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Abstract 
Marine Cloud Brightening (MCB) by effervescent spray atomization of mixed 
sea water brine with air is a candidate for solar radiation management to 
compensate for global warming. We discovered that the flow from mixing tee 
nozzle described earlier had occasional unstable slug flow. A new design that 
adding rotational swirl to the salt brine as it is mixed into the air stabilized 
the nozzle flow and no longer showed slug flow in spray pictures. Flow equa-
tions were developed for the relatively low speed of sound of a choked flow 
mixed brine and air nozzle. Experimental mixed flow measurements with 
300b pressure and a 200 μm diameter nozzle and calculations using perfect 
gas, and isotropic processes equations compared well with the chocked flow 
equations. Analysis in EXCEL of particle sizers measurements from both a 
scanning mobility particle sizer (SMPS) and an aerodynamic particle sizer 
(APS) showed production of many nanometer sized particles estimated as 
usable for MCB. A small number of micron sized particles were also always 
present but with about 90% of the sprayed mass. This is a first report with 
good data over the complete size range. The micron sized particles measured 
were similar to the measurements of earlier reports which reported no nano-
meter sized particles. We hypothesize that many nano-particles are always 
produced by liquid-air effervescent sprays, but earlier, were not observed be-
cause SMPS instruments were not available. The presence of the large mass 
percentage of large particles in the spray may cause problems by evaporative 
cooling preventing the rise of the MCB particles. We suggest future systems 
design with an impactor filter to remove the large particles. Calculations 
combining increased brine concentration, lower pressure, and larger nozzle 
area showed that significant reductions in required power and number of 
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nozzles could be realized. An EXCEL model is developed to calculate flow 
from experimental analysis equations and compare with mixed choked flow 
equations. Solving with the model predicted the power required and the 
number of nozzles required to produce 1015 particles/s. The model showed 
that increasing brine concentration strongly lowered total power. Lowering 
pressure decreased power and increased number of nozzles. Increasing nozzle 
area lowered the number of nozzles. This model predicted that, at 300b pres-
sure and 200μm diameter nozzle as the experiment but using an increased 
brine concentration of 0.1 instead of 0.032 would require only 115 nozzles in-
stead of 358 and power of 146 kw instead of 493 kw. Combining increased 
brine concentration, lower pressure, and larger nozzle area, the model pre-
dicted that with a 1 mm diameter nozzle at 30b pressure and salt concentra-
tion of 0.2, the nozzle count and power required would drop to only 24 noz-
zles and power of 28 kw. Whether extending the model to these conditions is 
valid is not known but suggests further development should be investigated. 
Filtering out and reusing the 90% or greater large particles mass sprayed 
combined with the lower power advantage of higher brine concentration is 
suggested for future systems. 
 

Keywords 
Marine Cloud Brightening, Global Warming, Effervescent Spray Nozzles,  
Salt Nano-Particles 

 

1. Introduction 

Latham [1] [2] first proposed the idea to seed marine stratocumulus clouds with 
sea water brine to increase the cloud albedo (Marine Cloud Brightening, MCB). 
Our volunteer group of retired scientists and engineers in Silicon Valley, Cali-
fornia has been studying various possible techniques for MCB with brine aero-
sols for some time [3] [4] [5] [6]. 

The fact that a mixture of air and liquid has a speed of sound less than either 
the air or the liquid was shown by Wood [7]. Others have noted the importance 
of this for production of smaller particles in the pressure jump at the choked 
flow nozzle exit in effervescent spray [8] [9]. Our calculation of flow in efferves-
cent nozzle spray has been developed from the lowered speed of sound, perfect 
gas relations and isentropic processes. The theory predictions for high pressure 
300b effervescent spray nozzle matched experimental data very well. 

A new nozzle was designed with rotational swirl flow of brine into the air. 
Improved mixing and centrifugal force of the brine to the inside of the nozzle 
resulted in better particle production. Pictures indicated no slug flow and a 
smooth spray [10].  

To simplify the text, pressure units in bars will be used in the following dis-
cussions (1b = 105 Pascal). Earlier studies [6] suggested that high pressure was 
required to produce small particles. Many of our experiments were at high pres-
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sure, but some experiments at lower pressures indicated high pressure was not 
required. Data from an experiment at 300b pressure was chosen for this summary. 

Earlier studies [6] [11] were performed with measuring apparatus which could 
not adequately detect small particles. For this study, appropriate measurement 
apparatus, were borrowed for the experiments, a scanning mobility particle sizer, 
SMPS [12] [13] [14] for measuring particles with diameters from 10 nm to 700 
nm diameters and an aerodynamic particle sizer spectrometer, APS [15] for 
measuring particle diameters from 700 nm to 13μm. Later our group purchased 
both instruments on the surplus market. This is the first report with good data 
over the complete size range. This allowed calculation of spray characteristics 
and predictions of parameter effects not possible before. 

Effervescent sprays using air and a liquid have been utilized for a long time. 
Sovani [11] et al., reviewed a number of investigations. None of these reported 
small particles in the MCB range. Our measurements with SMPS showed a con-
siderable number of particles were produced in the MCB range. The APS 
showed that a small number of large particles were produced that contained 
about 90% of the sprayed mass. These large particle size distributions were con-
sistent with past observations. It is suspected that past researchers lacked in-
struments that could detect small sized particles. The presence of the large mass 
percentage of large particles in the spray may cause problems by evaporative 
cooling preventing the rise of the MCB particles.  

During an experiment, three successive scans with the SMPS and the APS par-
ticle sizers of the particle numbers/cm3 and mass/cm3 versus diameter were tak-
en of the sprayed particles over time. The data from the particle sizers was ana-
lyzed in EXCEL to calculate various particle and mass sums and ratios  

The three scans were used to analyze room air particle size changes over ap-
proximately 15 min post spraying. The salt particles required for MCB which 
were predicted to be in range of 35 nm to 495 nm diameters. Prediction of a dif-
ferent range should not affect the results significantly. The EXCEL analysis in-
cluded calculating ratios of total particles to particles estimated as usable for 
MCB, too small to use, and too large to use. The ratio of the particles that were 
too small for MCB was observed to decrease over the sampling time. The ratio of 
those usable for MCB conversely increased over time. We hypothesize that some 
particles that were too small coagulated and increase the number of usable sized 
particles. The mass ratio for those too large remained at approximately 90%. 
Power and number of nozzles required for MCB were for estimated production 
of 1015 particles/s but if a larger required number of particles is estimated the 
required power and nozzles will change by the ratio of the two estimates. The 
number of nozzles required to produce 1015 particles/s was calculated without 
considering coagulation. 

Combining the equations from the experimental mixed flow, and the particle 
sizer analysis, an equation, CbρbFb15 = 37.9 kgl/m3 was used to develop an EXCEL 
model to calculate flow from the experimental flow equations and compare with 
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theoretical mixed choked flow equations. Cb, in kg/kg solution, is brine concen-
tration, ρb, in kg/m3, is brine density and Fb15, in l/s, is the brine flow required for 
production of 1015 particles/s. Solving predicted the power required and the 
number of nozzles required for 1015 particles/s for variation in brine concentra-
tion, pressure, and nozzle diameter. The model showed that increasing brine 
concentration strongly lowered the power. Lowering pressure decreased the 
power and increased the number of nozzles. Increasing nozzle area lowered the 
number of nozzles. Calculations combining increased brine concentration, lower 
pressure, and larger nozzle area showed that significant reductions in required 
power and number of nozzles could both be realized. 

Filtering out and reusing the 90% or greater large particles mass sprayed com-
bined with the lower power advantage of higher brine concentration is suggested 
for future systems. 

Following, we present a theory of an effervescent spray nozzle, design of an 
improved nozzle, and description of experimental apparatus. Experimental flow 
results using the apparatus are compared with the theory and particle measure-
ments results. Particle size variation with time after spraying is presented. A 
model of required power and number of nozzles is developed for variations in 
brine concentration, pressure, and nozzle area.  

2. Effervescent Spray Nozzle 

A theory will be developed of effervescent spray followed by description of a 
nozzle design and apparatus for testing. 

2.1. Theory of Nozzle Air and Brine Effervescent Spray  

Spray through a converging nozzle develops choked flow at a critical exit pres-
sure when the exit velocity attains the speed of sound. After that, the exit pres-
sure will not increase when the source stagnation pressure is increased but will 
produce a pressure jump with shocks at the nozzle exit which breaks the spray 
up into small particles. 

The speed of sound, a is given by, 

 .Ea
ρ

=  

where E is the bulk modulus and ρ is the density. The speed of sound can be 
calculated for a homogeneous mixture of air and brine with a mean density ρmix 
and mean bulk modulus Emix [7]. For ρaEa and ρbEb, the density and bulk elastic-
ity of the air and the brine components at the nozzle exit and x the proportion of 
air by volume and (1 − x) the proportion of brine by volume at the nozzle exit, 
the density is, 

( )  1 .mix a bx xρ ρ ρ= + −  

The compressibility is, 
( )11

mix a b

xx
E E E

−
= + . 
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The speed of sound is, 

( )( ) ( )( )1 1
mix a b

mix
mix b a a b

E E Ea
xE x E x xρ ρ ρ

= =
+ − + −

. 

Rearranging the equations with aa  and ba  substituted for the speed of 
sound of air and brine [8] gives,  

( ) ( )
2 2

1
1

1 1 1 1 1
mix

b a

a ba b

a
xx x x

a a
ρ ρ
ρ ρ

=
   −   
+ − − + + −      

      

.       (1) 

For an ideal gas isentropic process, the critical pressure [16] for reaching the 
speed of sound at the nozzle exit is, 

12 0.528
1

k

o

k

c oPP P
k

− = = + 
.                  (2) 

where Po is the stagnation pressure, Pc is the critical exit pressure of the nozzle 
and k is the specific heat ratio. The value of k for air or nitrogen is 1.4, and the 
critical pressure for air-brine mixtures is the same for air or nitrogen gasses. For 
spray into the atmosphere at 1.0133b the minimum stagnation pressure to 
achieve sound speed is 1.0133/0.528 = 1.92b. 

Stagnation pressures above those required for the critical pressure ratio will 
appear as a pressure jump, ΔP, at the output of the nozzle. 

0.472 .o c oP P P P∆ = − =                     (3) 

The density of air, ρac, to use in Equation (1), is that at the critical pressure, Pc. 
c

ac atm
stm

P
P

ρ ρ= ,                       (4) 

where ρatm = 1.205 kg/m3 and Patm = 1.0133b and the density of incompressible 
brine to use in Equation (1) for concentration Cb = 0.032, is ρb = 1020 kg/m3. 

For nozzle exit area, Anoz, the mixed gas and brine flow volume, Smix, at the exit 
of the nozzle is, 

 mix mix nozS a A= .                       (5) 

The speed of sound at various stagnation pressures and air and brine mix ra-
tios, is shown in Figure 1, with the brine speed of sound about 1500 m/s and air 
about 346 m/s.  

2.2. Effervescent Spray Nozzle Design 

The spray nozzle described earlier [6], which used a Valco HPLC tee with salt 
brine input on the bottom, air input on the left and a sapphire 200 μm diameter 
nozzle on the right is shown in Figure 2. Photographs showed that this nozzle 
was varying between spray and slug flow during operation. These spray modes 
for an effervescent nozzle are described by Sovani et al. [11]. Spray mode flow 
with mixed gas and liquid produces small particles. Slug flow is when gas and 
liquid separates into slugs of each along the flow. A sequence of photos captured 
this. Figure 2 shows the flow primarily in the spray mode and Figure 3 shows 
the flow intermittently in the slug mode. 
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Figure 1. Sound speed for air and brine effervescent nozzle. 

 

 
Figure 2. Mixed flow out of HPLC tee and nozzle. 

 

 
Figure 3. Slug flow out of HPLC tee and nozzle. 
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Exactly how liquid drops are produced in an effervescent nozzle is questiona-
ble. One hypothesis is that an annulus forms when surface tension holds the liq-
uid to the inside surface of the nozzle, which then exits as a thin annulus which 
explodes producing small particles in the exit pressure drop, ΔP outside the noz-
zle. Another hypothesis is that bubbles and drops in the exit pressure drop ex-
plode whenever their size is larger than those stable under surface tension with 
their internal pressure at the nozzle exit [8] [9]. Both mechanisms probably con-
tribute. 

To address both of these hypotheses, a nozzle was designed with a mixing re-
gion having centrifugal swirl flow that mix the gas and liquid more homoge-
neously reducing bubbles and drop sizes. The added centrifugal force may help 
hold the liquid annulus to the inside nozzle surface. Figure 4 shows a sketch of 
this nozzle. Salt water brine comes in from the bottom and air comes in at the 
left end. Spray comes out at the right.  

Figure 5 shows the flows in cross section. Four tangential cutouts in a tube 
with internal air flow inject the brine tangentially into a mixing region produc-
ing a swirl in the flow. The mixing region leads to a conical entrance in a sap-
phire nozzle providing a speed up of the swirl flow into the nozzle. This assem-
bly provided a good spray and no evidence of slug flow [10]. This design allowed 
stable operation with liquid pressure only slightly above the air pressure mini-
mizing impedance required on the liquid inlets. Sapphire nozzle orifices varying 
in diameter from 100 to 300 µm were available to mount on the swirl assembly. 
Operating pressures typically ranged from 30 to 300 bar. 

With brine and air at appropriate pressure, the spray jet can be observed to 
explosively diverge from the orifice into a cone projecting forward. This swirl 
nozzle in operation is shown in Figure 6 [10]. 
 

 
Figure 4. Sketch of nozzle with swirl flow of salt water into air. 

https://doi.org/10.4236/ijg.2020.119030


J. Foster et al. 
 

 

DOI: 10.4236/ijg.2020.119030 570 International Journal of Geosciences 
 

 
Figure 5. Cross section view of flow of salt water tangential injection into air in mixing 
region of nozzle. 

 

 
Figure 6. Swirl nozzle in operation [10]. 

2.3. Description of Experimental Apparatus 

A schematic of the apparatus for effervescent spray of salt water brine with im-
provements to that described in [6] is shown in Figure 7. 

It comprises a pump with two liquid reservoirs; one containing brine and the 
other containing distilled water for flushing and cleaning, both connect alter-
nately with a two-way valve to the pump inlet. A Haskel Model SF-60 pump uses 
compressed air (not shown) on a large piston to drive a small piston that pumps 
the liquid, giving a pressure boost of 69:1. The pump’s fluid cylinder has a ca-
pacity of 11.3 ml. Given the known stroke volume, the time interval between 
strokes provides a reliable measurement of the brine flow rate. Following the 
pump is a pressure gauge, an on-off valve, a filter and a flow accumulator to re-
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duce fluctuations from the pump pulses. The fluid flows through a capillary 
tubing flow impedance into the swirl flow spray nozzle assembly. A gas supply 
connects to the other input of the swirl flow assembly and consists of a com-
pressed gas cylinder, a pressure regulator, an on-off valve, a filter and a check 
valve. 

The gas flow is measured by attaching tubing to the nozzle outlet, directing 
the combined brine and air flow from it through a tube into the bottom of a 
large bottle to gravitationally separate out the gas from the brine and measuring 
the gas flow from the top of the bottle with a TSI 4043 flow meter [17]. 

The nozzle output was sprayed into a large 7.3 × 7.9 × 2.7 m room with a total 
volume of 156 m3, where the brine particles evaporated leaving NaCl crystals. 
The relative humidity of the room was reduced by a dehumidifier to below 45% 
RH before each experiment. Below 45% RH salt brine particles will efflorescence 
to a dry minimum size salt crystal [18]. HEPA filters are run in the room before 
the experiment until the background particle count was low measuring with 
SMPS and APS particle sizing instruments. For each experiment, the nozzle was 
sprayed for only approximately 45 seconds while a fan continually mixes and 
circulates spray with the room air. The resulting room aerosol content was ana-
lyzed with the SMPS and APS particle sizing instruments (described below) over 
approximately 15 minutes per run. 
 

 
Figure 7. Schematic of the improved effervescent spray apparatus. 
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The aerosol measuring instrument setup is shown in Figure 8. The particle 
sizing instruments were situated at the bottom of the instrument stand. At the 
lower left a vertical pipe takes in the sample. The bottom of the pipe fed the 
sample directly into the large particle measuring instrument, TSI APS. The input 
was simultaneously sent off via a tee fitting to the small particle measuring in-
strument on the right, TSI SMPS. 

The TSI APS model 3321 [15] was for measuring aerosols in the 0.5 – 20 μm 
range using aerodynamic time of flight measurement. The TSI SMPS [12] com-
posed of a standard instrument combination of the TSI classifier model 
3080/3081 DMA [13] and the TSI Condensation Particle Counter CPC model 
3010 [14], was for measuring aerosols in the 20 - 700 nm range. The APS was ca-
librated by TSI two weeks before the experiment described below. 

Two computers were on the top or the instrument stand, the one on the left 
controls the APS and the one on the right controls the SMPS. Raw data from an 
experiment is shown on their screens with different magnitude scaling. The APS 
shows the long drop off of particles from ~0.5 μm to ~20 μm. The SMPS shows 
the distribution from ~20 nm to ~700 nm. Both instruments were calibrated 
with various polystyrene spheres of known size. This setup provides a significant 
detection range overlap between the two instruments and allows data correlation 
across the entire particle size range of interest.  

 

 
Figure 8. Aerosol measuring instrument setup. 
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3. Experimental Results 

Results are presented in two parts. First the measurements of gas and brine 
pressure and flows and calculations are presented, then these are compared with 
calculated results using the theoretical mixed flow nozzle Equations (1) and (5). 

3.1. Nozzle Flow  

An experiment, labeled 5 will be described. Figure 7 showed a schematic of the 
experimental apparatus. A nitrogen cylinder provided nitrogen gas, (a surrogate 
for air), with a regulated output pressure of Po = 300b. A high-pressure pump 
provided brine of concentration, Cb = 0.032 and pressure of approximately 305b. 
The fluids flowed into a swirl nozzle with a 200 μm diameter sapphire orifice. 

The 11.3 ml volume pump piston operated with a cycle time of 3.37s for a 
brine liquid flow rate, Fb = 3.353ml/s. The air flow, Fa = 53 l/min was measured 
with a TSI model 3063 gas flow meter at atmospheric pressure, Patm = 1.0133b, 
after gravitational separation. 

Using the air surrogate nitrogen gas density and speed of sound at atmos-
pheric pressure and 20˚C, ρa = 1.165 kg/m3, an = 349 m/s and the brine density ρb 
=1020 kg/m3, the gas to liquid ratio, GLR was, 

GLR 0.3a a

b b

F
F

ρ
ρ

= = .                        (6) 

The critical pressure at the nozzle outlet, Pc from Equation (2) was 158.5b. 
The pressure jump, ΔP from Equation (3) was 141.5b. 
The volume air flow at the nozzle exit was,  

l/m3 i. 9 n0 3a atm
ae

c

F PF
P

= = .                    (7) 

The combined gas and liquid flow at the exit, 

0.54 l/mi0 nmix ae bF F F= + = .                   (8) 

The proportion of gas flow by volume at the exit, 

0.627ae

mix

Fx
F

= = .                        (9) 

From Equation (4) the density of the nitrogen at the critical exit pressure was, 
ρac = 182 kg/m3.  

From Equation (1) with ρb = 1020 kg/m3, the exit speed of sound of the mixed 
flow, amix = 266.7 m/s. 

With the nozzle diameter d = 200 μm, the calculated mixed flow volume at the 
exit, Smix, from Equation (2) was 0.518 l/min. 

The discharge coefficient for nozzle,  

mix
coef

mix

FD
S

= .                        (10) 

was 1.04. 
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Therefore, the measured flow and the calculated flow are within 4% of each 
other. These results show that the mixed flow model from Equation (1) is a good 
representation of the actual nozzle flow. 

3.2. Experimental Particle Measurements 

The room was cleaned of background particles with HEPA filters and fans. The 
room relative humidity was measured at 42% before and after the experiment. 
Below 45% RH salt brine particles will efflorescence to a dry minimum size salt 
crystal [18]. The particle sizer diameters were, therefore, the dry salt particle. 

The swirl nozzle was operated for only approximately 45 seconds, then the 
particle sizers were started. The SMPS recorded 3 scans from 14.1 nm to 736.5 
nm particle diameter, each scan taking 4.5 minutes. The APS recorded nearly 
continuously and data was saved at approximately 2 minutes after the start of 
each SMPS scan. The APS record was aerodynamic corrected for channel geo-
metry as required by the instrument. After correction the APS data record 
spanned particle diameters from 360 nm to 13,454 nm. Each instrument also 
calculated the mass for each particle using density data entered into the instru-
ments. The data from the SMPS and APS instruments were entered into EXCEL 
and analyzed. 

Data taken for experiment 5 consisted of three SMPS 4.5-minute scans num-
bered 13, 14, and 15 and one APS reading per SMPS scan at approximately 2 
minutes in the scan. The sizer data was entered at each particle diameter bin 
center from SMPS and APS histogram bins for the number of particles per cm3, 
dN, and the sizers calculated mass, ug per cm3, dM. The bin width, dw varies 
from 0.5 nm to 26.6 nm for the SMPS and from 26 nm to 987 nm for the APS. 
The EXCEL calculated values for particles/cm3 per nm, dN/dw are shown in 
Figure 9 and for mass, ug/cm3 per nm, dM/dw are shown in Figure 10 versus 
particle diameter for scan 13. 

In Figure 10, the mass is concentrated in larger particles with a peak at about 
3500 nm. When we compare this with the many experiments described in Sova-
ni [11], the mass distribution in the larger particle ranges is similar to what was 
formerly observed. The small particles were probably not observed before be-
cause there were no instruments used at the time which could detect them. We 
hypothesize that nano particles have always been produced by effervescent spray 
but were not detected previously because no one could see or was looking for 
them.  

The calculated values for the three consecutive scans labeled 13, 14, and 15 for 
the SMPS and the APS are shown in Figure 11 and Figure 12 in log-log plots of 
particle size in nm versus particles/cm3 per nm, dN/dw and mass, ug/cm3 per 
nm, dM/dw. 

The overlap area between the SMPS and the APS for dN/dw is shown in a li-
near plot in Figure 13. APS data is not accurate at the lower particle sizes. 
However, notice the overlap is close to the largest SMPS particle size data point.  
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Figure 9. dN/dw data for first scan 13 of experiment 5. 
 

 
Figure 10. dM/dw data for first scan 13 of experiment 5. 
 

 
Figure 11. dN/dw versus particle diameter for experiment 5. 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

5500

6000

10 30 50 70 90 110 130 150 170 190

Particle Diameter (nm)

dN
/d

w
 (#

/c
m

3 )/
nm

 

0

0.2

0.4

0.6

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000

Particle Diameter (nm)

dM
/d

w
 (µ

g/
m

3 )/
nm

)

SMPS_dM/dw

APS_dM/dw

0.0000001

0.000001

0.00001

0.0001

0.001

0.01

0.1

1

10

100

1000

10000

10 100 1,000 10,000

Diameter (nm)

dN
/d

w
 (#

/c
m

3-
nm

)

SMPS_dN/dw 13

APS_dN/dw 13

SMPS_dN/dw 14

APS_dN/dw 14

SMPS_dN/dw 15

APS_dN/dw 15

dN
/d

w
(#

/c
m

3 -
nm

)

https://doi.org/10.4236/ijg.2020.119030


J. Foster et al. 
 

 

DOI: 10.4236/ijg.2020.119030 576 International Journal of Geosciences 
 

 
Figure 12. dM/dw versus particle diameter for experiment 5. 

 

 
Figure 13. dN/dw versus particle diameter linear scale near overlap of SMPS and APS 
data for experiment 5. 

 
APS data less than this SMPS data is ignored to combine the SMPS and APS bin 
data to get data for the full range. APS data for center bin sizes from 749.1 nm to 
13,454 nm was appended to the SMPS data. 

Figure 14 shows the bin counts versus particle size of the combined data. The 
bin count for the APS has been adjusted to match bin sizes. An estimate was 
made that particle sizes from 34.6 nm to 495 nm are usable for MCB, those less 
than 33.4 nm are too small and those greater than 495 nm are too big. These 
limits are shown in Figure 14. 

3.3. Analysis of Experimental Particle Measurements 

The EXCEL analysis of the particle sizer measurements calculated various quan-
tities. The sums from all the bins for particles, Np and for mass, Mp were calcu-
lated. The ratio of the sum of estimated MCB usable particles from 35 nm to 495 
nm diameters to sum of total particles, Rup was calculated. The first scan 13 had 
the following results, the sums of total numbers of dry particles, Np = 148129.8 
#/cm3, total of particle mass, Mp = 2.71545 × 10−6 mg/cm3, and the ratio of sum 
of usable portion to sum of all particles, Rup = 0.467. The brine salt concentration,  
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Figure 14. Bin particle count versus diameter for experiment 5. 

 
Cb the density of the brine, ρb, and the experimental brine measured flow, Fb, 
were combined with the particle sizer results and analyzed. 

The average wet brine particle volume, 
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was 5.61629 × 10−19 m3. 
The number of MCB usable wet brine particles, 

ub b
ub
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R FN
V

= ,                        (12) 

was 2.78960 × 1012 particles/s. 
Various quantities for 1015 usable particles/s were calculated. 
The number of nozzles, required, 

1510
noz

ub

N
N

= ,                        (13) 

was 358. 
The brine flow required, 

15  b b nozF F N= ,                       (14) 

was 1.2 l/s. 
The power required for isentropic compression [19] of the gas, 
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was 457 kw. 
The power required for brine flow, 

( )b noz b o atmPW N F P P= + ,                   (16) 
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was 35.9 kw. 
The total power required, 

total a bPW PW PW= + ,                     (17) 

was 493 kw. 

3.4. Experimental Particle Count Variation with Time 

Time data, for experiment 5 from the SMPS and APS particle sizers, were en-
tered into EXCEL particle sizer analysis. Analysis showed the center of particle 
diameter for the small particle count distribution occurred 4 seconds after the 
start of each SMPS scan. The particle diameter center of the usable particle count 
distribution occurred 2 minutes 13 seconds after the start of each SMPS scan and 
the large particle count APS measurement occurred at 1 minute 55 seconds after 
the start of each SMPS scan. The total particle bin count for each distribution is 
considered to occur at these times in the following study. 

Figure 15 shows the decrease in number of particles per cm3 over time due to 
loss of particles by dilution mixing into the large room, by particle loss through 
impact with stirring fans, walls, or other ways. The three points on each curve 
are for the measurements of scans 13, 14, and 15. 

Figure 16 shows for scan 13, 14, and 15 the ratio of the number of usable par-
ticles relative to the total number of particles increased from 0.467 to 0.585 of 
the total while the number of small particles relative to total particles reduced by 
0.529 to 0.41. This indicates that coagulation of very small particles is potentially 
producing usable particles and will reduce the number of nozzles required for 
1015/s. The number of large particles relative to total particles remained low 
around 0.005.  

Figure 17 shows that the ratio of mass of large particles relative to mass of to-
tal particles. A very small number of large particles, ~0.5% relative to the total  
 

 
Figure 15. Effects of mixing and losses in large room on number of particles versus time. 
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Figure 16. Ratio of number of small, usable, and large particles versus time. 

 

 
Figure 17. Ratio of mass of large particles to mass of total particles versus time. 

 
number, carries more than 90% of the total brine mass. If the large particles have 
a negative effect on MCB or if evaporative cooling hinders particle rise, an im-
pactor to filter out the larger particles [20] [21] may be required. 

4. Model for Improving Nozzle Design 

An equation for the product CbρbFb15 which involves only the equations of the 
particle sizer analysis can be developed by substituting into Equation (14), Nnoz 
from (13) then Nub from (12) and then Vwb from (11)  
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A summary EXCEL spreadsheet was used to calculate the average value for 
this equation from results calculated in EXCEL particle sizer analyses for 24 ex-
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periments. This equation had about constant value for these experiments which 
included pressure variations from 30b to 300b and nozzle area for diameters 
variations from 200 μm to 300 μm. Only nozzle particle spray characteristics are 
involved in this constant which would be expected if the nozzle sprays are always 
similar. 

Equation (18) with the constant from particle measurement data and the re-
sults from mixed fluid flow equations (1) and (5) can be used for a model to pre-
dict nozzles performance. An EXCEL spread sheet was constructed for the mod-
el. The constants for the model, atmospheric pressure, Patm, atmospheric density, 
ρatm, brine speed of sound, ab, and air speed of sound, aa, are entered. The va-
riables, nozzle area, Anoz, brine concentration, Cb, brine density, ρb, GLR, and 
stagnation pressure, Po, are chosen. A trial guess is made for the number of noz-
zles, Nnoz, required for 1015 particles/s, to solve the model. The brine flow for one 
nozzle, Fb, is calculated with Equation (14), with the constant, CbρbFb15 the brine 
density, ρb, and brine concentration, Cb. Choked nozzle exit air pressure, Pc, is 
calculated from stagnation pressure, Po with Equation (2). Air density at nozzle 
exit, ρac, is calculated from choked pressure, Pc, atmospheric air density, ρatm, and 
atmospheric pressure, Patm, from Equation (4). Atmospheric pressure air flow, Fa, 
is calculated from brine flow, Fb, brine density, ρb, GLR, and atmospheric air 
density, ρatm, with Equation (6). Air flow at choked nozzle exit, Fae, is calculated 
using choked exit pressure, Pc, atmospheric air flow, Fa, and atmospheric air 
pressure, Patm, from Equation (7). Total mixed flow, Fmix, of brine, Fb plus air, Fae 
at exit is calculated with Equation (8). Air volume ratio, x, at the exit is calcu-
lated using Fae and Fmix with Equation (9). This completes the calculation of the 
mixed flow with the constant, CbρbFb15, from particle measurements and the flow 
equations. The choked flow is then calculated to compare. The mixed flow speed 
of sound, amix, is calculated using the air volume ratio at exit, x, the speed of 
sound of the brine, ab, the speed of sound of air, aa, the density of air at nozzle 
exit, ρac, and the density of the brine, ρb, with Equation (1). The theoretical 
mixed air and brine choked flow Smix is calculated from the speed of sound, amix 
at the exit and the nozzle area, Anoz, with Equation (5). Nozzle coefficient is cal-
culated using Fmix and Smix from Equation (10). The power required is calculated 
from Equations (15), (16), and (17). The trial number of nozzles is changed and 
the calculations repeated until the nozzle coefficient is about 0.99 but less than 
one for the calculations to match. Note that if instead of 1015 we had wanted 1016 
as the target particles/s an identical derivation for CbρbFb16 would give the similar 
equation with 379 kgl/m3 as the constant.  

The EXCEL model was calculated using the data from experiment 5. The re-
sults are shown in Table 1. The calculated brine flows and air flows are close to 
the original experiment. The number of nozzles required for 1015 particles/s was 
calculated as 352, close to the experiment data of 358. The total power calculated 
was 461 kw close to the 493 kw result from the original experiment measure-
ment. This shows the model works. 
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Table 1. EXCEL results for model with experiment 5 parameters. 

Constants     

CbρbFb15 37.86 kgl/sm3   

Patm 1.01 b   

ρatm 1.21 kg/m3   

aa 346.00 m/s   

ab 1500.00 m/s   

Variables   round m 

Anoz 3.24E−08 m2 diameter 0.000203 

Cb 0.032    

ρb 1020.00 kg/m3   

GLR 0.30    

Po 300.00 b   

trial Nnoz 352.00    

Calculations     

Fb15 1.16 l/s 3.30 ml/s 

Fb 0.20 l/min   

Pc 158.48 b   

ρac 188.48 kg/m3   

Fa 50.21 l/min   

Fae 0.32 l/min   

Fmix 0.52 l/min   

x 0.619    

amix 267.78 m/s   

Smix 0.52 l/min   

Dcoef 0.9976    

PWa 426.53    

PWb 34.68    

PWtotal 461.21    

4.1. Model Nozzle Design with Higher Salt Concentration  

All of our experiments were with a salt brine concentration of Cb = 0.032, but 
changing the brine concentration, such as to 0.1, should produce a minimum 
change in the spray. The Reynolds number for the brine flow will be 0.91 lower 
because of higher kinematic viscosity. The Reynolds number of the brine flow 
through each of the tangential holes shown entering the mixing chamber in 
Figure 5 is less than 200 and very laminar. The air flowing through the mixing 
chamber is very turbulent and has a Reynold number greater than 1010. There 

https://doi.org/10.4236/ijg.2020.119030


J. Foster et al. 
 

 

DOI: 10.4236/ijg.2020.119030 582 International Journal of Geosciences 
 

will be little change in the nozzle spray. Surface tension will be 1.03 higher which 
will slightly increase anulus attachment to the nozzle. The sprayed brine should 
be very similar but will produce 2.85 times greater brine mass for each dry par-
ticle and 1.76 times greater diameter. The dN/dw graph in Figure 9 will be 
shifted to larger diameters. This will result in the estimated usable particles from 
34.6 to 495 nm being replaced by those from 19.7 nm 286 nm but with higher 
masses and shifted to the 34.6 to 495 nm diameters due to the increased brine 
concentration. Making these changes for the EXCEL particle data spread sheet 
from experiment 5, produced expected results. Total Power required went down, 
number of nozzles went down, ratio of MCB usable particles went up, and larger 
particle mass went up. 

To check if the effects will be similar at lower pressure. Data for lower pres-
sure is shown in dN/dw data for a 35b experiment in Figure 18. This is similar 
to the 300b experiment shown in Figure 9 except there are fewer very small par-
ticles. The effect of changing salt concentration to 0.1, will be the same as above 
for 300b. 

Salt concentration to even higher values will have similar effects. For example, 
changing the salt concentration to 0.2 should also produce a minimum change 
in the spray. Reynolds number for brine will be 0.76 lower because of higher ki-
nematic viscosity. Surface tension will be 1.07 higher which will slightly increase 
anulus attachment to the nozzle. The sprayed brine should have very similar 
characteristics but will have about 5.71 times greater mass of salt in each brine 
particle. The dry salt particles will be about 2.21 larger. The dN/dw graphs in 
Figure 18 or Figure 9 will be shifted to larger diameters. This will result in the 
estimated usable particles from 34.6 nm to 495 nm being replaced by those from 
15.7 nm to 224 nm with the higher masses and diameters. The effect of changing 
to a 0.2 concentration should further decrease required power, decreased num-
ber of nozzles and increased mass of large particles.  

Using the model to calculate effect of increasing brine concentration, should, 
therefore, be acceptable. For example, results of the model calculation for the 
total power versus brine concentration for 30b pressure are shown in Figure 19. 
Power was independent of nozzle diameter. The power decreased by 9.7 times 
with brine concentration increasing from 0.035 to 0.1. Power decreased an addi-
tional 2 times for concentration increase from 0.1 to 0.2. These are significant 
power decreases and suggest that increased brine should be considered. The ef-
fects of pressure and, nozzles diameter will be considered below. 

Before considering additional predictions from the model in the next section, 
consider only changing the salt concentration for conditions of experiment 5. 
Increasing the salt concentration to Cb = 0.1 with density and ρb = 1070.7 kg/m3 
instead of 0.032 and 1020. Predictions for these inputs to the EXCEL model are 
shown in Table 2. The model predicts power decreases to 147 kw compared with 
494 kw for the experiment and number of nozzles decreased from 358 to 115. 
This shows the large effects of higher salt concentration. 
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Figure 18. dN/dw data for pressure of 35b and nozzle diameter of 300 μm. 

 

 
Figure 19. Power versus brine concentration in kg/kg solution for 30b pressure and all 
nozzle diameters. 
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The important effect of brine concentration on power required has been shown. 
The effects of pressure on power and number of nozzles will now be considered. 
Power to compress air was shown by equation 16 to be directly dependent on 
pressure and the model includes this.  

Results from the model for variation of pressure from 30b to 300b for brine 
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Figure 20. The strong effects of the brine concentration on power are again as 
shown in Figure 19. The power required also decreases by about 2.6× as the 
pressure decreases from 300b to 30b at all brine concentrations shown. The 
number of nozzles required increases by about 9× as pressure decreases from 
300b to 30b. The curves for brine concentration of 0.032 are similar to those ob-
tained with our experiments which support the model. 

For low total power operation, a high brine concentration and low pressure 
are best. For low number of nozzles, a high brine concentration and high pres-
sure are best, but operation at lower pressure is advantageous because air pumps 
and plumbing are much more available and less expensive. Nozzle area will next 
be considered as a method to lower the number of nozzles at low pressure. 
 
Table 2. EXCEL results for model with increased brine concentration. 

Constants     

CbρbFb15 11.96 kgl/sm3   

Patm 1.01 b   

ρatm 1.21 kg/m3   

 346.00 m/s   

ab 1500.00 m/s   

Variables   round m 

Anoz 3.24E−08 m2 diameter 0.000203 

Cb 0.10    

ρb 1070.68 kg/m3   

GLR 0.30    

Po 300.00 b   

trial Nnoz 115.00    

Calculations     

Fb15 0.35 l/s   

Fb 0.18 l/min 3.07 ml/s 

Pc 158.48 b   

ρac 188.48 kg/m3   

Fa 49.18 l/min   

Fae 0.31 l/min   

Fmix 0.50 l/min   

x 0.630    

amix 263.02 m/s   

Smix 0.51 l/min   

Dcoef 0.98    

Nnoz 115.00    

PWa 136.48    

PWb 10.57    

PWtotal 147.05    
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Model predictions of number of nozzles for 1015 particles per second and total 
power at 30b pressure for various nozzle diameters and brine concentrations are 
shown in Figure 21. The number of nozzles goes down as the nozzle area goes 
up. The power is again constant for each brine concentration. Good experimen-
tal data up to 300 μm is comparable with 0.032 brine concentration but larger 
areas have not been tested and may not spray particles as well.  

 

 
Figure 20. Model prediction of # of nozzles and power required versus pressure for noz-
zel diameter of 500 μm to produce 1015 particles/s. 

 

 
Figure 21. Model predictions of nozzles required to produce 1015 particles/s for various 
diameters and brine concentrations. 
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Experimental data for nozzle diameters greater than 300 μm was not available, 
but to consider a most desirable case, the model was used to predict the potential 
with higher brine concentration, low pressure and larger nozzle area. The 
EXCEL results from the model are shown in Table 3 for 1 mm diameter nozzle 
area at 30b pressure and brine concentration of 0.1 and 0.2. The predicted result 
is 48 nozzles and 56 kw for Cb = 0.1 and 24 nozzles and 28 kw for Cb = 0.2.  
 
Table 3. EXCEL results for model with larger diameter and concentration. 

Constants     

Cb 0.10  0.20  

diameter 0.001 m 0.001 m 

CbρbFb15 37.86 kgl/sm3 37.85 kgl/sm3 

Patm 1.01 b 1.01 b 

ρatm 1.21 kg/m3 1.21 kg/m3 

aa 346.00 m/s 346.00 m/s 

ab 1500.00 m/s 1500.00 m/s 

Variables     

Anoz 7.85E−07 m2 7.85E-07 m2 

ρb 1070.68 kg/m3 1147.79 kg/m3 

GLR 0.30  0.30  

Po 30.00 b 30.00 b 

trial Nnoz 48.00  24.00  

Calculations     

Fb15 0.35 l/s 0.16 l/s 

Fb 0.44 l/min 0.41 l/min 

Pc 15.85 b 15.85 b 

ρac 18.85 kg/m3 18.85 kg/m3 

Fa 117.82 l/min 117.80 l/min 

Fae 7.53 l/min 7.53 l/min 

Fmix 7.97 l/min 7.94 l/min 

x 0.94  0.95  

amix 175.96 m/s 175.31 m/s 

Smix 8.29 l/min 8.26 l/min 

Dcoef 0.96  0.96  

Nnoz 48.00  24.00  

PWa 54.58  27.28  

PWb 1.02  0.48  

PWtotal 55.60  27.76  
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5. Conclusion 

Effervescent spray nozzle looks promising for MCB and cloud physics investiga-
tion with NaCl and other salt brines. A nozzle design that imparted rotational 
swirl to the brine as it mixed with the air was found to stabilize spray and pre-
vent periodic slug flow. Analysis in EXCEL of particle sizers measurements from 
both a SMPS and an APS showed production of many nanometer sized particles 
that were estimated as usable for MCB. A small number of micron sized particles 
were also always present but with about 90% of the sprayed mass. This is the first 
report with good data over this size range. A calculation model showed that 
brine concentration has a strong effect on total power which combined with low 
pressure greatly reduced power requirements. Using this model, we predict that 
a salt concentration of 0.2, a nozzle area of 1mm diameter, and pressure of 30b 
would require only 28 kw of power and 24 nozzles. Whether the model can be 
extended into these conditions is not certain. Using an impactor [20] [21] to fil-
ter out the large mass particles back into the brine supply combined with in-
creased salt concentration will allow the design of an optimum system. It will 
also prevent problems of evaporative cooling from the large particles affecting 
spray rise. Upward launch of the spray to a height greater than 50 m with fans is 
quite feasible and will only increase power required by a few tens of kilowatts. 
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