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Abstract
A key issue with various fire suppression methodologies involves building an understanding of
how the extinguishing agent is delivered in order to extinguish a fire quickly and efficiently.
This is particularly applicable to the water mist technologies becoming more prevalent today.
Modeling of spray fields and spray transport has long been considered an important area for this
field of study. However, a simulation can only be as meaningful as the quality of the initial
assumptions and parameters used to drive the model. Empirical suppression studies also benefit
from a better understanding of all the variables involved in a test. It is with this motivation in
mind that the authors feel a more complete basic characterization of spray styles typically used in
water mist fire suppression technologies will be useful to this field of study.
For this initial study, several typical hydraulic atomizers used in fire suppression have been fully
characterized. The nozzles tested include: a high-pressure misting cluster, a hollow cone misting
nozzle, a small capacity full cone pattern nozzle and a hollow cone pattern “spiral” nozzle. For
the purposes of this investigation, spray angle, flow rate and volume flux distribution were
measured. In addition, drop size statistics will also be presented along with the associated drop
size distribution for each of the nozzles investigated.
Introduction
As long as fire suppression and extinguishment has protected our lives and property, we have
been devising ways to deliver the suppression agent to the fire. Ever since the fire sprinklers
were invented in the mid 1800’s (Bellis, 2003), the technology and complexity of
extinguishment methodology has grown at a truly exponential rate. Today, there are literally
hundreds, if not thousands of ways to dispense the extinguishing agent. The diversity of these
systems is seen to be driven by application and specific testing to solve specific fire problems.
With advances in micro computing and software today, we have begun to venture into the world
of virtual reality. Our long term goal is to have the ability to design, build, test and perhaps even
certify a fire suppression system before a pipe is ever laid. With such a capability, the time, cost
and most importantly potential life savings, make this a very worthwhile goal.
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Recently, Sheppard completed some comprehensive work investigating the spray characteristics
of fire sprinklers (2002). Typically though, a sprinkler would not be considered a highly
engineered spray device. Despite the incredibly wide selection of sprinklers available for
varying applications and coverage, they are essentially devices for deflecting a water stream into
some pattern for the purpose of filling space. With sprinklers, as the fluid jet impacts the
deflector plate, the fluid initially sheets. As the deflected sheet radiates from the sprinkler,
inherent turbulence in the sheet tends to break it up into ring shaped ligaments, and finally into
drops (Marshall, 2003).
With spray nozzles, extensive design work over many decades has produced highly engineered
devices in innumerable types and styles. Engineered sprays have been developed for many
thousands of applications and industries, and this has also been largely driven by specific needs.
Many spray styles developed originally for other purposes have been applied to fire protection.
Setting aside pneumatic atomization or dry chemical extinguishment sprays, consider that
hydraulic atomizing and impingement nozzles are available in hollow cone, full cone, spiral, flat,
or even square and oval spray patterns. The selection that is commercially available is very
broad and can create considerable confusion for engineers looking to integrate the right spray
into an extinguishment or suppression system. With single orifice, cluster heads, and spray
angles ranging from 0° to 360° in common use, one must ask why? The answer boils down to
what works in different situations based on application specific testing.
With each general application and set of installation parameters, approval agencies and the
Authority Having Jurisdiction (AHJ) require specific coverage or spray angle and flow density,
which are believed to be the most relevant parameters of spray performance in various situations.
Are these aspects sufficiently meaningful to completely and properly characterize the spray?
Our purpose here in this initial discussion is to supply some insight regarding spray behavior that
could prove to be useful for developing more of a bridge between hydraulic nozzle design and
performance and the accelerated process of fire suppression system modeling and design.
Unfortunately, the connection is not always clear, and while we ask a lot of questions, we cannot
yet provide too many definite answers!
Spray Characterization Experimental Testing
The following four nozzles were tested at a typical operation pressure(s) for that style nozzle.
Measurements were taken at 15 and 24 inches from the nozzle orifice including drop size,
velocity and cumulative percent volume.
The nozzles were tested under laboratory conditions. Liquid flow to the nozzle was delivered
using a pressurized vessel. The liquid and air flow rate were monitored by MicroMotion D6
flow meters. The MicroMotion flow meter is a Coriolis Mass flow meter that measures the
density of water to determine the volume flow. The meter is accurate to ±0.4% of reading.
Liquid pressures were monitored immediately upstream of the nozzle body using a 0-1000 psig,
pressure transducer.
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Swirl type atomizer
• This atomizer features an internal core
through which the liquid flow is directed
with some tangential velocity component.
The liquid is then forced through an exit
orifice in a hollow cone pattern.
• 2.2 gallons/min at 1000 psi pressure
• Nominal Spray Angle = 77°
Cluster swirl type atomizer
• This cluster head nozzle features seven
individual swirl type atomizer spray caps on
a single body.
• 2.3 gallons/min at 1000 psi pressure
• Nominal Spray Angle = 160°

Full cone nozzle
• The full cone nozzle features an internal
swirl element commonly known as a ‘vane’
that imparts radial velocity and counterswirl to form a full cone pattern.
• 9.4 gallons/min at 100 psi pressure
• Nominal Spray Angle = 68°
Spiral nozzle
• The spiral nozzle is essentially a deflector
type nozzle that creates a crude full cone
spray pattern in a tightly controlled spray
angle, and usually features the largest
possible flow rate for a given pipe
connection size.
• 9.5 gallons/min at 100 psi pressure
• Nominal Spray Angle = 120°
For drop sizing, the nozzles were mounted on a 2-axis traverse, vertical and horizontal motion.
A clamp assembly held the nozzle in place and the spray distance was held constant at 15in. and
24in. Drop size testing was performed through a radius of the spray.
A two-dimensional TSI / Aerometrics PDPA instrument was used to make drop size and velocity
measurements. A 300-mWatt Argon-Ion laser provided the light source. The laser was operated
at an adequate power setting to offset any dense spray effects.
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The transmitter and receiver were mounted on a rail assembly with rotary plates; a 40° forward
scatter collection angle was used. For this particular test, the choice of lenses was 1000-mm for
the transmitter and 1000-mm for the receiver unit. This resulted in a size range with a size of
about 4μm – 1700μm for water drops. This optical setup was used to ensure capturing the full
range of droplet sizes while maintaining good measurement resolution. The particular range
used for these given tests was determined by a preliminary run where the DV0.5 and the overall
droplet distribution could be examined. This appeared adequate to collect the entire droplet size
range produced by the nozzles. For each test point, a total of 15,000 samples were used.

Experiment Test Matrix
Nozzle
Swirl Type
Atomizer
Cluster Swirl Type
Atomizer

Test Pressure
(psi)
1000
1000
100

Full Cone Nozzle
150
100
Spiral Nozzle
150

Sample Height
(in)
15
24
15
24
15
24
15
24
15
24
15
24

Sample Points, distance
from center (in)
0 – 21
Δ 0.25
0 – 30
Δ 0.50
0 – 4.5
Δ 0.25
0 – 9.5
Δ 0.50
0 – 9.5
Δ 0.50
0 – 14
Δ 1.00
0 – 8.5
Δ 0.50
0 – 14
Δ 1.00
0 – 24
Δ 0.50
0 – 30
Δ 1.00
0 – 24
Δ 0.50
0 – 30
Δ 1.00

The DV0.5, D32, and DV0.9 diameters were used to evaluate the drop size data. The drop size
terminology is as follows:
DV0.5: Volume Median Diameter (also known as VMD or MVD). A means of expressing drop
size in terms of the volume of liquid sprayed. The VMD is a value where 50% of the total
volume (or mass) of liquid sprayed is made up of drops with diameters larger than the median
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value and 50% smaller than the median value. This diameter is used to compare the change in
drop size on average between test conditions.
D32: Sauter Mean Diameter (also known as SMD) is a means of expressing the fineness of a
spray in terms of the surface area produced by the spray. The Sauter Mean Diameter is the
diameter of a drop having the same volume to surface area ratio as the total volume of all the
drops to the total surface area of all the drops.
DV0.9: is a value where 90% of the total volume (or mass) of liquid sprayed is made up of drops
with diameters smaller or equal to this value.
General results and comments regarding spray nozzle characterization testing will be discussed
throughout the paper. For detailed graphical results, see Appendix.
Difficulties With Using Drop Size Bulk Statistics
In most cases, drop size measurement statistics are simplified down to the minimal amount of
data required to convey the maximum information possible. This is perhaps because drop size
information is potentially confusing and overly complex. This seems to be the case with fire
protection suppression when discussing sprinkler and nozzle drop size statistics. After all, the
research focuses on system suppression and extinguishment characteristics and not spray
nozzles. But, should a water mist or other spray nozzle be fully characterized in such a
simplified manner?
Fire protection designers have recently begun to realize that sprinklers and nozzles cannot
always be simplified down to a single number such as a representative diameter. Whether that
specification is the VMD, SMD or DV0.9, it is not always an accurate representation of the entire
spray field or even the entire spray distribution. It is simply a statistical artifact of a complex
physical process.
Without understanding what is really happening with a spray, a bulk property like DV0.9 or, to
extend further to other bulk factors common in characterization for this purpose, such as flow
density (gpm/ft2) or K-factor may have limited use. This is because there are many disparate
spray fields that share one or more of these properties under some condition but which could and
do perform much differently in application.
More insight can be provided by looking for example at relative span factor (RSF), an additional
output from drop size analysis that demonstrates the breadth of a nozzle spray field. Given two
nozzles with an identical VMD and hence supposedly identical drop statistics by this measure, a
review of the RSF shows the shortcomings of utilizing only a single drop size parameter to
distinguish a spray.
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RSF =

DV0.1
DV0.5
DV0.9
RSF

DV 0.9 − DV 0.1
DV 0.5

Nozzle
#1
115
150
185
0.47

Nozzle
#2
75
150
225
1.03

Note that the RSF only takes into account the measurements of a single point in the threedimensional spray field. Drop size statistics further vary within the spray field as the sample
point moves from the central axis of the nozzle out to the perimeter of the spray pattern, as well
as with distance from nozzle orifice and the operating pressure.
Examining the spiral nozzle that was tested at two operating pressures and measured at two
distances from the nozzle, one sees the shortcomings of utilizing the RSF alone and the
importance of failing to include the radial position drop distribution.
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Spiral Nozzle at 150 psi
Distance From
Radial
Nozzle (in.)
Position (in.)
10
15
15
20
5
24
15
25

VMD
(μm)
80.4
119.4
206.3
106.9
118.8
210.5

Though there is minimal difference between the two operational pressures, there are dramatic
changes in the drop size as the measurement point is increased radially on both measurement
planes. Reviewing the volume flux weighted averages of all four nozzles tested gives further
examples of how the drop statistics vary with measurement position and pressure.
Spray Nozzle
Swirl Type
Atomizer
Cluster Swirl
Type Atomizer
Full Cone
Nozzle

Test Pressure Spray Height
(psi)
(in.)
1000
1000
100
150
100

Spiral Nozzle
150

15
24
15
24
15
24
15
24
15
24
15
24

Volume Flux Weighted Averages
DV0.5
DV0.1
DV0.9
D32
95.2
55.3
134.7
90.5
90.6
42.9
146.3
79.6
86.3
47.2
127.1
78.4
107.1
50.9
172.3
90.2
334.1
136.2
601.5
286.5
332.6
136.5
594.1
296.1
298.3
120.1
545.5
256.5
284.5
124.8
495.5
255.3
151.2
93.1
206.5
168.2
179.5
120.0
234.1
177.4
157.0
98.8
211.6
170.1
177.9
121.5
228.3
179.8

This suggests that a certain amount of caution is necessary when plugging bulk spray statistics
into models or certification requirements for sprays in real systems. It is important to consider
that some variations in spray field properties may affect the results for a system in application.
In addition, probing a little deeper with differences in spray field quality may provide some
insight when systems or models do not perform as expected.
Nozzle Discharge Coefficient (K-factor)
Sprinklers and spray nozzles are designed to produce certain spray characteristics, most notable
of which is the relationship between fluid flow rate and inlet pressure. In attempting to gain
some commonality between various manufacturers, styles and capacities, it became readily
accepted by the fire protection community to use the nozzle discharge coefficient (or K-factor)
for system design (UL 2167, 2002, 16; UL 2351, 2000, 8; NFPA 13 2002, 22-23). K-factor and
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the downstream application of it in fact hold historic precedent as the first bulk spray statistic
used widely for fire protection applications.
Q
K=
P
Where K = Nominal discharge coefficient (K-factor)
Q = Fluid flow rate
P = Fluid pressure
The “K” discharge coefficient equation is based on a basic derivation involving the Bernoulli and
Continuity equations. Though the Bernoulli equation is a functional and robust tool, it has
inherent limitations on its use and only yields correct results with all assumptions are met (Fox
1992, 237-238).
Inherent Assumptions in the use of Bernoulli’s Equation (Fox 1992, 238):
1) Steady flow
2) Incompressible flow
3) Frictionless flow
4) Flow along a streamline (no swirl)
For the most part, in practice, violations of these assumptions are of little real
concern. Unfortunately, many types of real commercial nozzles tend to
exhibit unusual flow behavior when closely scrutinized. Though most
hydraulic nozzles and nearly all sprinklers follow a normal hydraulic curve,
highly engineered sprays, as opposed to standard deflection type sprinklers,
often contain complex internal and external geometries used to form the
distinctive spray patterns. Most commercial full cone type nozzle designs
have an internal vane that imparts radial velocity seen at the orifice exit. As
pressure and throughput increase, the nozzle flow rate can be lessened due to
internal energy losses and the turbulence induced by the vane, and hence the
discharge coefficient appears to be smaller.
Complicating matters, friction losses due to turbulent flow are rarely linear in fluid mechanics,
and difficult to calculate. For this reason, we must rely on experimental testing to obtain
acceptable data (Fox 1992, 347-53).
In order to properly characterize these nozzles for use in fire protection systems, one needs a Kfactor that is constant over the entire flow range. In order to properly account for the
inconsistent hydraulic friction of the internal flow geometry, it probably makes more sense to
consider the pressure exponent as a variable rather than a constant:

K=

Q
Pn
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Wide Angle Full Cone Nozzle
Pressure
Flow
K-factor (gpm/psin)
n = 0.50
n = 0.44
(psi)
(gpm)
5
2.0
0.89
0.99
7
2.3
0.87
0.98
10
2.7
0.85
0.98
15
3.2
0.83
0.97
20
3.7
0.83
0.99
30
4.4
0.80
0.99
40
5.0
0.79
0.99
60
5.9
0.76
0.97
80
6.7
0.75
0.97
As you can see from the above table, depending on the reference pressure used to calculate the
discharge coefficient employing the commonly accepted calculation method, one can generate
drastically erroneous flow rates. A regression on the exponent for the above commercial nozzle
suggests that to achieve a constant K, a pressure exponent of approximately 0.44 is needed.
Furthering this example, if one uses the classic definition and 20 psi as a reference pressure,
attempting to calculate the flow at 80 psi will result in greater than a 10% error.

Q = K × Pn
Wide Angle Full Cone Nozzle
K-factor Ref. Pressure:
Calculation Pressure:
Actual Flow Rate:

20 psi
80 psi
6.7 gpm

K-factor
(gpm/psin)
n = 0.50 0.83
n = 0.44 0.99

Calculated
Flow (gpm)
7.4
6.8

Percent Error
(%)
10.4
1.5

Through repeated laboratory testing over the course of many years, we have found that the
lumped pressure exponents serve quite well in providing a consistent discharge coefficient for
each type spray nozzle in many cases.
Spray Nozzle Types
Sprinklers
Swirl Type Atomizer
Cluster Swirl Type Atomizer
Spiral nozzle
Full Cone
Wide Angle Full Cone

Pressure Exponent (n)
0.50
0.50
0.50
0.50
0.47
0.44

These pressure exponent values above are for reference only `since similar issues have been seen
across the board with several manufacturers and styles of spray nozzles. One cannot assume that
all K-factors and the pressure exponents used are interchangeable and calculated under identical
conditions. The best course in these situations is to conduct discharge tests or ask the nozzle
manufacturer for their assistance in providing data for specific sprays.
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Referring to the spray nozzles evaluated for the purpose of this report, only the full cone nozzle
does not use a pressure exponent of 0.50, but rather 0.47 as shown below.
Swirl Type Atomizer
Cluster Swirl Type Atomizer
Full Cone Nozzle
Spiral Nozzle

K(0.50) = 0.069 gpm/psin
K(0.50) = 0.073 gpm/psin
K(0.47) = 1.08 gpm/psin
K(0.50) = 0.95 gpm/psin

Because K-factor, as classically defined, can be seen to vary with operating pressure, an
operating pressure range is probably necessary to define for these applications. Otherwise, a
spray that performs exactly to a nominal K may produce a discharge that is beyond the
acceptable tolerance limits for an application:

The above figure represents an extreme example in the use of a variable pressure exponent. But
given two nozzles with the same flow rate at the rated pressure of the system, as the operational
pressure is altered, the effect is clearly illustrated.
Understanding that the system designers currently use and prefer the generally accepted 0.50
exponent due to its inherent simplicity and near universality, nozzle users should exercise
caution.
It seems from the authors’ experience that most people are not aware of the implications of an
effective flow exponent change in the discharge coefficient equation, and we appreciate the
inherent simplicity and value of this widely accepted method. It might make more sense
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however to put spray nozzle specifications in normal terms, such as flow rate, spray angle and
pressure range.
Use of Spray Data in Computer Modeling of Fire Protection Systems
There are many commercially available computer models today that simulate and predict the
dynamics of a fire plume and it’s reactions to the surrounding environment. These models are
excellent starting points for system design, and adding spray characterization details could
potentially enhance these tools to the point where approval agencies and the AHJ would have the
ability to evaluate new fire protection system designs while still on the drawing board. This
would be of great benefit, but as we all know, there are significant obstacles to overcome.
A model is only as good as its inputs and assumptions. One of the more interesting preliminary
evaluations of this technology was performed on the Fire Dynamics Simulator developed by the
U.S. National Institute of Standards and Technology. These models get better as more detailed
and relevant input parameters are developed. At this stage, however, there may be an overall
failure of models to properly introduce and replicate the crucial role of the specific performance
characteristics of different water mist nozzles.
How can we (or can we at all) use proper simulation of a system to quantify and predict
extinguishment of a virtual fire? Currently available computer simulations all use various
methods to determine flame extinction (LeBlanc, 2002).

•
•
•

Oxygen concentration (USCG; WATMIST)
Air temperature (WATMIST)
Adiabatic flame temperatures from gas concentration (OptiMist)

But can all this be accurately calculated without fully understanding and taking into account the
dynamics of spray nozzles, fundamental spray characteristics, or the droplet and flame
interactions?
One can provide a close approximation of a spray nozzle with just the discharge coefficient,
spray angle and drop size, but what is really required to completely characterize a spray? We
have already discussed the use of the pressure exponent in calculating the K-factor, as well as the
drop size distribution and bulk statistics. The real question is if all this information be obtained
with computer simulations alone and reduce the need for physical testing of the nozzle?
Existing computer models can seldom demonstrate the full dimensions of a spray. Recent work
has been completed (Buelow, 2003) to evaluate the potential use of commercial computational
fluid dynamics (CFD) software in the prediction of spray nozzles flow characteristics.
Specifically, the internal hydraulics of a pressure swirl atomizing nozzle was modeled though
“no attempt was made to model the atomization of the liquid.”
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Predicted velocity vectors colored by
volume fraction (liquid - red, air - blue) in
the region of the orifice.
Reprinted from:
Buelow, P.E.O., Mao, C-P., Smith, S., “Two-Phase
CFD Modeling of a Simplex Atomizer,”16th ILASSAmericas Conference Proceedings, Monterey, CA,
May 2003

Some of the best and most extensive work in this regard to date has been with spray combustion
modeling. The power and efficiency of internal combustion engines rely heavily on the quality
of its fuel injection nozzles. These models, with minor tweaking and great simplification, would
be a good starting point for evaluating a nozzles spray attributes and the ability of spray droplets
to maintain trajectories depending on initial momentum and size/velocity. Yet other models in
this industry could be used to look at the heat adsorption capacity of sprays.

•
•
•

Apte, et al. simulated the deformation and droplet breakup, along with the resulting
atomization process within a gas-turbine combustor (2003).
Both the breakup time and drop size distributions of high-speed liquid jets was predicted
by Yi and Reitz (2003) using a quasi-two dimensional model.
Also working with high-speed liquid jets, Park, et al., performed a time-dependant
atomization progression simulation (2003).

Can commercially available CFD code perform the preprocessing calculations required for fire
suppression models? The above referenced efforts are all steps in the right direction.
Conclusions and Recommendations
Our purpose here has been to demonstrate some factors of sprays that are potentially relevant yet
perhaps largely ignored in fire suppression research. We stress the importance of more complete
spray characterization for the future of this field of research and study. A better understanding of
nozzle spray patterns, drop size and discharge coefficient pressure exponent is an essential
ingredient for the continual technological advancement of the fire protection industry in the
opinion of the authors.
System designers, system modelers and model users should be consciously aware of the
implications of nozzle selection for the application. More focus on proper spray nozzle
characteristics, parameters and the ability to employ such information accurately is often needed.
For over a decade the call has been made to standardize nozzle parameters for fire suppression
systems (Mawhinney, 1993). While many positive steps have been taken toward this goal
(ASTM E799, NFPA 750, UL 2167), there is still a long way to go.
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Spray nozzle characterization is not new, and a wide variety of published technical information
about sprays exists. For basic deflecting style sprinkler nozzles, a good body of published
knowledge exists for fire suppression applications. However, for the broader range of
engineered sprays, the research focus has primarily been for other industrial applications. As a
result, the information available from these studies is often less useful for this specific purpose.
The authors believe that a better defined spray characterization focus for supporting fire
protection research can provide good benefits for helping to advance this technology.
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Appendix – Spray Characterization Graphical Test Results
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