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Abstract: Reservoirs often suffer from water blooms, which are likely related to the hydrodynamic
and water temperature characteristics of the tributary bays. To obtain the detailed changing process
of hydrodynamics and water temperature stratification, it is necessary to choose a suitable vertical
coordinate system in order to achieve the required precision. Based on a physical model experiment
of cold water flowing into the Generalized Reservoir Hydraulics (GRH) flume, both the o-coordinate
system model and the z-coordinate system model are built for comparison. For the z-coordinate sys-
tem model, the influences of different grid resolutions and different bottom slopes on the simulation
accuracy are also analyzed. The results show that the o-coordinate system model can simulate cold-
water underflow in a reservoir better than the z-coordinate system model, and the numerical errors
of the z-coordinate system model can be reduced but not eliminated by increasing the horizontal grid
resolution. When the bottom slope of the reservoir is less than 18%., the z-coordinate system model
can also be used to simulate cold-water underflow in a reservoir. The conclusions about vertical
coordinate systems can be applied to the development of a three-dimensional hydrodynamic and
water temperature model of reservoirs.

Keywords: water temperature; numerical simulation; vertical coordinate system; density flow

1. Introduction

Since the impoundment of the Three Gorges Reservoir (TGR), water blooms frequently
occur in several tributary bays, which has aroused widespread public concern [1-3]. Some
studies have suggested that water temperature stratification and density flow are the
main causes of water blooms in these tributary bays [4-8]. Previous field observations
and numerical simulations show that the hydrodynamic exchange process between the
tributary bays and the Yangtze River provides rich nutrients and suitable hydrodynamic
conditions for algae growth [9-13]. Therefore, the hydrodynamic and water temperature
characteristics in the tributary bays are important to explain the mechanism of water
blooms [14]. Numerical simulation is an economical and practical method to obtain the
hydrodynamic characteristics and water temperature stratification in the tributary bays.
The Delft3D model is widely used for the numerical simulation of gravity flow in reservoirs
and estuaries, and it is employed to build the three-dimensional hydrodynamic and water
temperature numerical models in this study.

Generally, there are the following two common types of vertical coordinate systems in
Delft3D when building a three-dimensional model: one is the z-coordinate system, and the
other is the o-coordinate system [15]. The o-coordinate system model is a boundary-fitted
model that can simulate the changes in the bottom and free surface. For a steep bottom
slope in combination with vertical water temperature stratification, the o-coordinate system
model introduces artificial vertical diffusion due to truncation errors in the approximation
of the horizontal pressure gradient force [16-18]. The z-coordinate system model has
horizontal grid lines and is not boundary-fitted in the vertical direction. The bottom and
free surface are represented as a staircase, which causes numerical errors in bed shear
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stress. Improvement methods such as anti-creep correction for the o-coordinate system
model [19] and remapping of near-bottom layers for the z-coordinate system model [20]
cannot completely eliminate these errors. Therefore, when simulating density flow in a
water temperature stratified reservoir, the choice of the vertical coordinate system still
needs to be taken into consideration.

In this study, based on the physical model experiment conducted by Johnson [21],
two types of vertical coordinate systems are employed to establish two three-dimensional
numerical models. According to the comparison of the two models with different grid
resolutions and different bottom slopes, the application conditions of the two vertical coor-
dinate systems are provided. This information is useful in determining a suitable vertical
coordinate system when simulating density flow in a water temperature stratified reservoir.

2. Materials and Methods

The Delft3D model was developed by the Dutch institute for Delta Technology
(Deltares) and can be used to simulate three-dimensional currents, waves, water qual-
ity, ecology, sediment, etc. The governing equation is the incompressible fluid N-S equation.
Based on the shallow water assumption, the vertical acceleration in the vertical momentum
equation is ignored, and the vertical flow velocity is obtained from the continuous equation.
In the horizontal direction, an orthogonal curved mesh [22,23] was used in the earlier
versions, and a non-structured mesh (Delft3D Flexible Mesh) has been presented in recent
years. In the vertical direction, both the o-coordinate system and the z-coordinate system
can be chosen. To suppress artificial vertical diffusion and artificial flow due to truncation
errors in the o-coordinate system model, an anti-creep correction approach can be activated
to approximate the horizontal diffusive fluxes and baroclinic pressure gradients in Carte-
sian coordinates by defining rectangular finite volumes around the o-coordinate grid points.
To avoid numerical errors due to the staircase representation of the bottom and free surface
boundary in the z-coordinate system model, a near-bottom layers remapping approach is
implemented, which can convert two near-bed layers into equidistant layering [24].

Considering the various uncertainties of actual field data, Johnson conducted a flume
experiment about cold water flowing into the Generalized Reservoir Hydraulics (GRH)
flume at the Waterways Experiment Station (WES) [21]. The water temperature and basic
hydrodynamic data were obtained. A sketch of the experimental flume is shown in Figure 1.
Its length is 24.39 m, the downstream section is 0.91 m x 0.91 m, and the upstream section
is 0.30 m x 0.30 m. The reservoir can be divided into two parts. The upper reaches are
6.10 m in length and 0.30 m in depth, and the width changes linearly from 0.30 m to 0.91 m.
The lower reaches are 18.29 m in length and 0.91 m in width, and the depth linearly changes
from 0.30 m to 0.91 m. At the initial moment, the reservoir model was in a stationary
state with a uniform water temperature of 21.44 °C. During the experiment, cold water at
16.67 °C was introduced into the reservoir at a position 0.46 m from the upstream section,
and the baffle restricted cold water to the lower half (0.15 m x 0.30 m) of the section. The
outlet was a hole with a diameter of 2.54 cm, located at the center line and 0.15 m above the
floor at the downstream section. Both the inflow and outflow discharges were 0.00063 m3/s.

Three-dimensional numerical reservoir models of the o-coordinate system and the
z-coordinate system were both built for comparison. Moreover, methods to improve
the simulation precision [24], such as anti-creep correction for the o-coordinate system
model and remapping of near-bottom layers for the z-coordinate system model, were
also considered. Details of the simulation conditions are listed in Table 1. The simulation
time was 30 min, and the time step was 0.01 min for each simulation condition. The
horizontal and vertical grid numbers of the two models remained the same, as did the
model parameters. The turbulence model was the k-¢ turbulence model, which had been
successfully applied for the simulation of stratified flow in the Hong Kong waters [25] and
verified for the seasonal evolution of the thermocline [26]. Details of the computational
parameters are listed in Table 2. The vertical grids for different simulation conditions are
displayed in Figure 2.
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Figure 1. Sketch of the generalized reservoir hydrodynamics (GRH) flume. (a) Plan view. (b) Side view.

Table 1. Settings of the o-coordinate system model and the z-coordinate system model.

Horizontal Grid

Simulation . . Vertical Grid
Conditions Vertical Coordinate System Longitudinal Lateral Number
Grid Number Grid Number
Al o-coordinate 80 9 36
A2 G—cogrd1nate 80 9 36
(anti-creep)
A3 z-coordinate 80 9 36
Ad Z-Coord1r.1ate 80 9 36
(remapping)
Table 2. Computational parameters of the three-dimensional numerical reservoir model.
Background Background
Simulation . . Manning Number Horizontal Horizontal
Conditions Time Step (min) (m~—13g) Eddy Viscosity Eddy Diffusion Turbulence Model
Coefficient (m?/s) Coefficient (m?/s)
Al~A4 0.01 0.009 0.01 0.01 k-¢ model

(@)

Figure 2. Sketch of vertical grids for different simulation conditions. (a) A1, A2. (b) A3. (c) A4.

&)
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As shown in Figure 2, the vertical grid resolution of the o-coordinate system model
and the z-coordinate system model is different, although the vertical grid number of the
two models is the same. In fact, the vertical grid resolution of the z-coordinate system
model is always lower than that of the o-coordinate system model when the two models
have the same vertical grid number. Therefore, it is necessary to increase the vertical grid
number of the z-coordinate system model in order to achieve the same grid resolution as
the o-coordinate system model. Considering the numerical errors caused by the staircase
representation of boundaries in the z-coordinate system model, previous studies pointed
out that increasing the horizontal grid number can better fit the bottom and free surface
boundary [27,28]. Johnson’s experiment considered the process of cold water flowing
into the reservoir along the bed, which means that the accuracy of bottom boundary
approximation is significantly important. Therefore, the grid resolution of the z-coordinate
system model should be studied to guarantee the simulation accuracy [29]. Five conditions
with different grid resolutions were designed, as shown in Table 3. Conditions B1, B2, and
B3 can be compared to study the influence of the vertical grid resolution, and conditions
B1, B4, and B5 can be compared to study the influence of the horizontal grid resolution.

Table 3. Simulation conditions with different grid resolutions in the z-coordinate system model.

Horizontal Grid

Simulation . . Vertical Grid
Conditions Vertical Coordinate System Longitudinal Lateral Number
Grid Number Grid Number

Bl z-coordinate 80 9 36

B2 z-coordinate 80 9 72

B3 z-coordinate 80 9 100

B4 z-coordinate 160 9 36

B5 z-coordinate 240 9 36

When the bottom slope of a reservoir is zero, which means that the reservoir bed
is flat, the o-coordinate system model is nearly equal to the z-coordinate system model.
This indicates that the bottom slope has influence on the simulation results of the two
models [30,31]. Seven simulation conditions for the bottom slope from 0%. to 30%. are
discussed. Since the bottom slope is different, the depth of the downstream section is also
different. The location of the outlet hole can be determined by the ratio of the height of
the outlet to the depth of the downstream section from the original experimental flume
investigated by Johnson [21]. The simulation conditions with different bottom slopes are
shown in Table 4, and sketches of different reservoir models are displayed in Figure 3.

Table 4. Simulation conditions of different bottom slopes and different reservoir models.

Simulation Conditions C1 C2 C3 C4 C5 Ceé Cc7
Bottom slope 0%o 5%o 10 %o 15 %o 20 %o 25 %o 30 %o
Depth of the downstream section (m) 0.300 0.391 0.483 0.574 0.666 0.757 0.849

Height of the outlet hole (m) 0.050 0.065 0.080 0.096 0.111 0.126 0.141
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Figure 3. Sketch of reservoir models for different bottom slopes. (a) C1. (b) C2. (c) C3. (d) C4. (e) C5.
(f) Ce6. (g) C7.

3. Results
3.1. Comparison of the o-Coordinate System and the z-Coordinate System Model

The time variation of the outlet water temperature under different vertical coordinate
models is shown in Figure 4, compared to the observed data obtained from Johnson’s
experiment [21]. It can be seen that the arrival time of cold water at the outlet for conditions
Al and A2 is 15 and 22 min, respectively. For conditions A3 and A4, the arrival time of
cold water at the outlet is around 24 min, which is 9 min later than the observed data. In
addition, the outlet water temperature at the end time for conditions A2, A3, and A4 is still
much greater than the observed data. The vertical distribution of flow velocity at position
11.43 m from upstream at 11 min under different simulation conditions is shown in Figure 5.
According to Figure 5, the thickness of the underflow for conditions Al and A2 is 0.14 and
0.20 m, respectively, and the thickness of the underflow for conditions A3 and A4 is around
0.23 m, which is nearly twice as high as the observed data. Moreover, the reverse velocity
of the upper layer for conditions A2, A3, and A4 is greater than the observed data, which
indicates that vertical numerical mixing in conditions A2, A3, and A4 would cause changes
in the velocity profile and decrease the velocity of the underflow.
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Figure 4. Time variation of outlet water temperature under different vertical coordinate models.
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Figure 5. Velocity profile at position 11.43 m from upstream at 11 min for different vertical coordi-
nate models.

For Figures 4 and 5, it can be concluded that the o-coordinate system model (condition
Al) can accurately simulate the formation process of the density underflow in the GRH
flume, and the simulation result of the z-coordinate system model (condition A3) deviates
from the observed data. Since cold water flows into the reservoir along the bed, the
isotherms exist along the bed too. Therefore, the o-grids are relatively parallel with the
isotherms, and the simulation result of the o-coordinate system model is close to the
observed data. On the other hand, the z-grids are not parallel with the isotherms, which
causes significant numerical errors in the z-coordinate system model due to artificial vertical
diffusion. Moreover, the anti-creep correction approach in the o-coordinate system model
(condition A2) cannot reduce but instead increase the numerical errors. This is because
the anti-creep correction approach takes the approximation of horizontal diffusive fluxes
and baroclinic pressure gradients back to the Cartesian coordinate, which leads to new
numerical diffusion in the vertical direction due to non-horizontal isotherms. In addition,
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the method of remapping of near-bottom layers in the z-coordinate system model (condition
A4) has less influence on the outlet water temperature and velocity profile in the GRH
flume and only reduces the velocity near the bottom. It can be concluded that the anti-creep
approach is not suitable when the truncation error of the horizontal baroclinic gradient
force is not significant, and the improvement achieved by the remapping of near-bottom
layers is not obvious.

3.2. Effect of Grid Resolution on the z-Coordinate System Model

The time variation of the outlet water temperature in the z-coordinate system model
with different grid resolutions is shown in Figure 6. It can be seen that the arrival time of
cold water at the outlet is slightly delayed with the increase in the vertical grid number
(conditions B2~B3), and the arrival time of cold water at the outlet is advanced with
the increase in the horizontal grid number (conditions B4~B5). Furthermore, the outlet
temperature at the end time of different grid resolutions is nearly the same. The velocity
profile at position 11.43 m from upstream at 11 min in the z-coordinate system model with
different grid resolutions is shown in Figure 7. According to Figure 7, the velocity of the
underflow decreases with the increase in the vertical grid number (conditions B2~B3) and
the velocity of the underflow increases with the increase in the horizontal grid number
(conditions B4~B5). Moreover, the thickness of the underflow is almost unchanged with
different grid resolutions.
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Figure 6. Time variation of outlet water temperature for the z-coordinate system model with different
grid resolutions.

For Figures 6 and 7, it can be seen that increasing the vertical grid number is not an
effective method to reduce the numerical errors, increasing the horizontal grid number can
reduce the deviation between the simulation results of the z-coordinate system model and
the observed data. However, the numerical errors caused by the z-coordinate system model
are still large after increasing the grid resolution of the cold-water underflow model. It can
be concluded that the grid resolution is important to accurately simulate the cold-water
underflow in the reservoir, but it is not the main cause of the numerical errors in the
z-coordinate system model.
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Figure 7. Velocity profile at position 11.43 m from upstream at 11 min of the z-coordinate system
model with different grid resolutions.

3.3. Effect of Bottom Slope on Simulation Accuracy

The time variation of the outlet water temperature for both the o-coordinate system
model and the z-coordinate system model with different bottom slopes is shown in Figure 8.
According to Figure 8, the characteristics of the two models with different bottom slopes
can be summarized as follows:
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Figure 8. Comparison of outlet water temperature of the o-coordinate system and the z-coordinate
system models under different bottom slopes conditions.

1. When the bottom slope is the same, the outlet water temperature of the o-coordinate
system model is always lower than that of the z-coordinate system model. This means
that the z-coordinate system model causes more vertical diffusion and leads to a higher
water temperature of the outlet;

2. In the o-coordinate system model, with the increase in the bottom slope, the arrival
time of cold water at the outlet is gradually advanced. This suggests that the larger the
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bottom slope of a reservoir, the higher the velocity of the cold-water underflow. When
the bottom slope is more than 10%. (conditions C4~C7), the outlet water temperature
at the end time increases with the increasing bottom slope. This can be explained
by the larger bottom slope, which contains more static water with a temperature of
21.44 °C. Compared to a large amount of initial hot water, the cold-water underflow
is relatively small, which means that the outlet water temperature is more difficult
to decrease;

3. In the z-coordinate system model, for condition C2, as the bottom slope increases, the
arrival time of cold water at the outlet is advanced; for condition C3, the simulation
result is similar to condition C2; for conditions C4~C7, the arrival time of cold water
at the outlet is gradually delayed with the increasing bottom slope. This suggests that
when the bottom slope is more than 10%. (conditions C4~C7), the simulation result of
the z-coordinate system model may be incorrect;

4.  Since the o-coordinate system model can simulate the formation process of cold-
water underflow in the reservoir accurately, the simulation result of the o-coordinate
system model can be regarded as a reference to study the effect of bottom slopes on
the simulation accuracy of the z-coordinate system model. As shown in Figure 8,
when the bottom slope increases, the simulation deviation between the o-coordinate
system model and the z-coordinate system model also increases, which means that the
numerical errors caused by the z-coordinate system model continue to increase. It can
be concluded that the simulation accuracy of the z-coordinate system model decreases
with the increasing bottom slope.

4. Discussion

When simulating cold-water underflow in the reservoir, it is found that the o-coordinate
system model has higher simulation accuracy than the z-coordinate system model. This is
because the o-grid lines are parallel with the flow direction of the cold-water underflow, and
the truncation errors of the horizontal baroclinic gradient force caused by the o-coordinate
system model are not significant. The z-grid lines are horizontal and not parallel with
the flow direction of the cold-water underflow. The numerical errors caused by artificial
vertical diffusion are significant, and the numerical errors due to the staircase representation
of the z-coordinate system model cannot be ignored. This indicates that the simulation
accuracy of the reservoir water temperature model mainly depends on the relationship
between the vertical coordinate grids and the flow direction. For cold water flowing into
the reservoir, the flow direction is always along the bottom of the reservoir; therefore, the
relationship between the vertical coordinate grids and the bottom slope should be taken
into consideration. According to Figures 3 and 8, when the bottom slope also increases, the
angle between the z-grid lines and the bottom boundary increases, as do the numerical
errors of the z-coordinate system model. There may be a critical value of the bottom slope
at which the numerical errors of the z-coordinate system model can be acceptable.

The F-test (joint hypotheses test) is usually used to compare the population variance
of two different methods. As the cold-water underflow simulations of the o-coordinate
system model and the z-coordinate system model are two sets of independent data, the
F-test can be helpful to determine whether the population variance of the two models is
the same or not. When the F value is less than its critical value, it is considered that the
population variance of the z-coordinate system model is equal to that of the o-coordinate
system model. The results of the F-test for different simulation conditions are listed in
Table 5.

According to Table 5, when the bottom slope is more than 15%. (conditions C1~C4),
the F value is less than the critical value, which means that the simulation result of the
z-coordinate system model is acceptable; when the bottom slope is more than 20%. (condi-
tions C5~C7), the F value is more than the F critical value, which means that the simulation
result of the z-coordinate system model is not credible. Therefore, there may be a criti-
cal value of the bottom slope between 15%. and 20%.. Through the F-test for additional
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simulation conditions with different bottom slopes, it is found that the critical value of
the bottom slope is around 18%.. This indicates that when the bottom slope is less than
18%o, the z-coordinate system model is capable of simulating cold water flowing into the
reservoir; when the bottom slope is more than 18 %o, the z-coordinate system model would
cause significant artificial vertical diffusion and artificial flow.

Table 5. F-test of two vertical coordinate models with different bottom slopes.

Simulation Conditions C1 C2 C3 C4 C5 Ceé C7
o 0.05 0.05 0.05 0.05 0.05 0.05 0.05
F 1.02 1.04 1.30 1.91 3.62 19.12 43.26
P(F<=f) 0.48 0.48 0.33 0.14 0.02 0.00 0.00
F critical value 2.69 2.69 2.69 2.69 2.69 2.69 2.69

Generally, when selecting the vertical coordinate system, the vertical grid lines should
be parallel with the main flow direction in order to avoid artificial vertical diffusion. For a
steady-state temperature stratified reservoir, the isotherms tend to be horizontal, as does
the flow direction. It is preferable to choose a z-coordinate system model to simulate the
water temperature stratification flow. The error caused by the staircase representation of
boundaries in the z-coordinate system model can be minimized by increasing the horizontal
and vertical grid resolutions, especially the horizontal grid numbers. For cold water
flowing into the reservoir, the isotherms are affected by the cold-water underflow and
are not horizontal anymore. The o-coordinate system model is recommended to simulate
cold-water underflow in reservoirs. In addition, when the bottom slope is less than 18 %o,
the z-coordinate system model can also be adopted.

5. Conclusions

For the simulation of cold-water underflow in a reservoir, the characteristics of dif-
ferent vertical coordinate systems were studied with the Delft3D software. The main
conclusions are as follows:

1.  When simulating cold water flowing into a reservoir, the o-coordinate system model
has high simulation accuracy and is not affected by the truncation errors of the horizon-
tal baroclinic gradient force. In contrast, the z-coordinate system model is inaccurate
due to artificial vertical diffusion;

2. Thenumerical errors in the z-coordinate system cold-water underflow reservoir model
mainly consist of the following two parts: one is caused by the staircase representation
of the bottom boundary, and one is caused by artificial vertical diffusion as the vertical
grid lines are not parallel with the flow direction;

3. To reduce the numerical error caused by the staircase representation of boundaries in
the z-coordinate system model, the methods of remapping of near-bottom layers and
increasing the vertical grid resolution have little influence on the simulation results.
However, the method of increasing the horizontal grid resolution can decrease this
numerical error, although there is still a large deviation from the observed data;

4. To reduce artificial vertical diffusion in the z-coordinate system cold-water underflow
reservoir model, the vertical grid lines should be parallel with the flow direction. The
F-test shows that when the bottom slope is less than 18%., the z-coordinate system
model can simulate cold water flowing into a reservoir accurately.
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