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Abstract Artificial mixing and hypolimnetic oxygenation are two common methods for improving water
quality in reservoirs. To examine the effects of their operation on the thermal structure of the water column,
we used a three-dimensional hydrodynamic model coupled with a newly developed water-jet model and
an existing linear bubble-plume model in conjunction with whole-reservoir in situ mixing experiments in a
drinking-water reservoir. This reservoir has a side-stream supersaturation (SSS) hypolimnetic oxygenation
system and a bubble-plume epilimnetic mixing (EM) system installed to reduce hypolimnetic hypoxia and
algal blooms. The results show that the SSS successfully adds dissolved oxygen to the hypolimnion without
destratifying the reservoir, whereas the EM, located at the lower metalimnetic boundary, deepens this
boundary and partially mixes the metalimnion and epilimnion. The newly developed water-jet model
coupled with the hydrodynamic model can successfully predict the variation of the thermal structure in the
reservoir. The extent to which the SSS and EM systems affect the thermal structure of the reservoir is also
quantified by further application of the coupled hydrodynamic model.

1. Introduction

Algal blooms and hypoxia impair the water quality of drinking water supply reservoirs [Diaz, 2001;
Vilhena et al., 2010]. These water quality problems are closely interrelated: hypolimnetic hypoxia stimu-
lates nutrient release from sediments, triggering algal blooms [Gerling et al., 2014; Visser et al., 2016].
After the blooms senesce, their decomposition further depletes dissolved oxygen (DO), thereby intensi-
fying anoxic conditions [e.g., Valiela et al., 1997] and exacerbating nutrient release. In addition, DO
depletion in the hypolimnion can cause the release of reduced iron and manganese from the sediments
[Davison, 1993].

Various mixing and oxygenation systems are deployed in drinking water reservoirs to mitigate these water
quality problems. Common oxygenation and mixing systems include bubble-plumes [Singleton et al., 2007],
airlift aerators [Burris et al., 2002], Speece cones [McGinnis and Little, 1998], and side-stream oxygenation sys-
tems [Fast et al., 1975; Gerling et al., 2014]. Among these systems, the bubble-plume and side-stream super-
saturation (SSS) hypolimnetic oxygenation systems have been shown to successfully improve water quality
in lakes and reservoirs during stratified periods, with bubble-plume systems more successful in deeper
water (with maximum depths greater than �15 m) [Singleton and Little, 2006; Singleton et al., 2007] and SSS
systems only recently shown to be successful in shallower water [Gerling et al., 2014]. However, the results
have not always been satisfactory. Mixing induced by a side-stream pumping system, for example, caused
premature destratification of the water column in some water bodies [Lorenzen and Fast, 1977; Toffolon
et al., 2013]. Furthermore, N€urnberg et al. [2003] showed that improper mixing with devices operating con-
tinuously throughout the year increased phosphorus transfer from the hypolimnion to the epilimnion,
thereby causing surface algal blooms.

Both mixing and oxygenation systems change the thermal structure of the water column, which alters the
performance of the systems themselves, and can influence other biogeochemical processes, such as the
sediment oxygen uptake rate [Bryant et al., 2011]. To account for these effects in design and operation, cou-
pled hydrodynamic models are increasingly used [e.g., Imteaz et al., 2003; Kerimoglu and Rinke, 2013;
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Singleton and Little, 2006]. However, many previous studies [e.g., Hamilton and Schladow, 1997; Imteaz and
Asaeda, 2000; Imteaz et al., 2009] investigated artificial mixing in lakes or reservoirs using one-dimensional
(1D) or two-dimensional (2D) numerical models, which may not fully resolve the non-homogeneous mixing
in some water bodies. Using three-dimensional (3D) hydrodynamic models can more completely account
for the effect of artificial mixing in reservoirs and lakes, achieving higher accuracy for model-predicted
results compared to 1D or 2D models. Coupled bubble-plume/reservoir models are fairly well developed
[e.g., Singleton et al., 2007, 2010], but those used for modeling SSS systems have not been as extensively
studied [Toffolon and Serafini, 2013].

In this study, Si3D, a semi-implicit 3D hydrodynamic model originally developed for estuarine circulation, is
employed to analyze a set of water quality management systems comprising a bubble-plume epilimnetic
mixing (EM) system and a SSS hypolimnetic oxygenation system. A model for simulating the SSS system
(water-jet model) is developed and coupled with Si3D, while a previously validated, coupled bubble-plume
model [Singleton et al., 2007, 2010] is used to simulate the EM system in Si3D. In situ whole-reservoir experi-
ments are carried out to validate the coupled water-jet model, to provide field data for understanding the
mixing effects of both systems on thermal structure and DO, and to further validate the coupled hydrody-
namic model with the bubble-plume and water-jet models operating in tandem in Si3D. Finally, the two
coupled models are used to quantify the effect of mixing on the thermal structure in the reservoir, provid-
ing simple relationships that can be used in the design and operation of such water quality management
systems. The present study is, to the best of our knowledge, the first to investigate an epilimnetic bubble-
plume system using field experiments at a whole-reservoir scale, and is the first to examine the perfor-
mance of both SSS and EM systems in one reservoir.

2. Field Experiments

2.1. Study Site and Oxygenation and Mixing Systems
Falling Creek Reservoir (FCR) is a eutrophic, shallow, drinking-water reservoir (maximum depth of 9.3 m and
mean depth of 4 m) managed by the Western Virginia Water Authority in Vinton, Virginia, USA (3781802000N,
7985001900W). During the stratified period, FCR experiences persistent hypolimnetic hypoxia and occasional
algal blooms [Gerling et al., 2014, 2016]. An increase in algae leads to shorter filter run times as well as taste
and odor problems, while hypoxia leads to increased levels of soluble iron, manganese, and phosphorus in
the hypolimnion [Matthews and Effler, 2006; McGinnis and Little, 2002; Mortimer, 1941].

FCR is equipped with SSS and EM systems to mitigate these water quality problems (Figure 1). Figure 1 also
shows the typical thermal structure in the reservoir, which includes the epilimnion and hypolimnion, and
the metalimnion between the two layers. For brevity, we define the metalimnetic boundary as the lower
boundary of the metalimnion (close to the seasonal thermocline as shown in Monismith et al. [1990]), which
is determined following the method described by Read et al. [2011]. The SSS system is designed to add DO
to the hypolimnion and suppress the release of soluble iron, manganese, and phosphorus from the sedi-
ments, with minimal interference on thermal structure in the water column. The purpose of the EM system
is to simultaneously mix and deepen the surface mixed layer above the metalimnetic boundary, and to
redistribute algal species vertically, thereby limiting light and nutrient availability for the growth of algae
[Visser et al., 2016]. It is believed that an unstable environment (i.e., vertical mixing) created by the EM sys-
tem hinders the growth of bloom-forming cyanobacteria in stratified water bodies [Walsby, 2005; Walsby
et al., 2006] though some phytoplankton taxa (e.g., diatoms) may be favored by decreased stability of the
water column [Imteaz et al., 2009]. Air is used in the EM system to generate the bubble plume.

The SSS system consists of six main components: a submersible pump, inlet piping, oxygen source, oxygen
contact chamber, outlet piping, and distribution header with nozzles oriented at an angle of 108 above hori-
zontal to minimize turbulence near the sediments. The full SSS description is provided elsewhere [Gerling
et al., 2014]. The EM system consists of two main components: a compressed air system located on land
and a distribution header located in the reservoir, as described in the supporting information, Text S1. The
SSS distribution header was located in the hypolimnion �1 m above the sediments, while the EM diffuser
was positioned at �5 m below the water surface, which at the time of operation was at the depth of the
metalimnetic boundary.
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2.2. Field Data Collection
The field experiments were designed to effectively validate the coupled hydrodynamic models
(described in Section 3) and to analyze the effects of mixing induced by the SSS and EM systems. Fig-
ure 1 shows the locations of the SSS distribution header and the EM diffuser in FCR as well as the loca-
tions of two transects where data were collected for quantifying the operational characteristics of the
two systems. Monitoring locations shown in Figure 1a were in the deeper region of FCR. The sampling
point FCR50 is the deepest point near the intake for the water treatment plant. The locations of Trans-
ects #1 and #2 across the diffuser lines were fixed in place with ropes running across the water
surface.

Figure 1. (a) Locations of the SSS (short white line) and EM (long white line) systems in FCR as well as locations of two transects for data
collection. The sampling point FCR50 is the deepest point in the reservoir near the intake for the water treatment plant. (b) Schematic dia-
gram showing the locations of the SSS distribution header and the EM diffuser in water column. The white lines show where the diffusers
are deployed, whereas the solid rectangles indicate grid cells in the coupled hydrodynamic model. The flows induced by the systems are
indicated by red arrows. The green dotted line between the metalimnion and hypolimnion in the temperature plot indicates the lower
metalimnetic boundary.
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The field experiments were performed during
the summer of 2015 (see Table 1), with the
SSS and EM systems operated sequentially
over a 9-day period, starting on 27 May 2015
(Day 146 of 2015) and ending on 4 June 2015
(Day 154 of 2015). During this period, the SSS
system produced a water flow rate of 208 lit-

ers per minute (LPM) for about 6 days. It was then turned off at noon on Day 151. The EM system was imme-
diately turned on for a first period of 3 h at an air flow rate of about 708 LPM (equivalent to 25 standard
cubic feet per minute). The EM system was then turned off for 2 days, and finally turned back on again at
the same flow rate for a second 3-h period. While the SSS system was running continuously during the 6-
day period, the EM system was only operated intermittently for the two short periods because the EM sys-
tem had not been extensively tested in the field and there was concern about potential premature destrati-
fication, which would disrupt the operation of the drinking-water treatment plant.

The field data collected included water temperature, DO, and meteorological data. Field measurements
were carried out using an SBE 19plus high-resolution (4 Hz sampling rate) Conductivity, Temperature, and
Depth (CTD) profiler customized with a SBE 43 DO probe (Seabird Electronics, Bellevue, WA, USA) and a
ProODO meter (YSI Inc., Yellow Springs, OH, USA). The CTD was used to collect depth profiles for tempera-
ture and DO. The response time of the CTD was 1.4 s at 208C, enabling data to be collected at �0.1 m incre-
ments in the water column. The ProODO meter was used to check the quality of the temperature and DO
data collected using the CTD. The observational data were processed following the procedures described in
[Gerling et al., 2014]. The meteorological data required for the numerical modelling were obtained from the
weather station at Roanoke Airport, 11.8 km away from FCR, and were downloaded from the National Cli-
matic Data Center, National Oceanic and Atmospheric Administration (NOAA, www.ncdc.noaa.gov/).

3. Numerical Model Formulation

The hydrodynamic model Si3D is based on Computational Fluid Dynamics and adopts an implicit finite-
difference method for numerical solution of the Navier-Stokes equations. It has been comprehensively
described [Casulli and Cheng, 1990; Casulli and Cattani, 1994; Rueda et al., 2007; Smith, 2006] and applied in
many investigations of water flow in natural water bodies [e.g., Rueda et al., 2010; Singleton et al., 2010].

The numerical grid for Si3D was generat-
ed based on the FCR bathymetry, as
shown in Figure 2. The grid cells are uni-
formly sized across the computational
domain (4:5 m 3 1:0 m 3 0:3 m as
shown in Figure 4). Si3D was verified in
a numerical grid dependency test
where three different grid resolutions
were tested following the procedures
described in Chen et al. [2014]. The
current grid resolution was found to
be sufficient and the numerical error
for the quantities of interest is negligi-
ble. The monitoring locations in the
model are the same as those in the
field measurements, as shown in Fig-
ure 2. As mentioned earlier, coupled
models are used to simulate the opera-
tion of the SSS and EM systems in FCR.
The new water-jet model for the SSS
system is based on jet-flow theory, and
will be described in detail, whereas the

Table 1. System Operation Schedule

DoY 2015 146–150 151 152 153 154

SSS @ 208 LPM ON
EM @ 708 LPM (25 scfm) ON ON

3 h 3h

Figure 2. Numerical bathymetry and locations of the SSS system (short white
line) and the EM system (long white line). The locations of FCR50 and Transects
#1 and #2 from Figure 1 are also shown.
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bubble-plume model for the EM system will only be briefly reviewed, as it has already been described in
detail in the literature [e.g., Singleton et al., 2007; W€uest et al., 1992].

3.1. Coupled Water-Jet Model for SSS and Its Validation
The coupled water-jet model is designed to resolve the small-scale jet flow with the much larger grid cells
in the hydrodynamic model. Each grid cell is about 150 and 30 times the diameter of the jet nozzle (b0) in
the longitudinal and transverse directions, respectively.

During operation of the SSS system, water is withdrawn by a submersible pump in the hypolimnion and
passed through a pipe to an oxygen contact chamber on the shore where oxygen is added to the water
[Gerling et al., 2014]. A grid cell at the pump location serves as a sink for water to simulate the water with-
drawal by the submersible pump. The oxygenated water is returned to the hypolimnion through nozzles on
both sides of the distribution header, forming a linear diffuser. Jets are formed in the stratified water body
emanating from each of the nozzles along the distribution header. The jet flow entrains ambient water and
expands as it penetrates the surrounding water (Figure 3). The jet nozzle is assumed to be at the center of a
jet cell consisting of three grid cells which collectively serve as a point source in the hydrodynamic model
(Figure 4).

The water-jet model is developed based on jet-flow theory [Morton et al., 1956; Paillat and Kaminski, 2014].
As shown in Figure 3, the coupled water-jet model accounts for ambient flow induced by the nozzle and
discharge of oxygen-rich water from the nozzle. In addition to the momentum induced by the jet discharge,
the model also resolves the ambient flow entrained by the expanding jet.

The general mass and momentum conservation equations for any point source are [Morton et al., 1956]:

dQx

dy
5qe (1)

dM
dy

5pb2g q02qð Þ (2)

If the initial velocity profile from a round jet is uniform, the outflow is Qx5pb2v and the entrainment rate is
qe52pbav. Here a is the entrainment coefficient, the proportionality constant relating the inflow velocity at
the edge of the jet flow to the horizontal velocity within the jet flow profile; v is the uniform velocity along
the centerline of the jet nozzle within the effective radius b of the jet flow; and y is the centerline distance
from the nozzle. Because the orientation angle of the nozzles is small and the density difference in the
hypolimnion is minimal, it is assumed that q � q0, and dM=dy � 0. Here M represents the momentum of
the jet.

To predict the actual behavior of the
jet flow from a round jet, a Gaussian
function is used for the initial velocity
profile [Paillat and Kaminski, 2014],
which is subject to a normal distribu-
tion, or:

v y; rð Þ5vm yð Þe2r2=b2
e (3)

where vm yð Þ is the velocity at the jet
axis when r50; e is Euler’s number—an
exponential growth constant; and be is
a characteristic length of the jet profile
measured from the axis of symmetry to
points where the velocity amplitude is
1=e of that on the axis.

An effective radius (bw ) of the radial
profile of the jet is defined, beyond
which the velocity of the jet is

Figure 3. Sketch of the various flows associated with the water jets in FCR. The
dashed horizontal black line indicates the center line of the jet. The flow rate out
of the nozzle is Qj5Q01Qs: The total flow rate beyond the nozzle Qxð Þ consi
sts of a flow rate out of the nozzle Qj

� �
and entrained flow Qe from

ambient water : Qx 5Qj1Qe .
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insignificant and can be neglected. To estimate the effective radius of the jet that is used to predict entrain-
ment, it is assumed that e2r2=b2

e � 0 when r5bw53be. The equation for the flow out of the nozzle can be
expressed as:

Qx yð Þ5
ð

2prv y; rð Þdr5
ðbw

0
2prvm yð Þe2r2=b2

e dr (4)

Integrating equation (4) using the assumption above where e2bw
2=b2

e 50 gives Qx yð Þ5pb2
e vm yð Þ, which can

be rewritten as Qx5pb2
e vm. It is assumed that entrainment of water occurs at the characteristic length be of

the jet, where the velocity is 1
e vm, so the entrainment rate is qe52pbea 1

e vm
� �

. Therefore, equations (1) and
(2) can be further developed and transformed to:

db2
w vm

dy
5

6
e

bwavm (5)

db2
w v2

m

dy
50 (6)

A corresponding equation for the ini-
tial momentum of a jet (M0) was also
derived for the round jets using rela-
tionships presented in [Xu and Antonia,
2002]:

M05

ðb0

0
qv2

0 2prdr5qpb2
0v2

0 (7)

where v0 is the jet velocity at the exit;
q is the fluid density; and b0 is the radi-
us of the nozzle outlet.

By integrating the mass and momen-
tum balance equations using the initial
condition as shown in equation (7), the
effective radius as a function of the
centerline distance from the nozzle (y)
and the centerline velocity (vm) are cal-
culated as:

bw5b01
6
e
ay (8)

vm5
eb0v0

eb016ay
(9)

As shown in Figures 4a and 4b, a jet
cell consists of two symmetrical jets.
The size of the jet cell is determined
by the approximate size of the jet
(as indicated in Figure 3) when the
stream-wise dimension of the jet
profile becomes equivalent to the y
dimension of the grid cells (Figure
4a). Afterward, the flow is resolved
by the large-scale hydrodynamic
model. First, the jet cell is matched
to the jet profile. Based on equation
(8), the radius of the expanding jet
(bw ) is estimated from the travel

Figure 4. Schematic diagrams of the jet cells (bold rectangles) in the water-jet
model with the grid cells shown behind (not to scale). The model resolves the
flows described in Figure 3. (a) The dashed horizontal line indicates the distribu-
tion header of the SSS system. (b) The dashed horizontal line indicates the center-
line of the jet.
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distance (y), which is half of the longitudinal length of the grid cell, and the expansion coefficient a,
which is a constant with a value of 0.05 [List, 1982; Wang and Wing-Keung Law, 2002]. Since the jet is
evenly expanding in both the horizontal and vertical directions, both the transverse (x) and vertical
lengths (z) of the jet cell are the diameter of the radial profile of the expanding jet (bw ) calculated
from equation (8). Second, the selected grid cells at the SSS location are combined to form jet cells.
In the present model, the jet cell and grid cell are of the same size in the horizontal direction (Figure
4a). This means that the horizontal dimensions of the grid cells are the same as the jet cell so that
the two symmetrical jet profiles are mapped into one grid cell in the plan view as shown in Figure 4a,
which simulates the jet flow from both sides of the distribution header. To retain the vertical length
scale of the jet cell, three consecutive grid cells in the vertical direction are combined to form one jet
cell (Figure 4b). Finally after the jet cells are formed, the jet centerline velocity (vm) is calculated using
equation (9) associated with the radius of the nozzle (b0) and the initial centerline velocity out of the
nozzle (v0), so that the flow out of the jet cell can be estimated.

The outflow Qx from the jet cell to the adjacent grid cells is calculated from the centerline velocity at the
exit face of the jet cell by a customized module in the Si3D code, which also converts the calculated Gauss-
ian flow profile to an equivalent uniform profile, as required by the numerical model.

We validated the above-described coupled water-jet model by comparing the numerical velocity profiles to
published results from physical experiments as well as some field data collected in FCR.

The contours of the numerically obtained horizontal velocity (Figure 5) show that the simulated jet
flow behaves as expected, with ambient water entrainment by the jet consistently represented in the
contours. The jet profiles in Figure 5 are consistent with the physically observed patterns of the radial
profile of the jet in laboratory experiments [Morton et al., 1956; Xu and Antonia, 2002]. Moreover, the
numerical data compare well to the field data (Figures 6 and 7) collected from FCR. Both the field and
numerical contours in Figure 6 show that the SSS erodes the metalimnetic boundary, though the hypo-
limnetic temperature is not substantially increased. The field and numerical contours at Transect #1
(refer to Figures 7b and 7c) consistently show that the SSS lightly mixes the hypolimnion and starts to
homogenize the hypolimnetic temperature across the deep region when compared to original profiles
in Figure 7a. The variation between the field and numerical data within 65 m of the SSS line along
Transect #1 was �0:02�C in terms of the mean temperature and �0:31�C in terms of the root-mean-
square temperature. The difference between the field and numerical data in the mean temperature in
the hypolimnion at FCR50 was less than 1% of the mean hypolimnetic temperature in the field when
the SSS system was in operation.

Figure 5. Numerical velocity field indicated by the contours of horizontal velocity magnitude and velocity vectors over (a) the section across the SSS distribution header and (b) the sec-
tion along the SSS distribution header. The contour lines (black) in the figures indicate contour levels with an interval of 0.5 cm/s. The datum in the contours hereinafter is set at the
water surface in a standard Cartesian coordinate system, hence the negative depths.
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Figure 6. Time series of the field and numerical temperature contours at FCR50. The SSS was turned on from Day 179 of 2014 and ran continuously to Day 184 (contour level interval
0.58C, the same interval for the rest of the temperature contours hereinafter).

Figure 7. Temperature contours from Transect #1 at (a) before the SSS was turned on in 2015 (the numerical model was initialized based on this profiles); (b) 2 h after the SSS was turned
on in the field; (c) 2 h after the SSS was turned on in the model. The sampling points are at 25, 0, 5, and 10 m from the distribution header in both the experimental and numerical
results.
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The coupled water-jet model and the cou-
pled bubble-plume model are further vali-
dated in the results and discussion section.

3.2. Coupled Bubble-Plume Model for EM
An existing linear bubble-plume model was
employed to simulate mixing induced by the
EM system, which releases air bubbles from
a diffuser line within the metalimnion. The
theory behind the bubble-plume model is
well established [e.g., Singleton and Little,
2006; Singleton et al., 2007, 2010; W€uest et al.,
1992], with a schematic representation of
the model provided in Figure 8.

When a bubble-plume system is in opera-
tion, the buoyant plume entrains ambient
water, traveling from the diffuser up to the
depth of maximum plume rise (DMPR [Sin-
gleton et al., 2010]) where the momentum
of the plume water reduces to zero and the
water is detrained above its neutrally buoy-
ant point. The bubble-plume model shown
in Figure 8 is implemented as a series of
sinks in Si3D using grid cells within the
region between the diffuser depth and the
model-estimated DMPR. The model succes-
sively relocates the water from the lower
cell to the upper cell until the DMPR is
reached, at which point the plume water is
detrained into the horizontally adjacent
grid cells. The model consists of a series of

horizontally integrated equations based on conservation of mass, momentum, and heat. Additional flux
equations are solved simultaneously to predict the flow rate of water, in-plume temperature, and oxygen
transfer between the bubbles and the water [W€uest et al., 1992].

The linear bubble-plume model was validated by Singleton et al. [2007] in Spring Hollow Reservoir, VA,
USA, where it was shown that plume temperature could be predicted to within 0:3�C, which is reasonable
given the inherent complexity of the physical processes involved.

4. Results and Discussion

In this section, the influence of the SSS and EM systems on thermal stratification and DO is described based
on the in situ experiments, which were carried out in 2015 (see Table 1). The coupled water-jet and bubble-
plume models are also further validated against the field data.

4.1. Experimental Observations
The effects of the SSS and EM systems on water temperature and DO were investigated at FCR50, the deep
end of the reservoir, as a function of time. The spatial extent of the effect was observed on the contours of
the horizontal velocity across the EM diffuser line established by sampling along Transect #2, the location of
which is shown in Figure 1a.

The time series of field temperature profiles (Figure 9a) at FCR50 showed that continuous operation
of the SSS system mixed the hypolimnion, as also observed in the 2013 and 2014 tests [Gerling
et al., 2014, 2016]. However, the hypolimnetic mixing induced by the SSS did not destratify the
water body (as shown previously in Figures 6 and 7). Therefore, the SSS system only mixed the
hypolimnion, as expected. In contrast, the operation of the EM system deepened the metalimnetic

Figure 8. Schematic diagram of the bubble plume model within grid cells.
The grid cells from the diffuser serve as sinks to relocate the plume water
with entrainment successively from the lower to the upper grid cell. At
the depth of the maximum plume rise, the grid cell serves as a source to
discharge the plume.
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boundary, an effect that persisted long after the system was turned off on both occasions. Even
though the EM system was only operated for 3 h each time, the mixing effect was significant. In
addition to lowering the metalimnetic boundary, the surface mixed layer was expanded downward
and the thermocline depth was deepened during the EM mixing period (refer to the time series of
the thermocline depth in supporting information Figure S5), which is consistent with the goal of the
EM system.

The field DO concentration in Figure 9b shows that the SSS system maintained the hypolimnetic DO con-
centration at expected levels (i.e., DO concentration above 7 mg/L), which means the SSS system successful-
ly added DO to the hypolimnion, while the EM system mixed the DO in the metalimnion. From Day 147 to
Day 151 when the SSS was in operation, the DO concentration fluctuated over the depth with the lowest
concentration in the metalimnion. This phenomenon may have been caused by the weak vertical mixing
induced by the SSS system. Once the SSS system was turned off, the DO concentration in the hypolimnion
decreased rapidly, suggesting that the SSS may have stimulated additional oxygen demand [Gantzer et al.,
2009; Gerling et al., 2014]. On the other hand, the EM homogenized the DO above the diffuser during the
short operational period, indicating a much stronger vertical mixing effect compared to that induced by the
SSS system.

To further understand the effect of mixing induced by the EM system, the thermal contours obtained from
Transect #2 are shown in Figures 10a–10d. As shown in Table 1, the EM was operated intermittently. The fol-
lowing discussion focuses on the first 3-h operational period of the EM, because the change in thermal pro-
files during that time period was significant.

Figure 9. Temporal profile of field temperature and DO concentrations at FCR50 during the sequential operation of the SSS and EM sys-
tems (the oxygen contour level interval is 1 mg/L).
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In the first hour after the EM was activated, the bubble-plume entrained cold ambient water and then dis-
charged it at the DMPR, causing recirculation and mixing between the DMPR and the depth of the diffuser.
Little effect on the temperature was observed below the EM diffuser (Figure 10b). The cold water behaved

Figure 10. Field temperature profiles from Transect #2. (a) Immediately before the EM turned on; (b) 0.5 h after the EM turned on; (c) 3 h after the EM turned on; (d) approximately 1 day
after the EM turned off. The red circle indicates where the diffuser line is located; and (e) time evolution of the depth profile of the field temperature at 10 m away from the diffuser line
shown in (a)–(d) immediately after the EM was activated and 0.5, 3, and 19 h later. The EM was deactivated at 19 h.
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as a tracer in this early stage, indicating the plume development in the epilimnetic water. After 3 h of con-
tinuous operation, the water above the diffuser reached a quasi-steady state (Figure 10c), showing that the
average metalimnetic temperature increased and that the metalimnetic boundary was significantly deep-
ened because the EM diffuser was located near the depth of the initial metalimnetic boundary before the
experiment. The depth change of the metalimnetic boundary is also shown in Figure 10e. After the EM was
turned off, the mixing effect dissipated and the water column above 5 m depth became thermally stratified
again. However, the level of the deepened metalimnetic boundary was maintained and the overall metalim-
netic temperature slightly increased (Figure 10d). The increase of the water temperature after mixing is also
shown in Figure 10e.

In summary, the SSS system successfully added DO to the hypolimnion without significantly changing the
overall thermal structure in the reservoir, whereas the EM system mixed the surface mixed layer above the
metalimnetic boundary, increasing the metalimnetic water temperature, and lowered the depth of the met-
alimnetic boundary.

4.2. Numerical Simulations
The numerical results obtained from the coupled Si3D model are now compared with the experimental
observations. In this case, the coupled water-jet and bubble-plume models in Si3D described above were
used to simulate mixing induced by the SSS and EM systems. The model settings followed the schedule giv-
en in Table 1.

The results obtained from the simulation are compared with the experimental data as discussed above. The
comparison of the numerical and field temperature contours in Figure 11 shows that overall, the model pre-
dicted the development of the thermal structure and the level of mixing correctly. The temperature devel-
opment was reasonably captured by the simulation. However, the numerical contours are noisier than the
field contours. This is due to a much finer time resolution adopted in the numerical model compared to the
field sampling.

The comparison of field and numerical temperature profiles at FCR50 in Figure 12 indicates that the
numerical results agree well with the field data. In Figure 12a, both field and numerical results show
that artificial mixing by the EM system increases the water temperature in the metalimnion, which
tends to homogenize the temperature over the surface mixed layer, and thus reduce the temperature
gradient in the metalimnion. Good consistency between the field and numerical results can also be
seen in Figure 12b, where the depth of the metalimnetic boundary was lowered due to the mixing
induced by the EM system. The comparison also confirms the findings from the field observations. In
addition, the difference in the mean temperature of the water column between the field and numeri-
cal results is �3.6% of the mean temperature in the field for the entire water column throughout the
study period.

Figure 11. Time series of the field and numerical temperature contours at FCR50 during the sequential operation of the SSS and EM systems.
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5. Model Application

After validating against the in situ experimental results, we used Si3D to predict mixing under various oper-
ating conditions of the mixing devices, aiming to provide practical information for reservoir management.
The extent to which the SSS and EM systems affect the thermal structure of the reservoir was investigated
using Si3D with the two coupled models.

In this case, we used the meteorological data over the experimental period in 2015 and focused on the
effects of the operational flow rates of the systems. Unlike the above discussion based on the field experi-
ments, which shows the mixing effects under the specific experimental schedule, this case study provides
additional insight into the mixing mechanisms, which may lead to the development of more effective oper-
ational procedures for the two systems. Two correlations between the thermal structure and flow rate of
the devices are derived from the case study corresponding to the SSS and EM systems, respectively. For the
SSS system (details are provided in supporting information Text S2), the relationship between the steepness
(k) of the linear change of the depth of the metalimnetic boundary and the operational flow rate of the SSS
system is characterized by the following simple exponential function:

k520:24e20:004Qsss (10)

where Qsss represents the flow rate of the SSS system within the operational range in FCR. As the metalim-
netic boundary is pushed downward, the value of the steepness (k) is negative. The minimum steepness is
obtained when the flow rate of the SSS system is at a minimum (zero), which means the rate at which the
metalimnetic boundary moves downward is highest. The result indicates that the hypolimnetic mixing
induced by the SSS system reduces the rate at which the metalimnion expands toward the hypolimnion.

As for the EM system (refer to supporting information Text S3), the depth of the metalimnetic boundary
that varies in the early stage of operation can be characterized by a double exponential function in terms of
the duration of operation and the flow rate, i.e.,

h5 h020:63QEM
0:21

� �
e0:04t10:63QEM

0:21e21:72QEM
0:24t (11)

where h is the depth of the metalimnetic boundary measured from the water surface (negative) at time t;
h0 is the initial depth of the metalimnetic boundary; t is the duration of operation measured in days; and
QEM represents the EM flow rate of air within the operational range in FCR. To explain this correlation fur-
ther, there are two hypothesized processes involved with the EM operation. The positive term (second
term) is related to the mixing by the EM system and the negative term (first term) characterizes the thermal
diffusion. From the relationship, it is apparent that the EM term will be dominant at the beginning of the
mixing process, elevating the horizontally homogenized thermal structure in the metalimnion by carrying
the cold water from the level of the diffuser. But the effect of the EM term is weakened rapidly over time

Figure 12. (a) Field temperature versus numerical temperature profiles at FCR50 before and after the EM on. (b) Time series of the depths of the metalimnetic boundary: field versus
numerical data. The results were processed by the LakeAnalyzer program v3.3.3 [Read et al., 2011].

Water Resources Research 10.1002/2016WR019279

CHEN ET AL. COUPLED WATER-JET AND HYDRODYNAMIC MODEL 482



during continuous operation because the metalimnetic boundary is pushed below the diffuser line, in
which case the thermal diffusion term becomes increasingly important to the metalimnion development.
The finding is consistent with the results shown in supporting information Figure S1 in Text S3.

These correlations represent an attempt to reveal mixing mechanisms induced by the SSS and EM systems,
and can be used in planning future operation of the systems in FCR. For example, regular operation is
required to maintain thermal structure during the stratified period. Due to the limited availability of field
data, it is uncertain whether the fitted constants in the correlations can be generalized to other water bod-
ies equipped with similar systems. However, the coupled hydrodynamic model Si3D should be able to pre-
dict the extent of artificial mixing in other water bodies with similar systems after model validation. Thus, a
similar approach can be followed to develop correlations applicable to individual water bodies because the
identified mixing mechanisms should be generally applicable.

6. Conclusions

Operation of both the SSS and EM systems is investigated experimentally and numerically. The field data
are used to validate the numerical model, whereas the numerical results in conjunction with the field data
reveal the effects of mixing on the thermal structure.

The present investigation reveals that the SSS system adds DO into the hypolimnetic water without destrati-
fying the relatively shallow reservoir. The average hypolimnetic temperature is not substantially affected by
the mixing caused by the SSS system. Further, the SSS system maintains the depth of the metalimnetic
boundary by slowing down the development of stratification in the hypolimnion. The metalimnetic bound-
ary is deepened more slowly during stratified periods with a higher SSS flow rate. In comparison, the EM
system deepens the metalimnetic boundary significantly and mixes the surface mixed layer, as intended.
An empirical correlation is developed to relate the depth of the metalimnetic boundary with the duration
of operation and the EM air flow rate.

The investigation of the combined EM and SSS systems in sequential operation represents the first whole-
reservoir experiment of its kind, and provides important insight into the potential effects of these manage-
ment interventions. As SSS and EM systems are increasingly deployed, the present results can be used to
inform the design and operation of SSS and EM systems in similar water bodies for enhanced water quality.
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