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ABSTRACT 

The Actual Delivered Density (ADD) for rack-storage fires has been investigated 
experimentally, using an ADD apparatus equipped with a fire plume simulator. The fire 
plume simulator was calibrated to simulate the plumes of a 6.1-m (20-ft) high rack-storage 
fire of the FMRC Class II Commodity. Three standard upright sprinklers (17132-in. C, 112411 
F & 112-in. G) were employed for the investigation. Empirical correlations in the form of 
power law for the water penetration ratio, which is the ratio of the ADD to the water density 
measured without f i e ,  have been established for sprinkler-fire arrangements in which the fire 
was centered under one sprinkler, centered below two sprinklers on the same pipe and 
centered below four sprinklers. In the case of a single sprinkler operation, the water 
penetration ratios for a given sprinkler and fire size were found independent of the water 
discharge rate under the present measurement range, varying from 95 Ilmin to 212 Ilmin (25 
gpm to 56 gpm). 

KEYWORDS: Actual Delivered Density, Rack Storage Fire, Fire Plume Simulation, 
Sprinklered Fire, Heptane-Spray Fire. 

1. INTRODUCTION 

Over the last two decades, warehousing of industrial products has undergone dramatic 
changes such as the introduction of a new generation of storage products consisting of 
flammable synthetic materials, and the increasing heights of rack storage arrangements. Fires 
in this "new environment" are characterized by extremely high heat release rates and f i e  
plumes with velocities over 10 m/s. Due to the increasing challenge by these fires, sprinkler 
systems which used to be able to suppress fires of light and ordinary hazard occupancies are 
no longer capable of suppressing these high-challenge rack storage fires. To advance the 
design of sprinkler systems under this new environment, a quantitative evaluation of sprinkler 
performance is needed. 
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The Actual Delivered Density (ADD) concept was first introduced by FMRC in its Early 
Suppression Fast Response (ESFR) research program [I] as a means of predicting sprinkler 
performance. The ADD of a sprinkler is the water density actually penetrating the fire plume 
and delivered to the top surface of a burning rack-storage commodity. The ADD depends on 
the plume characteristics, heat release rate, ignition location, ceiling clearance, water 
discharge rate, spray pattern and drop size distribution. Fire suppression is expected if the 
ADD is greater than the Required Delivered Density (RDD), which is the density required 
to be delivered to the top surface of the burning rack-storage fire to achieve fire suppression. 

Therefore, knowledge of the ADD variation under various fire situations is essential in order 
to predict sprinkler performance. To date, correlations for the ADD variation have rarely 
been established. The only related work was carried out by Heskestad [2] in his laboratory 
study on the sprinkler spraylplume interaction. In his experiments, a simulated buoyant 
plume was generated by a non-reacting fire plume simulator. Only one sprinkler-fire 
arrangement in which the simulated plume was centered among four discharging sprinklers 
was investigated. 

Heskestad identified a parameter which separated the operation of the sprinklers into two 
regimes: a gravitational regime and a momentum regime. In the gravitational regime, water 
drops from the sprinkler entered the fire plume with their terminal velocity and had no other 
effects on the plume than moderate cooling of the plume gas. If the plume gas flow created 
a drag force on the drops greater than the force of gravity, the motion of the water drops 
would be reversed and swept away outside of the plume. A correlation for the water 
penetration ratio, which is the ratio of the water density with fire to that without fire, was 
established in this regime based on a dimensional analysis of pertinent variables. In the 
momentum regime, the plume gas flow was affected by the downward thrust force of the 
sprinkler spray as a result of high water density and discharge pressure. 

Since correlations of the ADD for rack-storage fires were not available, the objective of this 
study is to establish such correlations. In this paper, the correlations are presented for three 
sprinkler-fire arrangements in which the fire was centered under a single sprinkler, centered 
below two sprinklers on the same pipe and centered below four sprinklers. 

2. MEASUREMENTS 

In this study, a total of 380 experiments were performed to investigate the Actual Delivered 
Density through simulated rack-storage fires as affected by the fire heat release rate, water 
discharge rate and configuration of the sprinkler-fire location. Three standard upright 
sprinkler models, designated as models 17132411. C, 112-in. F and 112-in. G, were employed 
in the measurements. Model C has an orifice diameter of 20 mm nominal, whereas models 
F and G have nominal orifice diameters of 15 mm. Model F has the same deflector as that 
of Model C ,  but with smaller supporting arms. The measurements were performed for three 
configurations in which a simulated rack-storage fire was centered below one sprinkler, 
centered below two sprinklers on the same pipe and centered below four sprinklers. For each 
configuration, measurements were performed for five convective heat release rates (0, 500, 
1000, 1500 and 2000 kW) and four water discharge rates per sprinkler (95, 140, 170 and 212 
Ilmin). 



Figure 1 shows a top view of the experimental apparatus, which will be referred to as the 
ADD apparatus hereafter, used in the present investigation. The ADD apparatus consists of 
two parts: 1) a fire plume simulator and 2) a water collection assembly. The fire plume 
simulator is an assembly of nine nozzles using heptane as fuel. Eight nozzles are equally 
spaced on a 1.22-m diameter circle and one nozzle is located above a 10.2-cm air deflecting 
plate at the center of the circle. Under the 10.2-cm plate is an 20.3-cm opening for air 
supply. Nozzles of various capacities are used to provide the selected convective heat release 
rates. Heptane is supplied from a fuel tank, which is pressurized by a nitrogen cylinder, to 
the nozzles in 6.4 mm copper tubes of equal length, so that each nozzle discharges heptane 
at the same flow rate. A 12.7-mm water jacket is used to cool the portion of the copper 
tubing that is above the pan assembly. The water collection assembly consists of twenty pans 
which are assembled to simulate the top surface of a two-pallet loads wide and two-pallet 
loads deep rack-storage fuel array, including the flue space between the pallets. Water 
collected in each pan was channeled to a graduated container via a 19-mm PVC hose. 

The heptane spray nozzles are positioned 15.2 cm above the water collection pans. The 
outside eight nozzles are directed radially toward the center line of the apparatus. The nozzle 
angles to the horizontal plane are varied depending on the heat release rates of the simulated 
plumes. Air is supplied to the center of the nozzle assembly through an air supply duct 
connected to a blower situated near the south wall of the building. The volumetric flowrate 
of the air in the duct was measured to be 307 11s. The undersides of the water collection pans 
are cooled by water spray nozzles. 
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Figure 1. Plan view of the ADD apparatus.  



The measurements were conducted at a FMRC Norwoocl test building under a 9.93 m x 11.23 
m suspended ceiling. The ceiling can be raised or lowered to provide floor-to-ceiling 
clearances of 3.05 m, 4.57 m, 6.10 m, 7.62 m and 8.53 m. The sprinklers were installed on 
sprinkler pipes of nominal 5.08-cm diameter under the suspended ceiling via threaded 
bushings. The centerline of the sprinkler pipes were 31.8 cm below the ceiling. The two 
deflector-supporting arms of each sprinkler were aligned with the sprinkler pipe. For all the 
measurements, the suspended ceiling was maintained at 4.57 m above the floor, 3.05 m above 
the water collection pans. 

Before each measurement, water was discharged through the open sprinkler and the pressure 
was adjusted to the designated value. After the sprinkler stopped dripping, all the graduated 
containers receiving water from the collection pans were emptied The heptane spray was 
then ignited and allowed to burn for forty seconds before discharging water through the 
sprinkler. After water started to discharge from the sprinkler, the test continued for five 
additional minutes. Then the water flow to the sprinkler and the fuel to the simulator were 
shut off. Smoke inside the building was cleared before the next measurement. 

3. CALIBRATION OF THE FIRE PLUME SIMULATOR 

The fire plumes generated by the fire plume simulator were calibrated to simulate various 
plume stages of a 6.1-m high rack-storage fire of the FMRC Class I1 Commodity (metal-lined 
double triwall cartons on pallets). This is accomplished by matching the temperature and 
velocity measurements of the heptane-spray fire plumes at three elevations with those of the 
large-scale fii tests. The plume characteristics of the large-scale f i  were measured in detail 
and reported in [3]. These data are used as a benchmark for the calibration of the present fire 
plume simulator. 

3.1 Calibration Setups 

The calibration was performed at the same test building as described in section 2 prior to the 
measurements of the actual delivered density. During the calibration, the suspended ceiling 
was raised to 7.62 m above the floor. Figure 2a shows the elevations for the temperature and 
velocity measurements. The calibrations were performed for five selected "freeburn" 
convective heat release rates of 500, 1000, 1500, 2000 and 2500 kW. The convective heat 
release rate of the heptane-spray fire without sprinkler spray is called the "freeburn" 
convective heat release rate, which is determined by the calibrated heptane supply flowrate 
as detailed in [4]. The positions of the thermocouples with respect to the vertical centerline 
of the ADD apparatus are shown in Figure 2b. All thermocouples were fabricated from 28- 
gage, inconel-sheathed chromel-alumel thermocouple wires. Centerline plume velocities were 
measured at the same three elevations using bi-directional probes connected to individual 
pressure transducers (Setra, model 164). The probe positions are also shown in Figure 2b. 

3.2 Calibration Results 

Various no& configurations were attempted in order to match both the temperature and 
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Figure 2. a) Calibration of the simulated plumes, b) Locations of thermocouple and 
bi-direction probe relative to the water collection apparatus centerline. 
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velocity of the heptane-spray fire plume with those of the rack-storage fire plume for all the 
measurement elevations. The configurations included variations in the number of nozzles, 
the angle of the nozzles with respect to the horizontal plane, the height of the nozzles above 
the water collection pans, and the spacing of the nozzles. With the operating conditions listed 
in Table 1, the excess gas temperature above ambient and velocity of heptane-spray fire 
plume are shown in Table 2. The off-center temperature is the average of the four locations 
shown in Figure 2b. For comparison, the data of the rack storage fire plume [3] are also 
presented in the tables, enclosed with parenthesis. 

TABLE 1. Operating Conditions for The Heptane-Spray Nozzles. 

'Monarch Mfg Works, Inc., Philadelphia, PA 19134. 

As seen in Table 2, the centerline velocities of the simulated plumes were reasonably matched 
with those of the rack-storage fue plumes for all the elevations. The centerline excess gas 
temperature and the off-center excess temperature measurements of the heptane-spray fire 
plume also agree satisfactorily with those of the rack-storage fire plume for the upper two 
elevations. At the elevation of 1.04 m above the top surface of the fuel array, the excess 
temperature measurements of the heptane-spray fire plume appear to be quite high as 
compared to those of the rack-storage fire plume. However, the temperature effect on the 
ADD due to this discrepancy can be considered insignificant as it was estimated [4] that for 
a temperature increase as high as 600 "C, the reduction in drop size was about 10% for a 0.5- 
mm droplet and diminished rapidly to about 1% as the drop size was increased to 1.5 mm. 
Additional information on the fire plume simulator can be found in [4]. 

4. EXPERIMENTAL RESULTS AND DATA CORRELATIONS 

In this paper, we present the Actual Delivered Density (ADD) over the central portion of the 
water collection area (plume area) under the heptane-spray nozzle arrangement. The water 
flux distribution over the entire water collection area was detailed in [4]. Typical ADD 
variations with the freeburn convective heat release rate of the simulated plume are presented 
in Figure 3. The ADDS under no-fire condition shown in the figure will be referred to as the 
Local Applied Density (LAD) in the following discussion. 
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Figure 3. Typical ADD variations as 
a function of the freeburn 
convective heat release rate. 
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Figure 4. Prediction of ADD according to equation (2) for the case 
when the fire was directly under a single sprinkler. 



TABLE 2. Excess Gas Temperatures ("C) and Velocities (m/s) for The Simulated Plumes. 

As expected, the ADDs decrease as the freeburn fire heat release rate is increased. For the 

I 

(kW) 

case where the fire was centered under a single sprinkler, the ADDs provided by the two 112- 
in. sprinklers are comparable, even though the LADS of the two sprinklers differ considerably. 
The ADDs provided by the large-orifice C sprinkler are consistently lower than those 
provided by the 112-in. sprinklers in this case. For the two-and four- sprinkler arrangements, 
the ADDS provided by the three sprinklers are in general comparable with one another, also 
with the C model ADDs being somewhat less than the others'. 

Measurement Elevations Above Water Collecting Pans 

For a given sprinkler geometry and spacing as well as a fixed ceiling height, the water 
penetration ratio in the gravity regime may be expressed in a power-law relationship [2] as 

where C, is a positive exponent of order one. Equation (1) was derived based on the 
assumptions that the likelihood of the water drops reaching the base of a fire plume depends 
only on the balance of the gravitational force on the individual drop and the upward 
aerodynamic drag on the drop by the plume gas, and that the plume flow was not affected 
by the downward water momentum flux. Equation (1) predicts that the water penetration 
increases with the spray drop size and with decreasing fire intensity. As the fire size is 
decreased for a fixed water discharge rate (or increasing discharge rate for a fixed fire 
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strength), the spray-plume interaction eventually enters into the momentum regime in which 
equation (1) ceases to be applicable. In this regime, the plume flow is significantly changed 
by the aggregated droplet momentum flux. 

The characteristic diameter of the water drops, d, in equation (I), depends on the water 
discharge rate and on the fire position relative to the sprinkler axis. For the case when the 
sprinkler was directly over the fi, dc would be the average size of the water drops in the 
vicinity of the sprinkler axis. Previous drop size distribution measurement of sprinkler sprays 
[5] had shown that the average drop size near the sprinkler axis was essentially insensitive 
to the water discharge rate; a four-fold increase in the water discharge rate caused a decrease 
in the median drop size of only 10 percent. Furthermore, the present data obtained from the 
single-sprinkler measurement also tend to indicate that the water penetration ratio is not a 
function of the water discharge rate. Therefore, in correlating the experimental data for the 
single-sprinkler condition, d, was assumed to be constant for a given sprinkler and 
proportional to the sprinkler orifice diameter. With these assumptions, equation (1) then 
becomes 

Variation of the factor (pa)'" under the present measurement conditions is less than 10 
percent. Thus, the value of pap, at the maximum plume temperature (1300 K) is used for all 
the correlations, and was calculated from [6] to be 7.634 x kg2/m4/s. The plume 
centerline velocity at the ceiling elevation is used as the characteristic velocity, u, in equation 
(2). For rack-storage fire of the FMRC Class I1 commodity, the plume centerline velocity 
can be calculated from the following correlations [3] 

With z = 3.05m and uc calculated from equation (3), equation (2) is fitted with the 
experimental data obtained for the single-sprinkler arrangement, as demonstrated in Figure 
4. The values of C, and C, for the best fit of the data are also included in the figure. It is 
noted that the values of C ,  for the three sprinklers are nearly the same and the experimental 
data are well correlated by equation (2) with the same exponent C, of value 0.75. 

For the cases of two- and four- sprinkler-fire arrangements in which the f i e  was at a distance 
from the sprinkler axis, it was found that the mass median diameter of the entire sprinkler 



Figure 5. Correlation of the water penetration ratio with equation (5) for the 
case when the fire was below two sprinklers on the same pipe. 
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Figure 6. Correlation of the water penetration ratio with equation (5) for the 
case when the fire was below four sprinklers. 
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spray could be used for 4: [2]. The mass median diameter is obtained from [5] 

Substituting (4) into (I), one obtains 

Figures 5 and 6 show the correlations of equation (5) with the experimental data obtained for 
the two- and four- sprinkler arrangements, respectively. The empirical constants C, and C ,  
are also shown in the figures. As in the single-sprinkler case, the experimental data for each 
arrangement are well correlated with a single value of C, for the three sprinklers employed 
in the present investigation. 

5. CONCLUSIONS 

The Actual Delivered Densities (ADD) under rack-storage fires have been studied 
experimentally for three upright standard sprinklers, using a dedicated ADD apparatus 
equipped with a f i e  plume simulator. Power-law correlations for the experimental data have 
been established for three upright standard sprinklers discharging 3.05 m (10 ft) above the 
base of the fire plume simulator. In the case when the fire was centered under a single 
sprinkler, the water penetration ratio for a given sprinkler and fire size was found independent 
of the water discharge rate under the present measurement range. The effect, indirectly 
through %, of the freeburn convective heat release of the f i e  on the penetration ratio is well 
correlated by equation (2) with a constant exponent of 0.75. The water penetration ratio as 
a function of the water discharge rate and freeburn convective heat release rate correlates well 
with equation (5)  with an exponent of 0.85 for the case when the fire was centered below two 
sprinklers and a unit exponent when the fire was centered below four sprinklers. 
Applicability of the present correlations to ceiling clearances other than 3.05 m is currently 
under investigation. 

NOMENCLATURE 

ADD Actual Delivered Density 
C, empirical constant 
C, empirical constant 
c, specific heat (Mlkg) 



D 
4 
d, 
g 
LAD 
P 
Q 
Q w  

T. 
ATc 
AT0 
uc  

'4 
z 
20 

H 
P a  

P w  
0 

orifice diameter of sprinkler 
characteristic drop size of sprinkler spray 
mass median diameter 
acceleration of gravity 
water density without fire (Local Applied Density) 
water penetration ratio (ratio of ADD to LAD) 
freeburn convective heat release rate (kW) 
water discharge rate 
ambient temperature (K) 
centerline excess temperature (above ambient) of the plume 
off-center excess temperature (above ambient) of the plume 
characteristic velocity (mls) 
plume centerline velocity (mls) 
vertical distance from the water collection pans (m) 
virtual origin 
mixture (waterlair) viscosity according to the 113 rule 
air density 
water density 
surface tension (waterlair) 
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