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An 8 inch ID spray column was used to characterize the entrainment of water droplets into

counter flowing air. The ability of Phase Doppler Interferometry (PDI) to measure the size

and  velocity distributions of entrained droplets resulting from a single full cone Bete
®

noz-

zle  was proven, and the total volume of liquid entrained was gravimetrically quantified.

The  experimental setup consisted of a variable speed pump and air blower which allowed

for  droplet measurements over a range of gas and liquid rates. This work illustrates the

effect of nozzle supply pressure and air rate on the entrainment rates and PDI  measured

droplet size distributions. The magnitude of the droplet size distribution, as well as the rate

of  entrainment, increased with the liquid spray rate, but the unimodal distribution peak

diameter remained consistent. The same conclusion was true at an increased gas rate, in

addition to an overall decrease in entrained droplet Sauter mean diameter and an increase

in  the total liquid entrained. The use of a theoretical entrainment model with PDI measured

droplet diameters was explored. Applying the measured PDI diameters was found to sig-

nificantly decrease the estimated entrainment from the theoretical entrainment based on

a  droplet buoyancy concept. This effect was further explored by comparing the sizing of a

de-entrainment mesh pad for both cases.

© 2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1.  Introduction

Spray nozzles are commonly used in the chemical, petrochemical, and

refining industries as a reliable method to distribute liquid droplets

over a surface or into an open contacting column. In such applications,

the existence of entrained liquid droplets can be detrimental to equip-

ment operating performance, downstream equipment, and can result

in corrosion or fouling issues.

Entrainment elimination devices, such as Chevron and wire mesh

types, are often incorporated into the design of equipment where oper-

ating conditions are expected to promote entrainment (Monat et al.,

1986; Setekleiv and Svendsen, 2011). To properly design and use an

entrainment elimination device, it is common to estimate the rate of

entrainment as well as the entrained droplet size and velocity dis-

tributions (AMACS, 2017). This potentially leads to the overdesign of
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entrainment elimination devices and a need for empirical entrainment

data. The lack of entrained drop size distribution and relative entrain-

ment rate data are due, in part, to a need for a convenient method

to measure entrained droplets without obscuring the measured sys-

tem. To address this need, utilizing a point source optical measuring

device, such as Phase Doppler Interferometry (PDI), provides an ideal

method to measure and characterize entrained droplets, since it pro-

vides a direct and physically unobscured measurement of a droplets

size and velocity.

Entrained droplets from a spray exist as a range or distribution of

droplet sizes, and vary with the gas and liquid rates of the system. The

goal of the current work is to characterize these effects by using PDI to

measure the droplet size and velocity distributions of liquid entrain-

ment from a spray nozzle in the presence of counter flowing air at

multiple radial locations within a column. This will allow an entrain-
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ment elimination device to be designed and evaluated in two cases:

(1) using estimated/theoretical drop diameter, and (2) using PDI mea-

sured drop diameter. Volumetric entrainment rates are also measured

by capturing the entrained liquid. This is done in an open contacting

column at multiple L/G ratios.

2.  Background

Measuring entrainment from a spray without disturbing the
experimental system has proven difficult. Lin et al. (1997)
studied the entrainment rates from two Bete Fog Nozzle Inc.
nozzles and a Koch-Glitsch Inc. nozzle. The results of their
work showed that the largest angle nozzle – 120◦ – pro-
duced the largest entrainment rates. Trompiz and Fair (2000)
expanded on that work with the same nozzles and developed a
model for estimating liquid entrainment in a packed column.
Although their model utilizes a drop buoyancy model with
reliable estimations and reasonable experimental agreement,
it does not account for secondary effects on entrained drop
size, and relies on estimated droplet sizes. Utilizing the true
entrained droplet size and velocity distribution would inher-
ently include those effects, and the accuracy of such a model
could be improved by arriving at simplifying assumptions, as
Wicks and Dulker (1960) noted while measuring co-current
entrainment for an air–water system. Further, the applicabil-
ity in a variety of operating conditions and systems could be
expanded.

The size and velocity distributions of droplets in the pres-
ence of a flowing gas is particularly important to entrainment
characterization. Early work by Souders and Brown (1934)
detailed the quantification of entrainment and plate efficiency
in a fractionation column through a theoretical method relat-
ing vapor velocity to the quantity of entrainment. Although
the equation presented in their work included a droplet diam-
eter parameter, it was considered a constant value rather than
an independent variable or a distribution of sizes. Their study
also introduced an equation for the suspending velocity of
droplets.

A force balance of a suspended spherical droplet relates the
resistance of the moving fluid to the force of gravity. The fluid
resistance forces and the force of gravity are shown in Eqs. (1)
and (2), respectively.
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where K and Cd are constants, � is the vapor viscosity, Ug is
the vapor velocity, �l and �g are the liquid and vapor densities,
respectively, and D is the theoretical droplet diameter.

Since the viscosity of the vapor is relatively small, Eq. (1)
can be reduced to Eq. (3) (Souders and Brown, 1934).
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The force required to suspend a droplet occurs when the
sum of all the forces are equal, as shown in Eq. (4). This condi-
tion is considered the terminal setting velocity (ut) of a droplet,
when the droplet velocity is zero.
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At high Reynold’s numbers, Eq. (4) can be rearranged to Eq.
(5) during terminal velocity conditions, where ul = ut.
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Since the value of the drag coefficient depends on the drop
Reynolds number, a graphical reference may be used to deter-
mine this relationship (Bird et al., 1960). As used by Trompiz
and Fair (2000), a relationship between the drag coefficient
and drop Reynold’s number can be derived from Eq. (5) when
the entrained droplet diameter is unknown, and the entrained
drop velocity matches the gas superficial velocity, ur = uG, as
shown in Eq. (6).
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Therefore, using the graphical relationship between drag
coefficient and drop Reynold’s number, the largest theoretical
entrained droplet diameter can be estimated by Eq. (7) for any
given gas and liquid system.

D = Re�g

ug�g
(7)

In the case of droplets generated through a spray nozzle,
the largest theoretical droplet diameter has limited practical
value due to the number and relative velocities of droplets
generated within the spray. Additionally, incorporating this
force balance at high Reynold’s numbers, as is the case in
this work, may contribute to estimation errors since the rela-
tionship between drag coefficient and drop Reynold’s number
is subject to secondary effects such as wall effects, unsteady
flow, internal droplet circulation, and the fall of non-spherical
droplets (Bird et al., 1960).

Mugele (1960) developed an upper-limit function for deter-
mining the maximum stable drop diameter, Dm, also used by
Trompiz and Fair (2000), but does not provide explicit details
of drop size distribution of entrained liquid. As shown in Eq.
(8), the maximum stable droplet diameter in a spray is based
on the nozzle orifice diameter, d0, the physical properties of
the gas and liquid, and the relative velocity of the entrained
droplets, ur, in the flowing gas.
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� is the liquid surface tension. In counter flowing condi-
tions, the relative velocity of gas and entrained droplets is
found using Eqs. (9) and (10), where ul and ug are the respective
gas and liquid velocities, �P is the pressure drop through the
spray nozzle orifice, and C0 is the nozzle discharge coefficient.
Trompiz and Fair (2000) report using a discharge coefficient of
0.7 for solid cone spray nozzles.

Ur = UL + UG (9)
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Trompiz and Fair (2000) then developed an expression to
estimate the total entrainment from a spray. Their model is
based on the integration of the cumulative volume distribu-
tion of entrained liquid and utilizes a bimodal distribution
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