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Fig. 1. The Great Salt Lake located in Utah, USA.

From 1956-1959, a rockfill railroad causeway (Fig. 1) was constructed East-to-
West that divided GSL into north and south sections (Great Salt Lake 1980).
Construction of the causeway included two 4.6 m wide x 6.1 m high (15x20 ft) culverts
installed to provide a location of flow exchange; however, the two sections quickly
became physically and chemically different despite the culverts and the semi-porous fill
material (Madison 1970). Because 95% of freshwater flows into the GSL south of the
causeway (Bear, Weber, and Jordan Rivers, see Fig. 1), the salinity of the northern
section increased while the southern section became more dilute (Hahl and Handy 1969).
In addition to salinity and the corresponding water density differences, a water surface
gradient formed with a higher lake elevation in the southern section that has persisted

even during periods of drought.



The railroad causeway has been modified several times since construction to
control flows between the northern and southern sections. To reduce flooding of Salt
Lake City in 1984, a 91.4 m wide breach was constructed in the causeway near GSL’s
west shoreline (Gwynn and Sturm 1987) (Fig. 2). This breach does not experience flows
below a lake elevation of about 1,278.5 m (Baskin 2005). Deterioration of the culverts
eventually resulted in their closure and abandonment (west culvert 2012, east culvert in
2013, (Waddell et al. 2014)). A new breach and bridge, known as the West Crack Breach

(WC Breach), were added and completed in December 2016 to replace the culverts (Fig.

3).

g. 2. GSL breach constructed in 1984 to alleviate fooding on the south section (photo
taken February 2022, looking northeast). This breach is located approximately 8 km east
of the WC Breach.



Fig. 3. WC breachlooking northeast February 2022.

Due to the aforementioned differences in lake water surface elevation (AWSE)
and density (Ap) between the northern and southern lake sections, water flowed
simultaneously in both directions (north and south) through the causeway culverts and
later through the WC Breach (Wold et al. 1997). This density-stratified bi-direction flow
is often referred to as a gravity-driven exchange flow; such a hydraulic feature is known
to occur in similar lake and ocean settings (Turner 1973). At the WC Breach, the bi-
directional flow is characterized by a plunging current of northern water beneath a
surface current of less-dense southern water (Fig. 4). The less-dense surface flow travels
more than a kilometer as it gradually expands laterally. The saltier north-to-south flow is
mostly unmixed and connects to a deep brine layer in the southern section of the lake

(Naftz 2017).
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Fig. 4. Simple illustration of bi-directional flow through an opening in the GSL railroad
causeway. The two lake sections are colored red and blue, respectively, consistent with
the natural coloring of the GSL. The north part appears pink in color due to halophile
bacteria that thrive in the hypersaline environment (Baxter 2018).

Under certain weather conditions with winds that exceed about 13 m/s, flow
through the WC Breach and can become unidirectional resulting in three flow regimes for
this hydraulic structure (Freeman 2014). These less-frequent unidirectional flows are
either north-to-south (N-S) or south-to-north (S-N) and are brief temporal events with the
reestablishment of the dominant bi-directional flow case shortly after the necessary
meteorologic conditions end (Freeman 2014).

The exchange of flow and salt through the WC Breach is critical to current lake
management and conservation efforts. For example, brine shrimp production is optimal
for a salinity range (Barnes and Wurtsbaugh 2015) while the competing mineral
industries depend on pumping flows from the deep brine layer to and the formation of
evaporation ponds in the northern section (Larsen 2016). However, the WC Breach does
not address low inflows to the GSL or increased lakebed exposure, both of which affect
basin hydrology and wind-carried unhealthy dust deposits in nearby urban areas
(Potential Costs of Declining Water Levels in Great Salt Lake 2019, Skiles et al. 2018).

Hydraulic models of the original culverts were created to estimate discharge and

salt exchange to support lake management efforts (Holley et al. 1976). The WC Breach,



was designed to duplicate (as closely as possible) the transfer of water previously
provided by the culverts (HDR Engineering, Inc. 2018), but the original culvert model
was used for WC Breach flow prediction. The WC Breach does include a subsurface
berm that can be modified to adjust mass (or deep brine) exchange, and

To improve discharge estimates through the Great Salt Lake Causeway WC
Breach and gain further insights into the three flow regimes as a function of lake
conditions, this study was conducted to develop a computational fluid dynamics (CFD)
hydraulic model of the WC Breach. This hydraulic model will aid in the formulation of
case-specific (bi-directional, north-to-south unidirectional, and south-to-north
unidirectional) discharge rating curves for use in hydrologic models of the Great Salt

Lake Basin and corresponding GSL management efforts.



NUMERICAL MODELING LITERATURE

Rating Curve Development and CFD Applications

Rating curves for many types of hydraulic structures have been developed to
establish a unique relationship between stage or water surface elevation and discharge
(Novak et al. 2007). Such a relationship is empirical, specific to the range of elevations
and discharges investigated, and often includes coefficients in a curve-fit or semi-
physics-based equation. These equations are generally easy to implement and can
potentially provide timely and accurate estimates. The data needed for developing a
rating curve primarily comes from field data, laboratory data, or from computational fluid
dynamics (CFD) models.

One of the abilities of CFD models is forecasting hypothetical or future flow
scenarios. Crookston et al. (2018) described the use of CFD to estimate discharge rating
curves of piano key weirs. Similarly, Torres et al. (2021) presented the successful use of
CFD models in free-surface flows over a weir and spillway to estimate a rating curve.
Another study by Chanel and Doering (2008) compared CFD predictions with physical
modeling of spillway flow with general success.

CFD modeling has also been successfully applied to complex stratified and
multiphase flows. Dutta et al. (2014) used CFD models to reveal particle trapping
secondary currents in sewer conduits with single and multi-phase flows. Stratified flows
within the atmospheric boundary layer were studied by Koblitz et al. (2013). An et al.

(2012) simulated particle-driven gravity currents that agreed well with similar laboratory
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experiments. Another study by Stancanelli et al. (2018) applied CFD models to analyze

the classic lock exchange experiment with good success.

Numerical Modeling of the GSL

Past efforts to predict flow dynamics in the GSL and causeway have helped
managers protect the lake and guide management decisions. Some studies have aimed
directly at the railroad causeway and its effects on the GSL. Madison (1970) looked at the
effects of the railroad causeway on brine circulation in the lake and recommended the use
of a model for future scenarios. With respect to the causeway culverts, Holley et al.
(1976) presented a numerical model of stratified flows to be used for comparison with
field discharge measurements. Another study by Waddell and Bolke (1973) examined the
railroad causeway’s effects on the movement of brine and optimum culvert widths to
achieve certain salinities throughout the lake. Waddell and Fields (1977) looked at the
water and salt budgets of the GSL and how inflow, outflow, and multiple diking options
affect the lake’s WSE-volume relationship.

Other studies of the GSL examined the general flow dynamics and parameters of
the lake. For example, a 3D numerical model by Spall (2009) was used to simulate
cyclonic gyres in the south arm of the GSL. Mohammed and Tarboton (2012) examined
the sensitivity of GSL volume changes to inputs and the lake’s internal parameters. A
study by Naftz et al. (2011) described the site-specific relationship of fluid p to salinity

and temperature in the GSL for use in hydrodynamic calculations. Although much field



work and numerical modeling has been performed, no study exists that specifically

models the new 2016 WC breach.

11
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METHODOLOGY

Field Campaign

To supplement available USGS data, a USU field campaign was conducted to
collect data near the WC breach for CFD model calibration and comparison efforts. Field
data and observations are invaluable for model parameter selection, boundary conditions,
and the development of an appropriate numerical domain.

Density, determined via total dissolved solids (TDS) and specific conductance, o,
was measured monthly by USGS at the northern side of the bridge at the WC Breach.
This field campaign investigated any water density p or o spatial variability at numerous
locations within approximately 300m south and 600 m north of the WC breach. Water
samples and measurements at multiple depths were made by kayak. Samples were
collected using a syringe with tubing attached to a measured cable; when the tube inlet
was positioned at the desired depth, the system was manually flushed and then a water
sample collected for a laboratory TDS analysis (Standard Methods 2014). The USGS
converts TDS to p in the GSL via the empirical relationship (Waddell and Bolke 1973)
presented as Eq. (1). This conversion method (herein referred to as the TDS Method) was
applied to all UWRL water samples including individual north and south shoreline
samples collected during each visit. Additionally, p was directly calculated by weighing a
specific sample volume at 5°C (herein referred to as the Direct Method).

(p — 1)(1,000)
TDS =
S 0.63

(1)
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An In-Situ AquaTroll 600 multi-parameter water quality sonde (In-Situ 2021;
reported instrument accuracy of +2% and £0.1°C at 100,000-200,000 puS/cm) was used to
measure o (see Fig. 5). The kayaks were positioned with a GPS unit and anchored in

place with flow depths measured by a field tape.

—————
Fig. 5. Specific conductivity profiling of the north and south sections

In addition to a spatial TDS and ¢ investigation, the AquaTroll 600 was used for
continuous measurement from October 2020 to March 2022 at a 15-minute sample
frequency to represent conditions on the south and north sides of the breach. In the
southern section of the GSL, a sonde was placed approximately 150 m west of the WC
breach and within a perforated PVC pipe mounted to a large boulder on the causeway
shoreline where no northern water influences were present (except during high wind
events). The sonde depth was approximately 1.6 m from the lake surface (see Fig. 6). The
north side sonde was similarly installed but instead mounted to a pole approximately 7 m

from the north causeway shoreline and 300m west of the WC breach where no southern
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water influences were present. The north sonde PVC casing was heavily damaged and
torn from the pole in April 2021 by a storm event; it was retrieved and relocated
approximately 150 m west of the WC Breach to a sizeable boulder in the same manner as
the southern installation (see Fig. 6). Monthly visits allowed for cleaning, calibration,

and routine maintenance.

i o

Fig. 6. Perforated PVC casins aed to shoreliné bouldééfor continuos SC
measurement on the north (left) and south (right) sides.
Bi-directional flow interface

The two sections of GSL generally have different temperatures; therefore, the bi-
directional flow interface within the WC breach can be identified via water temperature
measurements. In May 2021, a temperature sensor array placed within a perforated PVC
casing was installed on a middle bridge pier in the WC breach (see Fig. 7). The array
consisted of 13 Hobo Pro V2 temperature sensors (Onset n.d.) at 0.3 m intervals with the
lowest sensor placed 0.3 m above the channel bottom. The top of the PVC casing was

surveyed by measuring the distance between the top of the casing and the water surface.
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The breach WSE (as reported by USGS) provided a datum by which the individual sensor
elevations could be estimated. Additional measurements were taken from the bridge deck
to the top of the casing, and the casing elevation was calculated using as-built

engineering drawings (HDR Engineering, Inc. 2017).

o ‘

casihg (6. m‘length) with steel bracings.

Fig. 7. Temperature sensors, chain, an

Additional Field Datasets

The CFD modelling effort also considered water surface elevations and density
data recorded by the USGS for locations throughout the GSL including at and near the
WC breach. Lake elevations have been measured by USGS on the north and south sides
of the causeway for more than 50 years. Additionally, the USGS installed multiple
instruments at WC Breach in early 2017 for continuous data collection of WSE, surface
flow velocity, a water column velocity profile within the breach, wind speed and
direction, air temperature, air pressure, and water quality parameters.

The USGS collects monthly water samples from WC Breach for lab analysis of

water quality parameters including density (USGS 2021). Some USGS monitoring sites
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contain records for o, TDS, and p measured over several years prior to WC Breach
construction (Fig. 8). Further WC breach water quality data were recorded by a private
consultancy (HDR Engineering, Inc.) involved in the project since 2017 and made
publicly available by the Utah Department of Environmental Quality. Plots of these water
quality data provided initial estimates for density in the model boundary conditions. Once
the model was calibrated, densities were assigned based on USGS water samples

collected at the breach during the flow event being modeled.
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Fig. 8. Map showing USGS monitoring locations with historical water quality datasets.
Point colors are consistent with data plots in the results section.

The USGS records a 1D streamwise velocity profile within the WC Breach via an
acoustic doppler velocimeter (ADVM) placed at the channel bottom immediately north of
the bridge. The ADVM measures velocities over 0.4 m vertical sections of the water
column beginning about 1.8 m above the channel bottom (Fig. 9). USGS has not

estimated measurement accuracies or uncertainties, but velocity estimate errors could
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exceed 50% (Ryan Rowland, Personal Correspondence, October 20, 2021) due to the

difficulties associated with acoustic measurement of bi-directional flow.
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Fig. 9. lllustration of USGS ADV measurement elevations.

Monthly northward and/or southward discharge calculations through the WC
Breach have been made by USGS using an acoustic doppler current profiler (ADCP) that
provides a cross-sectional view of streamwise velocity. These USGS discharge
calculations assume a fixed channel cross section and an approximated log-curve velocity
profile outside of ADCP measurement range (i.e., the instrument’s blanking distance near
the bed). The majority of USGS ADCP measurements taken since year 2017 were given
a ‘poor’ rating due in part to the wide scatter in the data and also due to instrument
limitations linked to site conditions; however, the USGS ADV and ADCP data are the
only field-measured velocity data currently available for the WC Breach. USGS
processes these data to obtain the velocity profiles (Michael Freeman, Personal

Correspondence, Feb. 15, 2022) used for comparison with CFD results. For individual
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ADV velocity profiles, the data are automatically processed by the instrument to give a
single velocity measurement at each cell elevation (see Fig. 9). Conversely, ADCP data
are manually processed/filtered to obtain a velocity profile by which USGS can calculate

discharge.

CFD Modeling

In this study, FLOW-3D™ by Flow Science, Inc.© was utilized to numerically
simulate flow in the WC Breach (Flow Science Inc. 2022). The CFD software uses
numerical methods to approximate the Reynold-averaged Navier-Stokes (RANS)
equations that are solved with the Boussinesq assumption to simplify the compressible
form of the RANS equations.

Bathymetry data for CFD model geometry were compiled from multiple sources
(Fig. 10). HDR Engineering Inc. (HDR Engineering, Inc. 2017) provided data for the
entire excavated section of the WC breach (minimum elevation ~1273 m) and around 518
m of causeway (minimum elevation of ~1279 m at base of causeway) in both the east and
west directions. Bathymetry north and south of the causeway were missing from this
dataset, but were provided by the USGS (Baskin 2005). Any additional necessary
bathymetric data was derived from topographic maps. The specific geometry of the

bridge was created using bridge structural drawings (HDR Engineering, Inc. 2016).



