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Abstract

Spray plume shape can be visualized with Computational Fluid Dynamics (CFD) when substantially low isosurface
of a spray concentration value is applied. In FLUENT’s CFD package, spray concentration is automatically calcu-
lated while applying the discrete phase model (DPM). This method has been previously used in gas cooling and
spray-drying applications, where the spray plume was loosely defined with a low concentration value. Visualiza-
tion of spray plume shape and wall attachment (wall wetting) aids in the assessment and optimization of spray noz-
zle placement with respect to targeted gas cooling temperature reduction and wall wetting minimization. To omit the
loosely defined Spray Plume Boundary (SPB) value, a stricter requirement for the SPB was imposed through expe-
rimentally obtained data. The spray was injected in a co-flow configuration within the wind tunnel with square
cross-sectional size of 0.6x0.6 m* with nominally uniform air speed of 15.4 m/s. To correlate the experimental SPB
with CFD based results, the numerical results were compared by the Sauter-Mean Diameter and volume flux distri-
bution data. The experimental results were acquired with an Artium Phase Doppler Interferometer.

Based on validated criterion for SPB evaluated at 20°C, this system was evaluated computationally with increased
air inlet temperatures at 100, 400, 700 and 1000°C. To evaluate the effect of temperature on evaporation, the spray
plume shape was analyzed with DPM concentration (DPMC) values, air temperature reduction between inlet and an
outlet, and percentage of water evaporation inside of spray plume. As the air stream temperature and evaporation
rate of water droplets were increased, the SPB which was represented by DPMC isosurfaces, became more sensitive
to the evaporation process. The percentage of evaporation rate measured inside spray plume’s SPB with DPMC
value validated at 20°C (DPMC=0.0004 kg/m’) decreased from 96.6% at 20°C to 73.7% at 1000°C. The percentage
evaporation rate inside the spray plume increased with a decrease in the DPMC value for the SPB.

Introduction

Atomization quality of liquid into fine droplets has proven to be extremely important in many applications in-
cluding gas cooling inside high temperature flow conduits. In today’s world, many industrial systems are designed
or upgraded to demanding specifications that require high production efficiency with relatively low costs. In gas
cooling, spray technology provides solutions to many complex problems. Some prevalent examples of limitations
that spray cooling systems face are: accurate temperature drop, complicated flow geometries and wall wetting.

Computational Fluid Dynamics (CFD) has been widely adopted in many industrial processes. Advancements in
computing technology and software development have significantly reduced computational costs, making the com-
putational sciences commonly available and cost effective in engineering applications. There are few different nu-
merical multiphase models available in FLUENT that are applicable to the spray applications. Volume of Fluid,
Mixture, and Eulerian Models can be used to predict a spray nozzle’s basic characteristics. The most common mod-
el used for spray application is DPM which employs LaGrangian particle tracking of droplets’ trajectories [1].

Compared with empirical testing, numerical simulation is becoming more cost effective, more environmentally
friendly, and provides for assessment of certain processes that are not easily accessible experimentally. While ex-
perimental methods provide specific results from each individual method, CFD is able to provide detailed informa-
tion within the full (2D or 3D) computational domain. This is especially true in environments that are difficult to
reproduce or access experimentally.

The focus of this study was to quantitatively investigate a spray plume’s evaporative properties at various air
stream temperatures defined as part of the inlet boundary condition (BC). The injection properties with the Discrete
Phase Model (DPM) were modeled with drop size data (spray angle, flow rate, drop size distribution and their initial
velocity from the nozzle) that were known based on experimental data for the given spray nozzle.
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Experimental Apparatus and Setup

The experimental measurements were performed within a wind tunnel with a 0.6 by 0.6 m” cross-sectional area
(Figure 1). The air speed was set to 15.4 m/s (50.5 ft/s) at 20°C (68°F). The Spraying Systems Co. UniJet® TX-2
hydraulic hollow cone nozzle was used. The operating pressure of the nozzle was set at 3.8 bar (55 psi) which pro-
vided 2.45x10° m’/s (2.327 gpm) or 0.00245 kg/s of liquid flow. The tip of the nozzle was positioned at the center
of cross-sectional plane and aligned with the center axis (tilt angle was 0°).

Hollow cone spray nozzle
at 3.8 bar (55 psi)

001m  06m
Plane Plane

Figure 1. Schematic of an experimental apparatus and numerical setup.

Experimental Measurements

An experimental measurement of drop size distribution was performed with Artium Phase Doppler Interferome-
ter (PDI) [2-4]. The drop size distribution, axial velocity and volume flux were obtained at 0.01 and 0.6 m down-
stream of the nozzle tip (Figure 2). At 10 mm from the nozzle’s tip, the spatial distributions for drop size and vo-
lume flux showed typical features for a hollow cone spray. At 600 mm downstream from the tip the drop size pro-
files were measured and exhibited the expected characteristics, showing that the smallest size values were located
the center of the duct (aligned with the nozzle location). Also, the volume flux exhibited its peak at the centerline of
the duct as shown in Figure 2D.

Numerical Methods

CFD simulations were performed with ANSYS FLUENT version 6.3. Generally, the CFD model was repro-
duced according to the wind tunnel geometry. However, the spray lance geometry was simplified to reduce mesh
size. The modeled lance geometry was more representative of a typical spray lance configuration. Meshing was
performed within GAMBIT 2.4. Dense mesh was incorporated in the vicinity of the spray injection. Size functions
were employed to further reduce the mesh size. Finally, the mesh consisted of mixed elements with approximately
1.45 million cells.

The CFD model was set up with a velocity inlet BC while varying air stream temperatures (20, 100, 400, 700
and 1000°C). An outlet side of the duct with constant pressure BC was employed. Lastly, duct and lance walls
were specified as rigid, with no-slip and adiabatic conditions. Multiple models were used to simulate evaporative
cooling. Throughout all simulations the following models were included: k-¢ Realizable Turbulence Model, DPM
for LaGrangian tracking of water droplets, Energy to evaluate thermal effects of air stream and spray injections, and
finally Species Transport Model to include mixing of air and water vapor due to evaporation. In the high tempera-
ture cases (700 and 1000°C), the P-1 Radiation Model was incorporated with emissivity of Inconel 600 for walls.

Injection drop size distribution, velocity (13.3 m/s) and spray angle (90°) were obtained from PDI measure-
ments shown in Figure 2. The injection velocity was based on volume flux and area weighted average velocity val-
ues from the measurements at 10 mm downstream from the tip [5]. Also from the same location the spray angle was
approximated based on the width of volume flux profile shown in Figure 2C. The drop size range that was used to
specify injection in FLUENT was derived from both locations. The minimum diameter (22 pm) for the CFD model
was specified based on volume flux and area weighted average of Dy, [6-8] from profile at 10 mm from the tip.
The maximum diameter (220 pm) for CFD was specified based on volume flux and area weighted average of Dy go.
Injection volumetric mean velocity for CFD (108 um) was determined based on volume flux and area weighted av-
erages of Dy s from both locations. FLUENT employed a Rosin-Rammler distribution function (1) to simulate the
20,000 particles that were tracked at each DPM iteration [6]. Q is the fraction of total volume of drops with diame-
ter less than D. X and q are constants. The user-defined function was used to calculate SMD [9] while running 50
iterations after resolving the flow field.

DY’
=1-exp| —— 1
0 p( Xj (1)
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Using an energy balance with evaporation (2) the Evaporation Cooling Constant (ECC) was determined
[10,11]. T}, and T, are temperatures at inlet and outlet respectively, /71, and /73, are mass flow rates for gas and lig-
uid, C, 4. is the average value of specific heat at inlet and outlet, and finally / is the specific latent heat constant.

ECC = ng Cp,uve (Y:n - Tr)ut )
m A
The CFD computed values of outlet temperature (7,,,) and mass flow rate of evaporated water (/7). Outlet tempera-
ture was evaluated based on a surface area weighted average at the outlet surface. Evaporation mass rate was com-
puted with summation of all cell’s DPM mass source values.

(@)

—~—Dv0.1 D32 Dv0.5 —~—Dv0.9 —=Dv0.99 — D32-CFD ‘ —~—Dv0.1 D32 Dv0.5 ——Dv0.9 —=-Dv0.99 —D32-CFD ‘
220 260 N
A 240
200 N
180 SN \ I 220 l\\“\ =
/' VO w N =14
160 280 1]\ NI /o
s ] \bf \ il ] Y \
Yo NN Sl N N )
§ 100 7 \\ [ &8 120 / N\ \
: \KJ/ 220 N 4 \
S : § o] X a4 \
S e e i =\ / 8 a0 N\ S \
— 60
w N 2 NG \
20 J N \‘—(/ \ 20 \
0 0
-20 15 10 5 0 5 10 15 20 -300 -200 -100 0 100 200 300
Y (mm) Y (mm)
A B
16 . T 0.32 16 0.0z
‘ —— Velocity =~ —+ Volume Flux ‘ ~ ‘ —— Velocity —= Volume Flux ‘
15.9 0.018

14 / 0.28 " \ /

1 15.8 \ 0.016

) 40N RN
e

15.7 \ / 0.014

R
N

0.012

~ ~ ~

[

LU
e
Y
-/
—

. \ / \ / 0.01
5.4 0.008
\ 15.3 W - 0.006

0.08
/[ / / 152 \ 0.004

2 0.04
_J/ \\ 151 o 0.002

o o 15 o

Velocity (m/s)

Velocity (m/s)
L)) ®
—
"

——
I
S} 5]
N ~
N LY

Volume Flux (cm3 /cmz/s)
Volume Flux ( cm’, /cn12 /s)

-20 -15 -10 -5 o 5 10 15 20 -300 -200 -100 [ 100 200 300
Y (mm) Y (mm)

Figure 2. Drop size distribution at A. 10 mm and B. 600 mm from the tip. Drop velocity and volume flux at C. 10
mm and D. 600 mm from the tip.

Baseline Results

Baseline results were computed with 20°C at inlet BC was compared with PDI measurements. These results are
presented in Figures 2A and 2B. At 10 mm from the tip the shape of CFD Sauter-Mean Diameter (SMD, Dj,)
matches the magnitude and the hollow cone trend but not the overall shape. The CFD Dj;, at 600 mm from the tip
followed the general spatial distribution of experimental D;,. On the other hand, the magnitude was under-predicted
by about 25 microns. The CFD gave SMD values all across the wind tunnel’s height, thus experimental values pro-
vided data only up to certain point where experimental data rate was too low to measure drop size and other quanti-
ties.

The baseline case had an insignificant temperature drop of 0.1°C with 17.1% of mass evaporation out of in-
jected mass flow rate.  An initial DPM Concentration (DPMC) value to define Spray Plume Boundary (SPB) was
based on matching peaks of CFD DPMC value and experimental volume flux at 600 mm from the tip. To obtain
cut-off DPMC, the cut-off volume flux point (shown in Figure 2D) at about 0.002 cm’/cm?/s was matched with
0.0004 kg/m’. This SPB gave 96.6% of total evaporation rate that was located inside the spray plume shown in Fig-
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ure 3 on the right side. Since the spray plume with SPB at 0.0004 did not account for the large droplets that travel
outside the SPB (Figure 3), the DPMC value was lowered to 0.0001 and to 0.00001 kg/m’. This decrease gave im-
proved evaporation percentage inside the SPB to 99.4 and 99.9% respectively (Figure 4B).
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Figure 3. Spray plume characteristics for the 20°C case (base case).
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Figure 4. A. Various resulting parameters due temperature change at the inlet. B. Evaporation percentage that is
inside spray plume defined by variable DPM concentration.

Temperature Results

In all cases, as temperature was increased, the mass flow rate of air decreased since the inlet BC velocity was
kept constant at 15.4 m/s. In the case with inlet BC temperature at 100°C, the total evaporation doubled to 34.1% as
compared to the base case (see Figure 4A). The temperature drop was still insignificant with 0.4°C. At this point
the ECC number was 1.04 indicating good correlation for Equation (1). The SPB based on DPMC at both ranging
from 0.00001 through 0.0001 to 0.0004 showed that evaporation percentage within the spray plume decreased from
99.9% 10 99.4% and to 96.6% respectively (see Figure 4B). Figure 4B showed increasing sensitivity of evaporation
amount inside SPB as the inlet BC temperature was increased. At 1000°C the total evaporation from injected mass
rate was 97.3%, with 5.2 °C temperature drop. The ECC number was 1.75. The SPB based on DPMC at both rang-
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ing from 0.00001 through 0.0001 to 0.0004 showed that evaporation percentage within the spray plume decreased
from 99.5% to 90.8% and to 73.7% respectively (see Figure 4B).

Discussion and Conclusions

The variation of DPMC threshold for SPB is dependent on the problem that needs to be resolved. If wall wet-
ting is an issue, as often is in high temperature applications, the DPMC threshold needs to be very small in order to
capture the spray plume geometry. Since the largest drops are the most likely to hit the walls as shown in Figure 5,
the visualization of this spray plume’s geometry should include the largest drops that are in lower end of count spec-
trum. If the dominant evaporative regions need to be identified, the DPMC threshold does not have to be as low in
order can be used to visualize the spray plume. This is applicable in problems where cooling is a primary targeted
solution and/or temperature profiles in post-cooling regions are important.

Figures 6 and 7 show the geometrical difference in SPB with DPMC values at 0.0004 and 0.00001 kg/m’ as an
inlet BC temperature increases. As Figure 5 clearly shows that wall wetting occurs, only spray plumes with iso-
surfaces at DPMC=0.00001 kg/m” indicated attachment to the wind tunnel’s wall. Although evaporation percentage
within the spray plume did not go below 99%, the droplets were detected to make contact with walls. In this study
the wall wetting was insignificant (no more than 0.5% of mass contacts the wall), but for large capacity sprays, wall
wetting becomes important even in low percentages of total mass sprayed.
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Figure 5. SMD and DPMC wall and outlet contour plots for cases ranging from 100 to 1000°C.
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Figure 6. Spray plume isosurfaces with SMD based on DPM concentration threshold of 0.00001 kg/m® ranging
from 100 to 1000°C.
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Figure 7. Spray plume isosurfaces with SMD based on DPM concentration threshold of 0.0004 kg/m’ ranging from
100 to 1000°C.
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