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Liquid agent transport was investigated around unheated and heated horizontal cylinders (to a near-surface temperature of approximately
423 K, i.e., well above the water boiling point) under ambient conditions. Experimental results are presented for a well-characterized,
droplet-laden homogenous turbulent flow field, using water, methoxy-nonafluorobutane (i.e., HFE-7100, C4F9OCH3, with a boiling
point of 334 K), and 1-methoxyheptafluoropropane (i.e., HFE-7000, C3F7OCH3, with a boiling point of 307 K). Phase Doppler
interferometry and visualization techniques were used to explore the thermal effects on spray surface impingement, vaporization, and
transport around and downstream behind the cylinder by providing information on droplet size and velocity in the vicinity of the cylinder.
For water, results indicated that impinging droplets larger than about 35 µm generally coat the unheated cylinder surface, with few
droplets rebounding back into the free stream. Downstream, in the wake region of the cylinder, smaller size droplets (generally, of less than
35 µm) are entrained into the recirculation zone. Heat transfer reduces droplet mean size and velocity significantly in the vicinity of the
heated cylinder. For the two HFE agents, liquid coating and dripping (observed for water) were eliminated due to vaporization. Droplet
mean size increases and velocity decreases with increasing agent boiling point. These variations may also be explained by the changes in
agent physical properties. It is improbable that shattering occurs for the droplet sizes and velocities encountered for the given operating
conditions, although it could conceivably occur for a few individual impinging droplets.

INTRODUCTION

Fires within an aircraft engine nacelle pose a significant hazard for suppression owing to the presence of
wires, fuel, hydraulic and electrical lines, ribs, and other objects (e.g., mounting brackets) which can
obstruct transport of a suppression agent to the source (e.g., broken fuel line). Non-ozone-depleting
halogen alternatives developed for such applications include chemical suppressants that have high boiling
point temperatures (Tb > 330 K) and exist in the liquid phase under high-pressure release or in ambient
conditions. Liquid suppressants are of interest because of their higher absorption of heat per unit volume
compared to gaseous suppressants, which results in a greater reduction of flame and surface temperatures
[1]. Release of these agents in a confined, cluttered space results in the dispersal of droplets that may
impact on solid surfaces and reduce the fire suppression effectiveness of the agent.

The complex arrangement of components inside an aircraft engine nacelle creates an environment
for spray transport that is characterized by a high degree of turbulence, high blockage ratios, and
significant liquid impingement onto surfaces. We examined aspects of this complex dynamic from the
simplified perspective of droplet-laden flow past a single cylinder to provide benchmark data for fire
suppression model validation. Droplet size and velocity were obtained for a spray directed at a horizontal
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cylinder (oriented normal to the airstream and spray) in a grid-generated, homogenous, turbulent flow
field. An unheated and heated cylinder were considered with water, HFE-7100 (C4F9OCH3, a fire
protection hydrofluoroether by 3M1 with a boiling point of 334 K), and HFE-7000 (C3F7OCH3, with
a boiling point of 307 K) serving as the working fluids. The common features of the two HFE agents are
listed in Table 1. A homogeneous turbulent flow field was used to simulate the turbulence experienced
by sprays for a representative fire suppression scenario in an aircraft engine nacelle at reported airflow
conditions [2]. The choice of the above conditions was motivated by recent efforts to develop and validate
the subgrid droplet impact model of the VULCAN computational fluid dynamics (CFD) fire physics code
for spray-clutter interactive environments [3].

A large body of literature exists for problems related to grid-generated turbulence, droplet transport
in vortices, and droplet/spray impingement on surfaces, including single isolated droplet impingement on
flat surfaces (e.g., [4]) and cylinders (e.g., [5]), dripping liquid droplets off cylinders (e.g., [6, 7]), spray
impingement on unheated and heated flat surfaces in different boiling regimes (e.g., [8–10]), droplet
interactions with shear layers (e.g., [11]), and droplet entrainment in free turbulent flows (without
impingement) to determine the influence of the flow on droplet trajectories (e.g., [12]). W. D. Bachalo
and others [13, 14] have used phase Doppler interferometry to study droplet size–dependent interactions
with the turbulent eddies formed on the leeward side of a cylinder. Estes and Mudawar [15] used phase
Doppler interferometry to characterize a spray before impingement on a heated surface and to correlate
the droplet mean size with the critical heat flux for spray surface cooling. The working fluids in their study
included two Fluorinerts (i.e., FC-72 and FC-87), in addition to water.

Regarding the use of liquid fire suppressants in cluttered spaces, Takahashi et al. [16] and Grosshandler
et al. [17] determined suppression efficiency in an obstructed passageway with a difficult to extinguish, bluff-
body stabilized flame/pool fire configuration using gaseous, liquid, and solid powder fire suppressant
alternatives. Examples of the characterization of liquid fire suppressants using phase Doppler interferometry
include Yang et al. [18], who used various surrogate fluids to develop a liquid agent fire suppressant screen,
studies of water-misted sprays and sprinkler systems (e.g., [19, 20]), and suppression of counterflow diffusion
flames with water-based mists (e.g., [21, 22]). Recent work by Manzello and Yang [23, 24] studied
impingement on a heated surface of water droplets containing sodium acetate trihydrate additive, which had
similar physical properties to other known effective fire suppressant salts. They point out that studying the

Table 1Table 1Table 1Table 1Table 1 Selected Physical and Chemical Properties of the Agents Studied in
This Investigation

Property HFE7000a HFE7100a Water

Chemical formula C3F7OCH3 C4F9OCH3 H2O
Molecular weight (g mol–1) 200 250 18
Boiling point @ 1 atm (K) 307 334 373
Refractive indexb 1.26 1.27 1.33
Liquid density @ 298 K (kg m–3) 1400 1481 995
Kinematic viscosity @ 298 K (mm2 s–1) 0.32 0.37 1
Surface tension @ 298 K (kg s–2) 0.0124 0.0136 0.072
Specific heat @ 298 K(J kg–1 K–1) 1300 1183 4179
Themal conductivity @ 298 K (W m–1 K–1) 0.075 0.069 0.606
Global warming potentialc,d 370 320 —
Ozone depletion potentiald 0 0 —
Atmospheric lifetime (yr) 4.9 4.1 —

a Supplied by the manufacturer.
b At a temperature and pressure of 296 K, 101.3 kPa, and for wavelengths of 488.0

and 514.5 nm.
c See Ref. [47] for definition.
d See Ref. [48] for definition.

1Certain commercial equipment or materials are identified in this publication to specify adequately the experimental procedure.
Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology, nor does
it imply that the materials or equipment are necessarily the best available for this purpose.
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droplet impingement dynamics is important since one can conceive of a liquid fire suppressant impacting
and cooling a surface as well as producing vapors that ultimately may entrain into and extinguish a fire. They
also characterize the impact dynamics of HFE7100 because it was being screened, at the time, as a potential
fire suppressant. Hung and Yao [6] and Hung [7] investigated numerically and experimentally the impact
of droplet arrays and sprays on complicated arrangements such as screens, and the penetration of liquid
through the gaps, for applications to fire suppression in compartments with complex openings. Recently,
Disimile et al. [25] used phase Doppler interferometry to investigate the effects of clutter density of a spray
impinging on a multilayer configuration of horizontal cylinders. In the present work, we complement this
body of literature by focusing on droplet size–dependent effects during impingement and transport of a liquid
spray onto and around a heated solid cylinder in a homogeneous turbulent gas flow, which was characterized
using particle image velocimetry [26–28].

In previous experimental work, particle image velocimetry measurements were carried out to charac-
terize gas-phase and water spray transport over cylinders of different diameters [27] and over a cylinder that
was preheated to 423 K [26, 28] (i.e., above the boiling point of water, for the same turbulent flow
conditions) to obtain the two-dimensional velocity field of the gas stream and water droplets. For the heated
cylinder case, values of turbulence intensity were reported of up to about 8% for a total air supply flow rate
of 440 kg/h [26, 28], which is typical of values expected in an engine nacelle [29]. The turbulent integral
and Kolmogorov length scales are estimated to be approximately 12.7 mm (approximated by the character-
istic dimension of the grid mesh size) and 150 µm, respectively [30–32], representing the range of length
scales associated with this flow field. The obstacle used for the present study had a diameter larger than the
integral length scale of turbulence. The results indicated that smaller droplets were entrained into the
recirculation region downstream of the cylinder, while the larger droplets impacted the cylinder surface,
accumulated and dripped off, rebounded off the surface, and dispersed outward into the free stream and/or
were entrained in the free stream and transported around the surface. Vaporization of smaller droplets near
the heated cylinder surface suggested an increased probability of vapor and a reduced probability of droplet
entrainment into the cylinder wake region. These results indicated that droplet surface impact, vaporization,
and transport behind the cylinder were dependent on droplet size. The present study expands this work to
obtain quantitative information on droplet size using phase Doppler interferometry for different fire
suppression fluids that embody a range of higher boiling points.

EXPERIMENTAL ARRANGEMENT

A photograph and schematic of the experimental apparatus is shown in Figs. 1 and 2 (Fig. 1 is a side view,
and Fig. 2 is a front view). The experiment is oriented so that the flow issues horizontally to allow for the
collection of liquid agent that drips off the cylinder and prevents liquid droplets downstream of the
obstacle from falling back upstream into the oncoming flow. Droplets dripping off the cylinder were
monitored by the rate at which they fell vertically downward into a large collection pan. The agents were
supplied through a 60° solid-cone, pressure-jet atomizer (kept at room temperature), which generated a
higher concentration of droplets in the center of the spray cone (Delavan type R-D nozzle). The orifice
diameter is unknown since it is manufacturer proprietary information. The nominal water flow rate was
3.0 kg/h ± 0.35 kg/h at a line pressure immediately upstream of the atomizer of 791 kPa ± 65 kPa.2 The
pressure was held constant for the two HFE agents so that liquid atomization would be comparable (thus
the flow rates varied according to the change in liquid density; see Table 1). Characterization of the
atomizer was only carried out to the extent of providing initial conditions for the modeling effort; data
are reported in Appendix A. A high-resolution digital camera provided still images and movies (at 9
frames/s) of the spray. A high-speed digital camera (at 1000 frames/s) [23, 24] was used to record the

2Estimation of the measurement uncertainty is determined from statistical analysis of a series of replicated measurements
(referred to as a type A evaluation of uncertainty) and from other means other than statistical analysis (referred to as a type B evaluation
of uncertainty) [33], calculated as 2uc (representing a level of confidence of 95 %), where uc is the combined standard uncertainty. The
value for uc was estimated statistically by sn–1/2, where s is the standard deviation of the mean and n is the number of samples (type A
uncertainty, where n = 11) and from the manufacturer uncertainty (type B uncertainty), if available.
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droplet impingement process on the cylinder. An octagon-shaped, clear plastic insert (with a wall
thickness of 6 mm, a length of 610 mm, and major and minor axes of 760 mm and 560 mm for the cross
section, respectively) was used as a boundary condition. The plastic insert, along with a front face that
supported the inlet passages for the liquid agent and air and a back face that supported the exhaust passage,
served to form a closed system at room temperature. For the present experiments, the incoming air
(supplied at 301 kg/h ± 0.12 kg/h and providing a representative inlet air mean velocity of approximately
2.45 m/s) was directed entirely through a distributor plate with steel wool, a circular cross-sectional area
of honeycomb to straighten the airflow, and then through a wire mesh screen, as illustrated in Fig. 1. The
incoming air was adjusted to provide droplet mean velocities of about 4–5 m/s near the cylinder. The
honeycomb had a 203-mm outer diameter (i.e., exposed to the downstream flow) and was 51 mm thick,
with approximately 3-mm (length between opposite sides) hexagon-shaped cells. The honeycomb and
wire mesh screen were copositioned around the atomizer (having a diameter of 17.8 mm), which resulted
in removal of the central portion of the honeycomb (of an approximate area of 521.9 mm2 ± 0.19 mm2).
The inlet air mean velocity was estimated by multiplying the honeycomb cell area by the approximated
number of cells (3333 cells) exposed to the downstream flow field.

Grid-generated turbulence was imposed on the airstream by placing a square layer of wire mesh
screen (with dimensions of 229 mm width by 330 mm length, 3.2 mm wire thickness, and 13 mm size
cells) 25 mm downstream of the honeycomb. Note that the grid mesh covered the entire inlet area

Fig. 1Fig. 1Fig. 1Fig. 1Fig. 1 Experimental arrangement for the droplet-laden, grid-generated turbulent flow field: (a) photograph and
(b) schematic of the apparatus.
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(compare the aforementioned honeycomb diameter to the grid dimensions). A schematic of the grid mesh
pattern relative to the atomizer and incoming airflow is shown in Fig. 2. The rationale for the arrangement
shown in Fig. 2 was discussed in detail elsewhere [27, 28]. Briefly, the grid mesh was placed downstream
of any jetting of the airflow exiting the honeycomb. The face of the liquid atomizer was placed flush with
the upstream side of the grid mesh and centered within one mesh cell so that the liquid spray would be
unimpeded by the grid mesh. The grid Reynolds number was estimated to be 2019 for a streamwise air
mean velocity of 2.45 m/s (for an air kinematic viscosity of 0.154 cm2/s), as noted above, still in the
turbulence regime for grid-generated turbulence [34]. A stepper motor–driven traversing system trans-
lated the entire experimental assembly, while the phase Doppler system was aligned at a stationary
location (with the laser beams traversing the experimental arrangement parallel to the cylinder), indepen-
dent of the traverse. This arrangement permitted measurements of the flow field properties at selected
locations downstream of the injector and around the obstacle.

The cylinder, which formed the obstruction, was fabricated from a solid aluminum tube, with an
outer diameter of 29.2 mm ± 0.04 mm and a length of 305 mm (see Fig. 3). Note that the cylinder had
a length that did not span across the entire cross section of the chamber (to easily adjust its position relative
to the spray nozzle), and a spanwise flow existed along the cylinder length. The spray impinged along the
central portion of the cylinder and was estimated to cover up to approximately 183 mm of the cylinder
upstream surface (taking into account the aforementioned spray angle, cylinder diameter, and atomizer/
cylinder distance), well away from the edges. Entrainment of the droplets with the airflow will also reduce
the dispersion of the spray. Thus, we confined our measurements to along the center plane to minimize
any related edge effects. Surface heating was provided by a 13-mm-diameter hole bored through the center
of the cylinder to accommodate a 250-W cartridge heater (13 mm in diameter and 76 mm in length). The

Fig. 2Fig. 2Fig. 2Fig. 2Fig. 2 Schematic of the experimental arrangement (upstream view) and orientation of the phase Doppler inter-
ferometer (PDI) with respect to the heated cylinder.

Fig. 3Fig. 3Fig. 3Fig. 3Fig. 3 Schematic of the cylinder with installed cartridge heater; the thermocouples on the upstream side of the
cylinder were arranged in the cross pattern shown in the callout.
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rod was split along its axis into two halves to allow 1-mm-deep channels to be milled along one segment
for placement of five K-type thermocouples (Inconel sheathed, ungrounded, 0.8 mm in diameter and 305
mm in length). The thermocouple time response, as specified by the manufacturer, was 3 s at a level of
confidence of 95%. The cylinder halves were bolted together and remachined to produce a seamless outer
diameter. The thermocouples were placed in a cross pattern (see Fig. 3) in the center of the rod (each
separated by a distance along the surface of 6.4 mm, with the thermocouple junctions placed about 3.2
mm of the surface from within bored holes at each location). The central thermocouple was used for
temperature control of the heater, which was positioned behind the thermocouples. The expanded
uncertainty for the temperature was 7.9 K, including the type B uncertainty of 3.1 K. The center of the
cylinder was fixed at a location 187 mm ± 4 mm downstream of the grid mesh. Note that the farmost
upstream position from the cylinder where data were obtained was 50.8 mm, which was about 136 mm
downstream of the grid mesh. At this relatively large distance, heat transfer from the hot cylinder surface
did not influence the initial experimental conditions.

PHASE DOPPLER INTERFEROMETER

Measurements were carried out using a two-component phase Doppler interferometer (PDI) with a Real-
Time Signal Analyzer (RSA) available from TSI, Inc. [35, 36]. This PDI system is composed of the
following components: (1) transmitter (model XMT204-4.3), (2) fiber drive (model FBD240-X), (3)
receiver (model RCV216-X), (4) real-time signal processors (models RSA3200-P and RSA3200-L), (5)
photomultiplier tube box (model RCM200P), and (6) RSA IO card version 3.0 (model RSA3CB2DV3).
The PDI was controlled using TSI DataVIEW software version 2.02 run on a personal computer using
the Windows NT operating system. The RSA has the ability to optimize the number of samples acquired-
from the Doppler signal in real time. A 5-W argon ion laser operating in multiline mode was used as the
illumination source. The blue (wavelength = 488 nm) and green (wavelength = 514.5 nm) lines of the
argon ion laser were separated by beam conditioning optics and focused by the transmitting optics to
intersect and form the probe volume. The transmitting optics are coupled to the beam conditioning optics
using fiber optic cables to permit the transmitter to be located near the experiment. The front lens on the
transmitter has a focal length of 500 mm. The green and blue beams have a beam separation distance of
39.9 mm and 40.2 mm, fringe spacing of 6.45 µm and 6.07 µm, and beam waist of 164 µm and 155 µm,
respectively. Frequency shifting is set at 40 MHz. The receiver was located at a scattering angle, θ, of 30°
measured from the direction of propagation of the laser beams (as specified by the manufacturer). To
accommodate the horizontal orientation of the experimental apparatus, the transmitter and receiver were
positioned in a vertical plane. Because of the large size of the receiver, the transmitter was positioned with
the laser beams angled at 30° to the cylinder, which required correction of the cross-stream velocity by
dividing its magnitude by the cosine of the angle. Also, a square mirror (305 mm × 381 mm) was used
to direct the scattered laser light into the receiver. The front lens on the receiver had a focal length of 1000
mm. The spacing for the three photomultiplier tube detectors (A, B, and C) that are used to carry out
the sizing measurements was 34.8 mm for detectors A and B and 101 mm for detectors A and C. A 150-
µm slit aperture is located within the receiver to limit the length of the probe volume.

The setup procedure and normal systems tests for the optical arrangement were carried out as
specified by the manufacturer [37], although the phase Doppler transmitter was set at 30° to the face of the
chamber surface, and the scattered laser light by the droplets was collected by the receiver (which was normal
to the chamber wall) via a mirror. For example, the transmitted beams were checked for changes in their
polarization, that the beams lay coincident with each other inside the chamber, and that the collected light
was properly focused on the receiver slit. A humidifier was placed inside the chamber to check the Doppler
signal output and the measured size and velocity distributions. The droplet mean size and velocity were
reproduced within 5% after comparing the measurements to prior results obtained with the humidifier
without the chamber. The measurements were not checked at different positions along the chamber wall.
The optical arrangement remained unchanged (including the scattering angle) for the different agents.

The signal processor was operated with the following settings: sample frequency of 40 MHz (the rate
at which the Doppler signal is sampled), mixer frequency of 36 MHz (mixers are used to reduce the signal
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frequency prior to analog-to-digital conversion), and low-pass filter setting of 20 MHz (low-pass filters are
used to remove the summed components from the down-mixed signal so that only the difference is used).
The settings were chosen to optimize the processor operation for the expected Doppler frequency, which is
governed by the droplet velocity and fringe spacing. Hardware coincidence, which requires that droplets be
detected on both PDI channels to be validated (with a maximum gate time of 200 µs), was used as an
additional validation criterion for all measurements. Intensity validation (to remove particles whose scattered
light intensities are too low and high and result in erroneous phase shifts and particle sizes) [38] and probe
volume corrections (to account for droplets of varying size traveling through different sections of the
Gaussian beam profile) were carried out to optimize the quality of the measurements.

Droplet size and velocity distributions were obtained at several cross-stream (R) positions and over
a range of streamwise (Z ) positions upstream and downstream of the cylinder. Measurements were not
carried out along the spanwise direction of the cylinder (i.e., only along the cylinder center line in the R-
Z plane, as defined in Fig. 4). Figure 4 illustrates the measurement grid and the location of the cylinder
relative to the grid mesh. The measurement grid extended from approximately 50.8 mm upstream of the
cylinder (approximately 136 mm downstream of the grid mesh) to a downstream position of 101.6 mm.
An increment of 2.5 mm was used for –25.4 mm < Z < 38.1 mm, and an increment of 12.7 mm was used
for all other streamwise positions. In the cross-stream direction, measurements were carried out in
increments of 5 mm from 0 to 20 mm in the upper hemisphere (i.e., in the positive cross-stream direction).
The total number of samples collected per measurement was set at 40,000, and the maximum acquisition
time was 300 s. The time interval over which the actual data were collected varied with the density of the
spray. For example, behind the cylinder, where droplets were absent, the total number of detected samples
was not reached before the maximum acquisition time. However, for completeness, we include the
measurements that did not reach the total number of samples. The refractive index was changed for each
agent, as given in Table 1, and the measurements were carried out with the corresponding nondimensional
slope value [25], i.e., 0.8275 (HFE7000), 0.8175 (HFE7100), and 0.761 (water).

Several strategies may be used to obtain size-dependent information of droplet transport around the
cylinder. For example, a droplet with a negative streamwise velocity (i.e., a droplet transported against the
flow) would be indicative of upstream transport. Such a result would be indicative of droplet entrainment
in the recirculation zone for measurements carried out downstream of the cylinder or of droplet rebound for
data obtained near the upstream surface of the cylinder. Size distributions devoid of relatively smaller droplets
near the heated cylinder surface, as compared to locations away from the cylinder, may be indicative of the
effects of vaporization. The following section presents data illustrating these aspects.

EXPERIMENTAL OBSERVATIONS

Images of the spray transport around the cylinder for the unheated and heated cases are shown in Fig. 5.
These photographs were obtained using planar laser light illumination and the digital camera. The view

Fig. 4Fig. 4Fig. 4Fig. 4Fig. 4 Schematic of the measurement grid around the cylinder.

-50 mm 101 mm 

cylinder 

grid 



C. PRESSER AND C. AVEDISIANC. PRESSER AND C. AVEDISIANC. PRESSER AND C. AVEDISIANC. PRESSER AND C. AVEDISIANC. PRESSER AND C. AVEDISIAN634634634634634

in Fig. 5a is from the downstream side of the unheated cylinder, and that of Fig. 5b is from the upstream
side of the heated cylinder. The bright “white” area around the cylinder is attributed to scattering of the
laser light off the cylinder surface. For both cases, the cylinder appeared to act merely as an obstruction,
blocking downstream transport of droplets. The heated cylinder shows evidence of droplet vaporization,
as indicated by the vapor trail in the shear region downstream of the cylinder trailing edge (see Fig. 5b).
Water droplets were observed in the center of the spray impinging on the cylinder surface and dripping
off at the bottom, while droplets at larger cross-stream positions were transported around the cylinder.
Many impinging droplets were observed in the high-speed movies to rebound off the surface and return
to the free stream. Few larger-size water droplets (as defined by the relative light intensity noted in the
images) were observed in the cylinder’s wake, but this region was abundant with smaller-size droplets.
There was no visual evidence of secondary breakup of the droplets (i.e., splashing). It was observed that
water droplets dripped off the cylinder (not evident from Fig. 5) at a rate of approximately 6.5 mL/min
for the unheated cylinder. Dripping of water droplets was not observed for the heated cylinder, presumably
due to droplet vaporization. Droplets for the lower boiling point HFE suppressants were observed to
vaporize readily, resulting in vaporization of droplets before reaching the unheated cylinder and the
absence of dripping off the cylinder surface.

DROPLET SIZE AND VELOCITY MEASUREMENTS

The PDI was used to provide information on (1) droplets rebounding from the upstream face of the
cylinder, (2) vaporization of droplets near the heated cylinder, (3) droplet sizes that are entrained into the
recirculation region behind the cylinder, and (4) the effect of agent boiling point on droplet characteristics
and transport. Figure 6 presents results of droplet Sauter mean diameter (D32) and streamwise (U ) and
cross-stream (V ) components of the mean velocity for water spraying onto the unheated cylinder. The
rectangle located on the abscissa at a streamwise position of Z ≅ ±14.6 mm represents the location of the

Fig. 5Fig. 5Fig. 5Fig. 5Fig. 5 View of the (a) injected water spray over the unheated cylinder and the (b) injected water spray over the heated
cylinder; the cylinder diameter is 29.2 mm.
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Fig. 6Fig. 6Fig. 6Fig. 6Fig. 6 Variation of water droplet (a) Sauter mean diameter (D32 ), (b) mean streamwise velocity (U ), and (c) mean
cross-stream velocity (V ) with streamwise position (Z) at different cross-stream positions (R ) for the unheated cylinder.
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cylinder, and the arrow indicates the direction of flow (see Fig. 4). Data for D32, U, and V at Z = –50 mm
(the upstreammost position of the measurement grid) and different cross-stream positions are given in
Appendix A (see Tables A1 and A2) to provide initial conditions for model simulations. The type A
evaluation of the standard uncertainty for D32 was 1.9 µm (7.4% of the mean value), and for U, it was 0.18
m/s (4.4% of the mean value). This uncertainty was estimated from the largest standard deviation of the mean
(among standard deviations of the mean based on two replicates at each measurement location) throughout
the measurement domain. The type B evaluation is more difficult to estimate and is discussed in detail by
Widmann [20] and Widmann and Presser [39]. The gap in the data for the cross-stream positions R = 0,
5, and 10 mm indicates the presence of the cylinder. For Fig. 6a, the general trends are (1) a decrease in mean
size on the downstream side of the cylinder, as compared to the upstream side, and (2) an increase in mean
size with increasing cross-stream distance from the central plane of the cylinder on the upstream side (there
is little change in the values of D32 with cross-stream distance far downstream of the cylinder). The latter
trend is indicative of the presence of more smaller-size droplets near the center of the spray, in particular
at Z = –50 mm, which is attributed to the design characteristics of the atomizer. One might argue that the
increase in mean droplet size with radial position is due to the droplet gradation phenomenon [40] caused
by the entrainment of the coaxial flow of air and not to the nozzle design. However, results obtained at Z =
–167 mm (20 mm downstream of the atomizer; see Table A3) also show the same trend, and it is thus
unlikely that this trend is due to air entrainment because of the relatively high momentum of the droplets
at this location. Figure 6a indicates that there is a relatively small variation in droplet mean diameter with
streamwise position upstream and downstream of the cylinder, but a distinct decrease in the values of D32

is present across the cylinder (see the black-squared curve for R = 20 mm). This effect is attributed to
deflection of larger droplets by the cylinder outward from the central region of the spray (see Fig. 5a), which
results in a bias toward smaller-size droplets being transported around the cylinder.

For the droplet streamwise mean velocity (see Fig. 6b), the values of U decrease with increasing cross-
stream position, upstream at Z = –50 mm (also see the size and velocity distributions presented in Tables
A1 and A2). The higher velocities near the center of the spray correlate with the smaller droplet mean size
at this location, which again is argued [40] to be attributed to the larger droplets that shield the smaller
droplets from the surrounding air, and thus the smaller droplets are susceptible to less drag and retain their
original momentum. As the droplets approach the upstream surface of the cylinder, there is a decrease in
the streamwise velocity component (see Fig. 6b) and an increase in the cross-stream component (see Fig. 6c),
which is attributed to turning of the flow away from the cylinder stagnation plane. The streamwise and cross-
stream mean velocity components increase with streamwise position (see the black-squared data for R =
20 mm in Figs. 6b and 6c) because of acceleration of the airflow around the cylinder [26, 27]. Likewise, the
two components of velocity decrease downstream past the cylinder. The negative velocities (i.e., data below
the dashed line in Fig. 6b) for R = 0, 5, and 10 mm are indicative of droplet entrainment into the recirculation
zone downstream of the cylinder. Data were not obtained immediately downstream of the cylinder (i.e., for
≈14.6 mm < Z < 25 mm) at R = 0, 5, and 10 mm because the signals were too low to detect any droplets
(presumably due to low concentration of droplets in this region). Farther downstream of the cylinder, at Z =
101 mm (see Fig. 6b), the streamwise velocities along the center line, although positive, are lower than for
droplets at the larger cross-stream locations because of the influence of the recirculation zone on droplet
transport. It appears that at distances beyond the measurement range, both the droplet mean sizes and
velocities are asymptotically becoming independent of cross-stream position.

At locations near the upstream surface of the cylinder, negative values for the streamwise velocity
for several individual droplets were detected (although the mean velocity is positive), which were indicative
of upstream transport due to impingement and deflection (i.e., rebounding) of droplets off the surface.
These results are evident in Fig. 7, which presents the correlation between the streamwise and cross-
stream velocity components at R = 0 and Z = –15 mm. Note that the symbol diameters in the figure are
droplet size–classified (i.e., the circle diameter is linearly related to the measured droplet diameter), and
the legend provides a reference. Positive values of velocity are obtained for the abundance of droplets,
which indicates that these impinging droplets either adhere to the cylinder surface or rebound at an angle
that maintains their momentum in the downstream direction over the cylinder.

Flow field turbulence is thought to influence temporally droplet impingement on the cylinder surface
and/or transport around the cylinder. Droplet drag, deceleration, and penetration through the flow field will
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vary with droplet Reynolds number [41]. The droplet Stokes number (St) provides a measure of whether
droplet transport through the flow field will be unperturbed or responsive to the turbulent eddies [42]. Small-
scale local turbulence may cause local diffusion (as characterized by the flow upstream of the cylinder), but
large-scale turbulent structures are the primary dispersion mechanism (as characterized by the recirculation
region downstream of the cylinder). The Stokes number is defined as St = ρD2u′/18µl, where ρ is droplet
density, D is droplet diameter, u′ is the characteristic velocity (i.e., the root mean square of the turbulence
fluctuations for small-scale turbulence or the relative velocity between the droplet and surrounding air for
large-scale turbulence), µ is the air dynamic viscosity, and l is the characteristic turbulent eddy length scale.
The interaction of turbulent eddies with individual droplets is dependent on droplet diameter and the
turbulence length scales; in our case, the largest droplets (about 100 µm) are smaller than the reported
Kolmogorov length scale, and the velocity fluctuations are generally smaller than the mean value [28]. This
implies that a droplet will only experience temporal variations from the local free stream velocity, as discussed
above, but will not experience nonuniformity in the local velocity field around the droplet (quasisteady
droplet motion) [43]. Estimation of the Stokes number immediately upstream of the cylinder at Z = –15.24
mm and R = 0 and 20 mm indicated that when the Kolmogorov length scale is used (for an assumed root
mean square velocity of 0.5 m/s [28]) then St < 1 (i.e., the droplets are influenced by the turbulent motion)
only for droplet diameters smaller than about 10 µm. When the integral length scale is assumed, then St <
1 for all the detected droplets at these two locations. Estimation of the Stokes number downstream of the
cylinder in the recirculation region at Z = 25.4 mm and R = 0 (for an assumed characteristic length scale of
half the cylinder diameter and air velocity of –1.0 m/s [28]) found that St < 1 for all the detected droplets,
indicating that the droplets are influenced by the large-scale turbulence.

As discussed earlier, the magnitude of the droplet streamwise mean velocity is negative for positions
downstream of the cylinder, indicating the presence of a recirculation region. However, the mean velocity
is representative of a distribution of individual droplet velocities and associated droplet sizes. This point is
highlighted in Fig. 8, which presents the droplet streamwise velocity with respect to droplet interarrival time
into the probe volume at two points downstream of the cylinder within the recirculation region. One
measurement location at R = 0 and Z = 25 mm (see Fig. 8a) represents a measurement close to the
downstream side of the cylinder (where the mean value is negative; see Fig. 6b), while the other, at R = 0

 

Fig. 7Fig. 7Fig. 7Fig. 7Fig. 7 Variation of the water streamwise velocity (U) with the cross-stream velocity (V) at the streamwise position
of Z = –15 mm along the center line; the symbol diameters are droplet size–classified, and the dashed line highlights
the presence of rebounded droplets (for U < 0).
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and Z = 101 mm (see Fig. 8b), represents a location near the downstream edge of the recirculation pattern
(where the mean value is positive). The results for Z = 25 mm indicate that many droplets are recirculated
upstream toward the cylinder (because U < 0), but they also indicate that several droplets at this location are
transported in the downstream direction (i.e., U > 0). One can speculate that these latter droplets either
originate in the recirculation zone or are transported around the cylinder surface and penetrate directly into
the recirculation region. The cross-stream velocity component indicates that both positive and negative
values are obtained for this group of droplets and may be indicative of droplets originating from either
hemisphere of the cylinder (see Fig. 9a, which presents the correlation between the streamwise and cross-
stream mean velocity components along the center line at Z = 25 mm). In addition, droplet diameter will
not provide additional information on droplet transport since the size range for these positive axial velocity
droplets varies between 5 µm and 35 µm, which is approximately the same range as for the entire population
(i.e., for all the detected droplets at this position; see Fig. 9b, which presents the correlation between the
streamwise mean velocity component and droplet diameter along the center line at Z = 25 mm). In a similar
vein, the results for Z = 101 mm (see Fig. 8b) indicate that the abundance of droplets are transported in the
downstream direction at this point (i.e., for U > 0), however, several droplets are still entrained into the
recirculation region (i.e., for U < 0). Again, the cross-stream velocity component indicates that both positive
and negative values are present at Z = 101 mm (see Fig. 9c, which presents the streamwise/cross-stream
velocity correlation along the center line at Z = 101 mm) and that the size range of recirculated droplets is
between 5 µm and 35 µm (see Fig. 9d, which presents the correlation between the streamwise mean velocity
component and droplet diameter along the center line at Z = 101 mm). These results are indicative of droplet
transport at the downstream edge of the recirculation zone.

Comparison of the Unheated and Heated Cylinders

Comparison of results for the unheated and heated cylinders for the complete set of profiles is
shown in Fig. 6. As an example, the unheated and heated results are compared in Fig. 10 for R = 0 and
20 mm. The results indicate consistently that the droplet Sauter mean diameter, D32, is smaller for the
heated cylinder (for droplets both upstream and downstream of the cylinder; see Figs. 10a and 10c). The
droplet streamwise velocity component is also lower for the heated cylinder (see the data upstream of the
cylinder in Fig. 10b and the entire profile for Fig. 10d). These changes are attributed to the heat transfer
from the cylinder, which reduces droplet diameters through vaporization and correspondingly diminishes
the droplet velocity since smaller droplets decelerate quicker than the larger ones. One must also consider

BA

Fig. 8Fig. 8Fig. 8Fig. 8Fig. 8 Variation of the water streamwise velocity (U) with interarrival time at two streamwise positions of (a) Z =
25 mm and (b) Z = 101 mm along the center line, downstream of the unheated cylinder within the recirculation region;
the symbol diameters are droplet size–classified, and the dashed line highlights the presence of recirculated droplets
(for U < 0).
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Fig. 9Fig. 9Fig. 9Fig. 9Fig. 9 Correlation between the water streamwise (U) and cross-stream (V) mean velocity components along the
center line at (a) Z = 25 mm and (b) Z = 101 mm and the correlation between the streamwise mean velocity and droplet
diameter (D) at (c) Z = 25 mm and (d) Z = 101 mm; the symbols in Figs. 9a and 9b are droplet size–classified; Figs.
9c and 9d have a fixed symbol size; and the dashed line highlights the presence of recirculated droplets (for U < 0).
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the effect of the gas temperature on other parameters of the drag force, such as the physical properties of
air, which will affect droplet decerleration. Downstream of the cylinder for R = 0, droplets are entrained
in the recirculation zone (see the data below the dashed line in Fig. 10b), and the magnitude of the
negative streamwise velocity component in this region is smaller for the heated case, which is consistent
with a weaker recirculation zone. The decrease in both D32 and U for the heated case indicates that droplet
vaporization does not result in the complete removal of the smaller-size droplets from the distribution
(which could result in an increase in the mean size and velocity) but instead in a decrease in the size of
all droplets (which results in an overall decrease in both the mean size and velocity). In fact, the droplet
size distributions illustrate clearly the shift of the entire distribution (without any significant change in the
distribution skewness) to smaller sizes for the heated cylinder. An example of this change in the size
distributions is given in Fig. 11 at R = 20 mm and Z = 0.

As stated earlier, there was no visual evidence of secondary breakup of droplets (i.e., splashing),
which was expected because the Weber number (i.e., We = 28 for a 100-µm water droplet with a
streamwise velocity of 4.5 m/s; see Table A1 for the unheated cylinder) was estimated to be much smaller
than the critical value for droplet shattering [3, 44]. For water droplet impingement (Leidenfrost
temperature of 603 K) on a heated, stainless steel, flat surface (for Weber numbers of 74 and 171),
Manzello and Yang [23] observed that a droplet in the film boiling regime (i.e., above the Leidenfrost
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Fig. 10Fig. 10Fig. 10Fig. 10Fig. 10 Variation of the water droplet Sauter mean diameter at (a) R = 0 and (c) R = 20 mm and the mean streamwise
velocity at (b) R = 0 and (d) R = 20 mm, with streamwise position (Z ) for the unheated and heated cylinders.
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D 
Fig. 10dFig. 10dFig. 10dFig. 10dFig. 10d

Fig. 11Fig. 11Fig. 11Fig. 11Fig. 11 Comparison of the water droplet size distribution for both the unheated and heated cylinder at R = 20 mm
and Z = 0.

temperature) will readily break up into a cellular structure, forming many smaller satellite droplets that
rebound off the surface. Droplet sizes used for their experiments were on the order of millimeters, while,
as stated earlier, rebounding droplets for the experiments reported here were generally smaller than 35 µm.
Manzello and Yang [23] showed that for droplet impingement on an unheated surface, droplets were
found to wet the surface. Since the heated cylinder in the present investigation was at 423 K, secondary
breakup and droplet rebounding would be unlikely to occur for water droplets impinging the cylinder.
Recent studies advocate the use of a droplet impact number, K (= We0.5Re0.25), which is compared to a
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critical value, Kcrit [45, 46], for which shattering will occur, K > Kcrit. The value of Kcrit is approximately
57.7 for rougher surfaces and increases to Kcrit ≅ 132 for smoother surfaces. For the work presented here,
the cylinder surface was coated with flat black paint to reduce reflection from the laser beams of the phase
Doppler instrument, and so the cylinder surface smoothness was not considered high. If we estimate K
from mean values of droplet size and velocity, we find that for a 100-µm water droplet with a streamwise
velocity of 4.5 m/s, We ≅ 28, Redroplet ≅ 448, and therefore K ≅ 24. However, if the value of K is determined
for the individual detected droplets from the size and velocity distributions at the center line location
obtained closest to the upstream side of the unheated cylinder (i.e., R = 0 and Z = –15.2 mm), then we
find that for three droplets, K > 57.7, and for no droplets, K > 132. The largest value of K was
approximately 103 (We = 356 and Re = 893) for a droplet diameter of about 31 µm and a corresponding
streamwise velocity of 29 m/s. For the heated cylinder at the same aforementioned location, two droplets
had values of K > 57.7 (no droplets for K > 132). The largest value of K was approximately 67 (We = 175
and Re = 660) for a droplet diameter of about 31 µm and a corresponding streamwise velocity of 29 m/s.
Thus droplet shattering (and its influence on droplet size distribution) is considered improbable, even
though a relatively few number of individual droplets in the spray may satisfy the criterion for secondary
breakup and rebounding.

Comparison of Suppressants

Spray characteristics for the lower boiling point suppressants (i.e., the HFE agents) were compared
with water using a new 60° solid-cone, pressure-jet atomizer (also a Delavan type R-D nozzle). Data for
D32, U, and V at Z = –50 mm and different cross-stream positions are given in Appendix A (see Table
A2) to provide initial conditions for modelers. The Sauter mean diameter, streamwise, and cross-stream
velocity components at 20 mm downstream of the atomizer (i.e., Z = –167 mm) are given in Table A3.
The HFE agents (unlike for water) were observed to form a fine mist, resulting in few droplets impinging
on the obstacle surface and the absence of liquid dripping from the unheated cylinder. As a result of the
significantly reduced concentration of droplets reaching the cylinder, the heated cylinder case was not
investigated since droplet transport and impingement would be further suppressed in the vicinity of the
cylinder and below the detection threshold of the phase Doppler instrument.

Figure 12 presents a comparison of the droplet mean size, streamwise velocity, and cross-stream
velocity with streamwise position for the three agents at R = 0 and 20 mm. Note that data were not

A 
Fig. 12aFig. 12aFig. 12aFig. 12aFig. 12a
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Fig. 12Fig. 12Fig. 12Fig. 12Fig. 12 Variation of the agent droplet (a) Sauter mean diameter, (b) mean streamwise velocity, and (c) mean cross-
stream velocity with streamwise position (Z) at cross-stream positions of R = 0 and 20 mm for the three agents.
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Fig. 12cFig. 12cFig. 12cFig. 12cFig. 12c

obtained downstream of the cylinder at R = 0 for the HFE agents, as discussed above. Also note that the
values for D32 and U are generally larger than for the earlier water results reported above, which is
attributed the new atomizer characteristics, even though all operating conditions were unchanged. At one
point, the airflow rate was also increased to 663 kg/h (from the normal operating condition of 301 kg/h)
in order to promote the shattering of droplets on surface impingement. However, there was no visual
evidence to support shattering. Manzello and Yang [23, 24] also studied droplet impingement and
rebounding for HFE7100 (Leidenfrost temperature of 413 K). Again, for the unheated cylinder, second-
ary breakup was unlikely to occur for water or HFE7100 at their maximum Weber numbers of 171 (for
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water) and 750 (for HFE7100). However, determination of the value of K for individual droplets with size
and velocity distributions at the center line location obtained closest to the upstream side of the cylinder
(for the normal operating conditions) indicated the presence of few droplets with K > Kcrit. There were
26 droplets with K > 57.7 and one droplet with K > 132 for water at Z = –17.8 mm, 17 droplets with K
> 57.7 (no droplets for K > 132) for HFE7100 at Z = –20.3 mm, and 3 droplets with K > 57.7 (no droplets
for K > 132) for HFE7000 at Z = –25.4 mm. The largest value of K for water was approximately 159 (We
= 697 and Re = 1305) for a droplet diameter, D, of about 34 µm and a corresponding streamwise velocity,
U, of 38 m/s; for HFE7100, K ≅ 112 (We = 395, Re = 1004), D ≅ 36 µm, and U ≅ 28 m/s; and for
HFE7000, K ≅ 73 (We = 208, Re = 660), D ≅ 29 µm, and U ≅ 23 m/s. Again, it is unlikely that individual
droplet shattering and rebounding will influence significantly droplet size distributions for the three
agents and operating conditions used in this study.

The results at the normal operating conditions (with the airflow rate of 301 kg/h) indicated a clear
trend for the effect of suppressant boiling point on droplet size and velocity. Comparison of results for
the three agents in Fig. 12 indicates that droplet mean size increases and streamwise velocity decreases
with an increase of agent boiling point. Although the agent boiling point influences droplet vaporization
(with the HFE agents vaporizing more readily than water), it should not be implied that agent boiling
point exerts the only effect on droplet size and velocity. One could also explain the variation in droplet
mean diameter shown in Fig. 12 by the fact that the water viscosity and surface tension are larger than
for the HFE agents (see Table 1) and that the water droplet velocities are expected to be smaller than the
HFE agents due to the higher viscosity and lower density of water relative to the HFE agents. Note one
exception for the HFE7100 streamwise velocity profile in Fig. 12b at R = 0 (open squares on the upstream
side of the cylinder), where the values are higher than those for HFE7000 (open circles); it is unknown
why the HFE7100 velocities were higher than expected. The size distribution for each agent was also
found to shift to larger sizes for increasing agent boiling point (see Fig. 12a), which is indicative of reduced
droplet vaporization with increasing agent boiling point. An example of this shift in droplet size
distribution is given in Fig. 13, which compares the three agents at R = 20 mm and Z = 0. Note that the

Fig. 13Fig. 13Fig. 13Fig. 13Fig. 13 Comparison of the agent droplet size distribution for the three agents at R = 20 mm and Z = 0.
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results near the atomizer exit at Z = –167 mm (see Table A3) indicate that the Sauter mean diameter
increases with increasing agent boiling point (see Fig. 14), but there was a negligible change in the velocity
components. It is understandable that the droplet mean diameter is larger for water than for the HFE
agents, as reported above. However, one would also expect the water droplet velocities to be smaller than
the HFE agents for the same upstream supply pressure.

Comparing results for the two cross-stream positions presented in Fig. 12 indicates that D32 and
U increase for increasing values of R, which is expected (i.e., larger droplets are correlated with higher
velocities) and which is similar to the results obtained for the original atomizer (see Fig. 6). Downstream
of the cylinder, the Sauter mean diameter continues to increase, unlike the results reported for the original
atomizer (compare the change in D32 over the cylinder with Fig. 6a), while the streamwise mean velocity
does change in a similar fashion. This increase in Sauter mean diameter is attributed to the higher droplet
streamwise velocities associated with this atomizer. The presence of larger droplets and higher droplet
velocities downstream of the cylinder result in more ballistic trajectories in the streamwise direction and
fewer droplets entrained in the recirculation zone (which remained unchanged for the given airflow rate).
As a result, larger droplets are present at the measurement locations downstream of the cylinder for this
new atomizer (even with droplet rebounding off the cylinder surface). This point is substantiated by results
at R = 0 and Z = 38 mm for water (see Figs. 12a and 12b), which is the closest location downstream of
the cylinder along the center line, where detectable phase Doppler signals provided a valid measurement
(for the original nozzle, this location corresponded to R = 0 and Z = 25 mm; see Fig. 6). Figure 15 presents
the streamwise/cross-stream velocity correlation at this position and indicates that only a few droplets are
detected with negative streamwise velocities (i.e., recirculated droplets), whereas an abundance of recir-
culated smaller droplets were present downstream of the cylinder for the original atomizer (see Fig. 9a).

CONCLUSIONS

Phase Doppler measurements were carried out to obtain droplet size and velocity distributions in a
droplet-laden homogenous turbulent flow field around a cylindrical obstacle. Results indicated that most

Fig. 14Fig. 14Fig. 14Fig. 14Fig. 14 Variation of Sauter mean diameter (D32) with radial position (R) at Z = –167 mm (i.e., 20 mm downstream
of the atomizer) for the three agents (replacement atomizer) (See Table A3).
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Fig. 15Fig. 15Fig. 15Fig. 15Fig. 15 Correlation between the streamwise (U) and cross-stream (V ) velocity components along the center line at
Z = 38 mm for water; the symbol diameters are droplet size–classified, and the dashed line highlights the presence
of recirculated droplets (for U < 0).

impinging droplets adhere to the surface, with few droplets rebounding back into the free stream.
Rebounding droplets are generally less than 35 µm, corresponding to the higher probability portion of the
size distribution. Downstream, in the wake region of the cylinder, a distribution of smaller-size droplets
(generally, of less than 35 µm) is entrained in the recirculation zone. Droplets larger than 35 µm tend to
impinge on the cylinder surface or disperse around the cylinder to be transported far downstream of the
obstacle. Near the heated cylinder surface, water droplet vaporization results in smaller droplet mean sizes
and lower velocities, as compared to the ambient case. Droplets from lower boiling point suppressants tend
to vaporize more readily, resulting in vaporization of droplets before reaching the obstacle and in the
absence of dripping off the cylinder surface. Droplet size increases and velocity decreases with increasing
agent boiling point, however, these variations may also be explained by the changes in agent physical
properties. It is improbable that shattering occurs for the droplet sizes and velocities encountered with the
given operating conditions, however, it is conceivable that shattering may occur for a few individual
impinging droplets.
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