HEAT TRANSFER IN OUTDOOR AQUACULTURE PONDS

A Thesis

Submitted to the Graduate Faculty
of Louisiana State University and
Agricultural and Mechanical College
in partial fulfilment of the
requirements for the degree of
Master of Science in
Biological and Agricultural
Engineering

in

The Department of Biological and Agricultural Engineering

by
Jonathan Lamoureux
B.S. (Ag. Eng.) McGill University, 2001
August 2003



ACKNOWLEDGMENTS

The presented research was supported in part by funding from the USDA, the Louisiana Catfish
Promotion and Research Board, the Louisiana College Sea Grant Program, and the LSU
Agricultural Center.

I would like to thank all the people at the farm (Fernando, Daisy, Christie, Akos, Tyler, Roberto,
Brian, Amogh, Jamie, Patricio, Mike, Jay, Vernon, Dr. Romaire, Dr. Hargreaves) for being such
gracious hosts, for helping me either with my work, or in keeping my spirits up. I would
especially like to thank Patrice, who was a great partner and a good friend, for standing by me
throughout my struggles with wells, automated valves, fiberglass and other demons.

I would like to thank all the grad students from BAE (Mr. Sandeep, Matt, Erika and Patrick,
Brendan, Paresh, Sireesha, Niconor, Dan, Daniel, Lakiesha, Giri, Rohit, Zhu, Shufang, Na Hua)
for their support and friendship during the past 18 months. It helps a lot to know you’re not alone
working late at night or on the weekends. Special thanks are in order to James who’s been a
great help in bouncing of ideas, both professional and satirical. Special thanks are also
warranted to Praveen, who’s relentless (and sometimes sickening) optimism has been the perfect
counter-balance to my cynicism.

I would like to thank the staff and faculty from BAE (Stephanie, Zack, Jeremy, Mindy, Mr
Thomas, Mr Tom McClure, Ben, Miss Danielle, Miss Angela, Miss Rhonda, Dr. Bengston) for
helping me out in their respective fields. Anybody can do their job. Not everyone does it
cheerfully. Special thanks are given to [Sensei] Mr. Tom Bride, to whom I feel fortunate for
keeping a special eye on me.

I would like to thank my friends (all the international students whom I’ve had the privilege to
know, especially Annett, Alexander and Ingeberg) for enriching my Louisiana experience with
great friendships.

I would like to thank my family and friends back home for supporting me in my decision to
move to Louisiana, despite the painful problem of geography which separated us for two years.

I would like to thank my committee members Dr. Drapcho and Dr.Tiersch. Dr. Drapcho gave me
a different perspective on heat transfer and science in general while Dr. Tiersch initiated me to
technical writing.

Finally, I would like to thank Steve (and his “grande” and “petite” boss) for bringing me down to

Louisiana. I think it was the best decision I’ve ever taken and I’ll always be grateful for his
hospitality, generosity, patience, support and encouragement.

i



TABLE OF CONTENTS

ACKNOWLEDGMENTS . . e e 1
AB ST R ACT . vii
CHAPTER
1 JUSTIFYING THE NEED FOR AN ENERGY BALANCE FOR AQUACULTURE
PONDDS . 1

2 DESCRIPTION OF THE WARM-WATER PONDS AND ITS

INSTRUMENTATION ... e e e e e et 5
2.1 The Ponds . . ... 5
2.2 The Instrumentation . . ............u.intnt e 9

3 THEORY .o 14
3.1 Definitions ... ..o 14
3. 1.1 Energyand Heat ............ ... .. .. 0., 14
3.1.2 The Principle Behind the Heat Balance ..................... 14
3.2 Heat Transfer Through Radiation ................................. 17
3.2.1 Definition of Thermal Radiation . .......................... 17
3.2.2 Shortwave Radiation . ........... ... .. ... ... .. . 17
3.2.2.1 Laws of Reflection and Refraction ................. 17
3222Bouger-BeerLaw ......... ... .. ... ... L. 18
3.2.2.3SolarRadiation ............... ... ... ... .. ... ... 19
3.2.3 Longwave Radiation ............ .. ... ... i, 28
3.2.3.1 Pond Backradiation ............................. 28
3.2.3.2 Longwave Sky Radiation .. ....................... 28
3.3 Heat Transfer Through Conduction . .............. .. .. .. ... ... ... 30
3.3.1 Thermal Soil Properties ........... ... ... ..., 30
3.3.2 Heat ConductioninSoil .............. ... ... .. ... ...... 31
3.4 Heat Transfer by Convection . ......... ...t iiiiiiennenn.n. 35
3.4.1 Newton’s Law of Cooling . . ......... ... ... .. ... 35

3.4.2 Determination of a Heat Transfer Coefficient - Nusselt
Number Correlations . . .......... .. .. 35

3.4.3 Determination of a Heat Transfer Coefficient - Direct

Correlations . . ... u it 37
3.5 Energy Associated with Movements of Water ....................... 38
3.5.1 Bulk Energy Transport in Liquid Water . .................... 38
352 Latent Heat Loss .. ... .39
3.6 Other Sources of Energy ........ ... i, 42
3.6.1 Pond Mud Respiration ............ ..., 42
3.6.2 Work Done by the Aerator .............. ... ..., 43

il



4 THE CREATION OF A THEORETICAL COMPUTER MODEL ...............
4.1 Introduction . ....... ...
4.2 Description of PHATR ... ... .. .

4.2.1 Equations Used to Solve Equation3.4 ......................
4.2.2 ASSUMPLIONS . . vttt et ettt e et et
423 LOZIC vttt e
4.3 Performance Tests for PHATR Version 1.0 .........................
4.4 Results of Performance Tests ... ......... .. ...
4.4.1 Accuracy - Unheated Ponds . .............................
4.4.2 Accuracy - HeatedPonds . ................. ... ... .......
4.43 Stability Tests .. ... e
4.5 Analysis . ..o
4.5.1 Accuracy - Unheated Ponds . .............................
4.5.2 Accuracy - Heated Ponds . .......... ... ... .. ... ... .....
4.5.3 Stability Analysis - Unheated Ponds .......................
4.5.4 Stability Analysis - Heated Ponds .........................
4.5.5 Improvements to the Software ............................
4.6 ConcCluSIONS . . ..ottt

5 THE EXPERIMENTAL DETERMINATION OF PARAMETERS IMPORTANT
TO HEAT TRANSFER IN PONDS . . ... . e
5.1 Introduction . ... e
52 TR0 Y ot
5.2.1 The Heat and Mass Transfer Coefficients ...................
5.2.2 Extinction Coefficient . .. ......... ... ... .. ... ...
S523AIbedo ...
53 Materialsand Methods . . ......... ... ...
5.3.1 The Heat and Mass Transfer Coefficients - Heat and Mass
Transfer Analogy . ......... ...
5.3.2 The Heat and Mass Transfer Coefficients - Comparison of
Empirical Equations ............. ... ... . ... ... ... . .. ...
5.3.3 Extinction Coefficient . . ........ ... ... ..
534TheAlbedo . ...
SA RESUIS ..o
5.4.1 Heat and Mass Transfer Coefficients - Heat and Mass Transfer
Analogy .. ...
5.4.2 The Heat and Mass Transfer Coefficients - Comparison of
Empirical Equations ............ ... .. ... ... . ..
5.4.3 Extinction Coefficient . . ......... .. ... .. . ..
544 The Albedo . ... .o
5.5 ANAlYSIS ..ot
5.5.1 Heat and Mass Transfer Coefficients - Heat and Mass Transfer

v



5.5.2 The Heat and Mass Transfer Coefficients - Comparison of

Empirical Equations .......... ... ... ... ... . .. 90

5.52.1 Evaporation ............. ... 90

5.5.2.2 Convection Coefficient .......................... 93

5.5.2.3 Effects of Height For Wind Speed Measurements . . . .. 94

5.5.3 Extinction Coefficient . . ......... .. ... ... .., 94

554 The Albedo . ... .. i 95

5.6 CONCIUSIONS . .\t it ittt e e e e e e 96

6 SENSITIVITY ANALYSIS ... e 98

6.1 Introduction . ... ... . i e 98

6.2 Materialsand Methods . . ......... ... ... ... .. .. 98

6.3 Results and Analysis ............. i 102

6.3.1 Variations in the Average Air Temperature ................. 102

6.3.2 Variations in Solar Radiation ............................ 105

6.3.3 Variationsin Wind Speed . ........ ... .. .. .. . . . 111

6.3.4 Variations in Flow - Warm Water (36°C) .................. 114

6.3.5 Variations in Flow - Cool Water (15°C) . ................... 119

6.3.6 Overall Impressions of the Sensitivity Analysis . ............. 121

6.4 CONCIUSIONS . .\t i ittt et e e e e 124

7 USING PHATR FOR DESIGN AND MANAGEMENT APPLICATIONS ....... 126

7.1 Introduction . ...... ..t 126

7.2 Materialsand Methods . . ........ ... ... ... ... .. 126

7.3 Answers to Questions 1 through4 ............ ... ... ... ... ...... 134

T4 CONCIUSIONS . .\ttt ettt e e e e e 144

B CONCLUSIONS . . e e e e e e e 146

REFERENCES . . e 152

APPENDIX

1 EXPERIMENTAL EVIDENCE SHOWING THE ARS WARM-WATER PONDS

ARE WELL MIXED . ... .. e e e e 158

2 CALCULATING THE ZENITH (EXAMPLE) ......... ... ... iiiio.... 159

3 CALCULATING THE EMISSIVE WAVELENGTH SPECTRUM OF WATER
AT 300 K ..o 160

4 JUSTIFYING THE USE OF CONSTANT SURFACE TEMPERATURE AS AN
APPROPRIATE BOUNDARY CONDITION IN DETERMINING THE SOIL
HEAT TRANSFER RATE . ... 161



5 DETERMINING THE DAILY PHASE ANGLE AT THE SOIL SURFACE ..... 164

6 THEORY BEHIND THE DETERMINATION OF TRANSPORT

COEFFICIENTS - ANALYTICALMETHOD .. ... ... ... .. .. 165
7 DERIVATION OF EQUATION 5.3 .. ... e 167
8 PYRANOMETER INFORMATION .. ... i 169

9 EXAMPLE CALCULATIONS SHOWING THE NEED FOR SENSITIVE

TEMPERATURE MEASURING DEVICES IN CHAPTER 5.5.1 ............. 171
10 DATA LOGGER PROGRAMS . ... ... 172
1T HOW TO USE PHATR . ... e 181
12 PROGRAM CODE FOR PHATR . ... ... .. i 184
13 PROGRAM CODE FOR WEATHER GENERATOR(A) .......... ... .. .... 200
..................................................................... 206

vi



ABSTRACT

An energy balance was developed for heated and unheated earthen aquaculture ponds to 1) determine
the relative importance of energy transfer mechanism affecting pond temperature; 2) predict pond
temperatures; 3) estimate the energy required to control pond temperatures, and 4) recommend
efficient heating and cooling methods. PHATR (Pond Heating and Temperature Regulation), a
computer program using 4™ order Runge-Kutta numerical method was developed to solve the energy
balance using weather, flow rate and pond temperature data.

By comparing measured and modeled pond temperatures, the average difference (the average bias)
was 0.5°C for unheated ponds and 2.4°C for heated ponds. The error in warm water flow
measurements explained the elevated average bias for heated ponds.

The dominant energy transfer mechanisms for unheated ponds were solar radiation (maximum: 55%),
pond radiation (average: 35% to 42%) and longwave sky radiation (average: 28% to 34% ). The
dominant energy transfer mechanisms for heated ponds were solar radiation (maximum: 50%), pond
radiation (average: 25%), longwave sky radiation (average: 19%) and the 36°C water used to heat the
ponds (maximum: 60%).

The difference in biases when comparing three empirical evaporation equations ranged from 0.2°C to
1.9°C. The difference in biases when comparing two empirical convection equations ranged from
0.0°C to 2.1°C.

The average light extinction coefficient for the ponds was 0.013 mm™.

The sensitivity analysis, used to determine how variations in input data affected the model results,
showed that output varied linearly with changes in average air temperature and solar radiation. The
output decayed exponentially to changes in wind speed and flow rate.

Using PHATR and 40 years of weather data, the pond temperature for a 400-m® pond was calculated
for cold, hot and average years. The average pond temperature for an average year was 21.8°C. The
net energy required to maintain the pond temperature at 25°C was 3.24 x 10° J/m’. Warming a 400-
m’ pond 2°C/day during a typical mid-January week would require 7.64 x 10'° J over 9 days.
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