have been high-
lighted. Two, in particular, have been coded into
computer routines which are readily available.
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NOMENCLATURE
a - area (m2)
A - dimensionless constant, Equation A21 (-)
c - specific heat (J kg-1 K-1)
C - conduction parameter (m 1/2 s-v2)
h - convective heat transfer coefficient

(W m_2 K-1)
H - height of ceiling (m)
k - sprinkler characteristic = (1 + Clu112)-1 (-)
m - mass (kg)
9co~[; - convective rate of heat transfer (W)
qrad - radiative rate of heat transfer (W)
Q - rate of heat release from fire (kW)
r - radial distance (m)
RTI - a response time index = zuv2 (mv2 sv2)
t - time (s)

top - time to operation of sprinkler or heat
detector (s)

T, - temperature of heat sensitive element (K)

Teff - effective operating temperature,
Equation 7 (K)

Tg - gas or air temperature (K)
TBop - gas or air temperature at operation (K)
T nom - nominal operating temperature of heat

sensitive device (K)

To - ambient temperature (K)

Tp - air temperature in plunge test (K)
T, - starting air temperature in ramp test (K)
T1 - temperature of unlagged bimetal strip (K)
T2 - temperature of lagged bimetal strip (K)
u - gas or air velocity (m s-1)
Me - critical gas or air velocity for operation

(m S-1)
Y - dimensionless variable, Equation A22 (-)
a - fire growth parameter for t2 fires

(kW s-2)
{3 - rate of air temperature rise (K s-1)
j8e - critical rate of air temperature rise for

operation (K s-1)
E - emissivity (-)
p - density (kg m-3)
a - Stefan’s constant (W m-2 K--4)
7: - thermal time constant (s)

Superscripts
0 - dimensionless variable defined in

Appendix 3.
1 

- substitute value calculated for the hot
layer within a compartment
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APPENDIX 1 : RESPONSE OF A

DETECTOR TO A STEP FUNCTION

RISE !N TEMPERATURE

The equation to be solved is Equation 5 with tg
= constant = Tp

which may be rewritten as

where 4T represents an increase in tempera-
ture over the ambient value To.

The general solution to an equation of this form
may be expressed as2o

where the integrating factor I is given by

and c is a constant of integration.

Hence

When

so

and

from which it follows that

which is Equation 6.
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APPENDIX 2: RESPONSE OF A
DETECTOR TO A LINEARLY RISING

AMBIENT TEMPERATURE

The heat balance for a detector exposed to a
linear rate of ambient temperature rise is
expressed by Equation 8:

For convenience we define a constant

and we rearrange Equation A9 to yield

Taking Laplace Transforms on Equation All
gives

where L (Te) is the Laplace Transform of T, and
p is the transformed time variable. Lo is the
value of Te when t = 0.

Expanding the second and third terms of
Equation A12 by partial fractions gives

When t = 0 dT/dt = 0, hence from Equation All

Hence

Taking Inverse Transforms gives

Substituting back for a from equation A10 gives

Substituting Tg = TS + j3t and rearranging gives

which is Equation 9.
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APPENDIX 3: DIMENSIONLESS
VARIABLES IN HESKESTAD AND
DELICHATSIOS CORRELATIONS

The dimensionless variables introduced by
Heskestad and Delichatsiosll are used to char-
acterise the temperature and velocity in a ceil-
ing jet and detector response to it. Equations 21
to 25 describe behaviour resulting from a t2 fire,
where the rate of heat release Q varies as

where a is a constant. The variables used in
these equations are defined as follows:

where A is a constant defined by

where cp and p, are the specific heat at constant
pressure and the density of air at the ambient
temperature To.

The response of a detector (with C = 0) to a t2
fire is characterised by a variable Y defined as


