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EXECUTIVE SUMMARY 
 

Introduction 
This report presents the findings of numerical modeling conducted by IIHR-

Hydroscience and Engineering as part of an overall project to determine the feasibility of 

modifying an existing water-intake structure so that, during summer (mid-June to mid-

September), it could release colder water from a thermally stratified lake.  The intake, 

Prattville Intake, is located in Lake Almanor, a storage reservoir in northern California.  

Fig. 1 indicates the Intake’s location in Lake Almanor.  The background to the project is 

fully described in the project’s main final report, prepared by Ettema et al. (2004). 

 

 
Fig. 1. Bathymetric map of Lake Almanor, showing the location of Prattville Intake and 
the area encompassed by the numerical model and  hydraulic model used in the project.  

The numerical model was used to simulate the entire lake and a domain within the 
hydraulic model area. 

 

Pacific Gas and Electric, the owner and operator of Prattville Intake, is investigating the 

feasibility of releasing colder water from Lake Almanor during summer so as to enhance 
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habitat conditions for trout and other fish species in the North Fork of the Feather River 

downstream from Lake Almanor.  The Intake’s existing configuration results in the 

summer-time release of water too warm for trout habitat in the downstream reach of the 

North Fork of the Feather River.  Prattville Intake, operated at its normal outflow rates, 

presently withdraws water from over the full depth of water, and is therefore unable to 

selectively withdraw cold-water from the lake. 

 

Hydraulic Model 
The project required the use of a unique hydraulic model that encompassed a 3.1-mile by 

1.9-mile area of Lake Almanor surrounding Prattville Intake.  The area and its 

bathymetry are indicated in Fig. 2.  The area extended from Prattville intake out to the 

region linking the Chester and the Hamilton Branches of Lake Almanor and out across 

from the intake to Almanor Peninsula.  A bathymetric feature of the modeled area 

includes a submerged channel called the incised channel.  The incised channel connects 

the Intake with the Hamilton Branch, the main source of cold water, and is thought to be 

of importance in the operation of a modified Intake.  A large area also was needed to 

ensure that the model had sufficient volumes of warm water and cold water to maintain 

the temperature profile of water in the model, and thereby enable outflow from the model 

Intake to attain a steady temperature. 

 

The model also had to be adequately deep so that it would simulate the flow field at 

Prattville Intake as well as the prospective flow of colder water moving over the lakebed 

near the Intake and along the incised channel from the lake’s Hamilton Branch.  It was 

anticipated that the modifications would cause cold water to be drawn as a density current 

along the lakebed and in the incised channel toward the Intake.  The model therefore had 

to simulate the frictional and temperature aspects of the density current flow toward the 

Intake.  The horizontal-length and vertical-length scales of the model were 220 and 40, 

respectively; herein scale is prototype value divided by model value. 

 

To address the influence of vertical distortion on the model’s results, and to aid validation 

of hydraulic-model results, additional laboratory tests were conducted on a pair of 
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testboxes that served as distorted and undistorted replications of Prattville Intake and its 

surrounding bathymetry.  The results of the testbox tests show that a discharge coefficient 

of 1.7 should be used to relate outflow performance of the distorted hydraulic model to 

the outflow performance of an equivalent undistorted hydraulic model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The area encompassed by the hydraulic model is outlined.  Also shown is the 
solution domain used for most of the tests with U2LAPI. The domain is superimposed on 

the area encompassed by the hydraulic model. 
 
Tests with the hydraulic model led to the recommendation that a skimming curtain be 

used.  The curtain’s length was selected to be 2,600ft, its bottom elevation would be at 

EL. 4445ft, and its face would be approximately 900ft offshore from the front of 

Prattville Intake.  The curtain is termed Curtain No. 4 in the project, as it was the fourth 

of several curtain layouts tested.  Fig. 3 gives the overall layout and dimensions of 

Curtain No. 4.  Tests with the hydraulic model also recommend the removal of the levees 

flanking the incised channel immediately in front of Prattville Intake.  These 
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modifications are expected to reduce outflow temperatures by about 4.5 to 5.2oC for the 

lake conditions prescribed for July and August. 
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Fig. 3.  Elevation views of Curtain No. 4 to be placed around Prattville Intake (prototype 

dimensions). 
 

Numerical Model 
A numerical code, U2RANS for Lake Almanor’s Prattville Intake (U2LAPI), was 

developed and used for a set of numerical models to simulate the evolution of the thermal 

stratification in Lake Almanor as well as describing the flow and temperature field in the 

vicinity of the Prattville Intake.  The code U2LAPI was tailored for this project and is 

developed from the IIHR’s existing three-dimensional (3D) numerical model, U2RANS.  

Several heat-exchange models are implemented to simulate the thermal stratification 

characteristics and seasonal changes at Lake Almanor. 
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During the initial phase, one model using U2LAPI was applied to simulate the entire 

Lake Almanor.  This model involved a computational mesh, an input file, and various 

data files representing initial and boundaries prevailing at the lake.  The purpose of this 

model was to predict the lake’s thermal stratification and seasonal variation during a five-

month period extending from April through August.  The mesh developed for this 

purpose was of hybrid nature consisting of structured multi-block hexahedral cells near 

the Prattville intake and prismatic cells away from the intake for the entire lake.  The 

model was calibrated using field data measured during 2000.  The model was calibrated 

so that it satisfactorily simulated the field data. 

 

The model U2LAPI then was applied, as a verification check, to simulate the outflow 

record and lake temperatures for a five-month period during 2001.  For the watershed of 

Lake Almanor, the year 2001 was a much drier year than 2000, such that the water 

conditions (temperature profiles, water elevations, and inflow conditions) in the lake 

were quite different, as was the temporal variation of outflow water temperature.  The 

calibrated U2LAPI model performed reasonably well in simulating the 2001 stratification 

and the outflow temperatures, without the need to alter the model’s calibrated parameters.  

It was concluded that U2LAPI was aplicablefor the subsequent purpose of simulating 

flow and thermal stratification processes for Lake Almanor. 

 

During the production phase the model was used to simulate a major portion of the 

distorted hydraulic model, and then an undistorted version of that portion, for the 

following checks on the results from the distorted hydraulic model: 

 

1. To check the possible influence of vertical distortion on the results obtained from 

the distorted hydraulic model’s simulation of the existing configuration of 

Prattville Intake.  This effort entailed simulating a portion of the vertically 

distorted hydraulic model, then simulating an equivalent undistorted version of 

the hydraulic model; and, 
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2. To repeat item 1 above when Curtain No. 4 was placed around the Intake.  This 

pair of simulations sought to check the reduction in outflow temperature produced 

by Curtain No. 4 when the levees along the incised channel were not removed. 

 

These simulations were conducted under the lake conditions prevailing in August. 

 

The use of U2LAPI for the production phase required a smaller solution domain and a 

finer computational mesh, as shown in Fig. 4.  Additionally, shorter time steps were 

needed; the steps were reduced by a factor of about ten, from 5.5 seconds to 0.5 seconds.  

It was found from the simulation runs for the distorted hydraulic model that time steps of 

1.0 and 0.5 seconds produced reasonable results that were insensitive to time step. 

 

 
 

Fig. 4. Mesh used for simulating the reduced domain of the hydraulic model. 

 

Additionally, it was found that during the simulation of the equivalent undistorted 

hydraulic model, especially when the model was fitted with Curtain No. 4, the results 

were sensitive to the time-step used.  One factor influencing the sensitivity was the 

computational mesh used.  The mesh comprised the same number of grid points as the 
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mesh used for simulating the distorted hydraulic model, but, for the undistorted model, 

the horizontal lengths of mesh elements were proportionately coarser by a factor of 

220/40 = 5.5, compared to the vertical lengths.  For the given computational platform 

used for this study, it was not readily possible to use a finer mesh and to completely 

eliminate the sensitivity of results to time step.  The numerical simulation of the 

equivalent undistorted hydraulic model had to be carried out using a time step of 5.5 

seconds, as a smaller time step required an inordinately length period to complete a 

simulation run.  The simulation of the equivalent undistorted hydraulic model produced 

outflow temperatures about 1oC warmer than those measured from the distorted hydraulic 

model. 

 

The numerical model adequately simulated the variation of outflow temperature with 

outflow rate for the vertically distorted model of Prattville Intake in its existing condition. 

The simulation results agree with the measurements obtained from the distorted hydraulic 

model and with measurements from both the distorted and undistorted test boxes (Ettema 

et al., 2004).  The simulation results show that the discharge coefficient of about 1.7 is 

valid when correcting the outflow temperatures between for the distorted and the 

undistorted hydraulic models.  This value of the discharge coefficient agrees with the 

value obtained from work with the testboxes (Ettema et al. 2004), and the comparison of 

the results from field measurements and measurements from the vertically distorted 

hydraulic model.  

 

The tests with U2LAPI simulating the distorted and undistorted hydraulic models of 

Prattville Intake fitted with Curtain No. 4 support the curtain-performance results 

measured from the vertically distorted hydraulic model.  Fig. 5 presents the principal 

results obtained from U2LAPI.  The simulation of the distorted hydraulic model with the 

curtain shows that Curtain No. 4 reduces outflow temperature by about 3.8oC when the 

Intake is releasing the normal operating outflow of 1,600cfs or more.  This value is about 

the same as the 3.5oC temperature reduction determined from the vertically distorted 

hydraulic model with Curtain No. 4 with levees in place. 
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The results from the simulation of the undistorted model suggest that Curtain No. 4, with 

the levees in place, would reduce the outflow temperature by about 2.5oC (Fig. 5).  This 

reduction is not as large as that obtained with the distorted hydraulic model, or its 

numerical simulation.  The reduction predicted with the numerical model likely would be 

larger were the results of that model not sensitive to the time step used (and possibly 

mesh-element size) in the simulation.  In an experiment involving the removal of the 

levees in the vicinity of Curtain No. 4, the vertically distorted hydraulic model showed 

that Curtain No. 4 could produce a temperature reduction of 5.2oC.  The numerical model 

was not used to simulate this experiment. 
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Fig. 5. Comparison of outflow temperature with value of Q/Q0, for the conditions 
simulated using U2LAPI and the computational domain and mesh shown in Fig. 4. 

 

 x



TABLE OF CONTENTS 
 
CHAPTER          PAGE 
 
ACKNOWLEDGEMENTS............................................................................................. i 
 
EXECUTIVE SUMMARY ............................................................................................. ii 
 
1.  INTRODUCTION AND SCOPE ............................................................................... 1 
 1.1 Introduction.................................................................................................... 1 
 1.2 Scope and Objectives..................................................................................... 2 
 1.3 Approach........................................................................................................ 3 
 1.4 Numerical-Model Applications ..................................................................... 4 
 
2.  NUMERICAL MODEL.............................................................................................. 7 
 2.1 Introduction.................................................................................................... 7 
 2.2 System Requirements and Pre and Post Processing ...................................... 8 
 2.3 Governing Equations ..................................................................................... 9 
 2.4 Equation Discretization.................................................................................. 13 
 2.5 Boundary Conditions ..................................................................................... 15 
 2.6 Prior Applications .......................................................................................... 17 
 
3.  HEAT-EXCHANGE BETWEEN WATER AND AIR.............................................. 17 
 3.1 Introduction.................................................................................................... 17 
 3.2 Incoming Solar Radiation .............................................................................. 18 
 3.3 Distribution of Solar Radiation in Water ....................................................... 21 
 3.4 Incoming Black-Body Radiation ................................................................... 23 

3.5 Outgoing Long-Wave Radiation.................................................................... 24 
 3.6 Heat Loss Due to Evaporation and Conduction............................................. 24 

3.7 Auxiliary Relationships ................................................................................. 25 
3.8 Net Heat Flux at Water Surface ..................................................................... 26 

 3.9 Atmospheric Heat-Exchange Source ............................................................. 27 
3.10 Input-data Summary..................................................................................... 27 

 
4.  DEVELOPMENT OF LAKE ALMANOR MODEL................................................. 28 
 4.1 Mesh Development ........................................................................................ 28 

4.2 Mesh Development and Run-Time Estimation.............................................. 33 
4.3 Model Input Requirement .............................................................................. 36 

 4.4 Model Output Capabilities............................................................................. 38 
 
5.  CALIBRATION STUDY WITH YEAR 2000 FIELD DATA .................................. 39 

5.1 Introduction.................................................................................................... 39 
5.2 Mesh Preparation ........................................................................................... 39 
5.3 Year-2000 Numerical Model ......................................................................... 42 
5.4 Calibration Results and Discussion ............................................................... 54 
5.5 Summary ........................................................................................................ 57 

 xi



 
6.  VERIFICATION STUDY WITH YEAR-2001 FIELD DATA ................................. 63 

6.1 Introduction.................................................................................................... 63 
6.2 Model Applied to Field Conditions of Year 2001 ......................................... 63 
6.3 Verification Results and Discussion .............................................................. 72 
6.4 Summary ........................................................................................................ 75 

 
7.  SIMULATION OF HYDRAULIC MODEL.............................................................. 79 
 7.1 Introduction.................................................................................................... 79 
 7.2 Model of Entire Hydraulic Model.................................................................. 81 
 7.3 The Adjusted Numerical Model..................................................................... 88 
 7.4 Result Sensitivity to Time Steps .................................................................... 95 
 7.5 Variation of Outflow Temperature with Q/Q0.......................................................................104
 7.6 Vertical Profiles of Water Temperature.........................................................114 
 
8.  SUMMARY AND CONCLUSIONS .........................................................................121 
 8.1 Summary ........................................................................................................121 
 8.2 Conclusions....................................................................................................123 
 
REFERENCES ................................................................................................................126 
 
APPENDIX A ..................................................................................................................129 
 
APPENDIX B ..................................................................................................................131 
 

 xii



1. INTRODUCTION AND SCOPE 
 

1.1  Introduction 

This report presents the results from extensive numerical modeling conducted in support 

of a hydraulic model used to determine the feasibility of modifying Prattville Intake, a 

water-intake structure located in Lake Almanor, California.  Modifications to the Intake 

needed to be investigated so that, during summer months, the Intake could be operated to 

release colder water than it presently can release.  The modifications were intended to 

enable the Intake to withdraw colder water from the lower levels of the lake during 

summer.  

 

The main results of the project involving the hydraulic model and the numerical 

modeling are presented in a comprehensive final report by Ettema et al. (2004).  That 

report describes the setting of Lake Almanor, prevailing lake and weather conditions, and 

gives details regarding the location of Prattville Intake in Lake Almanor. 

 

The study entailed the use of a hydraulic model that was unique insofar that no prior 

hydraulic model of comparable size, encompassed area, and complexity had been 

undertaken for studying water movement in, and managed release from, a thermally 

stratified body of water.  A further challenging feature of the model is that the model had 

to be vertically distorted in order to tackle the problems posed in simulating a large extent 

of thermally stratified Lake Almanor, as well as replicating the key details of the flow 

field in the vicinity of Prattville Intake.  To meet the requirements for replicating a large 

area of the lake, and for having an adequate water depth to satisfy criteria for modeling 

stratified flow to the intake, the model’s vertical-length scale had to be smaller than the 

model’s horizontal scale.  The difference in horizontal and vertical scales results in what 

is referred to as a vertically distorted model.  

 

The numerical model was used to assess the uncertainties as well as to help support and 

interpret the results from the vertically distorted hydraulic model.   
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1.2 Scope and Objectives 
The scope of the project entailed the conduct of extensive simulation tests using a 

complicated hydraulic model aided by numerical modeling to evaluate the capabilities of 

several conceptual design modifications to Prattville Intake that could enable the Intake 

to release colder water during summer. 

 

The project’s objectives were as follow: 

 

1. Establish the baseline outflow-performance of Prattville Intake in its existing 

configuration.  This objective entailed obtaining a set of curves relating outflow 

temperature and outflow rate from Prattville Intake for a range of water 

stratification conditions (water-temperature profiles and water-surface elevations) 

in Lake Almanor.  To achieve this objective entailed conducting extensive 

calibration tests conducted with the hydraulic model to ensure accurate 

interpretation of the performance data produced from the hydraulic model. 

(Calibration Tests, and then Baseline Performance Tests); 

 

2. Ascertain the comparable outflow-performance curves produced by Prattville 

Intake in conjunction with two general modifications intended to facilitate the 

Intake’s release of colder water: a skimming curtain surrounding the intake; and, a 

hooded-inlet pipe fitted to a caisson structure at the Intake.  (Modification 

Screening Tests - A); 

 

3. Ascertain the comparable outflow-performance curves produced by Prattville 

Intake in conjunction with modifications intended to facilitate Intake operation to 

conserve colder water: a bottom sill surrounding the Intake.  (Modification 

Screening Tests - B); and, 
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4. If indeed the Intake modifications show strong promise of meeting the 

requirements, then document and validate the design layout of the recommended 

modifications.  (Performance Documentation Tests). 

 

Numerical modeling was used particularly to assist in completing Objectives 1 and 4. 

 

1.3 Approach 
The approach taken comprised a phased sequence of tasks aimed at meeting the project’s 

objectives.  The project’s success required the concerted use of the hydraulic model and 

the set of numerical models, which were based on the Computational Fluid Dynamics 

(CFD) for modeling three-dimensional flow. The code was developed at IIHR and is an 

Unsteady and Unstructured Reynolds Averaged Navier-Stokes (U2RANS) solver.  It was 

the basis to form the numerical model herein called U2LAPI (U2RANS used for Lake 

Almanor’s Prattville Intake), which comprised the central working model applied in the 

present project.   

 

The project entailed the series of tasks structured as in Table 1-1 and as briefly explained 

below.  Table 1-1 shows the relationships between the tasks and the phased 

implementation of the hydraulic model, the auxiliary laboratory experiments, and 

numerical models.  The auxiliary laboratory experiments herein are called the “testbox” 

experiments.  The tasks directly associated with the numerical model are designated as 

Tasks N1-8. 

 

Field data were available for validating the hydraulic model and the numerical models.  

The data, provided by PG&E, largely comprised temperature profiles at a set of locations 

throughout Lake Almanor.  Also they included a series of data relating temperature of 

outflow water released from Prattville Intake and rate of water-outflow from the intake 

during August 1994, and during June, July and August 2000 and 2001.  Those data were 

used to verify the accuracy of the modeling results. 
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1.4 Numerical Model Applications 
This report describes the numerical model U2LAPI and presents the results obtained from 

it.  IIHR’s 3D flow code, U2RANS, was used as the starting computational source code 

for developing the numerical model (U2LAPI) simulating flow and thermal conditions in 

Lake Almanor with Prattville Intake operating.  The models were used for simulating the 

evolution of the thermal stratification in Lake Almanor as well as describing the flow and 

temperature field in the vicinity of the Prattville Intake.  The models consisted of 

computational grids of the site, the input files for specified scenarios, and the U2LAPI 

CFD code, which solves the complete 3D-flow equations.   

 

The use of U2RANS for hydrodynamic simulation is well verified for numerical 

accuracy, and is validated for use in numerous research and engineering projects 

involving isothermal flow fields in the vicinity of water intakes and other hydraulic 

structures.  It is a code for modeling fluid flow, heat transfer, and multi-species transport.  

The code has been specifically developed to solve fluid mechanics and heat-transfer 

problems in hydraulic engineering such as for flows in rivers and reservoirs, components 

of hydropower dams, as well as around and through various hydraulic structures (e.g., 

water intakes and pump sumps).  In recent years it has been used successfully for 

simulating thermal-effluent discharges released into rivers.  U2RANS uses advanced, 

unstructured CFD technology, unifies multi-block structured mesh (quad or hex) and 

unstructured mesh (quad, triangle, tet, hex, wedge, pyramid, or hybrid elements) into a 

single platform, and combines 2D and 3D solvers in a common framework.  The code is 

configured to run both on Unix workstations or Pentium-based PCs with Windows or NT 

operating systems. 

 

The following steps were followed in preparing and applying U2LAPI: 

 

1. IIHR’s three-dimensional (3D) numerical model, U2RANS, was adapted to 

develop U2LAPI so that it was tailored made for simulating the various 
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bathymetry, inflow, outflow, and weather conditions associated with Lake 

Almanor (model development). 

2. The numerical model was calibrated when used to simulate water flow and 

temperature in Lake Almanor for the entire year 2000.  The calibration included 

simulating temperature profiles in the lake and the outflow temperature of water 

released through Prattville Intake (model calibration). 

3. The model was verified by simulating the outflow temperature of water released 

from Prattville Intake for the entire year 2001 (model verification). 

4. The model then was used to simulate a major portion of the distorted hydraulic 

model, and then an undistorted version of that portion, for the purpose of 

addressing the possible influence of vertical distortion on the results obtained 

from the distorted hydraulic model’s simulation of the existing configuration of 

Prattville Intake (further model validation). 

5. Subsequently, the model was used to the simulate that same portion of the 

distorted hydraulic model, and then an undistorted version of that portion, for the 

purpose of addressing the possible influence of vertical distortion on the results 

obtained from the hydraulic model’s simulation Prattville Intake fitted with a 

skimming curtain (model validation). 
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Table 1-1.  Modeling phases and tasks. 

HYDRAULIC MODEL (H) NUMERICAL MODEL (N) 

Phase 1. Model Specification 
Task H1. Model specification & design Task N1. Model specification & design 

Phase 2. Model Construction 
Task H2. Model fabrication Task N2.  Model development 

Phase 3. Calibration & Validation 
Task H3. Calibration 
 
Conduct of testbox experiments to determine a flow-
adjustment factor and the range of flow rates needed 
for operating the hydraulic model. 
 

Task N3. Calibration and validation 
 
Calibration of the numerical model using field data 
taken from Lake Almanor during year 2000. 
Validation of model using data taken in year 2001. 
The model simulated the entire lake. 

Phase 4. Baseline Tests 
Task H4. Performance testing of the existing design of 
Prattville Intake subject to prescribed lake conditions 
for June, July, and August (lake level and temperature 
characteristics; varied rates of water outflow through 
the intake). 

Task N4. Simulation of flow, temperature field, 
and outflow temperature in vertically distorted 
hydraulic model under existing Intake conditions. 

Phase 5. Screening Tests of Possible Modifications 
Task H5. Screening tests to ascertain the performance 
of possible modifications to Prattville Intake. The tests 
mainly used the August condition (lake level and 
temperature characteristics).  The modifications were 
for – 

1. releasing colder water during June, July and 
August; and, 

2. storage of colder water during other months. 
This task entailed testbox experiments to confirm the 
performance of the most promising modification 

Task N5: Simulation of flow, temperature field, 
and outflow temperature with the most promising 
intake modification  
 
1. in the vertically distorted hydraulic model; 

and, 
2. in an equivalent, virtual, undistorted 

hydraulic model 
 
 

Phase 6. Performance-documentation & -demonstration Testing of Modifications 
Task H6. Performance-documentation and -
demonstration of the most promising modifications for 

1. releasing colder water during June, July and 
August 

2. storage of colder water during other months. 

Task N6.  Numerical modeling focused on 
simulating the performance of a large portion of 
the hydraulic model for the condition of Prattville 
Intake with, then without, a skimming curtain. 
The simulations were done for the distorted 
hydraulic model, and an undistorted version of 
the hydraulic model. 

Task H7. Report preparation Task N7. Report preparation  
Task H8. Dismantling of model Task N8. Documentation of CFD model and 

transfer to PG&E. 

 

 6



2. THE NUMERICAL MODEL 
This chapter introduces the central numerical model used for the project, and describes 

the governing equations, and component equations, on which the model is based.  Also 

described are the discretization of those equations and the computational mesh used for 

the modeling, as well as the system requirements for running the model.  Brief mention is 

made of prior studies conducted using the model. 

 

2.1  Introduction 
The developed model used for the present project is herein named U2LAPI, as it is 

developed from IIHR’s 3D numerical model, U2RANS.  U2-LAPI model is capable of 

simulating the evolution of thermal stratification of the water in Lake Almanor, and to 

simulate the flow and temperature field in the lake, especially in the vicinity of Prattville 

Intake.  This model is tailored to the conditions prevailing at Lake Almanor.  It would 

need further modifications if its use were to be extended to other projects or scenarios. 

 

The code, U2RANS, is a 3D Unsteady and Unstructured Reynolds Averaged Navier-

Stokes solver.  The code was developed at IIHR, and its accuracy has been verified 

extensively during prior projects.  U2RANS has the following features: 

 

1. Reynolds Averaged Navier-Stokes (RANS) equations for steady or transient 

flows; 

2. Unstructured grid technology with arbitrary control volume (element) shapes; 

3. Cell centered and collocated mesh; 

4. Control-volume integration for the discretization of the governing equations; 

5. Several turbulence models, including two-equation k-ε and k-ω models; 

6. Moving grid capability for simulation of flows with moving walls and changing 

water surface elevations; and, 

7. Forced or natural convective heat transfer, heat conduction, and conjugate heat 

transfer. 
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U2LAPI uses the hydrodynamic solver and turbulence models, and implements heat-flux 

equations associated with prevailing thermal conditions within the lake’s water body.  

However, heat exchange between the lake’s water surface and the atmosphere was not 

initially included in U2RANS, and had to be added to it.  The development of such heat-

exchange component of the model and the application of heat exchange component are 

described in Chapter 3.  Also, U2LAPI required the use of a turbulence model based on 

horizontal-vertical splitting, a feature that had to be added. 

 

2.2  System Requirements and Pre- and Post-processing 
U2LAPI can be run on selected Linux-based, and/or Windows/NT-based, Pentium PCs.  

At IIHR, Compaq’s Visual FORTRAN compiler was used with the Windows/NT system.  

Additionally, the Intel FORTRAN compiler was used for the LINUX operating system.  

A PC-based computational platform was used for this project. 

 

Pre-processing involved generation of a computational mesh to represent the lake-water 

domain of interest.  It also involved setting up the input for the model, which was carried 

out with a separate preprocessor, U2Pre.  U2Pre is an interactive preprocessor that guides 

a user to specify the model in a user-friendly and easy-to-use manner, or a text-based 

input file can be the input directly. 

 

Mesh generation was a time-consuming step in implementing U2LAPI, as the model 

relied on external software for mesh generation.  Two options (or mesh formats) for grid 

generation were used for the project.  They are described below. 

 

1. A Multi-Block Structured Mesh in PLOT3D format: GRIDGEN software is used 

to produce a multi-block structured mesh.  This mesh is created for the modeling of 

distorted hydraulic model in this project.  Such a mesh is generated within 

GRIDGEN.  It is then stored to an ASCII file in the PLOT3D format, and used by 

U2Pre.  In addition to the mesh, all boundary patches and boundary types were 

specified within GRIDGEN then exported as a separate boundary file.  This 

boundary file was used directly by U2Pre to set up the boundary conditions. 
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2. An Unstructured Mesh: Unstructured mesh was imported into U2Pre through a 

number of ways.  A mix of structured and unstructured meshes was used for 

modeling the entire Lake Almanor.  The structured portion of each mesh was 

generated within GRIDGEN, while the unstructured portion was generated with the 

SMS software.  The two meshes were then melded as a single mesh. 

 

Post-processing was needed to view and analyze the numerical solutions.  U2LAPI 

exported its final solutions in TECPLOT format.  This format allows results to be 

imported into the TECPLOT software directly for graphical post processing. 

 

Briefly discussed subsequently are background to the code U2RANS and in the 

development of the hydrodynamics portion of U2LAPI. 

 

2.3  Governing Equations 
The flow modeled is incompressible and at times turbulent.  Therefore, the Reynolds-

averaged Navier-Stokes equations were used. 

 

The Reynolds averaged mass, momentum and energy equations can be concisely written 

in Cartesian tensor form as follow: 
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where Uj and uj are the j-th components of the mean and fluctuating velocities, P is the 

mean pressure, T and T’ are the mean and fluctuating temperature, ρ is the fluid density, 
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ν is fluid viscosity, α is fluid thermal diffusivity, gi is the ith component of the 

gravitational acceleration vector, Tref is a reference temperature,  is the heat source 

and/or sink owing to such inputs as short-wave solar radiation (

q

z
Iq

∂
∂

= where I  is the 

portion of solar radiation penetrating into the water), and β is the thermal expansion 

coefficient of the water. 

 

The Boussinesq approximation is used to express buoyancy force acting on water in 

accordance with water-temperature differences, and entails neglecting the influence of 

density difference in the inertia terms of the conservation of momentum equation.  Based 

on the scaling arguments presented by Gebhart et al. (1988), the Boussinesq 

approximation is valid if the ensuing relationships hold: Ro = g β L/Cp << 1, R1 = 

ρρ /∆ <<1, and Ro << R1.  For the present study, an estimate gives Ro ~ 1.15e-5, and R1 ~ 

3.5e-3, based on a vertical length scale (nominal average water depth) of 50ft and a 

temperature variation of 20oF.  Therefore, the Boussinesq approximation is valid for the 

present study.   

 

Another important estimate is related to the importance of the buoyancy force.  After 

non-dimensionalizing Eq. (2), it is evident that the ratio of buoyancy force to inertia force 

is g β L T/U∆ 2 ~ 0.5/U2.  Consequently, buoyancy is important in lake regions where the 

characteristic velocity of water movement is about 3ft/s or less. 

 

The governing equations require turbulence models to account for Reynolds stress 

jiuu and turbulent heat flux juT ' .  In general, the eddy-viscosity type of turbulence 

modeling was used, in which Reynolds stresses are related to the mean rate of strain 

through an eddy viscosity.  Turbulent heat flux is related to the temperature gradient.  

The following equations give the relationships: 
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and, 

 

 
j

tj x
TKuT

∂
∂

=− '         (2.5) 

 

In these equations, turbulent eddy viscosity and thermal conductivity  have to be 

determined.  For the present project, turbulent diffusivity was modeled using the k-ε 

model.  Several models were tested for use in estimating thermal conductivity.   

tυ tK

 

Two approaches were tried for simulating differences in the horizontal and vertical 

dispersion of turbulence: the horizontal-vertical splitting model and the two-equation 

model.  Based on limited tests conducted with the U2LAPI, it was decided that the 

horizontal-vertical splitting approach, with constant turbulent diffusivities, would be the 

better approach for this project. 

 

The approach entailing horizontal-vertical splitting is the more popular choice in 

numerical modeling of atmospheric, oceanic, river and lake flows.  One model using this 

approach was described by Mellor and Yamada (1974).  Their model was based on an 

order-of-magnitude analysis of small deviations of Reynolds stresses and heat fluxes 

from the state of local isotropy.  In the limiting case of near-isotropy, an algebraic set of 

equations results for all turbulence quantities, including turbulence kinetic energy and 

temperature variance.  In concept, the approach entails splitting turbulence mixing into 

horizontal and vertical parts.  For the present project, only thermal diffusivity is split into 

horizontal and vertical components, with both horizontal and vertical components 

assumed to be constant.  It was found that other assumptions produced worse results or 

led to numerical instabilities in U2LAPI. 

 

The k-ε model was used for modeling turbulent flow.  Although the k-ω and RNG-based 

turbulence models are also available for U2RANS, the k-ε model is the more appropriate 

one for the present study.  This is because water movement in the lake is dominated by 
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the currents toward the Intake.  It is known (Menter, 1992) that the k-ε model is more 

accurate for free-shear flows such as mixing layers, jets and wakes.  Moreover, the k-

ω model can be problematic for such flows as the ω boundary value at free surfaces or far 

field boundaries is not known, and the solution is sensitive to the choice of ω value.  With 

the k-ε turbulence model, Reynolds stresses are related to the mean rate of strain using 

Eq.(2.4), and the turbulent heat flux is modeled using Eq.(2.5) with 
t

t
tK

Pr
υ

= .  Eddy 

viscosity is obtained from 

 

 
ε

υ µ

2kCt =          (2.6) 

 

where k is the turbulence kinetic energy and ε is the turbulence dissipation rate.  The 

transport equations for k and ε are solved to calculate the turbulent viscosity.  The 

modeled equations are 
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and 
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In the above equations, )/( jiji xUuuG ∂∂−= is the production of turbulence kinetic 

energy k.  Note that the last term in Eqs. (2.7) and (2.8) expresses buoyancy force.  Based 

on the dimensional argument given in the preceding section, buoyancy indeed is 

important, and its effect on the turbulence is thus included through Eqs (2.7) and (2.8).  It 

is known that buoyancy produces both external and structural changes to a flow.  The 

external effect is through the buoyancy force in the momentum equation, while structural 

change refers to the modification of turbulence by buoyancy. With the above model 
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formulation, both the external and the structural effects of buoyancy are accounted for.  

By way of example, turbulence is modified by buoyancy through the formation of gravity 

waves.  Gravity waves lead to a reduced vertical mixing and the ultimate collapse of 

turbulence in a stably stratified flow (Itsweire et al. 1986).  The above model provides 

such a mechanism, as juT '− is negative for a stably stratified flow and the terms due to 

the buoyancy are destructive to turbulence. The turbulence model coefficients in the 

above equations are Cµ=0.09, Cε1=1.44, Cε2=1.92, Cε3=1.44, σk=1.0, and σε=1.3. 

 

2.4  Equation Discretization 
Numerical solution of fluid flows involves the use of a mesh covering the solution 

domain, and discretization of the pertinent governing equations.  U2RANS permits 

arbitrarily shaped elements to be used for a computational mesh.  The full technical 

details of the CFD methodology, as well as its wide range of applications are given by 

Lai et al. (2003a,b).  The ensuing description gives the essential details.  

 

Polyhedrons are used to form 3D elements in a computational mesh.  They may have any 

number of polygonal faces.  For convenience, an element-centered scheme is used; the 

alternative possibility is to use an element-vertex scheme.  In an element-centered 

scheme, all the dependent variables are located at the centroid of elements instead of at 

the element’s vertices.   

 

Discretization of the governing equations is carried out using the finite-volume approach, 

so that the conservation of any flow property is achieved locally and globally.  A general 

advection-diffusion equation representative of all governing equations can be written as 

 

Φ+Φ∇Γ•∇=Φ•∇ SV )()(ρ        (2.9) 

 

After integration over an element, Eq. (2.9) can be discretized as 
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where nVV f •=  is the element face normal velocity component used to satisfy mass 

conservation, A is the element face area; Φf is the face value of the dependent variable Φ; 

n  is the element face unit normal vector; and, ∀  is the element volume.  A detailed 

derivation of the discretization is omitted here, but the final second-order formula for the 

diffusion term on an arbitrary polygonal face can be expressed as 
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In Eq. (2.11),  stands for summation over all edges of the face;  is the Φ 

value at an edge center, and it is calculated using vertex values; 

∑
−edgesall

edgeΦ

edgerδ  is distance vector 

of the edge; and, 1r  and 2r  are vectors from two neighboring element centers to the face 

center.  By way of a Taylor Series expansion, the cross term in the above expression can 

be shown to have second-order accuracy, while the normal term is of second-order 

accuracy if the vectors 1r  and 2r  are equal.  Otherwise, the discretization error in the 

normal term is proportional to the difference of the two distances.  That distance is non-

zero, due to non-uniform and non-regular meshes.  Similarly, a second-order expression 

for the cell-face value can be derived as 
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with 
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where nr •= 11δ  and nr •= 22δ .  In general, 5PΦ  does not guarantee second-order 

accuracy unless 1r  and 2r are parallel. 

 

With the diffusion and convection terms discretized, the final discretized governing 

equation for an element P can be expressed concisely as the following linear equation: 

 

∑ Φ+ΦΑ=ΦΑ
nb

nbnbPP S *         (2.15) 

 

where “nb” refers to all neighbor elements which share the same vertices with element P. 

 

The discretization of the unsteady term is carried out as 
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where ( ) = (1 –1 0) corresponds to the first-order Euler method; and, 

( ) = (1.5 –2 0.5) gives a second-order backward difference scheme.  Other 

details of the numerical method are explained by Lai et al. (2003a,b). 
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2.5  Boundary Conditions 
The boundary conditions encountered in this study are related to the treatment of the flow 

inlet, outlet, no-slip wall, and free-surface boundaries.   
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At a flow inlet, Cartesian velocity components (and/or flow rate) are specified at 

boundary-element-face centers.  Pressure is determined by means of an extrapolation 

from the value at the interior of the element.  These values of flow properties are needed 

in solving the momentum equations.  The solution of the pressure correction equation, 

however, requires no pressure boundary condition because mass fluxes on these 

boundaries are specified and remain unchanged during the solution process.   

 

At a flow outlet, pressure is specified at the element-face center while Cartesian velocity 

components are determined by means of an extrapolation from the velocity value at the 

interior of the element.  For the pressure-correction equation, the pressure increment is 

set to be zero at the outlet because pressure should not change during the solution.  For 

unsteady flows, U2RANS dynamically determines if a boundary is an inlet or outlet in 

accordance with the flow-rate direction through the boundary. 

 

At solid walls, the wall functions are used to set the boundary condition.  The functions 

include both the log-law wall function and the thermal wall function.  Wall roughness 

treatment and modeling have been the subjects of extensive investigation using U2RANS 

at IIHR.  Pertinent studies include Patel (1998) and Stumpp (2001).  In Stumpp (2001), 

U2RANS incorporated several roughness-treatment methods for river flow studies.  

Simulation results were compared to a large number of experimental data with varying 

surface roughness.  Based on the findings from Stumpp (2001), the following treatment, 

in combination with the wall-function approach, was selected for the present project.  The 

wall-function approach solves for the velocity distribution within the inertial sublayer, 

and it can be expressed in log-law form as 
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The lake’s water surface was treated as a far-field condition.  An overall mass 

conservation equation provides the total volume change of the lake, and thus a means for 
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determining changes in surface elevation.  This equation enables the water-surface 

vertical velocity to be calculated. 

 

 

2.6  Prior Applications 
U2RANS is a well-established CFD code, and has been used for numerous prior studies.  

Appendix A lists publications describing the concepts on which it is based, as well as 

documenting its usual accuracy and describing various applications.  Many of the prior 

studies demonstrated the validity and veracity of U2RANS by comparing its predictions 

with those contained in field data or hydraulic-model data.  Two recent applications of 

U2RANS to the thermal issue at nuclear power plants are described briefly In Appendix 

B. 

 

3. HEAT EXCHANGE BETWEEN WATER AND AIR 
This chapter describes the component relationships used in U2LAPI to simulate heat 

exchange between the water in Lake Almanor and the air above it. 

 

3.1  Introduction 
In quiesecent or slow-moving water, such as in Lake Almanor, heat exchange between 

water and the air above usually causes substantial changes in water-surface temperature.  

Therefore, it was important for the present project that the numerical model of water 

movement and thermal behavior in Lake Almanor simulates the pertinent heat-exchange 

processes at the air-water interface.  However, heat-exchange between water and the 

lake’s bed and banks is orders of magnitude smaller, and thus was neglected for the 

purpose of the present study. 

 

The following five thermal processes were combined with U2RANS in developing the 

U2LAPI for the Lake Almanor simulation: 

 

1. Incoming solar radiation; 

2. Incoming long-wave atmospheric radiation; 
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3. Outgoing long-wave radiation to the atmosphere from the water surface; 

4. Evaporative cooling or condensation heating; and, 

5. Conductive heating or cooling (sensible heat loss). 

 

The processes are described fully in a numerous textbooks on hydrology (e.g., Huber and 

Harleman 1968, Eagleson 1970, Brutsaert 1991). 

 

The first three processes are components of net radiation.  Whenever possible, modeling 

should use measured values of net radiation.  However, in the absence of measured 

values, net radiation can be estimated using existing semi-empirical relationships for the 

three components.  Measured values of solar radiation were available for the present 

project. 

 

Estimates of heat losses attributable to evaporation and conduction also rely heavily on 

semi-empirical relationships. 

 

Several authors, such as Wunderlich (1968) and Brutsaert (1991), provide detailed 

analyses of heat-exchange between water bodies and air.  Accordingly, Huber and 

Harleman (1968) based their comprehensive study of reservoir stratification mostly on 

Wunderlich (1968) work.  The heat-exchange relationships used for this study are those 

proposed by Huber and Harleman (1968). 

 

Each of five heat-exchange processes varies throughout each day and seasonally, as 

atmospheric conditions continually change.  The relationships used in developing 

U2LAPI are summarized below. 

 

3.2 Incoming Solar Radiation 

Huber and Harleman (1968) estimated incoming solar radiation as 

 

( )( 2
20 65.011sin CRa )

r
m
t

sc −−
Φ

=Φ α        (3.1) 
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in which  = incoming solar energy in cal/cm0Φ 2/min. (subsequently converted in 

kcal/m2/day);  = solar constant  = 1.94cal/cmscΦ 2/min; r  = normalized radius vector of 

the earth about the sun in meters; α  = solar altitude in radians;  = atmospheric 

transmission coefficient;  = optical air mass; 

ta

m R  = reflection coefficient or the albedo; 

and, C  = cloudiness 

 

Huber and Harleman provide additional expressions for r , α ,  and m R .  The relative 

distance between the earth and the sun is normalized by the semi-major axis of the earth’s 

elliptical orbit.  It varies seasonally and may be considered constant for a given day.  

Huber and Harleman (1968) suggest that it be determined as 

 

( ⎥⎦
⎤

⎢⎣
⎡ −+= Dr 186
365
2cos017.01 π )        (3.2) 

 

in which  = the number of the day of the year. D

 

Solar altitude α  is the angle between the horizontal and the sun.  Spherical geometry 

(Eagleson 1970) yields the following expression for the sine of α , as given by Huber and 

Harleman (1968): 

 

hcoscoscossinsinsin δφδφα +=        (3.3) 

 

in which φ  = latitude in radians; δ  = declination of the sun in radians; and,  = hour 

angle of the sun in radians. 

h

 

The declination of the sun varies seasonally, though it may be considered constant for a 

given day.  An approximate expression for it is given by (Huber and Harleman 1968) 
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where δ  is in radians. 

 

The hour angle of the sun is the angular distance measured westward around the axis of 

the earth between the meridian of the observer and the meridian of the sun.  At true solar 

noon (when the solar altitude is a maximum for that day), 0=h ;  is negative in the 

morning and positive in the afternoon.  In U2-LAPI, the true solar time is assumed to be 

the same as the local standard clock time (actually they may differ by a few minutes 

depending on the time of a year and geographic location). Then the hour angle is given in 

radians by (Huber and Harleman 1968): 

h

 

( 12
12

−= sth )π          (3.5) 

 

in which  is solar time in hours. st

 

The optical air mass, defined as a ratio of the path length of the sun’s rays through the 

atmosphere to their path length when the sun is directly overhead, is given by (Huber and 

Harleman 1968) 
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in which ; ; 15.0=a 885.3=b 253.1=c ; and, z = altitude in meters above sea level. 

 

Reflection coefficient, R , may be calculated approximately as a function of solar altitude 

α , using (Huber and Harleman 1968) 

 
BAR α=           (3.7) 
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in which the coefficients  and A B  are functions of the cloudiness as shown in Table 3.1. 

 

Table 3.1. Coefficients of solar-radiation reflection. 

 

Cloud Cover A B 

0 1.18 -0.77 

0 – 0.5 2.20 -0.97 

0.5 – 0.9 0.95 -0.75 

0.9 – 1.0 0.35 -1.45 

 

The availability of measure values of solar radiation meant that the foregoing solar 

radiation relationships, built into to U2LAPI, did not have to be used.  This capability of 

U2LAPI is available for possible future use. 

 

3.3  Distribution of Solar Radiation in Water 
The long-wave content of solar radiation (above approximately one micron) is absorbed 

very near the water surface of Lake Almanor, while the short-wave content is absorbed 

exponentially over the lake’s water depth.  Huber and Harleman (1968) split the solar 

radiation penetrating the water surface into a fraction, β , representing the long-wave 

content, absorbed at the surface, and a fraction β−1  distributed exponentially 

throughout the depth of water and absorbed internally. 

 

Accordingly, the solar radiation at any depth zzs −  can be described (Huber and 

Harleman 1968) as 

 

( ) ( zz
b

se −−Φ−=Φ ηβ 01 )        (3.8) 
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in which  = the solar radiation at depth  in units of kcal/mbΦ z 2/day; η  - the extinction 

coefficient for solar radiation in water in m-1;  = elevation of the water surface (m);  

= water elevation (m) in the water column. 

sz z

 

Thus, the solar radiation absorbed internally within a water layer of thickness dz  and 

horizontal area  is dS
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in which  = the solar radiation at depth dSbΦ zzs − ; dzdS
z

dS b
b ∂

Φ∂
+Φ  = the solar 

radiation at depth . ( )dzzzs +−

 

The heat source resulting from the internal absorption of solar radiation can be estimated 

(Huber and Harleman 1968) using 

 

( ) ( zzb se
z

q −−Φ−=
∂
Φ∂

−= ηβη 01 )        (3.10) 

 

where  is in units of kcal/mq 3/day. 

 

Cheverreau et al (1977) and Gauthier et al (1979), among others, generalize Huber and 

Harleman’s (1968) approach by discretizing incoming solar radiation into a finite number 

of wavelengths.  For each wavelength, the decay coefficient, taken as a function of the 

wavelength and of the opacity of the water, is used to calculate the rate of energy 

absorption at the vertical midpoint of a layer.  Under the assumption of independence 

across the wavelengths, the total energy absorption in a given layer then is computed as 

the sum of the contributions from all the wavelengths.  Such refinemnets were not 

possible for the present effort to simulate Lake Almanor.  Therefore, the original Huber 

and Harleman (1968) approach was used for this project.  Table 3.2 shows values of 
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fraction β  and the extinction coefficient η  for two lakes in the U.S.A., as presented by 

Eagleson (1970), and assumed for this project. 

 

Table 3.2.  Extinction coefficients 

 

Lake β  η  m-1

Clear (Lake 

Tahoe) 

0.40 0.05 

Turbid (Lake 

Castle) 

0.40 0.27 

 

In the course of the project, however, it was found that accurate values of long-wave 

radiation fraction and extinction coefficient are important for determining thermal 

stratification and thermocline location.  Consequently, it is recommended that future 

efforts use either measured data, or involve a calibration parameter to adjust for these 

effects. 

 

3.4  Incoming Black-body Radiation 
The net long-wave radiation emitted by the atmosphere toward the water surface (with 

assumed cloudiness and 3% reflection), can be computed (Huber and Harleman 1968) 

using 

 

( 265 17.00.110937.097.0 CTaa +⋅⋅=Φ − σ )      (3.11) 

 

in which  = incoming long-wave radiation in units of kcal/maΦ 2/day; σ = Stefan-

Boltzman constant =  kcal/m510171.1 −⋅ 2/day/oK4; and,  = absolute air temperature 

(measured two meters above the water surface) in degrees Kelvin (

aT
oK). 
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3.5  Outgoing Long-wave Radiation 
The outgoing black-body radiation emitted from the water surface to the atmosphere is a 

function only of the water temperature, as given by (Huber and Harleman 1968) 

 
497.0 sr Tσ=Φ          (3.12) 

 

in which  = outgoing long-wave radiation in units of kcal/mrΦ 2/day; and,  = absolute 

water-surface temperature in degrees Kelvin. 

sT

 

3.6  Heat Loss Due to Evaporation and Conduction 
Heat loss associated with evaporation is proportional to the mass of evaporated water.  

The rate at which water mass is transferred from the water surface to the atmosphere 

depends on water-vapor concentration gradient in the air near the water surface.  The 

constant of proportionality between this mass transfer rate and the concentration gradient 

depends, in turn, on the wind speed.  An additional evaporative heat loss occurs because 

of the heat carried away by the evaporated water.  Conduction or sensible-heat transfer 

losses are customarily considered simultaneously with evaporation since the heat-transfer 

coefficient for the conduction process is considered proportional to the mass-transfer 

coefficient of the evaporation process. 

 

Based on these considerations, Huber and Harleman (1968) group the two evaporation 

processes together with heat conduction to form a single expression: 
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in which  = heat loss associated with energy required to vaporize water, kcal/meΦ 2/day; 

 = heat loss associated with heat carried away by evaporated water, kcal/mvΦ 2/day; cΦ  

= conduction heat loss, kcal/m2/day; ρ  = water density, kg/m3;  = evaporation 

empirical constant, m/day/mm-Hg;  = evaporation empirical constant, sec/day/mm-Hg; 

a

b
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w  = windspeed, m/sec;  = saturation vapor pressure of water at the water-surface 

temperature, mm-Hg;  = saturation vapor pressure of water at the air temperature, mm-

Hg; 

se

ae

ψ  = relative humidity expressed as a fraction;  = latent heat of vaporization of 

water, kcal/kg; c  = specific heat of water, kcal/kg/

L
oK;  = empirical conductivity 

constant, kcal – mmHg/kg/

N

oC;  = water-surface temperature in sT oC;  = air 

temperature in 

aT
oC; 

 

The evaporation equations are based on the recommendation of Cheverreau et al (1977) 

and the following values are adopted: 

 

1.  m/day/mm-Hg; 0.0=a

2.  sec/day/mm-Hg; .0=b 0001802

3.  = windspeed, m/sec, measured two meters above the water surface (not less 

than 0.05 m/sec); and, 

w

4.  mm-Hg/kg/7.278=N oC. 

 

Latent heat of vaporization of water depends only on water-surface temperature, and is 

given by (Huber and Harleman 1968) as 

 

sTL 54.09.595 −=          (3.14) 

 

in which  is in sT oC. 

 

3.7  Auxiliary Relationships 
Several auxiliary relationships required in developing the thermal model used for the 

project were adopted from sources other than Huber and Harleman (1968).  They are 

described below. 
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A simple quadratic regression between water density ρ  and water temperature , based 

on data from ASCE "Sedimentation Engineering" (1975), was used: 

sT

 

( )ss TT 310507716.22063272.07654.995 −⋅−+=ρ      (3.15) 

 

in which density is in kg/m3 and temperature is in oF. 

 

Saturation vapor pressure over water surface, as a function of temperature, is evaluated 

by using the familiar exponential relationship, as presented by Raudkivi (1979), and 

using an adjustment to convert units to mm of mercury (Hg): 

 

( ) bT
aT

s Te +⋅= 10583.4          (3.16) 

 

in which T  is in oC and 3.237,5.7 == ba . 

 

Relative humidity, expressed as a fraction, is defined as the ratio of the saturation vapor 

pressure at the dew-point temperature to the saturation vapor pressure at the air 

temperature.  From Wallace and Hobbs (1993), 

 

( )
( )as

ds

Te
Te

=ψ           (3.17) 

 

in which  is dew-point temperature in dT oC. 

 

3.8 Net Heat Flux at Water Surface 
Besides solar radiation, all other mechanisms for heat exchange between the lake’s water 

and the air above it were expressed in terms of heat transfer through the lake’s water 

surface.   
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By adding the long-wave content of the solar radiation, also absorbed at the surface, the 

total heat exchange through the lake’s water surface can be estimated as 

 

cvera
surf
net Φ+Φ+Φ+Φ+Φ−Φ−=Φ 0β       (3.18) 

 

in which , , , and 0Φ aΦ rΦ cve Φ+Φ+Φ  are given by Equations (3.1), (3.11), (3.12), 

and (3.13), respectively. 

 

3.9  Atmospheric Heat-Exchange Source 
In U2LAPI, the source term, , expressing heat exchange between the lake surface and 

the atmosphere.  It is added to the heat-transport equation for the layer next to the lake’s 

water surface, where 

S

 

V
S

qS s
surf
net

∆
∆Φ

−=          (3.19) 

 

in which  = the total energy loss at the lake’s water surface; surf
netΦ sS∆  = elemental free-

surface area;  = elemental volume of the near-surface layer; and,  = the solar energy 

absorption at the vertical midpoint of the near-surface layer, and is given by Equation 

(3.10). 

V∆ q

 

The source term , added to the heat-transport equation for any other layer, is S

 

qS =           (3.20) 

 

in which  = the solar energy absorption at the vertical midpoint of a layer, and is given 

by Equation (3.10). 

q

 

3.10  Input-Data Summary 
The following data might be used as input into U2LAPI: 
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1. Equation parameters: 

•  = atmospheric transmission coefficient; ta

•  = evaporation empirical constant, m/day/mm-Hg; a

•  = evaporation empirical constant, sec/day/mm-Hg; b

•  = specific heat of water, kcal/kg/c oK; and, 

•  = empirical conductivity constant, kcal – mmHg/kg/N oC; 

 

2. Geometrical and temporal data: 

• geographic latitude, degrees; 

• reference altitude, feet above sea level; 

• decimal day of year at simulation time 0.0; and, 

• clock time at beginning of simulation. 

 

3. Meteorological data for an appropriate meteorological zone: 

• air temperature, oF 

• windspeed, ft/sec; 

• cloud cover; and, 

• dew-point temperature, oF. 

 

 

4.  DEVELOPMENT OF LAKE ALMANOR MODEL 

This chapter describes the practical steps involved in setting up U2LAPI and 

implementing it for modeling runs.  The steps include mesh development and checking of 

mesh suitability.  They also involve assigning the input data for use in running the model. 

 

4.1 Mesh Development 

Mesh development is an important task in applying a CFD model to a particular flow 

situation.  The present project used a mesh-generation procedure that combines SMS and 

GRIDGEN software for grid development. 
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Bathymetry information of Lake Almanor was available in AutoCAD files provided by 

PG&E.  Fig. 4-1 shows the bathymetry data used.  A list of bathymetry data files used to 

construct the numerical model are given below: 

 

1. Figure7_plus.dwg:  Elevation contour map showing Prattville Intake channel 

(2000) area (establish cross-sections near the intake); 

2. Figure10.dwg: Elevation contour map showing old riverbed leading to Prattville 

Intake area (2000); this is the incised channel in the Hamilton branch (establish 

cross-sections along the Incised Channel); and, 

3. 1927Contour_a.dwg: Digitized contours from 1927 map showing transect 

locations for figure 10 and east section of lake bathymetry transect location and 

printed data. 

 

The three AutoCAD bathymetry files were converted to DFX files, then imported into 

SMS for mesh development.  Within SMS, a mesh comprised of a 2D unstructured grid 

(finite element) formed of quadrilateral and triangular elements, or a combination of both, 

was generated.  The bathymetry information of each mesh point was obtained through 

interpolation from the scatter points generated from DFX files.  This step ensures that the 

surveyed bathymetric data is accurately represented by the mesh. 
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Fig.4-1. Bathymetry data used for the numerical and hydraulic models. 

 

One issue to be addressed concerned the limitation that SMS supports only an 

unstructured mesh.  It was determined that certain parts of the model domain were better 

represented by a structured hexahedral mesh rather than an unstructured mesh.  For 

example, it was more accurate to use structured hexahedrons in representing the Incised 

Channel and adjacent areas.  The following arrangement enabled the use of the structured 

mesh: 

 

1. The boundaries of the structured mesh were determined first within SMS, then 

were exported as a file containing all boundary points; 

2. The boundary-point file was imported into the GRIDGEN software and served as 

the database entries; 

 30



3. Within GRIDGEN, a structured 2D mesh was generated using the database 

boundaries; 

4. The 2D structure mesh was exported and translated into an SMS mesh file (called 

2DM file); and, 

5. The 2DM file was then imported into SMS, which then treats the mesh as its own. 

Interpolation of bathymetry to the mesh was then carried out. 

 

The above procedure facilitated flexibility such that the structured portion of the 2D mesh 

could be generated within GRIDGEN, while the unstructured portion could be generated 

within SMS.  Subsequently, a hybrid mesh was formed for use with U2LAPI. 

 

The above procedure was used to create a 220ft by 220ft Cartesian mesh (corresponding 

to a 1ft by 1ft mesh in the hydraulic model whose horizontal length scale was 220), 

bounded by the area encompased by the hydraulic model.  The boundary was created 

within SMS, and the mesh was generated using GRIDGEN.  SMS was then used to set 

the bed elevations within the mesh.  The resulting mesh was used to replicate the 

hydraulic model.  By way of illustration, Fig. 4-2 shows the contour map of the bed 

elevation, based on the 220ft-by-220ft mesh.  The red color indicates a relatively shallow 

area, and the dark blue area is relatively deep.  The contours associated with the Incised 

Channel are evident, but not very sharp, because the 220 feet resolution is too coarse to 

capture the details of the channel. 

 

Another issue to be addressed concerned how to adapt the mesh to the three-dimensional 

(3D) contours of the lake’s bed.  The foregoing procedure creates a 2D mesh with 

bathymetry data interpolated onto mesh points.  U2LAPI, however, requires a 3D mesh.  

The following procedure was used to prepare the 3D mesh needed for U2LAPI: 

 

1. The structured portion of the 2D mesh, plus the bed elevation information, was 

imported into the GRIDGEN, thereby the 3D mesh was generated; 

2. The unstructured portion of the 2D mesh, along with the bed elevation, was used 

directly to create a vertically stretched 3D mesh; then, 
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3. The structured and unstructured meshes were spliced together as a single hybrid 

mesh. 

 

 

elevation
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Fig.4-2.  Bathymetry contours based on the 1ft-by-1ft mesh used for the hydraulic model. 

 

A simple unstructured 2D mesh generated within SMS is shown in Fig.4-3, in which the 

bed elevation is also displayed as contours.  This 2D SMS mesh was used to create a 

vertically-stretched 3D mesh.  It was then used to carry out a sample computation to get a 

rough estimate of the computing time needed for running U2LAPI. 
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Fig.4-3.  A simple unstructured mesh for Lake Almanor. 

 

4.2  Mesh Development and Run-Time Estimation 
The design of mesh layout was considered once the mesh generation procedure had been 

established.  In general, mesh design entailed the following considerations: 

 

1. Mesh topology: structured versus unstructured mesh, as well as mesh shape; 

2. Mesh density: the mesh has to be fine enough to cover important flow areas 

and/or areas of interest, but the rest of solution domain can be covered with 

coarser mesh; 

3. Mesh quality: mesh orthogonality affects solution accuracy; 
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4. Computing time: a fine mesh is always desired, but unnecessary use of mesh 

points increases the computing time.  A trade-off is needed between the 

number of mesh points and acceptable computing time; and, 

5. Mesh extensibility: most applications, including the present one, require 

evaluation of different mesh configurations.  A desirable feature of a mesh is 

that it can accommodate possible changes to the baseline configuration. 

 

These considerations are elaborated below. 

 

4.2.1 Mesh Topology and Extensibility 

It was decided that a structured-unstructured mesh topology should be used.  Such a 

hybrid mesh provides a suitably flexible representation of the problem domain.  A three-

layer, nested approach is used to accommodate the extensibility.  Near Prattville Intake 

and along the Hamilton incised channel, a structured mesh is used to represent the intake, 

channel geometry and configuration.  This portion of the mesh herein is named the 

Innermost Mesh Layer.   

 

The lake area bounded by the hydraulic model (about 3.12 miles by 1.88 miles) was 

meshed using a structured mesh.  This layer herein is called the Intermediate Mesh Layer 

or Hydraulic Model Mesh Layer.  

 

The rest of Lake Almanor was represented using an unstructured prismatic mesh, which 

herein is termed the Outmost Mesh Layer or Lake Mesh Layer.  The prismatic mesh is as 

efficient and accurate as the hexahedral mesh (Lai et al. 2003a). 

 

The three-layer of mesh structure is illustrated in Fig. 4-4.  The structure’s design gives 

flexibility of mesh extensibility, because the innermost layer can be replaced by other 

meshes when the Intake or its surounds is modified.  
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Fig. 4-4.  Three-layer structure of mesh representation. 

 

4.2.2 Density and Quality of Mesh 

Density and quality of computational mesh are important considerations.  It can be hard 

to achieve suitable mesh density and quality.  Suitable mesh density and quality are 

required for accuracy of numerical solution. Therefore, they are important and must be 

carefully selected.  Ideally, it is always better to use a system of denser mesh points 

everywhere, and to have the highest mesh quality.  In practice, however, density and 

quality are limited by available computer resources and complexity of flow domains.  For 

example, too many mesh points will result in prolonged computing time and the 

simulation will then become unfeasible.  Fortunately, mesh density usually does not need 

to be the same everywhere; only critical important areas need to have finer mesh points.   

 

The three-layer mesh structure used for the present modeling best addressed the issue of 

mesh density and quality.  The innermost layer is the most important as the flow and 
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thermal characteristics change the most.  More mesh points may be used within the 

innermost layer.  The outmost layer encompasses the majority of the lake in which the 

flow is very slow, such that flow and thermal characteristics do not change much.  

Therefore, it was deemed acceptable to use less mesh points to achieve the same solution 

accuracy in those locations. 

 

Mesh quality is improved greatly due to U2LAPI’s capability of using a hybrid mesh.  

Innermost and intermediate layers are represented using structured hexahedral meshes.  

Hexahedrons are the best shape to use in terms of mesh quality.  The outmost layer uses 

prismatic meshes, which have been shown to be of high quality similar to the hexhedrons 

(Lai et al. 2003a). 

 

4.3 Model Input Requirement 
Once the mesh was created for the area to be modeled, model inputs were needed for 

simulation to proceed.  Three categories of input were considered: overall fluid 

properties; initial and boundary conditions; and, model parameters.  The categories 

generally are discussed below, but they may differ from application to application. More 

discussion is presented when specific cases are presented later in this report. 

 

4.3.1 Water Properties 

Information of the following properties of water were provided to the model: 

 

1. The effect of water-density variation was applied to the conservation of 

momentum equation in accordance with the Boussinesq approximation.  

Density variation with temperature was calculated using Eq.(3.15); 

2. The molecular viscosity was taken to be 0.96 x 10-6m2/s; 

3. Molecular thermal conductivity was taken to be 0.606W/m-K 

4. Specific heat was taken to be Cp = 4181J/kg-K. 

 

4.3.2 Initial and Boundary Conditions 

The following initial and boundary conditions were used: 
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1. The initial condition of water movement and temperature at locations in the 

lake was set at zero movement and uniform temperature distribution.  

Alternatively, water temperature could be prescribes as being vertically 

stratified.  The initial condition was set as deemed appropriate for the 

condition to be modeled.  The initial water-surface elevation of the lake was 

prescribed for the model; 

2. A time series giving the rate and temperature of inflow water (versus time), 

from the North Fork of the Feather River at Chester was given as an input; 

3. A time series of the rate and temperature of inflow released into the lake from 

the Hamilton Branch Powerhouse were given as input; 

4. The temporal variation of outflow rate released through Prattville Intake was 

given as input. 

5. The location, rate and temperature of inflow from the several springs within 

the lake were assumed as input; 

6. The rate of outlow from Canyon Dam outlet was prescribed; and, 

7. Other minor inflows from small tributaries were neglected. 

 

4.3.3 Model Selection and Related Parameters 

Sumarized here are other variables provided as input to U2LAPI: 

 

1. Turbulence model selection, both for flow hydrodynamics and heat transfer; 

2. Water-atmosphere heat exchange model parameters 

•  = atmospheric transmission coefficient ta

•  = evaporation empirical constant, m/day/mm-Hg a

•  = evaporation empirical constant, sec/day/mm-Hg b

•  = empirical conductivity constant, kcal – mmHg/kg/N oC 

 

3. Geometrical and temporal data: 

• geographic latitude, degrees 

• reference altitude, feet above sea level 
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• decimal day of year at simulation time 0.0 

• clock time at beginning of simulation 

 

4. Meteorological data: 

• solar radiation, kcal/day-m2 

• air temperature, oF 

• windspeed, ft/sec, and direction 

• cloud cover 

• dew-point temperature, oF, or relative humidity 

 

4.4 Model Output Capabilities 
The numerical model was run to predict the velocity, temperature, together with other 

water flow and thermal properties at the center of each mesh cell.  All variables simulated 

were then interpolated to the mesh points by means of a 2nd-order interpolation 

procedure, and the results were expressed as output to a file configures in the TECPLOT 

format. 

 

The graphical post-processing software incorporated in TECPLOT was then be used for 

the following purposes: 

 

1. Examine the water-movement and -temperature behavior at selected locations of 

Lake Almanor; and, 

2. Extract data at any plane or surface within the lake.  The data were then available 

for use in comparing model predictions with results from the hydraulic model or 

with field data. 

 

Additionally, the data extracted can be put in ASCII format with any specified form. 
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5. CALIBRATION WITH YEAR-2000 FIELD DATA 
 

5.1 Introduction 
The numerical model U2LAPI comprises a set of sub-models adapted for the present 

project.  An early step in using the model required calibrating the model such that it 

effectively could simulate water conditions in Lake Almanor.  In particular, calibration 

was used for the following specific purposes: 

 

1. Verify that the mesh generation process described in Chapter 3 is basically 

effective, and to ascertain any adjustments needed for enhancing the mesh; 

2. Develop the procedure for preparing the model and input information used for 

simulation.  Also to check the overall working of the model; 

3. Check that the sub-models of the heat-transfer process appropriately function 

in simulating Lake Almanor; and, 

4. Calibrate numerical parameters that need to be adjusted for model simulation 

of Lake Almanor given the various hydrological and thermal conditions 

prevailing at the lake. 

 

The U2LAPI model is an early effort involving a 3D-numerical model to simulate the 

seasonal thermal interaction between the lake’s water and atmosphere.  The significant 

body of data available for the year 2000 is well suited for meeting the specific calibration 

purposes named above.  It should be noted that the calibrated model applies to Lake 

Almanor only and is not intended to be generally applicable to other lakes or reservoirs. 

 

5.2 Mesh Preparation 

The generation of a suitable mesh for Lake Almanor was a challenging task, as the lake’s 

bathymetry is quite complex and contains many local important geometric features, 

especially near Prattville Intake and along the Incised Channel.  The process of mesh 

generation was further complicated by the lake’s large spatial scale.  Accordingly, a 

judicious compromise had to be made between detailed local accuracy and the number of 

mesh points used; the numerical model had to be able to be run using the Pentium-based 
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Personal Computers available at IIHR.  After extensive iterations with different meshes, 

the final mesh used for the study was developed based on procedures described in 

Chapter 3.  It is shown in Figures 5.1 through 5.3.  The mesh comprised a mixture of 

hexahedrons and prisms, with an overall total number of 193,055 elements. 

 

 

 
 

Fig.5-1. A plan view of the mesh used for the entire lake 
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Fig.5-2. A zoomed-in view of the mesh structure along the Incised Channel and in the 

vicinity of the Intake. 
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Fig.5-3. A 3D perspective view of the mesh. 

 

The initial water surface elevation of the simulated lake was set at 4487.9ft.  However, 

that elevation changes during the simulation, in accordance with rates of water inflow and 

outflow and evaporation. 

 

5.3 Year-2000 Numerical Model 
A large number of calibration runs were carried out to determine the appropriate values 

of the various parameters needed in describing the thermal and flow characteristics at the 
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Lake Almanor and Prattville Intake.  The essential features of the year 2000 calibration 

simulation model, and some of the final model parameters used, are discussed below. 

 

5.3.1. Flow and Thermal Properties 

Water density was taken to vary in accordance with its common dependency on water 

temperature.  Water viscosity and molecular thermal conductivity were 1.0e-6 m2/s and 

0.62J/m-K, respectively.  The standard k-e model was used to calculate the turbulence 

viscosity for the flow.  The vertical and horizontal components of thermal conductivity 

were set to be equal with the value of 2.48J/m-K, based on the calibration checks. 

 

5.3.2. Simulation Period and Time 

The calibration study simulated the lake’s water-movement and thermal processes for the 

period extending from April 6, 2000 to the end of September, 2000.  The period is almost 

six months in duration.  After various iterations, the computational time step for the 

simulation was selected to be one hour. 

 

5.3.3. Initial, Boundary, and Other Input Conditions 

The initial conditions were needed at the start of the simulation, April 6, 2000.  A 

quiescent lake was assumed; i.e., all flow velocities are set to zero, and small k and 

ε values, k = 1.0e-6 m2/s2 and ε = 1.0e-7 m2/s3, were used. 

 

The field measurements of the temperature profile throughout the lake, as prevailed on 

April 6, 2000 were used as the initial vertical temperature distribution.  Figure 5-4 shows 

the profile. 

 

The proportion of the long-wave solar radiation that is absorbed at water surface (i.e., 

Beta, radiation) was calibrated to be 0.35. 
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Fig. 5-4. Initial vertical distribution of water temperature as obtained from measurements 

in Lake Almanor (April 6, 2000). 
 

During the unsteady simulation, following field measured time series data were used as 

inputs to the model: 

 

1. The discharge and temperature of water inflow at Chester side of the lake; 

2. The discharge and temperature of water inflow from combined Hamilton 

branch and power house unit; 

3. Water withdrawal rate at the Prattville Intake; 
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4. Water discharge at the Canyon Dam; and, 

5. The cloud cover, relative humidity, extinction coefficient, solar radiation, air 

temperature, and wind speed. 

 

These input time series data are shown in Figs 5-5 through 5-16. 

 

 
 

 

Fig.5-5. Water inflow from the North Fork of the Feather River at Chester (Year 2000). 
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Fig. 5-6. Water-inflow temperature from the North Fork of the Feather River at Chester 

(Year 2001). 

 

Fig. 5-7. Combined water inflow from Hamilton Branch and Power House (Year 2000). 
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Fig. 5-8. Combined Inflow Temperature from Hamilton Branch and Power House (Year 

2000) 

 

Fig. 5-9. Rate of water outflow from Prattville Intake (Year 2000). 
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Fig. 5-10. Water release from Canyon Dam (Year 2000). 

 

 
 

Fig. 5-11. Cloud cover at the lake (Year 2000). 
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Fig. 5-12. Relative humidity at the lake (Year 2000). 

 

 
 

Fig. 5-13. Extinction Coefficient at the Lake (Year 2000). 

 49



 
 

Fig. 5-14. Daily averaged solar radiation (year 2000). 

 

 
 

Fig. 5-15. Air temperature at the lake (Year 2000) 
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Fig. 5-16. Wind speed at the lake (Year 2000). 
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5.3.4. Representation of Spring Waters 

Lake Almanor has springs that are an important source of cold water to the lake.  Based 

on a mass-balance analysis using field data, and the 1D numerical model MITEMP, 

performed by PG&E and Bechtel, the spring water flow is significant and should be 

included in the present numerical simulation.  For the Year 2000 period simulated, it was 

determined by PG&E and Bechtel that spring water has a total inflow rate of 430cfs.  

 

After consultation with PG&E and Bechtel, it is determined that the total amount of 

springs may be distributed at five spring locations: i.e., Big Spring, Grassy Knoll, Dotta 

Spring, Prattville Spring, and Bunnel Spring.  The total of 430cfs is distributed among 

five spring locations, such that Big Spring releases 80% of the flow, while each of the 

remaining four locations releases 5%.  The locations of the five springs are shown in Fig. 

5-17.  The accuracy of the 430cfs assessed for spring flow has been checked in the course 

of the calibration work.  It was done, after the simulation was carried out, by comparing 

the mass balance of water flow with the measured levels of the lake’s water surface 

elevation. 
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Fig. 5-17. The locations of the five springs simulated in the numerical model. 
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5.4  Calibration Results and Discussion 
The eventual numerical model fully calibrated was run for the Year 2000 period, and 

produced the results presented below.  The simulation results are compared with the 

available field measured data for the calibration period. 

 

In Fig. 5-18, the simulated elevation of the lake’s water level is compared with the 

measured values of lake level for the calibration period.  The overall agreement between 

the simulated and the measured levels is quite good, indicating efficacy of the model for 

simulating the mass balance of water in the lake.  In particular, the estimated flow of 

430cfs from the five springs was shown to be reasonable.  The calibration result overall 

provides confidence that U2LAPI and the mesh arrangement suitably represent the lake 

and the balance of water flow through the lake. 

 

 

Fig. 5-18. Comparison of simulated and measured values of the lake’s water-surface 

elevation for Year 2000. 
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Fig. 5-19 presents the computed and field measured withdrawal temperature at the 

Prattville Intake.  The overall agreement is acceptable, though the model slightly over-

predicts the outflow temperature during the heating period.  However, it under-predicts 

outflow temperature for later September.  The sudden drop of outflow temperature at two 

locations (one near June 10 and another near August 22) coincides with the great 

reduction in outflow rate from Prattville Intake, as shown in Fig. 5-9. 

 

 

Fig. 5-19. Comparison of simulated and measured values of outflow temperature at 

Prattville Intake (Year 2000). 

 

Field values of vertical distribution of water temperature, at selected lake locations, and 

at different times, were also available for the calibration.  They were be used to check 

that the calibrated model was reasonably accurate.  The temperature-measurement 

stations are shown in Fig. 5-20.  The available data, used for the calibration, were 

measured on June 22, July 20, August 17, and September 9, for the simulated period.  

Note that not all of the measured data were available for all of the simulation period.  

However, all of the available measured data were used for calibration simulation. 
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Fig. 5-20.  The water-temperature stations used by PG&E to measure the water-

temperature profiles of the lake. 

 

The simulated and measured values of temperature profiles at selected temperature 

stations and at different times are compared in Figs 5-21 through 5-24.  In overall terms, 

and given the uncertainties associated with the many input parameters, the model’s 

simulated results compare well with the measured values.  
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5.5  Summary 
The calibration results show that the numerical model, U2LAPI, developed to simulate 

water movement and water thermal stratification, as well as to simulate outflow from 

Prattville intake, can be considered as appropriately calibrated in accordance with the 

field data obtained for the Year 2000.  The model was developed as a tool with which to 

predict the lake’s thermal stratification and the seasonal changes in the lake’s thermal 

behaviors.  The hybrid mesh, consisting of structured multi-block hexahedral cells near 

the Prattville intake and prismatic cells away from the intake, is evidently effective.  The 

parameters related to the thermal exchange models presented in Chapter 3, were therefore 

considered calibrated, in terms of the Year 2000 field measured data.  

 

The calibrated version of U2LAPI consists of the U2LAPI code tailored for the Lake 

Almanor thermal study.  That code includes a main input file to simulate the Year 2000 

scenario and a number of files representing model initial and boundaries conditions.  

Based on the comparisons, U2LAPI was found to be capable of simulating the overall 

thermal stratification characteristics as well as its seasonal change at the lake.  The model 

accordingly is ready for use in simulating the other conditions. 

 

 



 

 
 

 
Fig. 5-21. Comparison of simulated and measured values of temperature profiles at 

selected stations in the lake on June 22, 2000 (Symbols: field data; Lines: simulated). 
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Fig. 5-22. Comparison of simulated and measured temperature profiles at different stations on July 20, 2000(Symbols: field data; 

Lines: predicted). 
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Fig. 5-23. Comparison of simulated and measured temperature profiles at different stations on August 17, 2000 (Symbols: field data; 

Lines: predicted) 
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Fig. 5-24. Comparison of simulated and measured temperature profiles at different stations on September 9, 2000 (Symbols: field 
data; Lines: predicted). 
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6. VERIFICATION TEST WITH YEAR-2001 FIELD DATA 
 

6.1  Introduction 
The numerical model U2LAPI was used to simulate water movement and temperature 

conditions in Lake Almanor for the period April 24 through August 29, 2001.  The 

simulation was conducted, using this second year of data, so as to verify the model’s 

capability to simulate accurately the flow and thermal characteristics of the lake.  The 

weather conditions at Lake Almanor during the simulation period in 2001 were much 

drier than those for the same period during 2000.  Accordingly, the verification study 

therefore involved the lake in a substantially different condition. 

 

6.2  Model Applied to Field Conditions of 2001 
The calibrated version of the numerical model U2LAPI was used for simulating lake 

conditions during the 2001 period of simulation.  The only changes made to the model 

were those associated with the initial conditions and the boundary conditions involving 

data commensurate with the lake and weather data for 2001. 

 

6.2.1 Simulation Period and Time Step 

The verification study simulated the lake’s flow and thermal processes for the period 

April 24, 2001 through to the end of August, 2001.  The time step used was one hour, as 

was used for the 2000 calibration test of the model. 

 

6.2.2 Mesh 

For the verification test used the same mesh used for the calibration test (Figs 5-1 through 

5-3).  However, the initial water surface elevation of the lake was different.  The 

elevation was EL 4478.81ft on April 24, 2001 (versus EL 4487.9 ft on April 6, 2000). 

 

6.2.3 Flow and Thermal Properties 

The water properties, turbulence models, and other model parameters remained the same 

as those of the 2000 calibration test with the model.  The values used are as given in 

Section 5.3.1. 

 63



 

6.2.4 Initial, Boundary, and Other Input Conditions 

The initial lake and weather conditions are those prevailing on April 24, 2001.  A 

quiescent lake was assumed; i.e., all flow velocities were set to zero, and small values of 

k and ε values were used: k = 1.0 x e-6 ft2/s2 and ε = 1.0 x e-7 ft2/s3.  The available field 

data on vertical distribution of water temperature were used as the initial vertical 

temperature profile, as shown in Fig. 6-1.  The proportion of the long-wave solar 

radiation absorbed at water surface was set at 0.35. 

 

During the simulation, the following time series of field measured data were used as 

inputs: 

 

1. The discharge and temperature of water inflow from the North Fork of the 

Feather River at Chester; 

2. The combined discharge and temperature of water inflow into the lake’s 

Hamilton branch and from the Hamilton power-house unit; 

3. Water outflow rate at Prattville Intake; 

4. Water discharge at Canyon Dam; and, 

5. The recorded conditions of cloud cover, relative humidity, extinction 

coefficient, solar radiation, air temperature, and wind speed. 

 

These inputs are shown as the time series data in Fig. 6-2 through Fig. 6-13. 
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Fig. 6-1. Vertical distribution of initial water temperature; measured data (April 24, 

2001). 
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Fig. 6-2. Water inflow from the North Fork of the Feather River at Chester (year 2001). 

 
 

 
Fig. 6-3. Water inflow temperature from North Fork of the Feather River at Chester (year 

2001). 
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Fig. 6-4. Combined water inflow from Hamilton Branch and Power House (year 2001). 

 

 
 
 
Fig. 6-5. Temperature of combined inflow from the Hamilton Branch and Power House 

(year 2001). 
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Fig. 6-6. Rate of outflow from Prattville Intake (year 2001). 
 
 

 
 
 

Fig. 6-7. Water discharge from Canyon Dam (year 2001). 
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Fig. 6-8. Cloud cover over the lake (year 2001). 

 
 

 
 
 

Fig. 6-9. Relative humidity at the lake (year 2001). 
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Fig. 6-10. Extinction coefficient at the lake (year 2001). 
 

 
 
 

Fig. 6-11. Daily averaged solar radiation (year 2001). 
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Fig. 6-12. Air temperature at the lake (year 2001). 
 

 
 
 

Fig. 6-13. Wind speed at the Lake (year 2001). 
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6.2.5 Representation of Inflow of Spring Water 

The inflow of spring water was treated the same as was done in calibrating the model 

using data for year 2000.  The only difference was that the total rate of spring water 

inflow was different.  Based Bechtel’s analysis of net inflow and outflow of water, and 

from a MITEMP simulation, the total inflow rate was estimated to be about 375cfs 

(versus 430cfs during year 2000).  The spring-water inflow was distributed among the 

five springs in the following percentages: Big Spring discharged 80% of the spring water; 

and the remaining four springs discharged 5% each.  The locations of the five springs are 

as shown in Fig. 5-17. 

 

6.3  Verification Results and Discussion 
The results of the verification test are presented here, and are compared with the available 

field data for 2001. 

 

Fig. 6-14 compares the predicted values of simulated water surface elevation with the 

measured water-surface elevations.  The close overall agreement between the predicted 

and the measured values indicates that U2LAPI simulates acceptably well the mass 

balance of lake water.  The agreement also confirms that the assumed spring-water inflow 

of 375cfs is reasonably accurate.  
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Fig. 6-14. Comparison of predicted and measured elevations the lake’s water-surface 

elevation for Year 2001. 

 

Fig. 6-15 compares the predicted and measured values of water temperature for water 

released through Prattville Intake.  The overall agreement was deemed satisfactorily, 

taking into account the various uncertainties associated with the simulation.  Early in the 

period (from April to May), though, the outflow temperature is under-predicted; for one 

sub-period by as much as 5oC.  Fig .6-6 shows that only a very small amount of water 

was released through the Intake during this period.  It is likely that the model was not 

calibrated sufficiently to simulating the negligibly small flows released through the 

Intake.  Additionally, it is unclear why the field measurements of outflow temperature 

increase much faster during this period.  Once withdrawal became substantial, the 

predicted values of outflow temperature compare well with the measured values.  There 

is, yet, a slight overall under-prediction of the temperature, by about 1oC for the period 

extending from late July and into early August.  The sudden drops in temperature 

coincide with the brief major reductions in outflow from Prattville Intake, as indicated in 

Fig. 6-6.  
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Fig. 6-15. Comparison of simulated and measured values of temperature of outflow 
released by Prattville Intake (year 2001). 

 

Also available for the verification test were field measurements of the vertical 

distribution of water temperature at selected lake locations.  The measurements were 

taken at different times during 2001.  The measurement locations are the same as those 

used in 2000.  They are shown in Fig. 5-20.  The profiles were measured on June 6, July 

10, and August 9, for the simulated period.  Note that temperature data were not available 

for all of the stations at all times; the verification test uses all of the measured data 

available. 

 

The predicted and measured profiles of water temperature profiles at the different 

temperature stations, and at different times, are shown in Figs 6-16 through 6-18.  

Considered altogether, the predicted values compare well with the measured values of 

water temperatures at the stations. 
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6.4  Summary 
The verification test verified the capability of the numerical model U2LAPI model to 

simulate water movement and temperature conditions in Lake Almanor.  Though lake 

conditions during 2001 differed substantially from those in 2000, U2LAPI was able to 

simulate lake conditions acceptably accurately for the 2001 verification test.  The 

calibrated values of parameters used in running U2LAPI did not have to be adjusted 

during the verification test with the model, even though 2001 was a much drier year than 

was 2000, and though the lake conditions differed commensurately. 

 

 



 

 
Fig. 6-16. Comparison of predicted and measured profiles of water temperature at the measurement stations on June 6, 2001 (symbols: 

field data; Lines: predicted). 
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Fig. 6-17. Comparison of predicted and measured profiles of water temperature at the measurement stations on July 10, 2001 

(symbols: field data; Lines: predicted). 
 

 77



Fig. 6-18. Comparison of predicted and measured profiles of water temperature at the measurement stations on August 9, 2001 
(symbols: field data; Lines: predicted). 
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7.  SIMULATION OF HYDRAULIC-MODEL 
 

7.1  Introduction 
The code U2LAPI was adjusted and used in the following tests conducted to substantiate 

the results obtained from the hydraulic model described by Ettema et al. (2004): 

 

1. Confirm the performance curves obtained for existing Prattville Intake, and 

subsequent modification, with the vertically distorted hydraulic model; 

 

2. Extend to an equivalent, virtual, undistorted hydraulic model the results from the 

vertically distorted hydraulic model.  In so doing, check the value of the discharge 

coefficient used in interpreting the results of the hydraulic model; 

 

3. Confirm the performance curves obtained for existing Prattville Intake fitted with 

a recommended skimming curtain (Curtain No. 4), and subsequent modification, 

with the vertically distorted hydraulic model; and, 

 

4. Extend to an equivalent, virtual, undistorted hydraulic model the results from the 

vertically distorted hydraulic model fitted with the skimming curtain (Curtain No. 

4).  In so doing, check the magnitude of the outflow-temperature reduction 

obtained when the curtain is used. 

 

As indicated by the arrangement of these tests, the numerical model was used primarily 

as a further means of ascertaining how vertical distortion of the hydraulic model may 

influence the results obtained from that model. 

 

The present chapter describes how the model U2LAPI was adjusted for these tests.  Also 

described are the mesh adaptations used for the tests, as well as the ways in which the 

boundary and initial conditions were prescribed for the tests. 
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The model initially was configured to simulate the entire hydraulic model.  However, it 

was found that the solution domain entailed an inordinately large number of mesh cells 

and a commensurately long computing time that led to unacceptably long periods in 

completing runs with the numerical model.  The solution domain was reduced in extent 

so as to shorten the duration of the model runs.  

 

7.2 Model of Entire Hydraulic Model 
The code U2LAPI was adapted for use in simulating the entire hydraulic model initially.  

The area encompassed by the hydraulic model is shown in Fig. 7-1.  The code was used 

first to simulate outflow from Prattville Intake in its existing condition, then when a 

curtain was fitted around the Intake.  Fig. 7-2 shows the location of the curtain and its 

overall dimensions.  The curtain corresponds to Curtain No. 4, as described by Ettema et 

al. (2004). 

 

 
 

Fig. 7-1.  Area encompassed by hydraulic model. 
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Fig. 7-2.  Elevation views of Curtain No. 4 to be placed around Prattville Intake 
(prototype dimensions). 

 

7.2.1 Mesh 

A multi-block structured mesh was developed and used for the computational domain.  

After several iterations with alternative mesh combinations, the mesh for which a plan 

view is shown in Fig. 7-3 was selected for the modeling.  The bathymetry replicated by 

the mesh is displayed in Fig. 7.4.  The mesh consisted of 47 mesh blocks, with a total of 

515,978 cells and 569,847 grid points.  Most parts of the mesh had 11 cells vertically 

over the water depth.  The number of vertical cells in the vicinity of the Prattville intake 

varied, though exceeding 11. 

 82



 
 

Fig. 7-3. Plan view of the mesh structure used for the entire hydraulic model. 
 

 
 
Fig. 7-4. Lake bed elevations replicated using the mesh that Fig. 7-3 shows in plan view. 
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7.2.2 Simulation Conditions 

Initial conditions are needed at time zero. For the initial velocity field, the water in the 

hydraulic model was assumed quiescent at time t = 0; i.e., water velocity was set at zero 

everywhere. The initial elevation of the lake’s water surface was set at EL. 4482.5ft.  The 

initial temperature stratification prescribed was the August, 1994 condition, as shown in 

Fig. 7-5. 

 
Fig. 7-5. The initial (at time zero) profile of water temperature used for the simulation; 

the August condition of the lake.  The circles are field data. 
 

The water density, molecular viscosity and thermal conductivity were taken as 

1000kg/m3, 1.267 x e-6m2/s, and 0.62W/m-K, respectively.  The two-equation, k-ε model 

was used for simulating turbulent viscosity. Both the horizontal and vertical turbulent 

 84



thermal diffusivity is assumed to equal to 0.062 W/m-K. The time steps used were 1.0s 

for the distorted model and 5.5s for the undistorted model. 

 

The boundary conditions are specified as follows: At the incised channel inflow on the 

Hamilton far-field side, pressure is specified as the static pressure. The velocities at this 

boundary are automatically calculated. The vertical temperature distribution as shown in 

Fig.7.5 is specified. At the intake, a fixed withdrawal rate is specified which provides the 

velocity boundary condition while the pressure is extrapolated form interior. At solid 

walls such as the bed, the wall functions are used as the boundary condition as described 

in Chapter 2.  The water surface was treated as a solid lid, for which the vertical velocity 

was set to zero while horizontal velocity and pressure are extrapolated from values in the 

interior of the modeled lake-water body. 

 

7.2.3 Results 

The results of the simulation using the above mesh are summarized in Fig. 7-6, in which 

the predicted water temperature of outflow released from Prattville intake in its existing 

condition operating during the prescribed August temperature profile of water in Lake 

Almanor, and as replicated by the vertically distorted hydraulic model of the lake and 

Prattville Intake.  The results are plotted as outflow temperature versus outflow rate 

normalized with the Intake’s normal outflow of Q0 = 1,600cfs; i.e., in non-dimensional 

terms as Q/Q0, with the normal outflow rate designated as Q/Q0 = 1. 

 

Also shown are predicted temperatures of outflow predicted from the U2LAPI simulation 

of an undistorted equivalent version of the vertically distorted hydraulic model.  In 

addition, the figure shows the trends predicted for outflow temperatures when the Intake 

was surrounded by Curtain No. 4.  These trends are indicated for a vertically distorted 

hydraulic model and for an undistorted version of the model. 

 

The corresponding data obtained from the vertically distorted hydraulic model, with and 

without Curtain No. 4 are presented in Fig. 7-7.  These data are fully described by Ettema 

et al. (2004). 

 85



 

A comparison of Figs 7-6 and 7-7 shows that overall the predicted results from the 

U2LAPI simulation of the entire hydraulic model agree reasonably well in trend with the 

measured results from the distorted hydraulic model.  However, the trends predicted for 

the undistorted model (Fig. 7-6) do not seem quite reasonable; the outflow temperature 

should vary more significantly with Q/Q0.  Instead, the trend shown for the simulation of 

the undistorted model are difficult to explain physically, e.g., it seems unreasonable that a 

warmer outflow should occur for Q/Q0 = 0.5 than for larger values of Q/Q0.   

 

The cause of the disagreement between the simulated predicted and the measured results 

from the hydraulic model was investigated, with attention focused on determining 

improvements to the mesh, as well as taking into account the time step used in the 

simulations.  After a series of exploratory tests, it was found that one major cause for the 

disagreement was an insufficient number of vertical mesh points used in the numerical 

simulation with U2LAPI. In addition, the time step is also an important parameter which 

has to be studied for the undistorted model. 
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Fig. 7-6. Variation of outflow temperatures predicted from U2-LAPI simulating the 

vertically distorted hydraulic model and an equivalent undistorted hydraulic model, with 
and without Curtain No. 4.  The solution domain is as in Fig. 7-3. 
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Fig. 7-7. Variation of outflow temperatures measured from the vertically distorted 
hydraulic model with and without Curtain No. 4. 

 

7.3  The Adjusted Numerical Model 
Described here are the adjustments made to the numerical model involving the code 

U2LAPI.  The adjustments sought to enable the numerical model to simulate the flow and 

outflow temperature conditions in the vertically distorted hydraulic model and the 

undistorted hydraulic model, and thereby complete the substantiation tasks listed in 
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Section 7.1.  The adjustments primarily entailed reducing the model domain simulated, 

adjusting the mesh, then determining the minimum practicable time step to be used, so as 

to obtain acceptable simulation accuracy in a timely manner with the PC-based computer 

system used for the simulations. 

 

7.3.1 Reduced Domain and Revised Mesh 

The number of vertical mesh points was increased, with several finer mesh options tried.  

It was finally determined that 27 vertical points were needed in the mesh.  Unfortunately, 

the total number of mesh cells then exceeded well over 1.3 million if the horizontal mesh 

were to remain the same as shown in Fig.7-3.  However, the unsteady simulation with 

such a large mesh resulted in a correspondingly excessive computing time that was well 

beyond the necessary turnaround time required to meet the project’s schedule. 

 

Therefore, it was decided that a reduced solution domain be used in order to keep the 

vertical number of points at 27, so that the total number of cells was kept below one 

million.  The reduced domain is delineated in Fig. 7-8.  

 

After several preliminary tests, the final mesh used was selected for the study.  The mesh, 

shown in Fig. 7-8, consists of 36 mesh blocks, a total of 845,000 cells, with 27 vertical 

points.  The bathymetry represented by the mesh is displayed in Fig. 7-9.  The mesh 

shown in Figs 7-8 and 7-9 was used for simulating the flow through the vertically 

distorted hydraulic model and the undistorted equivalent version of the hydraulic model, 

over the reduced domain delineated in those figures. 
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Fig.7.8. Final mesh used for simulating the reduced solution domain within the hydraulic 
model.  The mesh is superimposed on the area encompassed by the hydraulic model. 

 

 
 

Fig. 7-9. Bed elevations replicated by the domain and mesh shown in Fig. 7-7. 
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The above reduced domain mesh has been carefully developed and subsequently used for 

each of the test conditions listed in Section 7.1; i.e., distorted and undistorted hydraulic 

models, with and without Curtain No. 4.  The approach is as follows.  Developed first 

was the mesh used for simulating the vertically distorted hydraulic model of Prattville 

Intake fitted with Curtain No. 4.  That mesh, shown in Fig. 7-8, was the most complex 

mesh to create. The outline of the curtain can be clearly seen as it coincides with the 

multi-block mesh boundaries.  Fig. 7-10 is a zoomed-in top view of the region of the 

mesh near the Intake.  Figs 7-11 and 7-12 provide 3D perspective views of the mesh, 

while Figs 7-13 and 7-14 illustrate the bathymetry as replicated by the mesh.  Note that 

Figs 7-13 and 7-14 are viewed upwards from the bottom, and that the west and east sides 

correspondingly are flipped in comparison with the top view. 

 

Once the mesh for the vertically distorted model containing Curtain No. 4 was 

configured, the same mesh was then used for the vertically distorted hydraulic model of 

Prattville Intake in its existing condition.  The only change made to the mesh was that all 

the surface meshes representing Curtain 4 were set as internal fluid boundaries instead of 

solid-wall boundaries. 

 

The meshes for the equivalent undistorted versions of the vertically distorted hydraulic 

model, with and without Curtain No. 4, were created by horizontally stretching the 

distorted meshes 5.5 times their original horizontal length.  Though consideration was 

given to an alternative mesh that did not involve the horizontal stretching, such as using 

more cells horizontally, that mesh would require commensurately longer run times, and 

thus create again the difficulty for duration of simulation runs. 
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Fig. 7-10.  A zoomed-in top view of the mesh in Fig. 7-7. 
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Fig. 7-11. A perspective view of the mesh for the reduced domain. 
 

 
 
 

Fig. 7-12. A zoomed-in perspective of the mesh 
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Fig.7-13. A perspective view of the lake bathymetry (viewed upwards from the bottom). 

 

 
 

Fig. 7-14. A zoomed-in perspective view of the lake bathymetry near Prattville Intake 
(viewed upwards from the bottom) 

 

7.3.2 Initial Conditions and Boundary Conditions 

Initial conditions are needed at time zero. For the initial velocity field, the water in the 

hydraulic model was assumed quiescent at time t = 0, i.e., water velocity was set at zero 

everywhere. The initial elevation of the lake’s water surface was set at EL. 4482.5ft.  The 
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initial temperature stratification prescribed was the August, 1994 condition, as shown in 

Fig. 7-5. 

 

The water density, molecular viscosity and thermal conductivity were taken as 

1000kg/m3, 1.267 x e-6m2/s, and 0.62W/m-K, respectively. The two-equation, k-ε model 

was used for simulating turbulent viscosity. Both the horizontal and vertical turbulent 

thermal diffusivity is assumed to equal 0.062W/m-K. 

 

The boundary conditions are specified as follows: At far-field open boundaries, which are 

arbitrary cuts through the hydraulic model due to the use of a reduced solution domain, 

pressure is extrapolated from interior if the flow goes out while pressure is specified as 

the static pressure if flow is into the domain. The velocities at the open boundaries are 

automatically calculated and satisfy the continuity equation. If the water flows into the 

open boundaries, the vertical temperature distribution as shown in Fig.7.5 is specified; 

otherwise, it is also extrapolated from interior.  At the intake, a fixed withdrawal rate is 

specified which provides the velocity boundary condition while the pressure is 

extrapolated form interior. At solid walls such as the bed, the wall functions are used as 

the boundary condition as described in Chapter 2. The water surface will be treated as a 

solid-lid condition where vertical velocity is set to zero while horizontal velocity and 

pressure are extrapolated from interior.  

 

At the start of the simulation (t = 0), water was released through the simulated Prattville 

Intake at a constant withdrawal rate of 0.029cfs for the vertically distorted hydraulic 

model, and 0.159cfs for the undistorted version of the hydraulic model.  This rate of 

outflow corresponds to the Intake’s normal outflow of Q0 = 1,600cfs.  As with Fig, 7-5, 

the results of the modeling are presented in non-dimensional terms as Q/Q0.  

Accordingly, the normal outflow rate is designated as Q/Q0 = 1. 

 

7.4  Result Sensitivity to Time Step 
The time step used for the simulations of the unsteady flow and thermal conditions is 

found to be an important factor influencing the accuracy of the simulations.  Therefore, 
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an extensive effort was undertaken to evaluate the sensitivity of the simulation results to 

the magnitude of the time step used in the simulation so that the accuracy of the 

simulation results may be understood.  Time step ranging from 0.5s to 5.5s were used in 

the evaluation. 

 

7.4.1 Time-step Sensitivity for Normal Outflow 

For the simulation of the vertically distorted hydraulic model fitted with Curtain No. 4, 

and with the outflow condition set at Q/Q0 = 1, three time steps were evaluated; ∆t = 5.5s, 

1.0s, and 0.5s.  The simulated results of withdrawal temperature are given in Fig.7.15, 

which shows that use of ∆t = 1.0s and 0.5s produces the same variation of outflow 

temperature with time.  This outcome indicates that the results are insensitive to time step 

when ∆t ≤ 1.0s.  The time step ∆t = 1.0s was selected for the further simulations with the 

vertically distorted hydraulic model of Prattville Intake in its existing condition and when 

fitted with a curtain. 

 

When withdrawal starts suddenly, the temperature increases rapidly due to fast mixing of 

both cold and warm water.  However, once the mixing reaches a peak, temperature starts 

to decrease as stratified water tends to re-establish the new equilibrium of both flow and 

thermal stratification.  This overall trend is illustrated in Fig.7-15. 

 

For the simulation of the undistorted version of the hydraulic model, it was found that the 

simulation results were more sensitive to time step. The sensitivity evaluation was 

complicated by the required cpu time (a. much longer computing time was needed) and 

solution stability (it was very difficult for the results of simulation to converge).  It was 

found that, when ∆t =5.5s, the model produced stable and convergent results for all 

simulated cases.  However, for the lesser time steps, some of the simulations failed to 

converge.  This finding is elaborated subsequently. 
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Fig. 7-15. Simulated variation of outflow temperature with time for the vertically 

distorted hydraulic model fitted with Curtain No. 4, and with Q/Q0 = 1.0. 
 

Fig. 7-16 presents the findings obtained from the undistorted hydraulic model fitted with 

Curtain No. 4, and with Q/Q0 = 1.  Three time steps used were: 0.5s, 1.0s, and 5.5s.  It is 

evident that the predicted withdrawal temperatures did not become independent of time 

step, for the time steps used.  The excessive cpu time needed with use of a time step less 

than 0.5s made further testing with smaller time step, infeasible for the present project.  

For example, when ∆t = 1.0s was used more than one month of computing time on a 

Pendium 1.8 GHZ PC was needed to simulate the 50 minutes of flow time in the 

undistorted hydraulic model.   The curves obtained when using ∆t = 1.0s and 0.5s are 

sufficiently close, differing by about 0.25oC, that for the purpose of the present project 

 97



the time step was considered as acceptably accurate results.  It remains understood, 

however, that the simulation results involving the undistorted version of the hydraulic 

model are not fully time-step independent.  Nevertheless, the results obtained with the 

time step remain useful in a couple of respects:  

 

1. The outflow temperatures obtained with use of the larger time step generally 

exceed the temperatures obtained from the hydraulic model.  Therefore, in terms 

of assessing the efficacy of Curtain No. 4, the simulation results give conservative 

estimates (larger outflow temperatures) that would still be useful in confirming 

the results from the vertically distorted hydraulic model; and, 

 

2. Though the magnitude of the outflow temperatures may not be time-step 

independent, the relative magnitudes of the reduction in outflow temperature 

resulting from the use of Curtain No. 4 over the range of the outflow rates 

compare reasonably well with those of the hydraulic model, and therefore make 

the numerical model useful. 
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Fig. 7-16. Simulated variation of outflow temperature with time for the undistorted 
hydraulic model with Curtain No. 4, and with Q/Q0 = 1.0. 

 

7.4.2 Time-step Sensitivity for Other Outflows 

The foregoing section shows that the simulation results are sensitive to the time step (∆t) 

used, particularly when simulating the undistorted version of the hydraulic model 

containing Curtain No. 4.  To assess time-step sensitivity for other rates of outflow, 

further simulations were carried out for the undistorted hydraulic model fitted with 

Curtain No. 4.  The flow rates simulated were Q/Q0 = 0.5, 1.0, and 1.7.  The simulations 

were done using ∆t = 5.5s and 1.0s. 
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The results are shown in Fig. 7-17a-c, which shows that sensitivity to selected time step 

is more profound for the smaller values of Q/Q0.  For Q/Q0 = 1.7, the simulation value of 

outflow temperature obtained using ∆t = 5.5s exceeds by about 0.5oC that obtained using 

∆t = 1.0s; but the difference is more than 1.5oC for Q/Q0 = 0.5.  The sensitivity test shows 

that smaller time step should be used for values of Q/Q0 less than or equal to 1.0.  It is 

pointed out that the simulation became unstable around t = 25 minutes when Q/Q0 = 1.7 

and ∆t =1.0s as shown in Fig. 7-17c.  At that time, the simulated outflow temperature 

starts to oscillate. 

 

The findings from the sensitivity tests simulating an undistorted hydraulic model indicate 

that a smaller time step is needed for a smaller Q/Q0.  In response to this finding, yet a 

further test of time-step sensitivity was carried out for the case of Q/Q0 = 0.5, the smallest 

value used for this study.  That test used ∆t = 0.5s, 1.0s, and 5.5s.  The results of the test, 

presented in Fig. 7-18, confirm that, for smaller values of Q/Q0, the simulated outflow 

temperature remains sensitive to time-step even with ∆t is in the range of 0.5s and 1.0s. 
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Fig. 7-17. Simulated variation of outflow temperature with time for the undistorted 
hydraulic model fitted with Curtain No. 4.  The trends are compared for simulations using 

∆t = 5.5s and 1.0s; (a) Q/Q0 = 0.5. 
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Fig. 7-17. Variation of outflow temperature with time for the undistorted hydraulic model 
fitted with Curtain No. 4.  The trends are compared for simulations using ∆t = 5.5s and 

1.0s; (b) Q/Q0 = 1.0. 
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Fig. 7-17. Variation of outflow temperature with time for the undistorted hydraulic model 
fitted with Curtain No. 4.  The trends are compared for simulations using ∆t = 5.5s and 

1.0s; (c) Q/Q0 = 1.7. 
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Fig.7.18. Variation of outflow temperature with time for the undistorted hydraulic model 
fitted with Curtain No. 4, and with Q/Q0 = 0.5, and ∆t = 5.5s, 1.0s, and 0.5s. 

 
 
 

7.5  Variation of Outflow Temperature with Q/Q0

The variations of outflow temperature with normalized outflow Q/Q0 are estimated here 

for the simulations of the distorted hydraulic model and the undistorted version of that 

hydraulic model.  The resulting variations are compared to assess the discharge 

coefficient between the distorted and the undistorted versions of the hydraulic model, and 
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to assess the effect of Curtain No. 4 on the temperature of outflow released through 

Prattville Intake. 

 

7.5.1 Simulation of Distorted Hydraulic Model 

Fig.7.19 compares the temporal records of simulated values of outflow temperature with 

the predicted values of outflow temperature.  The figure pertains to the vertically 

distorted hydraulic model of Prattville Intake in its existing condition and the Intake 

releasing flows at Q/Q0 = 0.5, 1.0, 1.7, and 2.23.  The simulation results were obtained 

using the time step ∆t = 1.0s. 

 

The temporal records show that outflow temperature rapidly increases initially, as water 

is released through the Intake.  Following this initial steep rise, the outflow temperature 

rises more gradually, as additional warmer water mixes with colder water drawn towards 

the Intake.  It takes about one minute for the outflow temperature to reach an approximate 

peak value. Thereafter, outflow temperature remains constant, or mildly increases, for a 

further one to three minutes; the temperature remained constant longer for the larger 

values of Q/Q0.  After about 3 minutes, the outflow temperature started to decrease 

towards a likely steady-state equilibrium value, as observed for outflow temperature 

measured from the hydraulic model.  The equilibrium temperature is the temperature of 

interest in assessing the performance of the Intake.  For a period between 5 to 9 minutes 

after the outflow began, the outflow-temperature levels at ostensibly an equilibrium 

value.  However, after about 9 minutes, the outflow temperature decreased once more.  

This latter decrease is attributable to the boundary conditions imposed at the far field of 

the simulation domain.  For the purpose of the present project, the outflow temperature at 

9 minutes was taken to represent the equilibrium temperature of the outflow released 

through Prattville Intake.  The ensuing comparisons of Intake performance with and 

without Curtain No. 4 are based on outflow temperatures measured at that time in the 

simulation. 
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Fig. 7-19. Variation of outflow temperature with time for the vertically distorted 

hydraulic model without Curtain No. 4. 
 

Fig. 7-20 shows the temporal variation of the simulated outflow temperature for the 

distorted hydraulic model fitted with Curtain No. 4 and subject to different outflow rates, 

Q/Q0.  The simulations were carried out using the time step ∆t =1.0s.  As was expected, 

the records of outflow temperature differ substantially from those obtained for Prattville 

Intake without Curtain No. 4 (Fig. 7-19).  The simulation results confirm that Curtain No. 

4 enables the Intake to withdraw colder water from the lake.  During the first three 

minutes of the Intake’s operation, the outflow temperature was dominated by the 

temperature of the water contained by the Curtain.  After about 3 minutes, the effect of 

cold water being drawn beneath the Curtain starts to affect the outflow temperature.  The 
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reduction of outflow temperature toward an ostensible equilibrium temperature occurs 

after about 3 minutes after the start of outflow, and the outflow temperature levels off 

somewhat until about 8 to 9 minutes.  Thereafter, the outflow temperature reduces again.  

This latter reduction is attributable to the influence of the far-field boundary conditions 

assumed for the simulation, and is similar to trend obtained for the simulations of the 

distorted hydraulic model without Curtain No. 4 I (Fig.7-19).  The outflow temperature at 

9 minutes was selected as representing an equilibrium temperature of outflow. 

 

 
 

Fig. 7-20. Variation of outflow temperature with time for the vertically distorted 
hydraulic model with Curtain No. 4. 
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7.5.2 Simulation of Equivalent Undistorted Hydraulic Model 

Fig. 7-21 shows the temporal variation of the simulated outflow temperature for the 

equivalent undistorted version of the vertically distorted hydraulic model of Prattville 

Intake operated in its existing condition (without Curtain No. 4) and subject to different 

outflow rates, Q/Q0.  The simulations were carried out using the time step ∆t = 5.5s.  

Note that, for the undistorted model, the time scale should be 5.5 longer than that for the 

distorted model; i.e., 1 minute in the distorted model corresponds to 5.5 minutes in the 

undistorted model.  This is why ∆t = 5.5s was used for the undistorted model simulation.  

It is seen from Fig. 7-21 that the first 20 minutes of outflow correspond approximately to 

the first 3 to 4 minutes of outflow in the simulated distorted model without Curtain No. 4.  

The trend differs thereafter.  To be consistent with the time scale of the distorted model, 

for which the outflow temperature was taken after 9 minutes of Intake operation, the 

representative outflow temperature in the undistorted model was taken at 49.5 minutes.  

This procedure for reading outflow temperature is consistent with the trends in Fig. 7-21 

insofar that the outflow temperature during the period 20 minutes to 50 minutes after start 

of outflow approaches an ostensible equilibrium temperature. 

 

 108



 
 

Fig. 7-21. Variation of outflow temperature with time for the undistorted hydraulic model 
without Curtain No. 4. 

 

Fig. 7-22 shows the temporal variation of the simulated outflow temperature for the 

undistorted version of the hydraulic model of Prattville Intake fitted with Curtain No. 4, 

and subject to different outflow rates, Q/Q0.  The simulations were carried out using the 

time step ∆t = 5.5s.  Owing to the time-step sensitivity of the simulation results obtained 

for this case, as discussed in previous sections, and to the eventual effect of the model’s 

boundary conditions, the simulated results obtained using this time step are not accurate, 

particularly for Q/Q0 = 0.5 and 1.0.  As shown in Fig. 7-22, the four values of Q/Q0 

produce practically the same outflow temperature after 49.5 minutes of flow. 
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Therefore, a further comparison was made using the smaller time step of ∆t = 1.0s for the 

two smaller values of Q/Q0.  The results are given in Fig. 7-23, which compares the 

results obtained using with ∆t = 5.5s for outflows Q/Q0 =1.7 and 2.23, and ∆t = 1.0s for 

the outflows Q/Q0 =1.0 and 0.5.  The overall trends in outflow temperature are similar to 

those obtained for the simulation of the distorted hydraulic model of Prattville Intake 

fitted with Curtain No. 4 as given in Fig. 7-17. 

 

 
 

Fig. 7-22. Values of outflow temperature from the simulation of the undistorted hydraulic 
model fitted with Curtain No. 4; ∆t =5.5s for all the Q/Q0 values. 

 

 

 110



 
 

Fig. 7-23. Values of outflow temperature from the simulation of the undistorted hydraulic 
model fitted with Curtain No. 4; ∆t =5.5s for Q/Q0 = 1.7 and 2.23, ∆t = 1.0s for Q/Q0 = 

0.5, and 1.0. 
 

7.5.3 Comparison of Results 

Compared here are the discharge coefficient used to relate results from the vertically 

distorted hydraulic model and its equivalent undistorted hydraulic model.  The outflow 

temperatures taken from Figs 7-23 through 7-19 for the four test conditions (distorted and 

undistorted with and without Curtain No. 4) are compared in Fig. 7-24, which plots 

outflow temperature versus Q/Q0.  As mentioned above the outflow temperatures were 

taken at 9 minutes for the simulations of the distorted hydraulic models, and 49.5 minutes 

for undistorted version of the hydraulic model, as discussed before.  Also, the time step 
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∆t = 1.0s was used for the simulations of the distorted models while ∆t = 5.5s was used 

for simulations of the equivalent undistorted hydraulic model of Prattville Intake in its 

existing condition (without Curtain No. 4).  Fig. 7-24 gives the results obtained from 

different time steps used for simulating the undistorted hydraulic model fitted with 

Curtain No. 4.  As explained above, the results of this simulation were found to be 

dependent on the size of the time step used.  Because of the excessive computing time 

needed in completing the simulations involving the smaller time steps, and the instability 

found for some cases, only a few data points were obtained.  They are shown as green 

diamonds in Fig. 7-24.  The crimson line represents the results obtained when ∆t = 1.0s is 

used, while the green line is for the results obtained for ∆t = 0.5s. 

 

The simulation results obtained using ∆t = 5.5s for the undistorted hydraulic model with 

and without Curtain No. 4 are similar to those shown in Fig. 7-6, which pertain the 

simulation of the entire domain encompassed by the hydraulic model meshed (Fig. 7-3), 

but for which the number of vertical mesh points were relatively coarsely spaced (11 

points over the lake depth).  In contrast, the mesh used to produce results in Fig. 7-24 

involved the reduced solution domain (Fig. 7-8), but with a mesh formed of 27 nodes 

over the lake depth.  The comparison indicates that the use of the mesh with the reduced 

domain, along with the imposed far-field open boundary conditions, was adequate and 

justified and that it indeed produced suitably accurate results representing the hydraulic 

model. 

 

Fig. 7-7 presents the equivalent results obtained from the vertically distorted hydraulic 

model.  This figure indicates that the trends obtained from the numerical model U2LAPI 

concur with those from the hydraulic model, though some differences in temperature 

magnitudes do exist.  The curves obtained for the simulations of the distorted and the 

equivalent undistorted hydraulic model (without Curtain No. 4) show that the discharge 

coefficient of about 1.7 results when the outflow temperature is compared for Q/Q0 = 1 in 

the undistorted hydraulic model and Q/Q0 = 1.7 for the distorted hydraulic model.  This 

value of the discharge coefficient agrees with the value obtained from the testbox tests 

and from a simple analysis based on similitude of flow vorticity (Ettema et al. 2004). 
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Fig. 7-24. Comparison of outflow temperature with value of Q/Q0, for the conditions 
simulated using U2LAPI and the computational domain and mesh shown in Fig. 7-8. 

 
 

The curves (Fig. 7-24) for the equivalent undistorted hydraulic model show that use of 

Curtain No. 4 reduces outflow temperature by almost 2.5oC.  This result is about 1oC less 

than the reduction obtained using the vertically distorted hydraulic model, and from the 

simulation of that model, and it confirms the overall performance of Curtain No. 4.  The 

2.5oC reduction in outflow temperature as predicted from the simulation is a conservative 

estimate, and the reduction may well be about 1oC larger.  The tests regarding time-step 
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sensitivity show that the simulation model of the undistorted hydraulic model fitted with 

Curtain No. 4 gives larger outflow temperatures than likely would occur. 

 

The curves for the simulation of the distorted hydraulic model fitted with the curtain 

show a larger drop for the normal operating outflow condition of Q/Q0 = 1.0 (about 

3.8oC) in outflow temperature than obtained for the simulation of the undistorted model.  

This magnitude of temperature reduction agrees very well with the reduction measured 

from the vertically distorted hydraulic model, which gave a reduction of 3.5oC.  When 

regarded together with the results from the distorted hydraulic model, it would appear 

that the numerical model overall met the objective of providing information confirming 

the results from the hydraulic model. 

 

7.6 Vertical Profiles of Water Temperature 
Presented here, based on the numerical simulations, are the predicted vertical 

distributions of lake-water temperature at selected points in the model domain.  This 

information was examined in order to gain a more detailed understanding of the 

temperature field within the lake.  Of particular interest is the lake-water condition 

associated with the performance of the undistorted model of Prattville Intake fitted with 

Curtain No. 4, and the influence of simulation time step on the temperature profiles of 

lake water.  Three time steps were used: ∆t = 0.5s, 1.0s, and 5.5s. 

 

Three stations, or points, in the lake and encompassed by the solution domain were 

selected for the purpose of this investigation.  They are indicated in Fig. 7-25.  Predicted 

vertical profiles of water temperature at the three stations are compared at different times, 

and for the three time steps.  The results are given in Figs. 7-26 to 7-30, in which the 

prescribed initial temperature profile also is plotted.  The temperature profiles obtained 

with the simulation using ∆t = 5.5s varied substantially with time and location.  Yet, the 

water temperature far from the Intake was not expected to alter much over the period of 

the simulation.  This finding indicates that the simulation results obtained using ∆t = 5.5s 

are too diffusive, and that a smaller time step was needed to reduce errors incurred with 

numerical diffusivity of the simulation.  The results obtained from ∆t = 1.0s and 0.5s 
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showed a much reduced variation of temperature profile both in terms of time and space.  

This finding indicates that simulations with these smaller time steps reduced numerical 

diffusion and improved accuracy.  Moreover, the difference between results obtained 

using ∆t = 1.0s and 0.5s was small. 

Fig. 7-25. The locations of the three points where vertical profiles of water temperature 
were measured and simulated. 
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∆t = 5.5s ∆t = 1.0s ∆t = 0.5s 

 
 
 

Fig. 7-26. Vertical profiles of water temperature at three stations in Lake Almanor.  The simulation results are for the equivalent 
undistorted hydraulic model fitted with Curtain No. 4: Q/Q0 = 1.0, time = 5.5 minutes, ∆t = 5.5s; time = 5.0 minutes, ∆t = 1.0s and 

0.5s. 

 116



 
 
 
 
 
 
∆t = 5.5s ∆t  = 1.0s ∆t = 0.5s 

 
 
 

Fig.7.27. Vertical profiles of water temperature at three stations in Lake Almanor.  The simulation results are for the equivalent 
undistorted hydraulic model fitted with Curtain No. 4: Q/Q0 = 1.0, time = 11 minutes for all time steps. 
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∆t = 5.5s ∆t = 1.0s ∆t = 0.5s 

 
 
 

Fig.7.28. Vertical profiles of water temperature at three stations in Lake Almanor.  The simulation results are for the 
equivalent undistorted hydraulic model fitted with Curtain No. 4: Q/Q0 = 1.0, time = 22 minutes for all time steps. 
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∆t = 5.5s ∆t = 1.0s ∆t = 0.5s 

 
 
 

Fig.7.29. Vertical profiles of water temperature at three stations in Lake Almanor.  The simulation results are for the 
equivalent undistorted hydraulic model fitted with Curtain No. 4: Q/Q0 = 1.0, time = 32 minutes for all time. 
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∆t = 5.5s ∆t = 1.0s ∆t = 0.5s 

 

Fig.7.30. Vertical profiles of water temperature at three stations in Lake Almanor.  The simulation results are for the 
equivalent undistorted hydraulic model fitted with Curtain No. 4: Q/Q0 = 1.0, time =50m for all time steps. 

 
 

 

 



8. SUMMARY AND CONCLUSIONS 
 
This chapter briefly summarizes the numerical modeling carried out as part of an overall 

project aimed at determining how to modify Prattville Intake so that it could release 

colder water from Lake Almanor during summer months, and this chapter presents the 

main conclusions drawn from the numerical modeling.  

 

8.1 Summary 
Prattville Intake releases water from Lake Almanor, a storage reservoir that becomes 

thermally stratified during summer (mid-June through to mid-September).  The Intake in 

its existing configuration releases water whose temperature environmental interests 

consider too warm for trout in the North Fork of the Feather River downstream from 

Lake Almanor.  For its normal operating outflow of 1,600cfs, the Intake presently draws 

water from over the full depth of water in the lake, especially from the warm upper layer 

that develops in the lake during summer.  Of concern was the Intake’s release during 

summer of water too warm for suitable trout habitat in the North Fork of the Feather 

River downstream of Lake Almanor. 

 

An extensive program of laboratory tests based on the use of a large, but vertically 

distorted hydraulic model was conducted to ascertain an effective modification to the 

Intake that would enable it to release colder water during summer.  The hydraulic model 

encompassed a large portion of Lake Almanor surrounding the Intake.  The model’s 

horizontal-length and vertical-length scales were 220 and 40, respectively. 

 

A curtain placed around the Intake was identified as potentially holding best promise for 

enabling the Intake to draw more cold water from deeper in the lake, and thereby 

significantly reduce the temperature of the outflow it releases.  The curtain, herein termed 

Curtain No. 4, would be 770ft wide and be located about 906ft out from the face of the 

Intake.  Its bottom elevation would be at EL. 4445ft. 

 

The numerical model was used in helping to address the influence of vertical distortion 

on the hydraulic model’s results concerning the capability of a large curtain around 
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Prattville Intake reduce the temperature of the outflow during summer months.  The 

numerical model involved simulating the distorted hydraulic model and an equivalent 

(virtual) undistorted version of the hydraulic model.  Work with the hydraulic model 

showed that a discharge-adjustment coefficient had to be used for operating the hydraulic 

model and for interpreting results from it.  Information from the numerical model was 

needed to help confirm both the value of the discharge-adjustment coefficient and the 

magnitude of the reduction in outflow temperature that would occur when the curtain was 

placed around the Intake.  Additionally, information was sought regarding how a 

modified Intake would affect the distribution and overall availability of cold water in 

Lake Almanor. 

 

A numerical model herein termed U2LAPI was used to help in addressing these concerns.  

U2LAPI is tailored made for this project based on the three-dimensional (3D) numerical 

code U2RANS, used extensively by IIHR.  In particular, U2LAPI was used to simulate 

the water movement and water-temperature distribution of Lake Almanor, and to predict 

the temperature of the outflow released through the Intake.  It also was used to confirm 

the results from the vertically distorted hydraulic model. 

 

The application of U2LAPI to simulate the entire lake utilized a hybrid computational 

mesh consisting of structured, multi-block, hexahedral cells near the Prattville intake, and 

prismatic cells away from the intake for the entire lake.  Appropriate heat-exchange 

routines were implemented into U2LAPI so that it could simulate the thermal 

stratification characteristics and seasonal changes at Lake Almanor.  The model U2LAPI 

was calibrated and verified using data obtained from Lake Almanor during the years 

2000 and 2001. 

 

U2-LAPI then was applied to simulate the vertically distorted hydraulic model of 

Prattville Intake, and subsequently to simulate an equivalent undistorted version of that 

hydraulic model.  This application required refining the computational mesh in the 

vicinity of the Intake, as well as requiring a smaller solution domain because of 

constraints incurred with the lengthy duration of simulation runs.  It was not possible, 
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using the computational facilities available for the project, to simulate the entire lake as 

well as the details of the flow field near the Intake, especially when the curtain was 

placed around the Intake.  The mesh used for the undistorted model was the same mesh 

used for simulating the distorted model except the mesh was stretched laterally by a 

factor of 200/40 = 5.5 so that the length scales corresponded to a scale of 40.  (Here 

model scale is prototype value/model value. 

 

8.2 Conclusions 
The main conclusions from the simulation work with U2LAPI are as follow: 

 

1. It was found that U2LAPI was capable of simulating reasonably accurately water 

movement and temperature stratification in Lake Almanor.  Calibrated with data 

from 2000, U2LAPI predicted reasonably well the temperature distributions of lake 

water for a period during 2001, and it was reasonably accurate in replicating the 

temperature of the outflow during that period.  Differences between measured 

temperature of outflow and predicted temperature are attributable to several factors, 

including the need to simulate accurately the flow field at Prattville Intake. 

 

2. When U2LAPI was applied to a solution domain equivalent to the extent of the 

vertically distorted hydraulic model, and a refined mesh was used together with a 

time step of 1 second, it predicted trends of outflow temperature versus outflow rate 

that compared well with the trends obtained from the hydraulic model. 

 

3. However, when applied to the undistorted hydraulic model, the U2LAPI 

simulations using the same solution domain as mentioned in item 2 above produced 

results that were unreasonable in terms of the physics of flow at Prattville Intake.  

The simulation that proved especially challenging was that for the equivalent 

undistorted hydraulic model containing Curtain No. 4.  This finding led to a 

reduction in the solution domain, further refinement of the mesh, and selection of a 

reduced time step. 
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4. It was found that simulation time step influenced simulation accuracy.  An 

extensive effort undertaken to evaluate the sensitivity of the simulation results to 

the magnitude of the time step used in the simulation.  Time step magnitudes of 0.5s 

to 5.5s were used in the evaluation.  The results obtained from simulation of the 

distorted model show that time steps of 1.0 second and 0.5 second produced the 

same result.  Therefore a time step of 1 second was used for simulations of the 

distorted model of Prattville Intake in its existing condition and when fitted with a 

curtain.   

 

5. For the simulation of the equivalent undistorted hydraulic model, it was found 

that simulation results were more sensitive to time step.  The sensitivity evaluation 

was complicated by the required cpu time and solution stability.  A time step of 1 

second required more than one month of computing time on a Pentium 1.8 GHZ PC 

in order to simulate 50 minutes of flow in the undistorted hydraulic model.  It was 

found that a time step of 5.5 seconds produced stable and convergent results for all 

simulated cases.  Sensitivity tests with the undistorted hydraulic model indicate that 

a smaller time step is needed for outflows smaller than about the normal outflow 

released through Prattville Intake.  However, for the lesser time steps, some of the 

simulations failed to converge. 

 

6. The curves obtained for the simulations of the distorted and the equivalent 

undistorted hydraulic model (without Curtain No. 4) show that the discharge 

coefficient of about 1.7 results when the outflow temperatures predicted for the 

distorted model are compared to those of the undistorted hydraulic model.  This 

value of the discharge coefficient agrees with the value obtained from the testbox 

tests and from a simple analysis based on similitude of flow vorticity (Ettema et al. 

2004). 

7. The tests simulating the distorted and undistorted hydraulic models of Prattville 

Intake fitted with Curtain No. 4 support the curtain-performance results measured 

from the vertically distorted hydraulic model.  The simulation of the distorted 

hydraulic model with the curtain shows that Curtain No. 4 reduces outflow by 
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about 3.8oC when the Intake is releasing the normal operating outflow of 1,600cfs 

or more.  This value is about the same as the 3.5oC reduction measured from the 

distorted hydraulic model.  The results from the simulation of the undistorted 

model suggest that Curtain No. 4 would reduce the outflow temperature by about 

2.5oC.  This reduction is not as large as that obtained with the distorted hydraulic 

model.  A larger reduction likely would have been predicted with the numerical 

model if the results of that model had not been sensitive to the time step used in 

the simulation, and if it were possible to use a finer mesh size in the simulation.  

Limitations associated with the available computer platform impeded use of a 

finer mesh and a shorter time step. 
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APPENDIX A. PRIOR STUDIES INVOLVING U2RANS 
U2RANS has been used extensively for prior studies. The ensuing list gives publications 
documenting these studies.  Many of the studies demonstrate the accuracy and reliability 
of U2RANS by comparing U2RANS simulation results with data from field 
measurements and/or a hydraulic model.  Further information about U2RANS can be 
obtained from these publications. 
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ASCE J. Hydraulic Engineering, V.129(3), 2003a. 
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Method for Hydraulic Flow Simulation - Part II: Application,” ASCE J. Hydraulic 
Engineering, V.129(3), 2003b. 

• Lai, Y.G., “Unstructured Grid Arbitrarily Shaped Element Method for Fluid Flow 
Simulation,” AIAA Journal, Vol.38, No.12, pp.2246-2252, 2000 

• Lai, Y.G., Weber, L, Patel, V.C., “U2RANS: A Comprehensive Hydraulic flow 
Simulation Code – Its Development and Applications,” Proceedings 4th Int. 
Conference on HydroInformatics, Iowa City, IA, 2000. 
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Flow,” Turbine-99, ERCOFTAC Workshop on Draft-Tube Flow, Porjus, Sweden, 
June 1999. 

• Weber, L.J., Lai, Y.G., Blank, J.C., Andrade, F.De. “Rocky Reach Dam: A 
Comprehensive Look at the Calibration of a Numerical Model Applied to Fish 
Passage,” Proceedings 4th Int. Conference on HydroInformatics, Iowa City, IA, 
2000. 

• Lai, Y.G., Weber, L.J., Moedinger, J., “A Three-Dimensional Unsteady Method 
for Simulating River Flows,” Proceedings ASCE World Water and Environmental 
Resource Congress, Orlando, FL, May 20-24, 2001. 

• Weber, L.J., Lai, Y.G., Andrade, F. “Three-Dimensional Numerical Model 
Validation: Issues and Directions,” Proceedings ASCE World Water and 
Environmental Resource Congress, Orlando, FL, May 20-24, 2001. 

• Lai, Y.G., Weber, L.J., “Three-Dimensional Hydraulic Simulation of Wetting-
Drying Process,” Proceedings 29th IAHR Congress, Beijing, China, Sept. 16-21, 
2001. 

• Weber, L.J., Huang, H., Lai, Y.G., “Numerical Modeling of Total Dissolved Gas 
Downstream of a Spillway”, Proceedings 29th IAHR Congress, Beijing, Beijing, 
China, Sept. 16-21, 2001 

• Huang, J., Lai, Y.G., Patel, V.C., “Verification and Validation of a 3D Numerical 
Model for Open-Channel Flows,” Numerical Heat Transfer, Part B, Vol.40, No.5, 
pp.431-449, 2001. 

• Huang, J., Weber, L.J., Lai, Y.G., “Three-Dimensional Numerical Simulation of 
Flow in an Open-Channel Junction,”  ,”  J. Hydraulic Engineering, Vol.128, 
No.3, pp.268-280, 2002. 
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• Huang, W. and Lai, Y.G., “A Parallel Implementation of a Multi-Block Three-
Dimensional Incompressible Flow Solver on a DSM Machine,” Proceedings 4th 
Int. Conference on HydroInformatics, Iowa City, IA, 2000 

• Li, S., Lai, Y.G., Patel, V.C., Silva, J. M., “Water-Intake Pump Bays: Three-
Dimensional Flow Modeling, validation, and Application,” Proceedings 4th Int. 
Conference on HydroInformatics, Iowa City, IA, 2000 
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APPENDIX B. TWO EXAMPLES OF PRIOR APPLICATIONS 
Two prior applications of U2RANS to the thermal issue at nuclear power plants are 
described briefly here. 
 
B.1 Application to Coopers Ferry Nuclear Power Plant 
In this project, completed in February 2002, U2RANS was used to model the 
hydrodynamic and thermal characteristics of the Missouri River from the vicinity of CNS 
down to the 5,000ft compliance point for several flow scenarios. The results of the 
U2RANS simulation comprised a detailed 3D depiction of water temperature and 
velocities throughout the modeled area, and were used as a reliable source of information 
for thermal impact assessment. The purpose of the U2RANS simulation for this project is 
to provide details on thermal mixing and effects of existing local wing dikes and other 
physical river features as the heated water proceeds from discharge canal down to the 
compliance point, and to provide a framework for possible future investigation of in-
stream structural measures to enhance near-field mixing.  
 
A detailed validation and result discussion can be found in our recent project report (Lai 
2002c). As an example, calculated results and comparisons between the prediction and 
field data are presented for one operating condition. The predicted water surface velocity 
magnitude and temperature are shown in Figs B.1 and B.2 below, respectively. 
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Fig B.1. Predicted water surface velocity 

magnitude using U2RANS 

 
Fig. B.2. Predicted water surface temperature 

above the ambient 
 
The flow hydrodynamics shows a two-zone feature: higher flow velocity is along the 
right bank (looking downstream) both upstream and a short distance downstream of the 
mixing interface between the discharge canal and receiving river, and high flow velocity 
starts to shift to the left bank after about 3,000 ft downstream of the discharge canal. The 
high flow zone corresponds with the bathymetry changes well and seems to be dictated 
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by the bed elevation. The thermal plume trajectory is mostly limited to the left bank of 
the river and rapid dilution happens near mixing interface between the canal and the 
river. Analysis of the plume characteristics shows that plume dilution can also be 
characterized by the two-zone feature and it dominates the dilution process. 
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Fig.B.3. Comparison of predicted and field measured plume maximum temperature 
above the ambient temperature. 

 
 
A comparison of the predicted and field-measured plume maximum temperature above 
the ambient temperature is shown in Figure B.3, and a detailed comparison of the lateral 
temperature distribution across the river, one foot below the water surface, can be found 
in the report (Lai 2002c) and not displayed here. Several observations can be made with 
regard to the results: 
 
(1) The predicted thermal plume exhibits a two-zone behavior, in response to the 
hydrodynamics discussed above.  The first zone consists of a rapid dilution between the 
effluent and the receiving river from the discharge canal and this process is then slowed 
down.  The second zone starts at about 3,200ft downstream, where there is an enhanced 
dilution locally. It is believed that this second enhanced-dilution is due to local sudden 
change of river bathymetry and bank lines, and is related to shift of the velocity 
maximum from right to left.  It is noted that the field data do not show this two-zone 
characteristics and it is due to an unforeseen event during the field campaign to be 
explained next. 
 
(2) The U2RANS model predicts the temperature field quite well both for the near-field 
region (around the mixing interface between the discharge canal and river) and the far-
field (after 3,500 ft from the discharge).  However, the maximum temperature is over-
predicted in the intermediate region (from 1,000ft to 3,500ft).  This discrepancy, as 
mentioned in (1), can be attributed to an unforeseen event during the field campaign and 
is not the failure of the U2RANS model.  A detailed discussion will follow shortly. 
 
(3) Despite the discrepancy in the intermediate range, it is encouraging to see that 
U2RANS model accurately predicts the temperature distribution after 3,500 ft 
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downstream and at the 5,000 ft mixing zone boundary. For example, U2RANS model 
predicts that the end-of-RMZ dilution is 3.2oF, the same as the field campaign data. Also, 
the model predicts that the 5.0oF isotherm occurs at 2,900ft downstream.  
 
A discussion of the discrepancy in the intermediate range is in order next. After 
comparison of the predicted and field measured temperature distribution, it was felt that 
such a discrepancy was not physical and could not be explained under the simulated 
conditions.  An investigation was launched to seek the possible explanations. An 
examination of the field data reveals that temperature profiles exhibit a double-peak 
behavior. This double-peak behavior can only be caused by some unforeseen 
circumstances, such as extreme local bathymetry or local flow disturbances, which were 
not modeled by the simulation.  Later, the cause was identified after a discussion with our 
IIHR field campaign team. The unforeseen local disturbance was due to the presence of a 
chain of three barges, each sized approximately 40 by 20ft, placed near the interface 
between the discharge canal and receiving river on the day of field campaign.  It is 
believed that the presence of the barges produces an unsteady turbulent von Karman 
street behind the barges.  This unsteady wake not only produces much enhanced later 
mixing as observed from the field data, it also explains the existence of the double peak 
behavior of the measured temperature profile. An attempt was made to incorporate the 
barges into the U2RANS model, but it failed to replicate the measured data as a steady 
state solution was sought and it is incapable to predict the unsteady von Karman street. It 
is known that the unsteady vortex shedding could enhance local dilution greatly and the 
influence can propagate a long distance downstream.  
 
Despite the big disturbance introduced by the barges, the present study shows that the 
effect of the disturbance eventually disappears around 3,500 ft downstream and it has 
negligible effect on the temperature distribution afterwards and at the end-of-mixing-zone 
boundary. Based on the predicted two-zone behavior discussed before, any local 
disturbances introduced in the first zone region will not have much effect within the 
second zone. This result implies that some structural changes locally around the 
discharge canal and receiving river interface or within the first zone might not work as it 
only enhances the dilution locally in the intermediate range and will not have much 
impact at the end of mixing zone. 
 
B.2 Application to Quad-City Nuclear Generating Station 
U2RANS was used to conduct a study of thermal discharge and mixing zone 
characteristics at the Quad Cities Nuclear Generating Station on the Mississippi River 
(Project completed in 2002).  This station is located on the left bank of the Mississippi 
River, about 3 miles north of Cordova, Illinois, utilizes a diffuser pipe system to 
distribute its condenser-water discharge across the river.  The objective of the study was 
to develop the zone-of-passage curve for the proposed power up-rate conditions for both 
the as-built and optimized diffuser configurations.  This objective was achieved by 
conducting a numerical model study of the river reach near the plant, including the 
diffuser pipe system.  A field survey was performed to obtain the bathymetry of the 
modeled river reach.  The study determined the thermal discharge improvement of the 
submerged diffuser pipes, and provided improvement alternatives for compliance with 
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the permit.  The model included the near-field 50 diffuser ports buried under the riverbed 
and the far-field reach of the Mississippi river simultaneously, and was a quite 
comprehensive model. 
 
Detailed results and discussion can be found in our recent project report by Jain et al. 
(2002).  A sample result is shown in Fig. B.4 in order to illustrate one of the conclusions 
from the simulation.  An objective of the study was to recommend an alternative design 
strategy to optimize the diffuser pipe system design such that more uniform temperature 
distribution can be achieved, but subject to certain construction limitations.  At the end of 
the project, a simple optimization strategy was developed, and a comparison was made 
between the as-build diffuser configuration and U2RANS optimized diffuser 
optimization.  Fig. B.4 illustrates the results of the suggested optimized design.  A 
comparison of the water-surface temperature distribution in the river cross section 500 ft 
downstream from the centerline between the diffuser pipes for the as-built and the 
optimized diffuser configurations is shown for the river discharge of 20,000cfs. The 
temperature distribution is relatively more uniform for the optimized diffuser 
configuration. 
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(a) As-built diffuser configuration 
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 Fig. B.4. Comparison of water-surface temperature contours for the as-built 
  and optimized diffuser configurations. 
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