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ABSTRACT

This paper aims to reveal the atomization features of nozzles for humidification chambers. Targeted at three
commonly used nozzles (TF6, TF§ and AM4), the author investigated into the effect of nozzle backpressure on
droplet size, and examined the diameters and distribution spans of the droplets at different distances to the
nozzle. The results show that the droplet diameters decreased with the increase in spray pressure. However,
there was a critical value of the pressure. The location of secondary atomization was determined by analysing
the atomization features at different locations below the nozzle. It is concluded that the location is 7cm below
the nozzle for TF6 nozzle, 12cm below the nozzle for TF8 nozzle, and 10cm below the nozzle for AM4 nozzle.
Moreover, the least square method was used to fit an empirical correlation for the droplets atomized by the
nozzle in the secondary atomization area. The empirical correlation was then converted to a functional relation
of the Weber number and Reynolds number. The research findings make it possible to predict the particle

diameters from the nozzle exit.

Keywords: Humidification Chamber, Atomization Features, Critical Pressure, Secondary Atomization.

1. INTRODUCTION

The key to the humidification and heat exchange in a
humidification chamber lies in the good contact between the
air and droplets. To maintain a desirable air-droplet contact, it
is necessary to identify the spray atomization features of
nozzles. In practice, the quality of atomization is often
evaluated by the easy-to-obtain mean diameter of atomized
droplets instead of the droplet size distribution, which involves
various factors such as the number, masses and volumes of
various droplets.

The droplet size distribution can be described by both
empirical functions and theoretical formulas. The empirical
functions are derived from extensive experiments, namely the
Nukiyama-Tanasawa distribution function, Rosin-Rammler
distribution function and its corrected form, as well as the
upper limit normal distribution. The typical theoretical
formulas include the normal distribution, logarithmic normal
distribution, maximum entropy distribution [1] etc. [2-11]

The representative studies on spray atomization features of
nozzles are as follows. Targeted at fuel atomizer nozzles,
Lefebvre [12] summed up the nozzle flow, atomization,
external flow and droplet distribution of many kinds of nozzles,
including but not limited to flat orifice nozzles, vortex nozzles,
rotating nozzles and air-assisted nozzles, and detailed the
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applicable ranges of various empirical formulas on droplet
diameters. Bayvel [13] introduced the types and applications
of atomizer nozzles and presented several empirical formulas
on droplet diameters atomized by some nozzle types. Liu et al.
[14] investigated the flow and atomization features of bubble
atomizer nozzles through experiments, and obtained the
change patterns in the atomized droplet diameter with the
spray pressure and liquid-to-gas ratio. Through dimensional
analysis, Liu et al. depicted the droplets atomized by bubble
atomizer nozzles by Sauter mean diameter formula, with such
variables as Weber number, Reynolds number and liquid-to-
gas ratio. Chen et al. [15] disclosed the effect of gas-liquid
two-phase pressure on the dimensions of droplets atomized by
two-phase nozzles and the flow of these nozzles, studied the
features of single-phase nozzles through experiments, and
compared the features of single-phase nozzles with the those
of two-phase nozzles. Liu et al. [16] performed experiments to
acquire the empirical relationship for droplets atomized by
low-pressure airblast nozzles. Zhang et al. [17] experimentally
studied the change patterns in the Sauter mean diameter, flux
and mean velocity of droplets atomized by double-orifice
centrifugal nozzles. Liao et al. [18, 19] theorized the basic
equations of fluid motion and pressure distribution in
centrifugal nozzles.

The above studies mainly focus on fuel atomization in the




aerospace field. The atomization nozzle, medium and Figure 1 shows the experimental system for the atomization

environment in these studies are a far cry from those in features of a nozzle. The system consists of a water tank, a
humidification chambers. Of course, the methods and high-pressure water pump, control valves, a filter, a
empirical formulas can be referred to in our research [20-23]. measurement section (a Spraytec spray particle size analyser,

a flow meter, a pressure gauge and a thermometer), a nozzle
and a water pan.

2. EXPERIMENTAL SYSTEM AND CONDITIONS

i © pressure gage
water—container l o flowmeter
l b valve
|
) @ water pump
N filter
Figure 1. The experimental system
The target nozzles include the TF6 nozzle (pressure-type experimental conditions are listed in Table 1, and the main
spiral nozzle), TF8 nozzle (pressure-type spiral nozzle) and the measuring parameters and instruments are displayed in Table

AM4 nozzle (impinging-type atomizer nozzle) (Figure 2). The 2.

:

Pressure-type spiral nozzle TF6/TF8 Impinging-type atomizer nozzle AM4
Figure 2. The nozzle structures

Table 1. Experimental conditions

No Name of Experimental Distance between the nozzle  Distance between the nozzle  Vertical distance between
) experiment conditions and emitting end (cm) and receiving end (cm) the nozzle and laser (cm)

1 TF6 3cm 44 43 3

2 TF6 7cm 42 45 7

3 Experiment TF6_12cm 43 44 12

4 on the TF8 7cm 42 45 7

5 atomization TF8 12cm 43 44 12

6 characteristics TF8_15cm 46 41 15

7 of the nozzle AM4_5cm 132 108 5

8 AM4 10cm 132 108 10

9 AM4 16cm 132 108 16

Table 2. Main experimental parameters and instruments
System Measurement parameters Instrument Measuring range
Spray water temperature Thermometer 0~50°C
Spray system Spray water flow Turbine flow meter LWGY-25 and digit expression meter 0~10 m*h
Spray system pressure Pressure meter YB150 2.5 MPa, accuracy 0.4
Droplet diameter Malvern spraytec particle size analyzer 0.1 um~2000 pm
3. EXPERIMENTAL PRINCIPLES Based on the atomization mechanism, the influencing
factors of atomized droplet size distribution were determined

3.1 Influencing factors as the nozzle diameter, spray pressure, air density, as well as

the surface tension coefficient, dynamic viscosity coefficient
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and density of the liquid [19]. Since the in-nozzle liquid
velocity changes with the pressure, the indeterminate function
can be expressed with the diameter of the atomized particle
(D) and the main influencing factors:
Dm=f(d0,VR,O',pa,,U,/)|) (1)

where dj is the nozzle diameter; vz is the relative gas-liquid
velocity; o is the surface tension coefficient of the liquid; p, is
the air density; u is the dynamic viscosity coefficient of the
liquid; p; is the liquid density.

Following the dimensional analysis, it is derived that the
liquid atomization must obey the functional relations below.

2
D. vpd vRd
2m — CWe™Re™; We = pa_RO;Re — PIVR%
dy o u

@

where C is the coefficient; m and » are the indices (C, m and
n are determined through the analysis and fitting of
experimental data); We is the Weber number; R, is the
Reynolds number.

3.2 Dimensions of atomized droplets

To quantify the size distribution of droplets atomized by a
nozzle at different backpressures, the evaluation indices must
be the characteristic parameters that reflect the particle sizes
of all atomized droplets.

Here, the evaluation indices include the Sauter mean
diameter (Dp3y2)) and several commonly used cumulative
volume distribution diameters (D[4][3], Dv(m), Dv(so) and Dv(go)).
These indices are explained in Table 3.

Table 3. Meanings of the evaluation indices

Symbol Name Meaning
D32 Sﬁ;e[;:tl::n Ratio of the total volume of all the droplets to the total surface area of all the droplets
Diay3 Ma_lss mean Ratio of the total mass of all the droplets to the total volume of all the droplets
diameter
D The total volume of the droplets with a diameter less than Di(10) accounts for 10% of the total volume
w10 of all the droplets

Mass median The total volume of the droplets with a diameter less than Du(s0) accounts for 50% of the total volume

D50 diameter of all the droplets. The area below the volume distribution curve on the left side of Duy(so) is the same
as the area below the volume distribution curve on the right side of Dys0).

Duooy The total volume of the droplets with a diameter less than Do) accounts for 90% of the total volume

Specific surface
area (SSA)

Span Distribution span

of all the droplets.

Ratio of the total area of all the droplets to the total mass of all the droplets. The mathematical
calculation model for the SSA assumes that droplets are spherical and non-porous.

[Dv(90)-Dw(10)]/Dy(s0). The narrower the distribution of the droplet diameters is, the smaller the

distribution span.

4. EFFECT OF SINGLE NOZZLE BACKPRESSURE
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Figure 3. Diameter change curves of the droplets atomized
by the TF8 nozzle at the spray pressure

Based on the experimental results, the diameter change
curves of the droplets atomized by the TF8 nozzle at the spray
pressure (P) were plotted (Figure 3). As mentioned above, the
droplet diameters include Dyayr23, Diaya1, Du10), Diso) and Diyoo).
According to the droplet size distribution patterns in Figure 3,
the size of the D,wo droplet was the largest, followed in
descending order by D[4][3], Dv(so) ) D[3][2] and Dv(l()). Whichever
the diameter, the size of the atomized droplets always
decreased with the increase in spray pressure. Of course, the
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decrease was limited in the droplets of any diameter. When the
pressure of the TF8 nozzle reached 0.5~0.6MPa, the diameter
change in the atomized droplets became insignificant. The
trend signifies the presence of a critical value of nozzle
pressure. For the TF8 nozzle, the critical pressure was
considered as 0.5~0.6MPa. Any pressure increase beyond the
critical value will not significantly reduce the diameter of
atomized particles. To realize a major reduction in diameter,
one should either replace the nozzle type or produce smaller
droplets with a new model.

Then, the change patterns of droplet diameter were analysed
by the atomization energy balance relationship of the droplets.
Before the nozzle backpressure reached 0.5~0.6MPa, the
kinetic energy at the nozzle exit mainly worked against the
surface tension and viscous force. The backpressure is
positively correlated with the work effect, and negatively with
the droplet diameter. The decrease in droplet diameter
widened the area of air-droplet contact, which facilitates the
heat and mass exchanges.

When the pressure of the TF8 nozzle reached 0.5~0.6MPa,
the diameter change in the atomized droplets became
insignificant. In other words, the energy consumed to
overcome the surface tension and viscous force remained
unchanged, and the remaining energy was converted to the
kinetic energy of the atomized droplets.

Moreover, the velocities of the atomized droplets gradually
increased with the nozzle backpressure. The velocity increase



shortened the duration of air-droplet contact, and impeded the
heat and mass exchanges.

The TF6 nozzle and AM4 nozzle are similar to the TF8 in
terms of the effect of spray pressure on the atomized droplet
size. These two nozzles also have critical pressures, which
respectively falls in the range of 0.5MPa~0.8MPa and
0.3MPa~0.5MPa.

5. SECONDARY ATOMIZATION
Figures 4 (a)~(e) compare the dimensions (Do), D43,

Dys0), Di3j2) and Dyig)) of the atomized droplets located at
different distances (7cm, 12cm and 15cm) below the TF8
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nozzle. It can be seen that the greatest dimensions appeared at
7cm, following by 15cm and 12cm in descending order.

In addition, the differences among these droplet dimensions
at different distances exhibited a decline trend with the
increase in nozzle backpressure. This is attributed to the stable
distribution of droplet size resulted from the secondary
atomization.

According to the liquid atomization mechanism, liquid
atomization is a liquid fragmentation process under internal
and external forces. Once the external force surpasses the
surface tension and viscous force of the liquid, the liquid will
be fragmented into many droplets. These droplets are so
unstable that they will be atomized again into even smaller
particles under the surrounding airflow.
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Figure 4. Droplet sizes at different locations below the TF8 nozzle

Figure 5 shows the distributions of droplet sizes at different
distances below the TF8 nozzle. It is clear that a stable
distribution of droplet sizes was formed at 12cm below the
nozzle, indicating that secondary atomization occurred as the
droplets fell from 7cm to 12cm below the nozzle (Figures
5(a)~(b)). During the continuous falling (Figures 5(b)~(c)), the
droplets collided into each other, forming larger particles, due
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to the different sizes, settling velocities and accelerations.
Compared with those at 7cm and 15c¢m below the nozzle, the
droplet at 12cm below the nozzle boasted the mostly evenly
distributed diameters (i.e. the smallest distribution span), and
relatively consistent settling velocities. These conditions are
beneficial for heat and mass exchanges between the air and
droplets.
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(a) Diameter distributions of particles at 7cm below the TF8 nozzle under 0.5MPa and 0.6MPa

100 = 10.00 100 10.00

N\
N\,
\

g 7.50 ; 7.50
) )
= <
@ [}
=] =}
50 IS 5.00 50 g 5.00
250 2.50
0 0.00 0 0.00
5 10 100 1000 3000 5 10 100 1000 3000
Particle Diameter (um) Particle Diameter (um)

(b) Diameter distributions of particles at 12cm below the TF8 nozzle under 0.5MPa and 0.6MPa
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(c) Diameter distributions of particles at 15cm below the TF8 nozzle under 0.5MPa and 0.6MPa

Figure 5. Diameter distributions of the particles at different locations below the TF8 nozzle

Next, the author analysed the experimental data of the 100 T 100
atomization features of the nozzles. The analysis reveals that
the secondary atomization always occurred regardless of the g Hrso &
nozzle type, an evidence to the universality of the phenomenon. E g
Figure 6 shows the size distributions of the particles at 10cm I 500 %
below the AM4 nozzle under 0.3MPa and 0.5MPa. It can be 2 &
seen that the particle diameter distributions were stable under E 5
both pressures, which indicates that the secondary atomization 8 2% 2
location is stable when the AM4 nozzle is used.
100 10.00 02 10 100 10(%00
Particle Diameter (um)
(b) Diameter distribution of particles at 10cm below the AM4
% 750 & nozzle under 0.5MPa
E 2
2 500 é; Figure 6. Diameter distributions of particles at 10cm below
§ E the AM4 nozzle under different pressures
§ 250 §
The experiments on the TF6 nozzle, TF8 nozzle and AM4
. 000 nozzle were performed under different pressures. The results

2 10 100 1000 show that a stable secondary atomization location always

. - FemiceDameterm) existed regardless of the nozzle type. The location was 7cm
(a) Diameter distribution of particles at 10cm below the AM4 below the nozzle for TF6 nozzle, 12cm below the nozzle for

nozzle under 0.3Mpa TF8 nozzle, and 10cm below the nozzle for AM4 nozzle.
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Therefore, secondary atomization is not an accidental
phenomenon but a universal and stable one.

6. FITTING REGRESSION

The pq, 0, prand p are constant under a constant temperature.
Under the experimental air temperature of 20°C and water
temperature of 35°C, p, =1.205 kg/m®, 6=0.070435 N/m, p;
=993.95 kg/m® and x=0.7274 X 10° Pas. The maximum
diameter of the TF8 nozzle (dy) is 3.18 mm. For particles at
12cm below the TF8 nozzle, the regressed correlations of the
various diameters are as follows. Note that 12cm below the
nozzle is the location of secondary atomization, the cause of
stable diameter distribution.

D[3][2] — 0.0587We‘°'275“ Reo.oszs
d, 3)

res =—-0.0024,r, = -0.9308,r, = —-0.9798

D[4][3] — 0.0593/\/970'0766 Reo.oem
d (4)

res =-0.0059,r, =-0.7870, r, = —0.7804

DV(SO) =0.07 19We—o.zz7o R e0.0657
do (%)

res =—-0.0040,r, =-0.9404,r, =-0.9831

DV(lO) _ 0.0398We‘°'2935 Re0.0308
d, (6)

res =—0.0015, r, =—0.9256,r, = —0.9777

DV(90) — 0_0770\Ne—0.0206 Reo.o776
do (7N

res =0.0286,r, =-0.8535,r, = —0.9066

Table 4 lists the parameter ranges in equations (3)~(7).

Table 4. Parameter ranges

Particle diameter (um)

P t P (MP R
arameter (MPa) D32 D3 D50 D10 D90 e ¢
Aonlicable ranac 0.1.2.0 90.95- 290.4- 166- 42.08- 531.3- 547- 43,5849
PP & e 197.7 3332 305.2 100.9 662.6 109.47  194,917.6
7. CONCLUSIONS ACKNOWLEDGEMENT

It is discovered that the droplet diameters decreased with the
increase in spray pressure. However, the trend ceased to exist
when the pressure exceeded a critical value. When the pressure
reached the critical value, the diameter change in the atomized
droplets became insignificant. In other words, the energy
consumed to overcome the surface tension and viscous force
remained unchanged, and the remaining energy was converted
to the kinetic energy of the atomized droplets. Moreover, the
velocities of the atomized droplets gradually increased with
the nozzle backpressure. The velocity increase shortened the
duration of air-droplet contact, and impeded the heat and mass
exchanges.

Through the analysis of atomization features at different
distances below each nozzle, it is concluded that the liquid
fragmentation is so unstable that the droplets will be atomized
again into even smaller particles under the surrounding airflow,
resulting in a stable diameter distribution of the particles. The
secondary atomization location facilitates the heat and mass
exchanges between the air and droplets. The approximate
locations of the secondary atomization are also determined in
this research: the location is 7cm below the nozzle for TF6
nozzle, 12cm below the nozzle for TF8 nozzle, and 10cm
below the nozzle for AM4 nozzle.

The least square method was used to fit the empirical
correlation for droplets atomized by the three nozzles in the
secondary atomization area. The empirical correlation was
then converted to a functional relation of the Weber number
and Reynolds number. The fitted empirical correlation can be
used to predict the particle diameters from the nozzle exit and
provide a theoretical basis for the design and application of
nozzles of the same type.
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