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Performance evaluation of spray aeration in a pilot scale model
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ABSTRACT

The spray of water over a basin using a perforated disk accelerates oxygen transfer. The labora-
tory model, employed in the current work, consists of a vertical riser that discharges water by
free fall into a basin. Four fall heights of water of 2.4, 1.8, 1.2, and 0.6 m were investigated to
evaluate the performance of this system. This system was also tested at flow rates of 46.8, 93.7,
140.6, and 187.5 mL/s. This study showed that the oxygen mass transfer coefficient was directly
proportional to both the fall height and flow rate of water. The maximum standard aeration effi-
ciency (SAE) value was recorded at the maximum fall height of 2.4 m and flow rate of 187.5 mL/s,
at which a maximum K, _,, = 1.82 h™ was recorded. The multilinear regression-based model devel-
oped in this study successfully predicted mass transfer coefficient (K ,) and standard aeration
efficiency (SAE values that agree well with actual measurements under given conditions, with a
scattering within +5%. The optimum flow rate and fall height that achieve the minimum operat-

ing cost were obtained at certain K,
ranging from 0.0076 to 0.008 USD/m?".

values. The cost of aeration of 1 m?® of water was calculated,
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1. Introduction

Aeration is an essential step in water and wastewa-
ter treatment. There are several methods for injecting dis-
solved oxygen (DO) into water and wastewater, including
small, medium, and large bubble-type diffusers, static tube
mixtures, spray and jet aeration, and mechanical surface
aerators [1].

A spray aerator has one or more spray orifices or noz-
zles mounted on a pipe manifold. Water moves through
the pipe by pressure and leaves the nozzles or orifices in
the form of fine water droplets or jets, which fall through
the surrounding air, creating a large air-water interface
and increasing the amount of DO in water [2].

Spray aeration is simple, inexpensive, operates without
difficulty, and is easily incorporated into existing facilities.

* Corresponding author.

In this system, air is induced into the water jet naturally
via contact with the atmosphere [3]. It maintains a closed
system with recirculation; thus, it does not require a mix-
ing device because the water jet and the multiple recir-
culation manner achieve oxygenation and blending.

In association with its inherent and natural character,
the spray aeration technique will be a promising approach
aimed at reducing carbon emissions, which are expected
to rise by 218 million tons/y by 2040 [4]

A spray aeration system may be classified into two
types: “plunging jet system” and “spray nozzle system”.
Most of the early research has focused more on plunging
jet systems. In this regard, Deswal and Verma [5] stud-
ied the air-water oxygen transfer using multiple plung-
ing jets of varying numbers and diameters. They revealed
that the oxygen transfer coefficient and oxygen-transfer
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efficiency of the multiple plunging jet systems are signifi-
cantly higher than those of a single plunging jet under the
same conditions. On the other hand, Shukla et al. [2] tested
multiple solid jet aerators with a square-shaped nozzle of
rounded ends for different jet lengths of 15, 30, 45, and
60 cm, openings of 1, 2, 4, and 8, and discharge rates of 1.20,
2.30, 3.10, 3.90, and 4.80 L/s. The maximum oxygen transfer
efficiency of 26.15 kg-O,/KWh was obtained for a jet dis-
charge rate of 1.2 L/s and a jet length of 60 cm; however,
the maximum oxygen transfer coefficient of 3.5 x 102 s
was obtained at a jet discharge rate of 4.80 L/s and a jet
length of 60 cm for an aerator with a single opening.
Meanwhile, Deswal and Pal [6] used a statistical theoreti-
cal approach (multilinear regression) to model and predict
the mass transfer by multiple plunging jets. Their results
showed that the mass transfer is up to 1.6 times greater
for multiple inclined plunging jets than vertical multiple
plunging jets under the same conditions. Similar results
have been reported by Bagatur et al. [7] and Singh et al. [8]
using an experimental approach.

The second type “spray nozzle system” disintegrates
water into small drops, resulting in a large air—water
interface. The energy consumption of spray aerators is
10-50 Wh/m?, depending on the type of aerator [9].

Spray nozzle aerators are divided into two groups:
upward and downward spray aerators. The Amsterdam
spray aerator represents the first group. In this type, two jets
are directed upward perpendicular to each other, splash-
ing water into fine droplets. During their fall, water drop-
lets abstract air from the atmosphere. An example of the
second type of sprayer is the Dresden Sprayer. Here, water
flows downward, forming the shape of an umbrella. The
energy used for spraying should ensure a fall height and
pressure drop of 1.5-4 m. The system is capable of oxygen
addition in the range of 80%-90% [9]. However, in the lit-
erature, limited researches have been dedicated to this type
of spray aerators. Roshan et al. [3] investigated the effect of
different geometric factors (radius of curvature of shower
plate and number of openings) on the aeration character-
istics of a showering aeration system. Their experimental
model consisted of a cemented concrete rectangular tank of
dimensions (2 m x 4 m x 1.5 m). The arrangement of pipes
and showers was set up at an average height of 1.0 m from
the water surface. The maximum standard aeration effi-
ciency (SAE) obtained from their experimental trials was
1.4429 kg-O,/KWh. To achieve maximum SAE, the opti-
mum radius of curvature and number of openings should
be 10 mm and 80, respectively.

Smith [10] studied the effects of spray aeration on the
total trihalomethane (TTHM) removal using a specially
fabricated grid nozzle in a lab-scale model. The amount of
TTHM removed ranged between 37.7% and 45.2%.

Notably, most of the studies in this context have focused
on predetermined operating conditions in which pressure
(Head), flow rates, and temperature remain constant, that
is, the potential variation in these operational conditions
was not or is rarely considered.

A spray aeration system was investigated in this study.
A perforated disk with 70 openings (orifices) of 1 mm diam-
eter, mounted on a riser pipe, was used to spray water
over a water tank.

2. Research objectives

e Investigate the effect of the fall height and flow rates of
water on the oxygen uptake rate, oxygen mass transfer
coefficient, total power consumption, standard oxygen
transfer rate (SOTR), and standard aeration efficiency
(SAE) for the spray aeration system developed in this
study.

® Suggest multilinear regression relationships to pre-
dict both the oxygen transfer coefficient and SAE for
the aeration system under consideration. This will help
compare the experimental and predicted values of these
parameters.

e Apply an optimization approach to predict the opti-
mum values of the flow rate and fall height of water
that yield the minimum operating cost of this aeration
process.

3. Methodology

A continuous flow closed system pilot scale model was
employed in this study. As shown in Fig. 1, it consists of a
cylindrical tank with a conical base. The aluminum cylin-
drical tank contained 120 L of liquids. It was equipped
with a centrifugal pump with a rating power of 0.5 kW
and suction and discharge piping at the bottom of the

Ps: pressure gage in sucfion pipe
Pd: pressue gage in discharge pipe
P :Pump

W : Regulating valve

AT: Aeration tank

H : Water fall (Head) {

D :Perforated disc oA

(b) Perforated Disk

Pipe Hanger

Aeration

Basin

Pressure gages

—

Centrifugal Pump

o

Fig. 1. Experimental set-up: (a) schematic and (b) photograph.
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tank. The system was connected to a vertical riser that dis-
charges water by free fall into a basin via a perforated disk.

The riser operated on the variable heads of water. Four
levels of fall distances of 2.4, 1.8, 1.2, and 0.6 m were inves-
tigated to study the performance of the system. At each
desired head, the system was tested at four flow rates of
46.8, 93.7, 140.6, and 187.5 mL/s.

The riser feeds water into a nozzle connected to a per-
forated disk with 70 openings of 1 mm diameter, which
spray water over the basin. Notably, this study was not
intended to serve as an assessment of the varying number
of openings; rather, the focus is on the application of spray
aeration in water treatment. Moreover, full-scale systems of
this aeration system could produce different results based
on operating conditions, including higher water flow rates,
friction losses, and energy requirements.

This system supplies water via a regulating valve in
the discharge piping, which is used to control the water
flow rate. The corresponding pressure in both suction
and discharge piping is measured using a Borden gage
attached to this system.

The unsteady-state aeration procedure described by
Eckenfelder [11] and ASCE [12] has been adopted in this
study. The test involves the chemical removal of DO by the
addition of sodium sulfite, with cobalt added as a catalyst.

The procedure can be illustrated as follows: The tap
water filled in the basin is deoxygenated using the above-
mentioned standard method. After fixing the desired
head, the flow rate is varied by throttling the valve. DO
concentrations are measured at time intervals using a DO
meter type (EXTECH407510) as DO increases from zero
to saturation level.

3.1. Oxygen mass transfer coefficient (K a)

Aeration is a mass transfer process that occurs at the
interface of water and air. The variation in oxygen con-
centration in water as a function of time is expressed by
Eq. (1) [13]:

dc
— =K (C.-¢) (1)
where t: time (s), C: saturation DO concentration (mg/L),
C,: concentration at time (t) (mg/L), KLam: mass transfer
coefficient at T °C (s™).

Rearranging and integrating Eq. (1) within the proper
limits will yield:

(C _Ct)
<)

B 0

S @)

The mass transfer coefficient was determined graph-
ically by plotting the In(C—C,) vs. time (t) on a semi-log
paper, which gives a straight line. The slope of the line is
the mass transfer coefficient K a,, for the aeration device
tested.

To compare results under the same conditions, K g
is generally normalized at a standard temperature of 20°C
by using the following empirical Eq. (3) [14,15]:

(20-T)
K00 = K, 11-(6) €)
where O = empirical temperature correction factor, a tem-
perature-dependent term whose value was equal to 1.025

for a temperature of 5°C-25°C and 1.028 for a temperature
range of 25°C—45°C [16].

3.2. Power consumption

The dynamic head of the pump is calculated from
the pressure gage reading in both suction and discharge

piping [Eq. (4)] [17]:
(4)

where H : dynamic head of the pump; p: pressure reading
in discharge piping (kPa), p: pressure reading in suction
piping (kPa), y: weight density of water (KN/m?).

The consumed power by this system was calculated
according to Eq. (5) [17]:

P=(p,-r.)Q ©)

where P: power consumed (W), Q = water flow rate
through the system (m?/s).

3.3. Standard oxygen transfer rate
The SOTR is calculated using Eq. (6) [3]:

SOTR =K, ,, .C..,.V 6)

La20°~s20°

where SOTR: standard oxygen transfer rate (g/h), C_: sat-

520"
uration oxygen concentration at 20°C (g/m?), V: volume of

the aeration tank (m?).

3.4. Aeration efficiency (SAE)
The SAE was obtained from Eq. (7) [18]:

SAE = SO% @)

where SAE is the standard aeration efficiency (kg-O,/KWh).

4. Results and discussion

DO concentrations and power consumption were
recorded during all 16 runs of experiments at varying fall
heights and flow rates of water.

4.1. Effects of flow rate and fall height of water

The variation of oxygen uptake with aeration time for
all experiments is presented in Figs. 2-5. The figures show
that the percentage uptake reduced over time. As expected,
the behavior of mass transfer in this system follows the
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Fig. 2. Variation in % O, uptake with aeration time for different
flow rates at (H=0.6 m).

100 - L X
90 - m 9§ * x

80 | 0‘
70 A ¢ N
60 - X
071 o m x X
40 -
30 4 X
20 4 i
10
0

¢ Q=187.5/s W Q=140L/s

% 0, uptake

Q=93L/s X Q=46L/s

15 20 25 30 35 40 45 50 55 60 65 70 75 80

Aeration time (min)

0 5 10

Fig. 3. Variation in % O, uptake with aeration time for different
flow rates at (H=1.2 m).
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Fig. 4. Variation in % O, uptake with aeration time for different
flow rates at (H=1.8 m).
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Fig. 5. Variation in % O, uptake with aeration time for different
flow rates at (H = 2.4 m).

mixed order kinetics, that is, a high oxygen uptake rate at
the beginning, followed by a significant decrease in the
rate as time passes and the saturation level is approached.

As shown in the figures, as the flow rate increases,
the time required to reach the oxygen saturation level
reduces. Similarly, the higher the fall height of water, the
less time it takes to reach the oxygen saturation level.

The effects of the fall height of water at different flow
rates on the oxygen mass transfer coefficient are illustrated
in Fig. 6. The figure shows that the oxygen mass transfer
coefficient is directly proportional to both the fall height
and flow rate of water. At a certain height, as the flow rate
increases, the number of water cycles increases, thereby
reducing the time required to reach the saturation level.
On the other hand, at a certain flow rate, as the fall height
of water increases, the surface area of water exposed to
aeration increases [18].

The experimental results of the oxygen transfer coef-
ficient (K,a,) under different operating conditions (Q, H,
and T) and the corresponding (K ,) are summarized in
Appendix 1.

4.2. Effect on power consumption

The power consumption under different conditions is
plotted in Fig. 7. The results reveal that power consump-
tion is significantly more influenced by the water flow rate
than by the fall height of water. This may be attributed to
an increase in head losses through the pipe as the flow
rate increases because head loss varies as the square of
the flow rate [17,19].

The effects of the fall height and flow rate of water on
the SOTR are shown in Fig. 8.

Fig. 9 describes the relationship between the SAE and
the fall height at different flow rates. There was no signifi-
cant effect of the fall height on the SAE. However, the SAE
increased remarkably with a decrease in flow rate. This
may be attributed to a decrease in the amount of power
consumed at low flow rates, as mentioned earlier.

Notably, beyond the fall height of 1.8 m, the SAE
becomes more sensitive to an increase in fall height at the
flow rates of 140 and 187.5 mL/s. The highest SAE value
was recorded at the maximum fall height of 2.4 m and flow
rate of 187.5 mL/s, at which a maximum (K, ,, = 1.82 h™) is
recorded. At this instant, the maximum SAE, as shown in
Fig. 9, is approximately 0.075 kg-O,/KWh.
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0s b -
0.6 e
0.4 : : S
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Fig. 6. Oxygen mass transfer coefficient vs. fall height of water
for different flow rates.
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Fig. 9. Effects of fall height and flow rate of water on SAE.

4.3. Statistical modeling

The multilinear regression model is tested to represent
the results of this study. This model is more representative
than a linear model in fitting the relationship between the
mass transfer coefficient as a dependent variable and inde-
pendent variables: the flow rate and fall height of water.
The analysis of variance (ANOVA) reveals a significant
relationship between the dependent and independent vari-
ables. This multilinear regression relationship is expressed
in Eq. (8):

KLaZO [:’j =0.12676 x Q0‘4H x H%3% ®)
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Fig. 10. Experimental K| ,, values against predicted K|, values.
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Fig. 11. Experimental SAE values against predicted SAE values.

Table 1
Statistical coefficients of the two developed models

Developed model ~ R? Probability Standardized
equation number value (P) coefficient (B)
For Q=0.698
8 0.762 <0.0001 For H = 0.524
For Q =-0.507
9 0.581 0.004 For H = 0.59

The predicted K|,  values using Eq. (8) are compared
with the actual experimental values, as shown in Fig. 10.
The results reveal a scattering within +5%.

Another statistical model was developed to represent
the relationship between the SAE and the flow rate and
fall height, as expressed in Eq. (9).

SAE =0.1462 x Q"% x H"** )

The predicted SAE values using Eq. (9) are compared
with the actual experimental values, as shown in Fig. 11.
The results reveal a scattering within +5%.

The statistical coefficients and the results of ANOVA for
the two mathematical models are summarized in Table 1.

As observed in Table 1, the (P) values indicate strong
significance between the variables under study. Referring
to the adjusted R? the independent variables under
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consideration contribute to the interpretation of approx-
imately 76% and 58% of the results in Egs. (8) and (9),
respectively. Furthermore, the standardized coefficient (B)
in Eq. (8) indicates that the flow rate has a greater effect on
K, , than the fall height, whereas this behavior is reversed

La20

in Eq. (9), that is, on the value of SAE.

4.4. Optimization approach

The aeration process consumes electrical power (kWh),
the magnitude of which is determined primarily by the
flow rate and fall height of water. Consequently, the cost
of this aeration system is related to these two variables.
Hence, there are certain values of the flow rate (Q) and fall
height (H) of water that maintain a minimum amount of
power consumption. An optimization approach was used
to minimize the operating cost of our spray aeration sys-
tem. The power expression was obtained by dividing the
power (P) (kW) consumed in each run by the correspond-
ing K, _,, (h™). Then, multilinear regression is applied to
the developed relationship between these variables, as
described in Eq. (10):

Power Consumed (KW.h) =0.00753 x Q*** x H™*** (10)

Considering that the electrical energy cost in Iraq,
according to the Ministry of Electricity, is equal to
0.041 USD/kWh [20], the objective function [Eq. (11)] (cost
function) will be:

Operating cost(USD) =CxEq.10 (11)
where C = 0.041 USD/kWh.

Thus, the objective function is subject to:
Eq. (8) - Input (K, )=0 (12)

where the ranges of constraints defined in this research
are 187.5>(Q>46.8and 2.4>H > 0.6.

To minimize the operating cost of this aeration sys-
tem, the Lingo software (version 14) was used. The results
obtained using the software indicate that the input values
of K, _,, in Eq. (12) that lead to a solution of the equation
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I 15 =
E 100 £
1 125 T
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40 4
0 == Optimum height 0.5
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04 05 06 07 08 09 1 11 12 13 14 15 16

Kiazol1/h)

Fig. 12. Optimum flow rate and fall height of water corre-

sponding to K|, to achieve minimum cost.

are in the range 0.526-1.427 h™. The optimum Q and H val-
ues that achieve the minimum operating cost are shown in
Fig. 12. Thus, the power consumption for operating this aer-
ation system at optimum Q and H constraints with a max-
imum oxygen transfer coefficient K, _, was predicted using
Eq. (10). It was equal to 0.022 kWh. Since, the volume of
water under aeration in this experiment is 120 L, the aer-
ation of 1 m?® of water will consume 0.185 kWh, and the
operating cost of aeration of 1 m? of water [calculated using
Eq. (11)] using this system is approximately 0.0076 USD/
m?. In contrast, at the minimum oxygen transfer coeffi-
cient K ,, the predicted power consumption is equal to
0.192 kWh/m® and the operating cost of aeration of 1 m® of
water is approximately 0.008 USD/m?.

5. Conclusion

This study investigates the effects of the flow rates and
fall height of water on the oxygen mass transfer in a spray
aeration system. We observed that the oxygen mass trans-
fer coefficient was directly proportional to both the fall
height and flow rate.

Regarding the SAE and fall height at different flow
rates, before the fall height of water of 1.8 m, the fall height
had no significant effect on the SAE. However, after that
level, the SAE becomes more sensitive to an increase in
height for the flow rates of 140 and 187.5 mL/s. The high-
est SAE value was recorded at the maximum fall height of
2.4 m and flow rate of 187.5 mL/s, at which a maximum
(K|, =1.82 h™") was recorded.

Both the oxygen transfer coefficient and SAE predicted
by the developed multilinear regression relationships agree
well with actual measurements under the given conditions.
This study also showed that the flow rate has a greater
effect on K, than the fall height, whereas this behavior
is reversed in Eq. (9), that is, on the SAE.

The study recommends additional research to investi-
gate other variables that may affect the oxygen mass trans-
fer in this aeration system; for example, nozzle diameter
and spray velocity.

The optimization approach was used to find a solution
that minimizes the operating cost of this aeration system.
The optimum Q and H values that achieve the minimum
operating cost were found at certain values of K, ,. The
cost of aeration of 1 m’ of water was calculated, ranging
between 0.0076 and 0.008 USD/m?.
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Appendix 1

Mass transfer coefficient (K ) values at different oper-
ating conditions (Q, H, and T) and the corresponding K,

values
Operating condi- K _ (h™) R? K, (h™)
tions at (temperature) °C at (20)°C
Q=46.8mL/s 0.918 0.99 0.6224
H=0.6m (34.07)
Q=93.7mL/s 1.0551 0.98 0.84
H=0.6m (28.25)
Q=140.6 mL/s 1.1664 0.94 0.84
H=0.6m (31.87)
Q=1875mL/s 1.2402 0.84 0.87
H=0.6m (32.84)
Q=468 mL/s 1.032 0.96 0.5882
H=12m (38.41)
Q=93.7mL/s 1.1577 0.86 0.8593
H=12m (30.8)
Q=140.6 mL/s 1.204 0.89 0.936
H=12m (29.12)
Q=1875mL/s 1.152 0.73 0.8527
H=12m (30.89)
Q=46.8mL/s 1.074 0.92 0.7108
H=18m (34.94)
Q=93.7mL/s 1.23 0.97 0.9534
H=18m (29.22)
Q=140.6 mL/s 1.536 0.90 1.0957
H=18m (32.23)
Q=1875mlL/s 1.65 0.84 1.2271
H=18m (30.72)
Q=46.8mL/s 1.0613 0.93 0.72
H=24m (34.05)
Q=93.7mL/s 1.434 0.85 1.0424
H=24m (31.55)
Q=140.6 mL/s 2.292 0.90 1.7423
H=24m (29.93)
Q=187.5mlL/s 243 0.88 1.8161

H=24m (30.54)
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