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Abstract: Chemical and biological processes consume dissolved oxygen (DO) in urban wastewater
during transportation along sewer systems. Anaerobic conditions (DO < 0.2 mg/L) are easily reached,
leading to sulfide (S2−) generation. Release of free sulfide, hydrogen sulfide gas (H2S), from the
liquid to the gaseous phase, causes odor, corrosion of pipes and supposes a risk for health of people
working in sewers. These issues get worse in force mains, due to inability to take oxygen from the
gaseous phase of pipe. Air injection is a suggested practice to control H2S emission in force mains.
That technique aims to keep aerobic conditions in wastewater in order to avoid sulfide generation
and favor a decrease of Biochemical Organic Demand (BOD). However, several force mains with
air injection are not achieving their goals due to a limited oxygen transfer. Field measurements of
dissolved oxygen in urban wastewater are presented in an existing force main with air injection
during the summer of 2014 in the southeast of Spain. A laboratory scale model is constructed to
quantify two-phase flow conditions in pipe due to air injection for different incoming flows rates of
water and air. Particularly, for the case of plug flow, also known as elongated bubble flow. Velocity
field measurement of water phase in laboratory allows estimating turbulent diffusivity of oxygen
in the water, Em, and inter-phase mass transfer coefficient KL(T). In the laboratory, flow and air
depth, bubble length, water velocity field, pressure inside force main and water and airflow rates are
determined experimentally. These variables are used to assess DO in water phase of force main by
comparison with those obtained from field measurements. This work allows assessing air injection
efficiency in wastewater, and, therefore, to predict DO in wastewater in force mains.

Keywords: air injection; force main; sewer system; hydrogen sulfide; two-phase flow; interphase
mass transfer; turbulent diffusivity

1. Introduction

Air injection in force mains is a suggested practice to control H2S emission [1,2], and has been
used in several pump stations from 1942 in California. Pomeroy compared measurements of sulfide
in liquid phase of wastewater in six force mains whose diameters varied from 0.2 to 1.3 m, with and
without air injection [3]. Nevertheless, the work does not present systematic measurements and
lacks of some information such as wastewater flow rate, retention time, slope of the pipes, or input
and output BOD values. Reduction of H2S is high for most of the cases including air injection.
Recommendations for required airflow rates were given based only on pipe diameter. In 1974, EPA [4]
presented measurements in the city of Texas in two force main with low input values of dissolved
sulfide, around 2–3 mg/L, and retention time below 1 h. In that study, significant efficiencies are
achieved for air–water ratios ranging from 25% to 40% and an air injection from 0.17 to 0.23 m3/h per
mm of pipe inner diameter. The study cannot be reproduced as it lacks relevant prototype data such as
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the operating time of pumps per day. Afterwards, EPA published a design manual [5] that includes
Pomeroy’s rule of thumb [3] to define the air injection flow rate, and a proposal taking into account
water and air velocities, pressure of the main and rate of consumed oxygen.

Tanaka and Takenaka [6] experimented in prototype in the city of Kobe, Japan, with 350 mm of
diameter, 3640 m length and slope of 1.4%. Retention time ranged from 4 to 7.5 h, with comprehensive
measures of input and output sulfide in liquid, H2S released to phase gas at the output, temperature,
ratio of air–water flow rate and retention time. Good efficiencies are reached for air–water ratios
range over 50% in seasons with higher temperatures, where sulfides are around 0.2 mg/L and H2S in
atmosphere is under 10 ppm. Authors proposed an equation to calculate the airflow rate that depends
on the dissolved Chemical Organic Demand (CODs), the Hydraulic Retention Time (HRT) and DO at
terminal and pump station points. Conditions of two-phase flow such as height of wastewater and air,
contact surface, flow type (stratified, multi-bubble airflow, etc.), are not clarified, referring to other
works [7,8] to calculate head losses due to air injection.

In Figure 1, the different airflow rates proposed are presented for the case of a pipe of 700 mm
diameter—the size of the prototype tested in this work—and different water flow rates.
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Figure 1. Airflow rate proposed by different researchers to avoid sulfide generation for case of pipe of
700 mm diameter. Airflow rate expressed in normal conditions, 1 atm and 20 ◦C.

Ochi et al. [9] carried out experiments in a laboratory physical device consisting of a 100 mm
diameter 900 m long pipe in which they compared cases with and without air injection. The wastewater
was stored in a tank during a period of 2 h to adjust the dissolved oxygen and the redox potential to
field conditions. The air–water injection ratio, Qa/Qw, was in the range of 21%–42%, whereas water
velocity was between 0.3 and 0.6 m/s. Dissolved sulfides measured with air injection were very low at
the outlet, which verifies injection efficiency, in contrast with non-injection tests. From experimental
data, the balance of oxygen in the liquid phase is established. The rate of oxygen uptake from the
gaseous phase, Rf, is adjusted through an empirical equation similar to the one presented in the EPA
design Manual [5].

Tanaka et al. [10] presented a work performed in a pressure sewer in Kawasaki, Japan.
Inner diameter and length were 349 mm and 3500 m, respectively, and slope was around 0.3%.
Air–water ratio was from 7% to 47%, wastewater velocity from 0.18 to 0.26 m/s, and oxygen transfer
velocity in the interphase at 20 ◦C, KL(20), between 0.19 and 0.32 m/h for wastewater velocities of
0.3 and 0.6 m/s, respectively. Measurements verified that air injection was efficient to control sulfide
generation and high levels of dissolved oxygen, 2–4 mg/L are reached. Two-phase flow conditions,
height of wastewater and air, were calculated by a hydraulic model of two-phase flow proposed [7,8].

Two-phase flow in a pipe, considered as one-dimensional, has been extensively studied [11,12].
Figure 2 shows flow pattern for case of quasi-horizontal pipes with upward sloping depending on
surface water velocity, uSL, and surface gas velocity uSG, which are defined by dividing water and
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airflow rate by the pipe area, respectively [13,14]. Values that appear in Figure 2 correspond to the
flow rates tested in a scale model built with Froude similarity to the field conditions. Pump stations of
sewer systems usually work in the pattern named elongated bubble flow or plug flow. This flow is
between slug flow and stratified flow.
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Figure 2. Flow pattern of two-phase flow upward sloping [13,14].

Plug flow is an intermittent bubbly flow, in which there is an important mass exchange between
air and liquid phase fundamentally at the front and back part of each bubble (Figure 3). Thus, quantify
frequency of bubbles is an important parameter to quantify oxygen transfer velocity in the interphase
surface, KL(T). Actually, in the stratified flow, which consists in a continuous bubble, the mass transfer
decreases considerably respect to plug or slug patterns due to the inexistence of back and front parts
of the bubble.
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To distinguish plug flow from slug flow, it is commonly used the criterion of the Froude number
square of a two-phase flow, FR2

2, higher than 1.2, presented in Equation (1):

F2
R2 =

(
ut − u f

)2

gΦ
> 1.2 (1)

where ut is the velocity at the top part of the bubble (m/s); uf is the velocity below the bubble (m/s)
as seen in Figure 3; Φ is the diameter of the pipe (m); and g is the gravity acceleration (m/s2). In the
case of slug flow, parameters such as flow depth in the bubble zone, hf, and velocity values in the
water and gas flow, can be obtained by momentum equations [14]. However, in elongated bubble flow,
these parameters are not easily obtained by momentum equations due to flow complexity and should
be measured in a physical device.
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Air injection in a force main (prototype) located in the southeast of Spain was working inefficiently
despite following the previous recommendations shown in Figure 1, where the prototype ratio is
also represented.

In this paper, continuous DO field measurements in a force main of 700 mm inner diameter are
presented. The H2S concentrations in the atmosphere of the discharge manhole and other relevant
variables are shown. Due to the previously mentioned inefficiency of the air injection in the prototype,
a scale model was built. The scale model is used for characterizing the elongated bubble flow with
regard to the oxygen transfer to the water. Velocity fields and flow depths measured in scale model are
used to estimate interphase mass transfer coefficient, KL(T), as well as the turbulent diffusivity, Em.
Parting from these parameters the define oxygen transferred to water in the force main is calculated,
being the results compared with field measurements of DO in the prototype.

2. Experimental Setting

2.1. Sewer Pumping Station

Field measurements were carried out in summer of 2014 in a force main whose pumping station
is named “Las Gaviotas”. Such sewer system is located in La Manga (southeast of Spain), which is
a town with a high seasonal to permanent population ratio. Force main length comes to 1500 m, lifting
the wastewater from −0.90 to 15.75 m above sea level. The pipe is a high-density polyethylene with
inner diameter 700 mm (Figure 4a). Instantaneous flow rates are around 1200 m3/h and wastewater
is being pumped during fifteen minutes per hour, so mean flow rate is 300 m3/h. The flow rate
of wastewater is measured by an electromagnetic flowmeter Endress Hauser Promag 50L-400 mm
diameter. Air compressor is a Rotary Screw Compressor Ingersol Rand UP5 22 that pumps a maximum
airflow rate of 240 m3/h (Figure 4b), referred to normal conditions. The airflow rate is measured by
a CS Instruments VA 420 Compressed Air Flow Meter of 20 mm diameter.
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Figure 4. (a) Scheme of sewer pumping station; and (b) view of Air compression system.

Two multi-parameter probes HANNA HI 9828, that characterize physicochemical and electrical
wastewater, were located at kilometric points (K.P.) 0 + 800 and 1 + 300 m, inside of the pipe (Figure 4a),
i.e., 800m and 1300 m downstream the pumping station, respectively. The probes were located at a side
of the pipe, 0.40 m below its upper point (Figure 5a,b).

During the prototype measurement campaign, the multi-parameter probes were used for
registering dissolved oxygen in the wastewater (DO), oxidation reduction potential (ORP), electrical
conductivity (EC), temperature (T), hydrogen potential (pH) and total dissolved Solids (TDS) at
both points. At the discharge manhole of the main is located a Dräger X-am 5000 detector of H2S
concentrations in atmosphere.

Tests include periods in which air compressors were working whereas the sewer pumps were on
or off (Table 1). Each combination was repeated at least once every eight days (A1–A8). At the location
of the probes K.P. 0 + 800 and K.P. 1 + 300, the pipe slope is around 1% and 4%, respectively. Airflow
rates are referred to the normal conditions of 1 atm and 20 ◦C.
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Table 1. Field-tests descriptions.

Pipe Slope 1% 4% Test

Water flow rate (m3/h) 0; 1200 0; 1200
A1–A8Airflow rate (m3/h) 240 240

During the measurement campaign the temperature of wastewater was around 28 ◦C,
the registered pressures were 2.8 and 2.5 bar in the 0 + 800 and 1 + 300 positions, respectively,
and all the other variables were measured and registered with a sample frequency of 0.20 Hz.

2.2. Laboratory Scale Model

The model in the laboratory is a 1:10 scale model composed of a Plexiglas pipe with an inner
diameter of 64 mm; a length of 6 m (as seen in Figure 6). The pipe slope can vary from 0% to 10%.
Clear water with flow rates up to 10 m3/h is recirculated from two tanks with a total capacity of 3000 L.
Air is injected at the beginning of the pipe by its upper part. Air-compressor injects air at a maximum
flow rate of 5 m3/h. CS Instruments VA 420 Compressed Air Flow Meter of 15 mm diameter is installed
to measure airflow. A rotameter water flow meter is in the liquid circuit. Liquid flow is registered
by a high-speed camera to 1000 Hz. Images record a liquid flow that has been seeded with 100 µm
polyamide particles.
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Table 2 details tests comprising slopes of 1% and 4%; water flow rates of 0, 3, 6 and 9 m3/h;
and airflow rates of 2.5 and 5 m3/h (B1–B16). Airflow rates are referred to the normal conditions of 1
atm and 20 ◦C.

Table 2. Laboratory tests descriptions.

Pipe Slope 1% 4% Test

Water flow rate (m3/h) 0, 3, 6, 9 0, 3, 6, 9
B1–B16Airflow rate (m3/h) 2.5, 5 2.5, 5
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3. Results and Discussion

3.1. Laboratory Scale Model

3.1.1. Velocity Field of Water Phase and Turbulent Diffusivity

Images recorded by a high speed camera Photron FASTCAM SA3 120k at 1000 Hz are analyzed
in consecutive pairs by cross-correlation algorithm in interrogation areas of 20 × 20 pixel, single pass
search and non-overlapping sub-windows [15]. Images are divided into four zones which are analyzed
separately, obtaining an averaged velocity for each sub-division. These four zones are: (i) front part of the
bubble; (ii) body of the bubble; (iii) back part of the bubble; and (iv) slug of water (Figure 7). This is due to
the fact that each part registers significantly different velocity ranges. Recording time is about 1.5 minutes
in which bubbles passing were analyzed. The PIVlab 1.41 software was used for the cross correlation.
This program is an open source time resolved particle image velocimetry toolbox for Matlab [16].
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Figure 7. Detail of division of image to calculate velocity field by cross-correlation algorithm [15].

The velocity values of each of the four zones were time averaged and space averaged in each of
the four parts in the way:

u(x,y) =
∑

j
i=1 u(x,y,i)

j
; v(x,y) =

∑
j
i=1 v(x,y,i)

j
(2)

u =
∑m

x=1 ∑n
y=1 u(x,y)

m× n
; v =

∑m
x=1 ∑n

y=1 v(x,y)

m× n
(3)

where u(x,y), v(x,y) are time averaged velocities in each sub-window of 20 × 20 pixel in each of the
four parts of the image; x and y are the longitudinal and perpendicular coordinates, respectively; j is
the number of pair of images averaged; u, v are the space averaged velocities of all sub-windows in
each zone; and m and n are the indexes of the matrix sub-index which conform each of the four areas.
Velocity fluctuations are also calculated from Equations (4) and (5):

u′(x,y) =

√√√√∑
j
i=1

(
u(x,y,i) − u(x,y)

)2

j
(4)

v′(x,y) =

√√√√∑
j
i=1

(
v(x,y,i) − v(x,y)

)2

j
(5)

where
(

u(x,y,i) − u(x,y)

)2
,
(

v(x,y,i) − v(x,y)

)2
are the square of standard deviation of time averaged

velocities in each sub-window for longitudinal and perpendicular directions. Equation (6) presents
calculations of turbulent kinetic energy, k(x, y):

k(x,y) =
u′2(x,y)

2
+

v′2(x,y)

2
(6)
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From Equation (7) turbulent viscosity is calculated, as proposed in by Socolofsky and Jirka [17].
Assuming that turbulent Schmidt number adopts a value of unity, turbulent viscosity equals turbulent
diffusivity, E(x, y):

E(x,y) ≈
√

k(x,y)0.07Φ (7)

where Φ is the inner diameter of the pipe. Finally, a spatial averaged value for the turbulent diffusivity
for each one of the four zones is obtained by Equation (8):

E =
∑m

x=1 ∑n
y=1 E(x,y)

m× n
(8)

Figure 8 shows some of the results obtained by image analysis from Equations (2)–(8). Higher values
of turbulent diffusivity, associated to greater oxygen transfer from air into water, are measured in the front
and back zones of the bubble. As example in Figure 8, test “B10” shows a diffusivity of 3.55 × 10−6 m2/s
in the body of the bubble, whereas the diffusivity in the back zone rises to 1.13 × 10−5 m2/s.
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Figure 8. View of parameters calculated by time and spatial averaged in the four zones of the flow for
tests B6, B10, B12 and B16.

Figure 9 shows the calculated turbulent diffusivity of all of the performed tests (B1–B16). Values
show dependence on position more than the flow conditions. In the back zone of the bubble, turbulent
diffusivity varies from 8.2 × 10−6 to 2.65 × 10−5 m2/s. Moreover, the bubble frequency has found to
be of major relevance for mass transfer. In the case of a very long bubble, mass transfer will be less
important than in the case of multiple bubbles. In fact, the time that lasts from the front to the back
zone of the bubble is reduced with the bubble frequency. Figure 10a presents bubble duration for each
slope and water flow rate. Such duration is used for calculating the time average turbulent diffusivity
of the whole flow which is shown in Figure 9b. It can be seen the greater the water flow rate and slope,
the greater the turbulence viscosity Em.
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3.1.2. Flow Depth in the Body of the Bubble, hf

From experimental tests in laboratory scale model, B1–B16, elongated bubble flow parameters
such as depth in the bubble zone, hf, are measured. Therefore, Froude number square of two-phase
flow, FR2

2, presented in Equation (1) can be calculated. Figure 11a presents values of hf for several
water flow rates and slopes. It can be seen how water depth decreases with slope, and increases with
water flow rate. Figure 11b shows the dependence between the dimensionless water depth hf/Φ and
the two-phase Froude number square in the bubble zone. Moreover, two-phase Froude number square
values are mostly below 1.2, verifying the two-phase pattern is elongated bubble flow instead of the
slug flow pattern that is usually the dominant pattern in the literature.
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3.1.3. Linear Regression of the Turbulent Diffusion, Em

Turbulent diffusivity, Em, depends on surface flow velocity, uSL, and both grow linearly. It also
depends on slope of the pipe, i, and the depth of flow in the body of the bubble, hf. A linear regression
is proposed in Equation (9):

Em adjusted = 2.43× 10−6Fr + 6.20× 10−5i + 3.10× 10−6 h f

Φ
− 8.29× 10−7 (9)

where Fr is the wastewater Froude number, presented in Equation (10):

Fr =
Qw

S f orce
√

gΦ
(10)

The correlation coefficient of the fitting, shown in Figure 12, comes to 88%.
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3.1.4. Mass Transfer Coefficient at the Air–Water Inter-Phase, KL(T)

The interfacial transfer rate of low solubility gases is parameterized by the liquid phase gas
transfer velocity or transfer coefficient KL(T), at the flow temperature, responding to first Fick’s law,
Equation (11):

J = KL(T)(Csat − C) (11)

where J is the gas flux per unit interfacial area into or out of the water column. Csat and C are
the saturated and bulk concentration of dissolved air, respectively. In this inter-phase coefficient,
we can distinguish two important zones: (i) the front and back part of the bubble; and (ii) the body
of the bubble. The mass transfer in the inter-phase of the body of the bubble is calculated through
experimental models [18] which consider transfer due to flow and air motion, KLw(T) and KLair(T),
respectively. On the other hand, in the front and back zones of the bubble an important mixture of
air and water is shown. Actually, in most cases, a major entrance of bubbles in the water phase come
about as shown in Figures 3 and 7. Thus, inter-phase mass transfer in such zones can be based on
experimental works about mass transfer from bubbles [19,20]. Those papers considered an averaged
size of bubbles, air–water interface area and length of mixture, leading to a mass transfer coefficient
KLbubble(T). Details of above equations are included in the Appendix A. In order to calculate the mass
transfer coefficient for the whole inter-phase, the following weighted average among the three values
of inter-phase mass transfer is suggested:

KL(T) =
(KLw(T) + KLair(T))l f Sw + (KL bubble(T))2lmixtureS f orce(

l f Sw + lslugS f orce

) (12)

where lf, lmixture and lslug are the lengths of the elongated bubble, the slug of water after the bubble,
and the mixing zone at the front and back part, respectively (m). Sw and Sforce are the transversal
surface occupied by water and total transversal surface of the pipe, respectively (m2). Sw is obtained as
a function of the diameter of the pipe and the flow depth in the body of the bubble, hf (see Section 3.1.2).

The length of elongated bubble increases when the slope and the water flow rate decreases.
Measures and a fitting for each slope are presented in Figure 13.

The longer the length of bubble is, the less number of bubbles per unit time are, and therefore the
less mass transfer by front and back zones are. Transfer coefficient is calculated through Equation (12)
for test cases and presented in Figure 14. Different values are observed depending on the pipe slope,
the water flow rate and the airflow rate. Airflow rate has been fixed in 2.5 and 5.0 m3/h in the
tests, referred to normal conditions, showing that mass transfer is sensitive to water and airflow rate.
A dimensional and sensitivity analysis has been carried out. Dimensionless group proposed includes
three terms: the wastewater Froude number, Fr; the ratio of airflow rate to water flow rate, Qa/Qw,
and the Reynolds number of wastewater, Re, presented in Equations (13) and (14) for slopes of 1% and
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4%, respectively. The fitted model presented in Equations (13) and (14) shows a good agreement with
the data (Figure 14).

Slope = 1% → KL(T) = 3.0× 10−5

[
Fr

(
Qa

Qw

)0.3
+ 3× 10−7Re

]
+ 5.0× 10−7 (13)

Slope = 4% → KL(T) = 4.5× 10−5

[
Fr

(
Qa

Qw

)0.3
+ 3× 10−7Re

]
+ 3.0× 10−6 (14)

being

Re =
QwΦ

S f orceυ
(15)

and where υ is the kinematic viscosity of water.
The adjusted dimensionless group considers two constants: an exponent 0.3 for the Qa/Qw factor,

and a constant factor 3 × 10−7 that multiplies the Reynolds number. Results are presented in Figure 14.

Sustainability 2017, 9, 402  11 of 19 

 
0.3

5 7 7Slope 1% 3.0 10 3 10 5.0 10a
L r e

w

Q
K T F R

Q
  
  
         
   

 (13) 

 
0.3

5 7 6Slope 4% 4.5 10 3 10 3.0 10a
L r e

w

Q
K T F R

Q
  
  
         
   

 (14) 

being 

force

w
e S

Q
R


  (15) 

and where υ is the kinematic viscosity of water. 
The adjusted dimensionless group considers two constants: an exponent 0.3 for the Qa/Qw factor, 

and a constant factor 3 × 10−7 that multiplies the Reynolds number. Results are presented in Figure 14. 

 
Figure 13. Bubble length measured for each water flow rate in function on the pipe slope. 

 

Figure 14. Mass transfer, KL(T), for dimensionless group adjusted in function on the pipe slope. 

3.2. Sewer Pump Station Prototype Field Measuremments 

Prototype and model measurements are used together by assuming the predominant terms in 
Momentum equation are the inertial and gravity forces. Therefore, Froude similitude criterion is 
used. This hypothesis is evaluated hereinafter by comparing estimated and measured DO in the force 
main. Length ratio between prototype and ratio is given by: 

10
70

700

mod


el

prototype
ratio L

L
L  (16) 

Froude similitude criterion leads to the following velocity and flow rate ratios: 

0

1

2

3

4

5

6

0 2 4 6 8 10

Bu
bb

le
 le

ng
th

, l
f(

m
)

Qw (m3/h)

i=1%

i=4%

0.00E

1.00

2.00

3.00

4.00

5.00

6.00

K L
(T

) (
m

/s
)x

10
-0

5

0 0.2 0.4 0.6 0.8 1

Fr(Qa/Qw)0.3+3x10-7xRe

i = 4%

i = 2%
Equation (13)

R2=0.95

Equation (12)
R2=0.89

Figure 13. Bubble length measured for each water flow rate in function on the pipe slope.

Sustainability 2017, 9, 402  11 of 19 

 
0.3

5 7 7Slope 1% 3.0 10 3 10 5.0 10a
L r e

w

Q
K T F R

Q
  
  
         
   

 (13) 

 
0.3

5 7 6Slope 4% 4.5 10 3 10 3.0 10a
L r e

w

Q
K T F R

Q
  
  
         
   

 (14) 

being 

force

w
e S

Q
R


  (15) 

and where υ is the kinematic viscosity of water. 
The adjusted dimensionless group considers two constants: an exponent 0.3 for the Qa/Qw factor, 

and a constant factor 3 × 10−7 that multiplies the Reynolds number. Results are presented in Figure 14. 

 
Figure 13. Bubble length measured for each water flow rate in function on the pipe slope. 

 

Figure 14. Mass transfer, KL(T), for dimensionless group adjusted in function on the pipe slope. 

3.2. Sewer Pump Station Prototype Field Measuremments 

Prototype and model measurements are used together by assuming the predominant terms in 
Momentum equation are the inertial and gravity forces. Therefore, Froude similitude criterion is 
used. This hypothesis is evaluated hereinafter by comparing estimated and measured DO in the force 
main. Length ratio between prototype and ratio is given by: 

10
70

700

mod


el

prototype
ratio L

L
L  (16) 

Froude similitude criterion leads to the following velocity and flow rate ratios: 

0

1

2

3

4

5

6

0 2 4 6 8 10

Bu
bb

le
 le

ng
th

, l
f(

m
)

Qw (m3/h)

i=1%

i=4%

0.00E

1.00

2.00

3.00

4.00

5.00

6.00

K L
(T

) (
m

/s
)x

10
-0

5

0 0.2 0.4 0.6 0.8 1

Fr(Qa/Qw)0.3+3x10-7xRe

i = 4%

i = 2%
Equation (13)

R2=0.95

Equation (12)
R2=0.89

Figure 14. Mass transfer, KL(T), for dimensionless group adjusted in function on the pipe slope.

3.2. Sewer Pump Station Prototype Field Measuremments

Prototype and model measurements are used together by assuming the predominant terms in
Momentum equation are the inertial and gravity forces. Therefore, Froude similitude criterion is used.
This hypothesis is evaluated hereinafter by comparing estimated and measured DO in the force main.
Length ratio between prototype and ratio is given by:

Lratio =
Lprototype

Lmodel
≈ 700

70
= 10 (16)

Froude similitude criterion leads to the following velocity and flow rate ratios:
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Vratio =
Vprototype

Vmodel
= L0.5

ratio = 3.16 (17)

Qratio =
Qprototype

Qmodel
= L2.5

ratio = 316 (18)

Equations (16)–(18) are used for established the model water flow rate, so that Froude number of
the model and prototype are equal, and therefore the other ratios can be used for estimate prototype
variables from model ones.

Particularly, the depth of water flow inside the prototype pipe, hf, can be calculated from Equation
(16) and from model depth shown in Figure 11a. Thus, when the prototype flow rate is around QW =
1200 m3/h, water depth can be estimated at 0.46 and 0.35 m for a 1% and a 4% slope, respectively.

Figures 15–17 show measurements of several days in the force main with a water flow rate of 1200
m3/h when wastewater pumps are working, and with a continuous airflow rate of 240 m3/h (normal
conditions) in the K.P. 0 + 800 and in the K.P. 1 + 300, with a 1% and a 4% slope, respectively. Moreover,
H2S in the discharge manhole, K.P. 1 + 500, was also measured and it is included in these figures.
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Figure 15. DO (mg/L) at K.P. 0 + 800 and 1 + 300 and H2S (ppm) at the atmosphere of the manhole of
discharge at K.P. 1 + 300 at 27 August 2014.

Figure 15 shows that, even though the air injection complies with previous advice, it is not
effective. Actually, H2S concentration on the discharge manhole reaches quite high values such as
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1000 ppm, and on average is around 160 ppm. This verifies that dissolved sulfides are not disappearing.
Besides DO in wastewater only reaches values over 1 mg/L when sewer station is pumping. Increase
of DO is produced when pumps are working and decreases after pump stops. Pumps are working
around 15 minutes each hour. Main differences between DO in K.P. 1 + 800 and 1 + 300 are due
to force slope, which supposes different water level and values of inter-phase mass transfer and
turbulent diffusivity. The multi-parameter probe at K.P. 0 + 800 is 0.16 m below water surface, while in
K.P. 1 + 300 is 0.057 m below, which also influences in measured DO.
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Figure 16. DO (mg/L) at K.P. 0 + 800 and 1 + 300 and H2S (ppm) at the atmosphere of the manhole of
discharge at K.P. 1 + 300 at 1 September 2014.

Figure 16 shows similar behavior to the previous figure. DO in the K.P. 1 + 300 reaches values
of 2.0–4 mg/L while pumps were working, decreasing suddenly to zero due to DO consumption by
organic matter degradation. From these drops the rate of DO consumption in the wastewater can be
calculated in the range of 15 to 22 mg/L/h. In the case of K.P. 0 + 800 where multi-parameter probe
is deeper, it is not observed that DO increase reflecting that diffusion of oxygen-transfer decreases
with depth. Figure 16 shows that air injection treatment, due to insufficient transference of oxygen,
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does not avoid sulfide generation either. Besides, air injected might favors sulfide release making it
counterproductive in this force main, as is explained below.
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Figure 17. DO (mg/L) at K.P. 0 + 800 and 1 + 300 and H2S (ppm) at the atmosphere of the manhole of
discharge at K.P. 1 + 500 at 10 September 2014

As previously, Figure 17 confirms the inefficiency of the treatment in this force main. Averaged
concentrations of H2S at the discharge manhole are around 180 mg/L. As day passes, DO values
around 0.5 mg/L are observed in the K.P. 0 + 800 multi-parameter probe. This is due to an increase of
dissolved oxygen in the wastewater arriving to the pump station, as COD concentration is lower due
to decrease in population.

As it was commented, injected air improves mixture between wastewater and air. This increases
the mass transfer between air and water, e.g., the transfer of oxygen towards the water or the transfer
of dissolved gases such as sulfides towards the air. Hence, the air injection tends to avoid sulfide
generation by increasing DO in the water.

However, in this studied case, the quantity of oxygen being transferred is not enough to avoid
sulfide generation. In this specific case, air injection can increase sulfide release. For a better
understanding of this fact, we have included Figure 18, with measurements in the prototype in
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a day in which no air was injected. It is observed that mean values of H2S on days with no air injection
are, on occasions, lower than those values on days with air injection, as seen in Figures 16 and 17.
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Figure 18. H2S (ppm) at the atmosphere of the manhole of discharge at K.P. 1 + 500 at 26 August 2014.

3.3. Dissolved Oxygen Prediction. Second Fick’s Law Application

In order to compare the results with probe measures, estimating the distribution of dissolved
oxygen (DO) within a transversal section is needed. Indeed, parting from the variables calculated from
experimental measurements in laboratory scale model such as turbulent diffusivity, Em, and inter-phase
mass transfer, KL(T), DO can be calculated at a certain position through the second Fick’s law in
a transversal section [18,19]:

∂C
∂t

= D
∂2C
∂y2 − (k1C + k2) (19)

where the boundary conditions are given by

y = 0→ J = KL(T)(Csat − C) (20)

y = h f → J = 0 (21)

where y is the vertical coordinate in the transversal section (see Figure 5a), C the concentration of
dissolved oxygen (DO) in a transversal section of a pipe in the coordinate y and the instant t (mg/L),
while k1 and k2 are the constants of reaction, i.e., the rate of the oxygen used for organic matter
oxidation. The constants k1 and k2 are coefficients that come from linear adjustment between the
Oxygen Uptake Rate (OUR) and the DO concentration at the studied point. The OUR is the oxygen
consumption expressed in mg/L/h units, and is calculated from slope of the descending part of the
DO measurement curve registered by probes in prototype. At present work, DO consumption is within
the range from 15 to 22 mg/L/h (Figures 15–17). Thus, oxygen consumption constants in Equation (19)
are adjusted to k1 = 1.08 × 10−5 (1/s) and k2 = 5.93 × 10−3 (mg/L/s), in agreement with the suggested
values by [1]. D is the sum of molecular and turbulent diffusivity, which can be considered equal to
the turbulent diffusivity, D ≈ Em, given the higher value of turbulent diffusivity. A finite difference
scheme is applied to solve second’s Fick law:

Ci
t+1 = Ci

t + ∆t

D

(
Ci+1

t − 2Ci
t + Ci−1

t

)
∆y2 −

(
k1Ci

t + k2

) (22)

y = 0→ C0
t+1 = C0

t +
∆t
∆y

[
k
(

Csat − C0
t

) S
V
− D

(
C0

t − C1
t
)

∆y
−
(

k1C0
t + k2

)]
(23)
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y = h f → J = 0→ ∂C
∂y

= 0→ C
h f
t = C

h f−∆y
t (24)

where i = 1 to n where n = hf/∆y, with ∆y = 0.05 m; ∆t = 0.1 s; Csat is the saturation concentration of
oxygen in wastewater for the temperature and pressure of calculation (mg/L). S is the liquid—gas
surface area (m2). V volume of wastewater (m3). From Equations (9), (13) and (14), values of Em and
KL(T) are calculated, respectively. Froude similitude is used to convert values to prototype so that
they can be compared with DO multi-parameter probe measurements. Values used to solve second
Fick’s law are presented in Table 3. In this table probe position referred to water surface in presented
according to Figure 5a. Figures 19 and 20 show solution of Equations (22)–(24) for the water flow rate
of 1200 m3/h when pumps are working, and continuous airflow rate of 240 m3/h (normal conditions)
at the positions where probes are located.

Table 3. Values of Em and KL(T) adopted.

Case Em (m2/s) KL(28) (m/s) dp = hf − 0.3 (m)

K.P. 0 + 800; Qw = 1200 (m3/h); Qa = 240 (m3/h); i = 1% 9.92 × 10−5 3.86 × 10−5 0.161
K.P. 0 + 800; Qw = 0 (m3/h); Qa = 240 (m3/h); i = 1% 6.32 × 10−5 2.21 × 10−6 0.127

K.P. 1 + 300; Qw = 1200 (m3/h); Qa = 240 (m3/h); i = 4% 1.31 × 10−4 6.41 × 10−5 0.057
K.P. 1 + 300; Qw = 0 (m3/h); Qa = 240 (m3/h); i = 4% 9.48 × 10−5 9.48 × 10−6 0.030

Calculated dissolved oxygen is compared with measured values showing a good agreement.
Figures 19 and 20 show the evolution of DO from 09:50:24 to 11:16:48 during 27 August 2014 for the
two points where the multiparametric probes are located. It can be shown that, during this period,
the sewer pump has two active cycles. It is verified that DO decreases swiftly when pump stops.
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For a better understanding of the methodology proposed to calculate dissolved oxygen in
wastewater in a force main a scheme of the steps followed is included at Figure 21.
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4. Conclusions

Measurements of two multi-parameter probes, located at two different positions in a force main,
show an inefficient transfer of oxygen from injected air to wastewater (Figures 15–17), even if the
chosen air–water flow ratio is higher than the highest from those suggested in the literature (Figure 1).
In addition, high rates of hydrogen sulfide gas (H2Satm) are found at the discharge manhole of the
main. For that reason, a scale model is constructed to study oxygen transfer to wastewater. Interphase
mass transfer, KL(T), and turbulent diffusivity, Em, are obtained from velocity field measurement in
the pipe. These variables are defined for different slopes, and water and airflow rates. Results show
an important influence of the pipe slope, resulting in important increases of oxygen transfer for 4%
slopes compared to 1% slopes, as shown in Figure 13 and Equation (9). Water flow rate becomes
an important variable whose increase also results in larger oxygen transfer. Diameter is also relevant
as is proportional to the ratio between volume and surface air–water area, which indicates volume to
consume the transferred oxygen. Airflow rate is relevant in the mass transfer and, even though it is
not as relevant as water flow rate, its influence has to be considered.

Observed Flow is an elongated bubble flow in which oxygen transfer is produced basically at
the front and back part of bubbles (Figures 8 and 9). Therefore, transfer increases with frequency of
bubbles that is proportional to slope, i.e., adopting shorter lengths with slope increase (Figure 10a).
Froude similitude is used to convert variables to prototype and second Fick’s law is solved to define
oxygen transfer to water. From experiments and measurements, a procedure to calculate oxygen
transfer, from air injection, into wastewater is proposed. Present methodology, from experimental
measurements in a scale model, can constitute an adequate tool for the design of air injection into force
mains. In fact, results of DO are compared with measurements showing good agreement. Thus, it is
concluded that proposed methodology can quantify oxygen transfer into water.
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Appendix A

Formulations to calculate inter-phase mass transfer from lab measurements [18,19].

Table A1. Formulae used to calculate inter-phase mass transfer coefficient.

Author
Reference Equation Parameter Evaluated

Chu and Jirka
(2003) [20]

KLw = 2.150
(

u3
∗b

h f

)0.25
;

u∗b =

√
f f

(
|u f |u f

2

)
;

KLair = 1.83× 10−3u2
∗a

u∗a =

√
fi

[
ρair|uG−u f |(uG−u f )

2

]
/ρair.

KLw interphase mass transfer due to water flow
(m/day); u*b shear (friction) velocity of water
flow (m/s); hf flow depth in bubble zone (m);
ff is the Darcy–Weisbach friction factor of water
flow and pipe (-); uf is the velocity of the flow
under the bubble (m/s) as seen in Figure 3;
KLair interphase mass transfer due to airflow
(m/day); u*a shear (friction) velocity of airflow
(m/s); fi is the Darcy–Weisbach friction factor of
air–water flow (-); uG mean velocity of the air
inside the bubble (m/s);

Guilliver et al.
(1990) [21]

KLbubble = 4.09 α′ s
dv

(1−α′ air)
1
2(

1−α′ air
5
3
) 1

4

DO2−H2O
1
2 (u−u)

3
4

(Φν)
1
4

DO2−H2O = 7.4× 10−8 T(ψH2O MH2O)
1/2

µVO2
;

dv = 0.299
(

σ
ρ

) 3
5
ε

2
5 ; ε =

((u∗b)
2)

3
2

0.07h f
;

αair = 1− 1
1+( us

8.66 )
1.39 ; α′air = αair

lmixture
lslug

KLbubble due to mixture (m/day); DO2-H2O
turbulent diffusivity in the water flow (m2/s);
T = temperature (◦K); ΨH2O = 2.26;
MH2O = molecular weight of water =18 g/mol;
µ = dynamic viscosity of water 0.890 (cP);
VO2 = Molar volume of oxygen 25.6 cm3/g-mol;
σ = surface tension of water 0.0728 kg/s2;
dv bubble medium diameter; ε rate of turbulent
kinetic energy dissipation per unit mass;
αair and α′air fraction of air in the slug and in the
mixture zone respectively.

Measured at
present work lmixture = 2.7Φ

√
F2

r2

lmixture of bubbles in the slug flow adjusted
from observations (m); Φ inner diameter of
pipe; Fr2

2 square Froude number Equation (1)
adapted from [22].
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