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Abstract: Flow measurements in pipelines using slug tracer have proved highly accurate for turbulent
flow. This study experimentally investigates the effectiveness of using a passive rotor on the accuracy
of discharge measurements in sewer pipes based on a saline slug tracer technique. For this purpose,
a saline injector stack was developed to help inject saline at selected injection points. A passive axial
flow rotor was also proposed and encased in the injector stack to enhance the mixing of injected tracer
with the transmitted downstream flow and to decrease the required minimum mixing length. It was
found that adding the passive rotor significantly increased the accuracy of the flow measurements.
Two tracer flow formulas were developed: one based on the dimensional analysis approach and
the other based on a semi-empirical formula obtained from the mass conservation approach. The
resultant formulas compared favourably with flow metering, especially when utilizing the passive
fan unit.

Keywords: saline tracer technique; gravity flow measurements; passive fan

1. Introduction

Water quality monitoring is a major issue in maintaining access to safe water for
many countries. In 2015, UN Member States adopted the 2030 Agenda for Sustainable
Development Goals; the SDGs including the ‘water goal’ [1] SDG 6 that acknowledged
the significance of all aspects of water in human life. In 2018, the UN published a report
that reviewed progress with SDG 6 at global and regional levels [2]. Overall, the report
concluded that progress was being made, but too slowly, and that the world was not
equipped to succeed in achieving SDG 6 by 2030 unless important changes in direction
and speed were considered. The report was written mainly to address those working
in sustainable development focused on finance and resource allocation. However, many
notes were included that are valuable to those engaged in research focused on managing
water resources effectively, especially in developing countries with limited or scarce water
resources. This paper attempts to support decision-making for water quality management
that is cost-effective without affecting accuracy. Measuring water flow parameters is a
prerequisite for monitoring the water quality in any water system, which is crucial for
managing the currently limited water resources. Many sensors need to be deployed to
effectively monitor water quality, which remains prohibitively expensive. Two approaches
are commonly practiced to reduce the monitoring program costs. The first approach is to
adopt low-cost but reliable water-quality sensors [3] with low-cost customized mobile ap-
plications. The second approach is to use sensors capable of measuring multiple parameters
simultaneously to reduce the instrument’s capital cost [4].
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In the case of minimal resources, a minimum list of parameters required to be mea-
sured should include: water discharge, electrical conductivity, DO, total suspended solid,
temperature, PH, and total P and N (if necessary) [4].

This study follows the second approach, where the salinity or the hydraulic conduc-
tivity probe is used to measure both salinity as well as the water flow rate using the slug
tracer technique, and the accuracy of the flow measurement is expected to be improved
with the help of a passive rotor that enhances mixing.

The passive rotor refers to a rotor that normally revolves due to water motion (without
any external operating power sources). Passive rotors differ from water turbines, in
that passive rotors contain only the rotor blades system whereas water turbines have
both energy capture and conversion mechanisms. Consequently, passive rotors are not
exposed to external loads (from generators). Therefore, they rotate at a velocity (called
the “the runaway velocity”) that is mainly determined by the rotating torque created
by the moving fluid on the blades and by the resistance generated by the liquid on the
rotating blades. In the last decade, passive rotors have been used in different water and
environmental engineering applications, as summarized in [5]. For example, applications
include: improving mixing at the outlet of pipe outfall, increasing the water drainage rate
from the effluent tanks in water treatment facilities by installation at the water tank pipe
outlet [6], dissipating the generated energy downstream of a sluice gate, and adjusting the
upstream water afflux by controlling the rotation of the passive rotor without changes in
gate opening [7].

Measurement of water flow using tracer can be divided into two categories [8]: (1) the
tracer-velocity method or the convection-based method; and (2) the tracer-dilution method
or the diffusion-based method. In the tracer-velocity method, the average velocity of the
flow is identified by measuring the time required to evict the maximum concentration
from the upstream measuring section (that is located downstream of the injection point) to
the further downstream measuring point (section). This method is suitable for prismatic
channels and sewers with pre-known cross-sections, and it does not require large quantities
of tracers. However, it does require two downstream measuring points that result in
relatively higher capital costs for the monitoring probes and associated systems. The
dilution method, on the contrary, requires one single measuring point to be located at a
distance greater than or equal to the expected mixing length of the tracer to ensure uniform
and complete mixing of the tracer with the water body in the full section.

In 1958, Spencer and Tudhope [9] presented one of the first literature reviews of
the dilution technique. They reported that the technique had been known since at least
1863. Since 1964 and until recently, chemical salt was commonly used as a tracer in the
dilution method [10-16].

The tracer technique is recommended over the common current meters in the follow-
ing conditions [16].

The existence of high velocities with turbulence enhances mixing for the trace method;
however, it also generates unfavourable conditions for current meters that reduce accuracy,
for example, transported rocks and debris may damage the instruments placed in the flow.
Consequently, the discharge measurement using tracer is preferred in cases where the
velocities or the cross-sectional areas are indeterminate or in the case of unsteady flow, and
highly aerated with the possible existence of whitewater.

Moore [17] discussed the principles of stream flow gauging by salt dilution and
described techniques of constant-rate injection and slug injection using salt in the solution.
There are two different methods of dilution gauging: the tracer can be injected into in the
stream at a constant rate, or as a pulse or “slug” [18,19]. In both cases, the tracer is injected
at the same point along the stream, and the measurements of the tracer concentration in
the stream water is located at a downstream point, where the uniform mixing of the tracer
with the stream water is assured.

The discharge measurement using continuous dilution methods consists of adding
a concentrated tracer solution (salt or dye) of known strength to the stream. Chemical
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analysis determines its dilution after it has flowed for a distance long enough to achieve a
complete mix with the stream and a uniform final concentration [19].

In principle and based on the continuous dilution method, water flow could be
estimated as follows [20]:
(C —G)

(C—Cy) @

Q=4q
where Q is the stream discharge (m3/s), q is tracer injection rate (m3/s), Cy is the tracer con-
centration at injection (ppm or mg/L), C, is the final concentration of tracer at downstream
section (ppm or mg/L), and C, is the background tracer concentration at the upstream
section (ppm or mg/L).

It should be noted that Equation (1) assumes a continuous injection of a conservative
tracer of concentration C; in a water body (stream or pipe) with an initial background
concentration of C,. The concentration C; is the maximum steady concentration that is
measured at the downstream section while measuring the breakthrough curve.

The particular tracer selected should be conservative and easily measured in both
laboratory and field. Salt (NaCl) and rhodamine dye are the most commonly used tracers.
Rhodamine dye is analyzed in the field by fluorescence. It should be noted that, regardless
of the tracer used, it is essential that permission from the proper authorities be acquired
before adding such materials to public waters.

It should be mentioned that saline, as a tracer, is safe and non-toxic for public health, in
addition to being soluble in water. Moreover, saline is characterized by its high stability and
detection capability, as its conductivity differs from that of water under any concentrations
where the clear water has electrical conductivity probes’ requirements [21].

The recommended mixing length is about 20 times the average channel width [22],
while Day [13] recommends a more conservative mixing length of 25 times the channel
width. In most cases, this can be assumed to be a “safe” mixing length. However, it has
been proved that the optimum mixing length is less than ten times the channel width [23].

Sun et al. [24] studied the conditions of uniformity mixing in pipelines both experi-
mentally and numerically. The resulting empirical equation by the dimensional analysis
revealed that the mixing length ratio (L/d) varies proportionally with the pipe size and the
Reynolds no., and inversely with the mixing ratio (q/Q) and the flow rate.

Scordo and Moore [25] studied the transient storage methods in a steep headwater
stream. Fabian and Endreny [26] used the tracer method to study the seasonal variation in
cascade-driven hyporheic exchange in northern Honduras. The tracer method was also
used by MacDonald et al. [27] to compare the surface and subsurface controls on summer
temperature in a headwater stream. Zhang et al. [28] investigated the effect of wastewater
flow on tracer unsteadiness caused by nonuniform tracer release. The study concluded that
the slug method be considered for the tracer analysis.

From the previous survey, it is notable that few studies focused on using a rotor to
assure the uniform distribution of the injected dye. Therefore, the research in hand focuses
on the pulse tracer technique, and it aims to assess the use of a passive fan (during the
tracer injection) to enhance the accuracy of the pulse technique in measuring the discharge
in gravity pipes. In this regard, several laboratory experiments were conducted and are
described in Section 2.

The rest of the paper is organized as follows. The research methodology is presented
in Section 2, where the problem statements, the experimental study, and the assumptions
are described. In Section 3, the obtained results and findings are discussed. Section 4
concludes the findings of the present paper and discusses challenges and recommendations
for future work.

2. Material and Method
2.1. Experimental Setup

The experimental setup was constructed in the Irrigation and Hydraulics Laboratory of
Cairo University. Two experimental sets of runs were created using Plexiglas tubes. Figure 1
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shows the typical schematic presentation of the experiment setup. The first experimental
set is created for a 60 mm diameter plexiglass pipe of 1.5 m length and is laid at a 3% slope,
whereas the second set of runs is created for a 150 mm Plexiglas pipe of 3 m length and is
laid at a 1.5% slope. Two 200-litre PVC barrels were used as upstream and downstream
manbholes (Figures 1 and 2). Sodium chloride (NaCl) was used as a tracer because it is
inexpensive, easily available, and does not endanger human health. Salt solutions with
tracer concentrations ranging from 1580 ppm and 16,800 ppm were prepared and injected
using a salinity injector stick (Figure 1).

SaltTracer

Injection Salinity meter
holderstack
: ; Funnel
Upstream Barrel| Downstream

WaterLevel
[Inlet Manhole Manhole I
< Piezometer

Tracer Tube
Injector

H
/I:[ refertoFigure 3
P ;furdetails
= L
sy | E = pu RS mf=)
C‘;" Salinitymetj7

Flow Sloped Plexi

fromwater Meter glass pipe
main

Figure 1. Schematic presentation of the experimental setup.

probe

Figure 2. Snapshots of the two Plexiglas tubes.

Water was supplied from the municipal potable mains and controlled by a valve. The
outlet flow (from the downstream barrel) was directly drained to final disposal without
circulation to avoid the accumulated build up of the (background) concentration of the
tracer. The discharge through the pipe was measured using a calibrated flow meter located
upstream. The axial fluid velocity was expected to be repressed from the centerline, but it
was slightly increased adjacent to the pipe wall [29].

2.2. Tools and Equipment
2.2.1. Salinity Injector Stick

The saline injector stick was assembled to help in injecting the saline tracer at the
required injection point. The stack consisted of a plastic cone or saline container that was
attached to a vertical 5 mm PVC tube that laterally discharged into the upstream face of a
2-inch horizontal PVC tee junction. During measurements, the tee junction was usually
aligned in stream with the main flow (Figure 3a).
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Plastic Saline Cylindrical Container

Goreennn Volumetric Scale (in milliliters)
Saline Control ---->
é s Vertical Elevation Scale (in meters)
Smm plastic tube -.....3| | | H| .. Adjustable Vertical Handle from
€ Aluminum Rod (1.5" in Diameter)

Injection Point

(b)

Figure 3. Saline tracer injector: (a) elements of salinity injector stick equipped with a downstream

passive rotor. (b) Looking from downstream to upstream through passive rotor. (c) looking from
upstream to downstream (tracer injection plastic tube appears).

2.2.2. Passive Fan

The main objective of this study was to investigate the effect of using a passive fan
on flow measurement accuracy by way of the saline pulse technique. In order to ensure
fast mixing of the salt tracer with the incoming water flow, a passive fan could be added
and encased inside the tee junction of the saline injector stick (Figure 3a—c). The fan had
an axial flow rotor that consisted of two blades, and the fan unit was encased inside the
saline injector tee junction just downstream of the drainage point of the vertical 5 mm saline
injector tube (Figure 3). The fan is described as a passive fan because it does not require
power to rotate its blades. The blades often rotate freely when exposed to the flowing water
stream. It was expected that the rotation of the blades could enhance mixing and thus
reduce the required minimum mixing length.

2.2.3. Salinity Meter

A portable microprocessor-based instrument for measuring the TDS (AD 410) salinity
meter was used to measure the temporal variation of salinity concentration. The probe had
an accuracy of £1% with a sampling frequency rate of one reading every 0.15 s. The meter
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was used to measure the initial concentration of the tracer (before injection) and to measure
the temporal variation of the downstream tracer concentration at the downstream side of
the pipe.

2.3. Assumptions and Simplifications
This experimental study considered the following main assumptions:

Water flow in the sewer pipe is steady and free from debris and sludges;

Tracers are conserved, stable, and do not react with other substances in the environment;
The injection rate of tracer (q) was constant and very small compared to water sewer
flow, this means that q/Q << 1.

2.4. Experimental Runs

Two sets of runs with a total number of 85 lab experiment runs were carried out to
compare the measured discharge (using flow meter) with the indirect discharge measure-
ment (using the tracer pulse method) (Table 1). While keeping the pipe slope unchanged,
the discharge was varied from 0.13 L/s to 2.2 L/s for the small pipe size case (60 mm) and
from 1.4 L/s to 9.1 L/s for the larger pipe size case (150 mm) to examine the different water
flow conditions in the pipe. It should be mentioned that the partially full and totally full
pipe cases were both examined in the current study and all the experimental measurements
were conducted after reaching steady state flow conditions. The location of the injection
point and the location of the salinity measurement were both changed to study their effect
on the accuracy of flow measurement. Moreover, the effect of utilizing a passive in-stream
fan was also examined (refer to Table 1). The selected pipe diameters were selected to gen-
erate flow turbulence according to the designed discharge. The concentration of tracer less
than 2030 ppm showed an insignificant influence in the case of high discharges, however
concentrations higher than 16,800 ppm generated a uniform flow for small flow rates.

Table 1. General characteristics of the conducted experiments in the lab.

Concentration of Injected Tracer (ppm) Location of L.
Saline Injection Concentration Inéetlctll:)n
T ) Measurement ac
3+ v [ - St
HE - RN R B - :
2 & | 2 g | £ § | S 5
E © % o o o o = o S = & = @ s
© @ o, & @ A S S & 2 = o =
- g R =] ] © ® N S R < [ < £ @
] ] A [ < T3] © B~ =) © =] o -] <
95] 4 - = I = o (] R
2 £ P £ = Y
7] [ o [ < ga
2 e 7 e ] 5
] 5 2 £ 3
Ll e = <
1 Vv v Vv v V Vv
2 v v v v Vv i
L3 o IV VY VA Y 7
4 v v v v v Vv
5 v Vv Vv v Vv v
6 v v v v Vv Vv v
7 Vv Vv Vv v v Vv v
2 8 150 Vv v v v Vv vV
9 v v v v v Vv

2.5. Governing Equations

Water flow discharge Q (L per s) could be indirectly calculated from the tracer test
using the mass conservation Equation (2) [23].

M
Q=" @

where M is the injected mass of salt (in mm) and A is the area under the concentration
graph (in mm-s/L).
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Figure 4 shows a typical example of the concentration graph representing the temporal
variation of downstream salinity measurements.

200
’§150
%100 CZmax:ﬂC"
9 o0
J' 50

................................................. ’
05:52;::::;:::5v;5?15' | ———
0 10 20 30 40 50 60
Time (sec)

Figure 4. Typical example of measured temporal variation of salinity with time.

The quantity A can be calculated as:

A= /(c2 — o)t = Y (Co — Cy)A 3)

where C, is the background concentration of water in sewer before tracer injection, C; is
the cross-sectional average concentration of water (at downstream) after tracer injection at
time ¢, and At is the time interval between successive data points.

In the Section to follow, the results of the experimental runs are discussed, and the
findings are highlighted.

3. Results and Analysis
3.1. Effect of Locations of Injection and Measurement Points

It is important to investigate the effect of the locations of injection and measurement
points on the flow accuracy. Figure 5 compares the estimated flow results based on the
pulse salinity approach (as percentages of the flow meter measurements) for the following
three cases:

—  Case 1: The saline injection point is inside the upstream manhole and the measuring
concentration point is conducted inside the downstream manhole;

—  Case 2: The saline injection point is inside the upstream manhole and the measuring
concentration point is conducted at the downstream end of the pipe;

—  Case 3: The saline injection point is at the upstream end of the pipe and the measuring
concentration point is at the downstream end of the pipe.

Based on the experimental results shown in Figure 5, it is noted that the setup arrange-
ment described in Case 3 generally produced more favorable results than the setups of
Cases 1 and 2. It is important to mention that injection of saline inside the upstream manhole
(as per the setups in Cases 1 and 2) generally resulted in less accurate flow measurements.

The low accuracy in flow measurements obtained in Cases 1 and 2 might be due to the
fact that the injection of saline in the upstream manhole resulted in a significant dilution
of saline concentration in the upstream manhole before saline entered the sewer pipe. It
should also be mentioned that not all water in manholes contributes to the downstream
flux due to the possibility of the formation of dead flow zones. Accordingly, the salinity
probe located downstream (in Cases 1 and 2) are subjected to a time series of smaller
ordinates of salinity concentrations compared to the conditions in Case 3. Needless to say,
as concentrations get smaller, errors in measuring them get bigger.
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Figure 5. Comparison of results based on utilizing different injection and measurement points.

3.2. Effect of Using Passive Fan Module

According to Item 4.1, it is recommended that the saline pulse be injected at the
upstream end of the pipe. This can be achieved by using the salinity injector stick (described
in Item 2 and Figures 1 and 2). It is also suggested that the concentration of salinity in
excess be measured at the downstream end of the pipe rather than inside the downstream
manhole. This can be achieved by inserting the salinity probe about 5 cm upstream of the
downstream pipe end (as shown in Figure 1).

A visual investigation was conducted to visualize the effect of using the passive fan
to enhance mixing. To this end, a blue dye (in the form of NHj3 + SO4) was injected to
visualize the mixing downstream of the saline injector stick. Figure 6 compares the mixing
of the solution downstream of the injector sticks in the case of using the fan vs. not using
the fan. It is interesting to note that using the passive fan helped in obtaining more uniform
mixing across the sewer pipe depth.

Figures 7 and 8 show the comparison of the flow in the case of using the tracer
technique and the flow meter technique for pipe sizes 60 mm and 150 mm, respectively. The
diagonal line runs from the bottom left to the top right of the plot. It has a slope of unity
that represents the “line of equality,” where all points that lie on it means the estimated
flow from the indirect tracer method was the same as the measured flow from the flow
meter method. Figures 7 and 8 generally show that utilizing a passive rotor (fan) during the
injection of the tracer significantly enhances the predictions of the tracer technique. Such an
enhancement could be justified as the passive rotor helps in enhancing mixing by creating
a spiral motion that extends to a relatively long distance. This spiral motion is expected to
better mix the tracer with the incoming water flux. Moreover, the rotor is expected also
to increase the water turbulence, which also enhances mixing. A recent CFD study on the
passive rotor [5] has concluded that the spiral motion generated by the passive rotor could
extend to a relatively long distance (about ten times the diameter of the injection stack
outlet). The passive rotor also helps in significantly increasing the turbulence intensity
in a distance of about four times the diameter of the pipe stack outlet in the near field
zone downstream.
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(b) (e)

(c) (f)

Figure 6. Comparison of the mixing of blue dye downstream of the injector stick, before and after

utilizing the passive rotor (Pipe Size 150 mm, Q = 9.0 L/s). (a) after 6 frames (0.2 s) (with Fan);
(b) after 10 frames (0.33 s) (with Fan); (c) after 15 frames (0.5 s) (with Fan); (d) after 6 frames (0.2 s)
(without Fan); (e) after 10 frames (0.33 s) (without Fan); (f) after 15 frames (0.5 s) (without Fan).

It is interesting to note that the tracer technique seemed to generally overestimate
the flow rate for the small pipe case (60 mm) and underestimate it for the bigger pipe
case (150 mm), especially in cases where the passive rotor fan was not sured. Such an
observation could be explained as follows: the tracer with the lower concentration of salt
(case of Figure 7) mixes more easily with the water in the pipe than the tracer with the
higher concentration of salt (case of Figure 8).

3.3. Effect of Injection Rate

It is important to identify the most recommended injection rate of tracer (q) to be
adopted in the flow measurement process. To study the injection-rate effect of the tracer
on the accuracy of the indirect estimation of the water flow, the normalized relative error
(Rerr) was applied. The normalized relative error is a dimensionless variable that could be
defined mathematically as Rerr = (Q_tracer — Q_flow meter)/Q_flow meter). It is clear to
say that the smaller the relative error, the higher the accuracy will be, and that a positive
value of Re,r implies an overestimation by the tracer technique compared to the flow meter
value, whereas vice versa would mean an underestimation of the same.
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Figure 7. Effect of utilizing passive fan (pipe size 60 mm; tracer saline concentration = 1580 < C
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Figure 8. Effect of utilizing passive fan (pipe size 150 mm; tracer saline concentration < 3500 ppm).

Figure 9 shows the variation of Rer as a function of the tracer flux to sewer flow ratio
(q/Q). According to the Figure, as the ratio q/Q decreases, the relative error decreases and
accuracy increases. The significant decrease of accuracy in the case of using a high value of
the ratio q/Q might be justified as follows: for a given Q, as the ratio q/Q increases, the
injection rate of tracer increases, which means the injected tracer achieves a high velocity
that allows it to travel the distance from the injection point to the measurement point in a
shorter time and with possibility of limited vertical mixing.
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Figure 9. The effect of salinity injection rate on the relative error of flow measurement.

It is noted that the recommended value of q/Q is quite close to 1% and should not
exceed 3%. Increasing the injected tracer rate ratio above 3% requires a longer mixing
length to achieve a good mixing of the tracer with the water flow.

3.4. Effect of Tracer Concentration

Based on common practice, the concentration of the tracer should be high enough to
be easily detected and measured, but low enough to not have a significant impact on the
properties of the water being measured. Figure 10 shows the effect of the concentration of
the injected tracer on relative error for both the 60 mm and 150 mm pipe cases. The Figure
shows that relative error significantly increases above a concentration of 4000 ppm. The
common practice for using a tracer dilution method for discharge measurements in river
is to use a concentration of 3000 ppm [30], which does not contradict the presented result.
Based on the study in hand, it is recommended to use an initial tracer concentration that
ranges from 1000 ppm to about 3500 ppm to achieve high precision. The noted significant
reduction in accuracy in the case of using concentrations of tracers greater than 4000 ppm
could be due to the need for longer mixing lengths to completely mix denser solutions.
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Figure 10. Effect of tracer concentration on flow accuracy.
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3.5. Tracer-Based Flow Formula

The tracer-based flow formula are regression formulas that are derived to indirectly
estimate the gravity sewer pipe flow from the pulse of tracer measurements. For practicality
and ease, the targeted formula should not require the full-time series of the pulse of tracer
concentration measurements; rather, they should use the peak concentration value (Cayax)
and the pulse duration time (7).

Two formulas were derived. The first is based on a dimensional analysis concept
whereas the second is based on a semi-empirical perception. The two approaches are
discussed in the following Sections.

3.5.1. Regression Flow Formulas based on Dimensional Analysis

In this Section, the dimensional analysis concept is presented to develop a regression
tracer flow formula that ties the estimated flow with the other key parameters.

By following a dimensional analysis approach, it could be claimed that the sewer
dimensionless flow is a function of the following 5 main 7-terms:

Q :f(CZmax_Co \/gT £ v
\/§D2'5 Ct s \/5/ Dr D/

where Q is the estimated water flow in sewer pipe based on the pulse of tracer method
(m3/s); g is the acceleration of gravity in (m/ s?); T is the base time duration of salinity
pulse (in sec) (refer to Figure 4); D is the pipe diameter in (m); Cpyx, Co, and C; are the
maximum downstream, background, and injected saline concentrations, respectively, in
(ppm or mg/L); R, is the flow Reynolds no.; and y is the water flow depth at the pipe outlet.

It is worth mentioning that the second term on the right-hand side of Equation (4)
represents Froude No., which is based on a velocity scale equals (gT). It is also interesting
to note that the appearance of the pipe length in the L/D term could act as a scale for the
mixing length of the injected tracer.

After using a least square regression analysis, the relationship demonstrated in
Equation (4) can be cast in one of the following formula:

Q o b Comax — Co e d VAN \/gT f
Qg (=) (LY 1y (AT o)
N2 C D D VD
Two regression formulas (based on Equation (5), refer to Table 2) were derived based
on the pulse of tracer technique. The corresponding coefficients for each formula are given
in Table 2. The corresponding coefficient of determination (R? values) is also listed in the

last column of the same table. The application of the first regression formula is presented
in Figure 11, which shows the agreement of the formula with the measurements.

Ry) 4)

Table 2. Coefficients of flow regression formulae based on dimensional analysis.

Coefficients
RZ
A b C D e f
Regression formula #1 0.000139 1.082695 —0.119478 —3.541295 0.500887 0.019549 0.99
Regression formula #2 0.893182 0 —0.452712 0 1.403768 —0.366871 0.86
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Figure 11. Flow Formula based on Dimension Analysis.

It should be noted that the first regression formula is nonlinear in the sense that it is a
function of Reynolds No (R;), which in its turn is a function of the flow. In order to break
this nonlinearity, it is recommended to initially use the second regression formula (which is
not a function of R;;) to obtain an initial guess of the flow, then to use the first regression
formula in the second step to obtain a better guess for the flow.

3.5.2. Semi-Empirical Approach

In this Section, the semi-empirical approach is presented to obtain a tracer-based flow
formula. The semi-empirical analysis is conducted in two stages:

The first stage is the analytical stage, where the tracer mass-conservation equation is
used to determine the downstream flow rate based on the following assumptions:

(1) The ratio of the injected tracer flux () to the water stream flow rate (Q) is quite small,
to the extent that q/Q is negligible (i.e., q/Q << 1);

(2) The salinity profile (in excess of the initial background concentration) is idealized and
assumed to be triangular. Although this assumption is crude, it is used for the sake of
simplicity and the correction factor will be next introduced for this regard;

(38) The area under the actual measured salinity profile is equal to the area under the
idealized triangular salinity profile multiplied by a correction factor F.

Based on the above-mentioned assumptions, the mass-based flow formula reads:
(6)

where Q is the stream discharge (m3/s), q is tracer injection rate (m3/s), C; is the concentra-
tion of the injected tracer (ppm or mg/L), Cy4y is the final peak concentration of tracer
pulse at downstream section (ppm or mg/L), C, is the background tracer concentration at
the upstream section (ppm or mg/L), t, is the time of tracer injection (s), and T is the base
time duration of salinity pulse (s).

As a second step, a coefficient (F) is added to Equation (6) to release the triangular-in
shape pulse assumption and thus Equation (7) is obtained:

QZQ% )
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The correction factor F could be simply defined as a dimensionless number that repre-
sents the ratio between the area under the actual measured salinity profile (by the salinity
probe) and the corresponding area under the idealized triangular profile assumption that
has the same T and (Cpy0x — Co) values. In addition, the coefficient F is also affected by the
degree of mixing at the location of the measurement of the salinity probe.

The values of F are calculated in such a way that the flow rate calculated by the
semi-empirical relation exactly matches the flow rate from the flow meter measurements.

The second stage in the semi-empirical approach is the empirical stage, where the
dimensional analysis technique is first used to suggest for the main n—otne epmp should
be included and considered in the correction factor (F) formula. By the end of this step, a
power-low formula (with unknown coefficients and powers) for the F formula is formulated
as a function of the selected 7-terms.

In the second step of stage 2, the F values obtained for the group of experimental
runs no. 3, 6, and 7 (where the passive rotor is utilized, refer to Table 1) were used to
determine the unknown coefficients in the F-formula. A least square error approach was
used to minimize the summation of squared differences between the F values from the
proposed F-formula (by dimensional analysis) and the corresponding values of F that
were obtained from stage one. In this regard, the Excel solver was used to search for the
unknown coefficients of the power-low F-formula and the target function was selected to
be the summation of squared difference of the F formula and the corresponding values of
F from stage 1. In order to locate the optimal minimum solution, the non-linear gradient
solver was used and the non-negativity constraint was not adopted to allow for positive
as well as negative power values. Equation (8) presents the outcome of the minimization
process by Excel solver.

3.394865 0855746 T —1.065692
F= 0,001512.<L> (Z) <\/§> ®)
D D VD

Figure 12 presents the comparison of the estimated sewer flow by the semi-empirical
equation (Equations (7) and (8)) with the measured flow by the flow meter. The semi-
empirical equation reasonably produced the actual measured values.

12

y =0.9588x (0Xe)
10 R?2=0.9188

©)
O
O

Q_measured (I/s)
(o)}

0 2 4 6 8 10 12
Q estimated by Equations 7 & 8 (I/s)

Figure 12. Semi-empirical formula for estimating flow in sewer pipes.

The following Section summarizes the study’s main findings. Additionally, it describes
the limitations of the study and suggests a number of additional research directions for
future work.
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4. Conclusions, Challenges, and Future Work

An experimental lab investigation was conducted to study the suitability of the tracer
slug dilution method in measuring water flow rate in full and partially full sewer pipes and
to examine the effect of using (during tracer injection) a passive fan to enhance the accuracy
of indirect flow measurement. Based on the conducted study, the following was concluded:

—  The injected tracer rate ratio (q/Q) should be selected such that it does not exceed 3%.
The recommended value is around 1%;

—  The recommended concentration of the injected tracer ranges from 1500 to 4500 ppm;

—  Two locations for tracer injection were examined. It has been noted that the most
highly recommended injection point is at the upstream end of the pipe and the most
highly recommended point for concentration measurement is inside the manhole close
to the downstream end of the pipe and not at the manhole’s center;

—  Asaline injector stack was developed to help inject saline at the selected injection point;

— A passive axial flow fan was also proposed and could be encased in the injector stack
to enhance mixing and to decrease the required minimum mixing length. It is noted
that using the passive fan significantly enhanced the pulse of tracer method’s accuracy.

Two tracer-based flow formulas were derived. The first was based on a pure dimen-
sional analysis approach, and the second was a semi-empirical formula based on the mass
conservation approach.

It is noted that the developed formulas are compared favorably with the flow meter
method and can be used for both partially full and full pipe flow cases.

Overall, this experiment successfully showed that using a passive rotor increases
the accuracy of discharge measurements in sewer pipes based on a saline slug tracer
technique. However, continued monitoring is required to test this technique under different
flow conditions.

It should be also mentioned that using the passive rotors to enhance mixing during the
tracer injection might be challenging in practice. One of the common expected challenges
is the sediment and sludge that might be transported with the effluent water, which could
break or even remove the rotor from its place. One way to overcome such a challenge is to
install a protective cover or shield over the rotor to prevent debris from coming into direct
contact with the rotor. The effect of using this protective cover need to be assessed and
studied in the future.

The results of the study in hand were derived from two pipe sizes (60 mm and 150 mm).
Nevertheless, the dynamic similarity concept (more specifically the Froude similarity law
for gravity systems) could be used to scale up the findings to bigger pipe sizes. However, it
is important to be cautious when extrapolating experimental results beyond the range of
pipe sizes that were studied. It is always a good idea to validate such predictions using
additional experiments or numerical simulations, if possible. It should be mentioned that as
pipe sizes gets bigger and water depth inside the sewer gets deeper, the required minimum
mixing length increases. In these cases, a bigger size of passive rotor is recommended to be
used to effectively reduce the mixing length. The suitable size of the rotor for bigger pipe
sizes could be an interesting point to be studied in the future.

Potential areas of future research include: (a) extending the study to include bigger
sewer pipe sizes; (b) studying the effect of using different passive rotor sizes on mixing
efficiency; and (c) extending the analysis to cases of river flow or open channels. Another
future research topic could be to conduct a CFD study spanning from injection of the tracer
to the measuring probe. The objective of such a study could be to analyze numerically
the effects of the water-tracer-rotor (fluids-structure) interactions and to develop a better
understanding of the tracer dilution method with a passive rotor.
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