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ABSTRACT  

As sprinklers systems are widely adopted as fire fighting devices in buildings, it is necessary to develop 
quantitative models for investigation of the influence of sprinklers on fire development. A fire zone model 
which includes the cooling effect of sprinklers is developed. Heat transfer from the smoke layer to sprinkler 
water spray was considered as an additional heat loss term in energy balance equation. In the absence of a 
sprinkler, the predicted temperature of this model matched that of CFAST6.0, while when sprinkler effects 
were included, the model predicted the temperature profile of the smoke layer with good agreement with 
published experiments. This model was applied to a hypothetical compartment fire. Results showed that a 
higher heat release rate of fire led to a significant decrease in smoke temperature following sprinkler 
activation, while only a small decrease in smoke layer temperature is predicted when increasing sprinkler 
pressure from 0.05MPa to 0.1MPa. 
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NOMENCLATURE LISTING 

cp specific heat (kJ/kg·K) 
rQ  radiative heat transferred from smoke 

layer to wall boundaries and lower 
layer (kW) 

Cd drag coefficient  
fQ  heat release rate of  fire (kW) 

d droplet diameter (μm) t time (s) 
D thickness of smoke layer (m) tf reservation time of water droplet in 

smoke layer (s) 
dm median diameter of droplets (μm) 

 
Tes average temperature of smoke layer in 

experiment (K) 
d0 minimum diameter of droplets (μm) T(d) temperature of the droplet with 

diameter d (K) 
d∞ maximum diameter of droplets (μm) T(d)f temperature of the droplet with 

diameter d when it exits from smoke 
layer (K) 

g acceleration of gravity (m/s2) T0 initial temperature of water droplet (K) 
h(d) Convective heat transfer coefficient of 

the droplet with diameter d (kW/m2·K) 
u horizontal velocity of water droplet 

(m/s) 
k Thermal conductivity of air (kW/m·K) Vs volume of upper layer (m3) 
m mass of water droplet (kg) Vw volume discharge rate of water droplets 

(L/s) 

pm  mass accumulation rate flowing across 
the layer interface (kg/s) 

v vertical velocity of droplets (m/s) 

vm  mass flow rate through vent (kg/s) y(d) probability of the droplet with diameter 
d 

N(d) number of droplets with diameter d z distance normal to ceiling (m) 
Nu Nusselt number  Greek
Qc(d) The heat transferred to the droplet with 

diameter d from smoke layer (kW) 
ρ density (kg/m3) 
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ecQ  enthalpy of air entrained into the plume 
(kW) 

σ variance of log-normal distribution 
function 

scQ  
The heat transferred from smoke layer 
to sprinkler spray (kW) 

subscripts 

pQ  the enthalpy gain rate by flow across 
the layer interface (kW) 

a air 

vQ  enthalpy loss rate through vent (kW) s smoke layer 

bcQ  convective heat transferred from smoke 
layer to boundaries ( kW) 

w water 

INTRODUCTION  

The sprinkler is considered to be one of the most effective and reliable of all fire fighting tools. 
Quantitative studies of the sprinkler‘s influence and efficacy on the fire development is important. The 
effect of sprinklers is generally ascribed to two characteristics [1-2]: (1) reducing the heat release rate by 
directly suppressing the fire; (2) cooling of the hot smoke layer and thus reducing radiative heat transfer 
from smoke layer back to the fire. Zone modeling is one of the most widely used approaches for fire 
simulation. The two-layer zone model CFAST6 includes a model of fire suppression [3], but does not 
include the cooling effect of sprinklers on smoke layer. For this reason, it excludes the important effect of 
sprinklers delivering water droplets into the burning region of a fire. Cooper [4] studied the interaction of 
sprinkler spray on the hot smoke layer using the methodology of zone modelling. His study accounted for 
heat losses of the smoke layer due to water evaporation of sprinkler spray, but did not include losses due to 
convective heat transfer. On the basis of a zone model for a hot smoke layer, Novlzhilov [5] analyzed the 
critical water discharge rates required for flashover prevention. However, the assumption that the water 
droplets have uniform diameters is not in agreement with experimental conditions, and simplifications were 
made on the energy source terms in his study. Vaari [6] proposed a transient zone model for total flooding 
water mist fire suppression. This model was developed for predicting the suppression capability of water 
mists, and sprinklers were not included in his study. Morgan [7] developed a theoretical model for heat 
transfer from smoke layer to sprinkler spray. His work derives from the heat absorption by a single water 
droplet, from which he derived the total heat transferred to sprinkler spray from smoke layer. This model 
has been used in a number of subsequent studies [5, 8-10] and was improved by Chow and Fong [9]. The 
limitation in engineering application of these models may due to the fact that they depend on the 
temperature and thickness of smoke layer which vary during a fire scenario. 

The objective of the present study is to develop a fire zone model which includes the effect of cooling the 
smoke layer by sprinkler spray. The heat transferred to the sprinkler spray from the smoke layer is included 
as a heat loss term in this model. In order to estimate the heat absorbed by the sprinkler spray accurately, a 
model which includes droplets size distribution is used. Since this fire zone model has accounted for the 
cooling effect of sprinklers on the hot smoke layer, if the water does not reach the fire, it does not predict 
the fire but rather the temperature conditions in the smoke layer. This zone model is of significance for fire 
safety design. 

HEAT TRANSFER FROM SMOKE LAYER TO SPRINKLER SPRAY  

A sprinkler’s effects on fire development manifests itself in two ways: by suppressing the fire and cooling 
of the hot smoke layer. Fig.1 shows the two situations in which sprinkler affects fire development. 
Sprinklers have a direct effect on the fire when water droplets can reach the fire region, however, as is 
shown in Fig.1, the sprinkler may be located away from fire locus where the droplets only pass through the 
hot smoke layer. Direct fire suppression is achieved only in the former case. However, the cooling effect of 
sprinkler water on the hot smoke layer must be included in either of the two cases. The phenomena of 
cooling of smoke layer by sprinklers include regimes of convective heat transfer, radiative heat transfer as 
well as evaporative heat absorption. Only very fine droplets will be heated to their boiling temperatures 
when traversing through the hot layer, and both theoretical and experimental studies report that evaporative 
heat losses are small relative to convective heat transfer [11-13]. Therefore, only convective heat 
transferred from smoke layer to sprinkler droplets is included in this heat transfer model.    
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Sprinkler sprays are composed of droplets ranging by over two orders of magnitude in diameter. The 
common distribution functions used to describe droplets are log-normal distribution and Rosin-Rammler 
distribution [14]. In this paper, log-normal distribution function is used: 

( ) 2

1/ 2 2

ln /1( ) exp
(2 ) 2

md d
y d

dσ π σ
− ⎡ ⎤⎣ ⎦=                                                                              (1)  

where y(d) denotes the possibility of a droplet of diameter d, σ is the variance of log-normal distribution 
function, dm is the median diameter of droplets, which is related to Webber number [15-16]。 
The number of droplets discharged with diameter d per second can be taken as:  
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where Vw is the volume discharge rate of water droplets. 
 

 

Fig.1. Schematic view of sprinklers’ effects on burning region or smoke layer  

 
The droplets motion can be described as the following two equations for the horizontal and vertical velocity 
components [17]: 

2 2 21 d
8 a d

dum C u v u
dt

ρ π== − +                                                                                        (3) 

2 2 21 d
8 a d

dvm C u v v mg
dt

ρ π= − + +                                                                                  (4) 

where ρa  is the air density,  and Cd is the drag coefficient reported in the literature [8].  
Combining Eq. 3 with Eq. 4, the vertical velocity v can be calculated. z is the distance normal to ceiling, 
which can be determined by:  

0

( )
t

z v t dt= ∫                                                                                                                          (5) 

The heat balance equation of a single droplet with diameter d can be represented by: 

( ) ( )
3

24 ( ) ( )
3 2 w pw s

d dT dc h d d T T d
dt

π ρ π⎛ ⎞ = −⎜ ⎟
⎝ ⎠

                                                                (6) 

The sprinkler 
which can deliver 
water droplets 
into the burning 
region 
 

The sprinkler 
which fails to 
deliver water 
droplets into the 
burning region 
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where T(d) is the temperature of droplet, h(d) is the convective heat transfer coefficient for each droplet, Ts 
is the temperature of smoke layer. 
The convective heat transfer coefficient is calculated by: 

( )( ) Nu d kh d
d

⋅
=                                                                                                                (7) 

where Nu(d) is the Nusselt number of water droplet.  Formula in reference [9] is used to calculate Nu(d), k 
is the thermal conductivity of air. 
The boiling temperature of all water droplets is considered to be 373K. The heat loss of the smoke layer 
caused by water evaporation is not included in the model. Integrating Eq. 6, the temperature of droplet at 
the moment when exiting smoke layer, T(d)f, can be represented as follows: 

( )0 02

6( ) 1 exp( ) ( ( ) 373 )f f s f
w p

kNuT d T t T T T d K
c dρ

⎡ ⎤
− = − − −        ≤⎢ ⎥

⎢ ⎥⎣ ⎦
                                  (8) 

The time taken for each droplet to go through the smoke layer, tf , is determined by: 

0

( )
ft

D v t dt= ∫                                                                                                                        (9) 

where D is the thickness of smoke layer. 
Thus, the heat absorption by a single droplet can be taken as: 

( )
3

0
4( ) ( ) ( )
3 2c w pw f

dQ d C T d T N dπ ρ⎛ ⎞= −⎜ ⎟
⎝ ⎠

                                                                   (10) 

Substituting Eq. 8 into Eq. 10, the heat transfer from smoke layer to the whole sprinkler spray can be 
derived as follows: 

( ) ( )
3

0 20
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3 2

d
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w p

d kNuQ T T c t N d d d
c d

π ρ
ρ
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⎝ ⎠ ⎢ ⎥⎣ ⎦

∫                              (11) 

It is seen from Eq. 11 that the heat transfered from the smoke layer to the sprinkler spray is related to the 
temperature of smoke layer Ts and the droplets exit time tf. Considering Eq. 9, tf  is determined by the 
smoke layer thickness D. Hence Ts and D are the primary two independent variables of the model of heat 
transfer from the smoke layer to sprinkler spray. Since Ts and D are unknown and they interact with Qsc 
during the fire, the model in its present form has limitations for practical application. By combining this 
model with the fire zone modelling, a relationship between the properties of the smoke layer and the heat 
transferred to the sprinkler spray is resolved. The governing equations and solution strategy of this new 
zone model are presented in detail. 

MODEL DEVELOPMENT 

Governing equations 

Mass and energy conservation equations for upper smoke layer are included in the fire zone model, which 
include the cooling effect of sprinkler spray and is termed the Sprinkler Zone Model (SZM). The pressure 
of the upper and lower layers are assumed to be identical and at ambient pressure. The smoke gas is 
considered to be an ideal gas.  The mass conservation equation for smoke layer is as follows: 
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( )s s p v
d V m m
dt

ρ = −                                                                                                           (12) 

where pm  is the mass accumulation rate flowing across the layer interface, and vm  is the mass loss rate 
through the vent. 
In the absence of sprinkler spay, the energy equation for smoke layer is similar with that of other zone 
models such as CFAST6. In the presence of a sprinkler spay, an additional heat loss term scQ  is included in 
the energy conservation equation.  A uniform temperature Ts is assumed throughout the hot smoke layer by 
this zone model in both scenarios shown in Fig.1, and is represented as: 

( )ps s s s p v bc r sc
d c V T Q Q Q Q Q
dt

ρ = − − − −                                                                           (13) 

where Ts is the temperature of smoke layer, cps is the specific heat of smoke, vQ  is the enthalpy loss rate 

through vent,  rQ  is the radiative heat transferred from smoke layer to wall boundaries and lower layer, 

bcQ  is the convective heat transferred from the smoke layer to the system boundaries, scQ is the heat 

transfer from the smoke layer to the sprinkler spray, pQ  is the rate of enthalpy change due to flow across 
the layer interface, and can be represented as: 

p ec fQ Q Q= +                                                                                                                    (14) 

where ecQ  is the enthalpy of air entrained into the plume, and fQ  is the heat release rate of fire which 
includes two parts, convective part and radiative part. In this paper, 70 percent of the heat released by fire is 
assumed to be convective. The other 30 percent is radiative heat which is absorbed by the smoke layer. 

Solution strategy 

In addition to heat transfer from the smoke layer to the sprinkler spray, other source terms of the governing 
equations are solved by a series of sub-models. In order to compare the results of SZM with that of 
CFAST6, sub-models consistent with CFAST6 are introduced into SZM. McCaffrey’s plume model is 
implemented to calculate mass entrainment rates [18]. Mass flow through vent can be calculated by 
integrating Bernoulli’s equation in the vertical direction, similar to the methodology used with CFAST6 [3]. 
Convective heat transfer is calculated using the same relationships in CFAST6, which calculates convective 
heat transfer coefficients of ceiling and walls, respectively [3]. The radiation heat transfer model is based 
on the work of Siegel and Howell [19], and the two wall exchange algorithm is adopted in this paper. Inner 
wall temperature and conduction heat through boundaries can be solved by transient one-dimensional 
conduction model.  
The governing equations are iterated with Runge-Kutta method. Heat transfer from the smoke layer to the 
sprinkler spray is not included in the iterative process prior to sprinkler activation. Following sprinkler 
activation, a model of heat transfer from smoke layer to sprinkler spray is introduced into the iteration. In 
the situation that sprinkler droplets fail to reach the fire region, only a model of heat transfer from the 
smoke layer to the sprinkler spray is accounted for by SZM. However, in the situation where sprinkler 
droplets have a direct effect upon the fire region, both heat transfer from smoke layer to sprinkler spray and 
the fire suppression model are implemented in SZM. Fire suppression can be modeled using the algorithm 
of Evans [20]. Since the thermal response of sprinklers is not included in SZM, it is assumed that sprinklers 
activate immediately when the smoke layer reaches their activation temperature. The solution procedure of 
SZM is shown in Fig.2. 
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MODEL VALIDATION AND APPLICATION  

Model validation 

Since a number of sub-models and numerical methods are used by SZM, for validation of the SZM’s 
numerical robustness, the temperatures predicted by SZM (without accounting for the heat transfer from 
smoke layer to sprinkler spray) were compared with that of CFAST6. The geometry, dimensions and heat 
release rates in both CFAST6 and SZM were similar and compared with data provided by Chung and Dong 
[22]. It is seen from Fig.3 that up to 150s after the start of the fire, the temperatures of SZM are higher than 
that of CFAST6. This discrepancy may arise from the fact that the ceiling jet is not accounted for by SZM 
in this initial period. The temperature of SZM is a little lower than that of CFAST6 after 200s and SZM is 
unable to calculate the variation of pressure as a single zone model. For this reason, the expansion caused 
by variation of smoke layer volume can’t be estimated by SZM, and this may also be the explanation for 
the discrepancy between the results of SZM and CFAST6. In general, good agreement is found between the 
results of SZM and that of CFAST6 when the sprinkler is not activated, indicating that the algorithms and 
sub-models of SZM are reliable.  
Further validation is conducted by comparing the SZM predicted results with experimental data. The test 
data extracted from Chung and Dong’s work [21-22] are used for validation of SZM. Chung and Dong did 
a series of experiments in a 12×7×3 m3 compartment, for the purpose of measuring the growth of the 
smoke layer height during the sprinkler activation. The reason for choosing these test data as the 
benchmarks are as follows: (1) the vertical temperature distributions were measured in the experiments by 
using four thermocouple trees located at different locations in the test room. (2) The mass loss rates of the 
fuel were recorded by load cells and thus the transient heat release rates were available [21]. (3) 
Measurements of the heights of smoke layer were conducted by using light beam detectors. Although the 
average temperature of smoke layer was not given by Chung and Dong‘s paper directly, it can be estimated 
by Eq.15.  

4
, 1,

1 1

1 1 ( )
4 2

n
i j i j

es
i j

T T
T h

h
+

= =

+
= Δ ⋅∑ ∑                                                                                        (15) 

where i denotes the No. of  thermocouple, j is the No. of thermocouple tree, and n is the number of 
thermocouple within the smoke layer. hΔ  is the height between two neighboring thermocouples, h is the 
height of smoke layer which was measured in Chung and Dong’ test by light beam detectors. The data of 
No.1-2 test [22] was used in this paper for comparison. The average temperatures of smoke layer in the 
No.1-2 test were estimated by Eq.15 and are presented in Fig.3. 

Fig. 2. Solution procedure of SZM 
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Both the results of SZM with the model of heat transfer from smoke layer to sprinkler spray and that of 
CFAST6 were compared with the test data, as is illustrated in Fig.3. It is found that CFAST6 overestimates 
the smoke temperature. Prior to sprinkler activation (which is 169s in the experiment), the predicted 
temperatures of CFAST are (on average) about 25% higher than the test data. This overestimation may 
arise from the intrinsic limitations of zone modeling. Even the large eddy simulation code Fire Dynamics 
Simulator (FDS) overestimates the growth rates of temperature as reported by Chung and Dong [21]. It is 
noted that, a larger discrepancy is found between the CFAST6 predictions and the test data after sprinkler 
activation, the CFAST predicted temperatures are about 86% higher than the test data on average during the 
time under sprinkler effects. This larger discrepancy may be attributed to the fact that CFAST model does 
not account for the effect of cooling the smoke layer by sprinkler spray. The input data of the model of heat 
transfer from smoke layer to sprinkler spray in SZM are consistent with the sprinkler parameters in Chung 
and Dong’s test. SZM is not capable of predicting the actual activation temperature of sprinkler since the 
thermal response model of sprinkler and ceiling jet temperature is not included in SZM. To compensate for 
this limitation, SZM takes the average temperature of smoke layer at the moment when sprinkler activated 
in the experiment (which is 78℃) as the activation temperature. For this reason, sprinkler activation times 
predicted by SZM are about 50s earlier than that of the test, as is shown in Fig.3. However, the maximum 
temperature predicted by SZM agrees well with the test data. Furthermore, the predicted temperatures after 
169s (the sprinkler activation time in the experiment) agree quite well with the test data. Taking into 
account of the cooling effect of sprinkler on smoke layer, SZM predictions were in better agreement with 
fire experiment data under sprinkler effects. 
 

Case study 

In this section, the fire characteristics of a hypothetical compartment fire were predicted by SZM model. 
The hypothetical compartment is 5m×5m in plan and 3.6m in height. The door opening is centered on one 
of the walls, with dimensions 1.2m wide and 2m high. Two t2 fires, with maximum heat release rates of 
1054KW (HRR1) and 500KW (HRR2) are used for calculation, both HRR1 and HRR2 have the duration of 
600s and the growth coefficient of 0.02635 kW/s2, and they decays after 400s and 462s, respectively. Three 
different discharge pressures (0.05MPa, 0.075MPa and 0.1MPa) of sprinkler are adopted in the calculations. 
Only the situations that the water droplets of sprinkler spray fails to reach the fire region are investigated in 
this section. The initial ambient temperature is 20℃, and the water temperature is 19℃. The input data for 
SZM are shown in Table 1. 
 

Fig.3. Comparison of smoke layer temperature predicted by SZM, CFAST with experiments 

 925



Table 1. Input data of SZM 

Sprinkler Properties 

Head pressure 
(MPa) 

Median diameter 
(μm) 

Volume flow rate 
(l ·s-1) 

Sprinkler density 
(mm ·s-1) 

Activation 
temperature(℃) 

0.05 1390 0.94 0.047 106 
0.075 1220 1.15 0.058 106 
0.1 1100 1.33 0.065 106 

Thermal properties of compartment boundaries 

thickness(cm) density(kg·m-3) Conductivity 
(W·m·K-1) 

Specific heat 
(J·kg-1·K-1) Emissivity 

20 1700 0.7 830 0.8 
Ambient conditions 

Ambient temperature 
（℃） 

Ambient pressure 
（Pa） 

Water temperature  
（℃） 

20 101325 19 
Fire properties 

Growth 
coefficient 

(kW/s2) 
Duration  (s) 

Maximum 
heat release 
rate (kW) 

Decay time 
(s) 

Radiation 
fraction Name 

0.02635 600 1054 400 0.3 HRR1 
0.02635 600 500 462 0.3 HRR2 

 
Fig.4 shows the predictions with sprinklers of 0.1MPa operating pressures. A drop of about 156℃ on 
average is predicted for HRR1 following sprinkler activation, and 121℃ on average for HRR2. This 
indicates that the sprinkler has more marked effect on cooling of the smoke layer under the conditions of 
higher heat release rates. This may be due to that the heat transferred to sprinkler spray is proportional to 
the difference between smoke temperature and ambient temperature, as shown in Eq.11. The heat loss 
sources of smoke layer following sprinkler activation consists of enthalpy losses through the vent flow, 
convective heat transfer, radiative heat transfer and heat transferred to the sprinkler. Fig. 5 presents the 
energy balance of the smoke layer for the case of HRR1 and 0.1MPa sprinkler pressure. Table.2 shows the 
average energy gain rates and average energy loss rates of smoke layer between 200s and 400s. As 
indicated from Fig. 5 and Table.2, heat loss due to sprinkler spray cooling takes up a higher proportion of 
heat losses. Therefore, the presence of sprinkler leads to a significant cooling effect on the hot smoke layer.  
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Fig.4. Variation of temperature with and without sprinkler effects 
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Table 2.  Energy balance of the smoke layer during the steady stage 

 bcQ  rQ  vQ  scQ  
Total 

energy 
loss 

fQ  ecQ  
Total 

energy 
gained 

Value(kW) 9.1 202.2 849.2 529.8 1590.3 1054 542.3 1596.3 
Proportion 0.6% 12.7% 53.4% 33.3% / 66.0% 34% / 

 

To ensure adequate capacity for fire suppression, a discharge pressure of 0.1MPa is mandated by the fire 
codes of China [23]. In this section, for the purpose of investigating the effect of sprinkler pressure on 
cooling of the smoke layer, three pressures (0.05MPa, 0.075MPa and 0.1MPa) were adopted by the SZM, 
respectively. Fig. 6 shows that there is a relatively small drop of smoke temperature (20℃ on average) 
when increasing the discharge pressure from 0.05MPa to 0.1MPa. In addition to increasing water mass 
flow rates, a higher sprinkler pressure may also result in a decrease in droplets size and thus potentially 
provides enhanced cooling due to higher evaporation rates [11]. However, the initial vertical velocities of 
the droplets are also increased under higher sprinkler pressure, which leads to a reduction in time for 
droplets passing through the smoke layer. For this reason, only a small drop in temperature was predicted 
when the discharge pressure varied from 0.05MPa to 0.1MPa. The sprinkler spray with high discharge 
velocity may even cause instability in the smoke layer. Therefore, although increasing discharge pressure 
of sprinklers may suppress fire more effectively, it may not be an effective way to cool the smoke layer, 
especially for sprinklers which are located away from the fire locus. 
In actual fire conditions, the smoke layer within the envelope of sprinkler spray may be thickened due to 
drag of the water droplets, especially in condition under high sprinkler pressure. However, the drag effect 
of droplets on smoke layer is not included into this fire zone model and thus the thickness of smoke layer 
varies little with the sprinkler pressure, as shown in Fig. 6. 

Fig. 5. Variation of heat source terms with sprinkler effects 
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CONCLUSIONS 

By considering heat transfer from the smoke layer to the sprinkler spray as an additional term in the energy 
equation, a fire zone model which includes the cooling effect of sprinklers is developed. This fire zone 
model has been validated, through comparison with the predictions of the CFAST6 model and the 
experiment data provided by Chung and Dong. It is shown that the predicted results of this fire zone 
modeling and CFAST6 are in good agreement prior to sprinkler activation. Following activation of the 
sprinkler, better agreement can be obtained between the predicted results of the present fire zone model and 
the experimental data than that of CFAST6. This indicates that accounting for the cooling effect of 
sprinkler spray on the hot smoke layer is important in fire zone modeling. 

A further study has been performed by applying the present fire zone model for the investigation of a 
hypothetical compartment fire. Two heat release rates of the fire source and three discharge pressures of the 
sprinkler were examined in this study. Significant decreases in smoke temperatures were predicted 
following sprinkler activation. A large decrease in temperature resulted under higher heat release rate. 
Comparing the heat transferred to the sprinkler spray with other heat loss sources of the smoke layer, it is 
shown that the sprinkler plays an important role in cooling of the hot smoke layer. A relatively small 
decrease in temperature was predicted by increasing the discharge pressure of sprinkler from 0.05MPa to 
0.1MPa, indicating that increasing discharge pressure may be not an effective way in cooling smoke layer. 

However, the smoke layer within envelop of sprinkler spray may become very obscure under the drag 
effect of sprinkler spray, especially for high sprinkler pressure. This may influence heat transfer between 
smoke layer and water droplets. The current model has not accounted for the drag effect of droplets on the 
smoke layer, Li’s model [24] correlated the height of smoke layer within sprinkler spray envelop with the 
drag of water droplets, which will be included into this zone model in the future work. 
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