
Scholars' Mine Scholars' Mine 

Masters Theses Student Theses and Dissertations 

1976 

Influence of turbidity on the stratification development of a deep Influence of turbidity on the stratification development of a deep 

water reservoir. water reservoir. 

David Allen Prouty 

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses 

 Part of the Mechanical Engineering Commons 

Department: Department: 

Recommended Citation Recommended Citation 
Prouty, David Allen, "Influence of turbidity on the stratification development of a deep water reservoir." 
(1976). Masters Theses. 3150. 
https://scholarsmine.mst.edu/masters_theses/3150 

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 

https://library.mst.edu/
https://library.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/masters_theses
https://scholarsmine.mst.edu/student-tds
https://scholarsmine.mst.edu/masters_theses?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F3150&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F3150&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/masters_theses/3150?utm_source=scholarsmine.mst.edu%2Fmasters_theses%2F3150&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu


INFLUENCE OF TURBIDITY ON THE STRATIFICATION DEVELOPMENT 

OF A DEEP WATER RESERVOIR 

BY 

DAVID ALLEN PROUTY, 1952-

A THESIS 

Presented to the Faculty of the Graduate School of the 

UNIVERSITY OF MISSOURI-ROLLA 

In Partial Fulfillment of the Requirements for the Degree 

MASTER OF SCIENCE IN MECHANICAL ENGINEERING 

1976 

Approved by 

T4228 

c.l

73 pages



ii 

ABSTRACT 

The influence of turbidity on the diurnal temperature distribution 

and thermocline development in a deep water impoundment which is 

exposed to heating and cooling loads by convection, evaporation, and 

radiation is examined analytically. The diurnal behavior of the 

solar load, directional and spectral, is used with an isotropic 

multiple scattering model to simulate the attenuation of solar flux 

by turbid water. The diurnal behavior of the ambient temperature, 

humidity and wind speed were mathematically modeled to simulate the 

local (Phelps Co.) spring time of the year. The combined conduction 

and radiation energy transfer through the water was treated as a 

one dimensional problem and the governing energy equation was 

numerically solved through an explicit finite difference method. The 

resulting temperature distribution is significantly affected by the 

turbidity level of the water and the behavior is similar to the 

natural temperature distribution in water reservoir. The surface 

temperature, however, appears to be affected more directly by the 

ambient conditions and not by the turbidity level of the water. 
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I. INTRODUCTION

The temperature distribution and seasonal stratification of water 

reservoirs is of interest to the ecologist, hydraulic engineers and 

to reservoirs management personnel because the life cycle in these 

waters is strongly affected by the magnitude of solar radiation and 

the temperature at depth. The seasonal stratification in water 

reservoirs is harmful to many underwater species because the level 

of oxygen at lower depths decreases rapidly below the thermocline. 

Cold water species living at these depths will not rise to higher 

levels due to the higher temperatures, therefore they must find other 

suitable water bodies or die. There has been recently some interest 

to exploit this stratification behavior in the ocean for the produc­

tion of power. In these instances it is desirable to maximize the 

temperature differential between the surface and lower levels. 

Whatever the desired effect may be, if one correctly understands the 

stratification process involved, one can design and operate water 

reservoirs more successfully to fulfill the necessary requirements. 

The stratification process of a water reservoir will be 

influenced significantly by the magnitude and the spectral distri­

bution of the solar load and by the optical properties of the water. 

In addition, it will be affected by the transient behavior of the 

ambient temperature, humidity and wind speed. Previous investigations 

of these phenomenon dealt only with long tenn behavior leaving the 

diurnal changes to be either neglected or averaged. Also the 

radiative energy transferred through the water was treated by very 



simple models which neglects the spectral and the directional 

dependency of the radiative transfer process. 

The objective of this study is to develop a more accurate 

radiative transfer model which will include the effect of scattering 

and absorption. With the help of this model the energy conservation 

equation will be used to examine the influence of turbidity and 

ambient conditions on the diurnal temperature and flux distribution 

in a water reservoir. 

2 



II. REVIEW OF LITERATURE

Photosynthesis is of critical importance to the continuation of 

life, since it is the only known way to directly convert solar energy 

into living matter. There are a tremendous amount of publications 

available on photosynthesis [l-4] and on the role of the solar energy 

and photosynthesis in the life cycle. Both the temperature and the 

energy level influence the rate of photosynthetic productivity. The 

energy level is affected by the solar load and by the optical proper­

ties of the water. The temperature level is affected by the above 

energy level and by the ambient conditions that interact with the 

interface. 

A. STUDIES RELATED TO PHOTOSYNTHESIS

Some researchers have considered the process of photosynthesis

in water [5-15] and established that only that portion of the solar 

spectrum which is between the 0.4 and 0.75 microms [5,6] is photo­

synthetically active. The minimum energy level required to sustain 

photosynthesis is in the range of 50-100 foot candles (or 2.3-4.4 

watts/meter
2

). The rate of photosynthetic productivity increases as

the energy level increases until it reaches a maximum. For some 

plants the maximum productivity will occur when the energy level is 

as low as 500 foot candles and for others the productivity will peak 

at energy levels above 2500 foot candles. In all cases, however, 

as the solar energy continues to increase the rate of photosynthetic 

productivity will begin to decrease. For example at 10,000 foot 

candles (460 watt/m
2
) the rate of photosynthesis may be only 5% to

10% of the maximum rate. By using these limits which have been 

3 
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proposed by Ryther [6], a euphotic zone may be defined where the 

conditions are not prohibitive for photosynthetic production. 

Strickland [5] has presented a method for analyzing the penetration of 

solar radiation into the ocean and discussed the importance of con­

sidering the directional properties of the incident radiation and 

scattering. Wezernak, Lyzenga, and Polycyn [16] examined the develop­

ment of various forms of chlorophyll, which are widely used as an 

index of the photosynthetic productivity. They also discussed the 

changes in the reflectance characteristics due to particles suspended 

in water. Their research results indicate that an accurate radiation 

model, which includes the directional properties of the air-water 

interface and the selective attenuation of radiation by the water and 

the scattering of radiation caused by suspension of particulate matter, 

is necessary for the understanding of the photosynthetic process in 

the water. 

B. STUDIES RELATED TO TEMPERATURE DISTRIBUTION

Harleman and co-workers [17-19] did some laboratory measurements

and developed analytical models for predicting the temperature distri­

bution in water reservoirs. In most cases the interest was primarily 

placed on predicting reservoirs discharge temperature rather than 

stratification development. They modeled the total radiation flux 

according to Beer's law and considered only buoyant mixing in the 

water. They did not consider the diurnal variation of ambient 

conditions or solar load. Ou [20] examined the temperature distri­

bution in a deep water reservoir while maintaining one convective 

term in the energy equation and pennitting the diffusivity to vary 

with depth. He used a specified surface water temperature variation 



instead of imposing physical boundary conditions such as convection, 

evaporation and radiation. The radiative flux of his model varied in 

a manner similar to the one used by Harleman. An integral method 

5 

was applied by Orlob et. al. [21] to perform an energy balance on a 

reservoir for predicting its outlet water temperature. The diffusivity 

and radiative flux models were the same as those used by Ou [20]. 

All of the above studies used Beer's law to describe the radiative 

flux distribution in the water. Shonting [22], in his treatment of 

the same problem, considered all of the radiation load to be absorbed 

at the surface which resulted in unreasonably high surface temper­

atures. 

More realistic radiative transfer models have been applied to 

this problem by Foster [23], Snider [24], Hill and Viskanta [25], 

and by Lepper [26]. Foster [23] developed a convective circulation 

model in the upper surface layer of the ocean. He assumed a periodic 

variation with time for the flux and used the sum of three 

exponential terms (decay with depth) that fit some measured under­

water flux data. His model allowed for windmixing by using an 

effective thermal conductivity and diffusivity. His results show a 

variation of a few tenths of a degree in the surface temperature. 

Viskanta also used the concept of approximating the flux distribution 

by more than one exponential term in studies with Snider [24] and 

Hill [25]. He based his approximations on an exact development of 

radiative transfer in water with forward scattering. He carried 

both experimental and analytical studies to determine stratifications 

development and outflow temperature from water reservoirs. The 

directional behavior of the solar load and wind mixing were not 
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considered in the development. Lepper [26] examined both the diurnal 

flux and the temperature distribution in a deep clear (non-scattering) 

reservoir. Surface evaporation, convections, radiation and buoyant 

mixing were part of the model. That is the only study in which the 

optical properties of the water and the spectral and angular distri­

bution of the solar load were used to generate (through analysis) the 

radiative flux and its attenuation in the water. This study includes 

the effects of various levels of scattering, wind mixing, and uses 

the exact divergence of the flux in the numerical solution, rather 

than an approximation. 

C. ENERGY EXCHANGE AT INTERFACE

Energy exchange at the air-water interface affects strongly the

temperature distribution and the solution of the energy equation. 

Several processes are simultaneously in progress at the interface; 

convection, absorption of radiant energy, emission of radiant energy, 

mixing and evaporation. Many investigators attempted to lump all 

these activities into one and predict energy exchange by using one 

exchange coefficient [27,28]. This is not an accurate method since 

it decouples the surface temperature from the interchange process and 

does not allow one to investigate a single interchange mechanism. 

Most of the available literature on evaporation from reservoirs 

uses Fick's law. The analogy between the heat and the mass transfer 

is usually applied to evaluate the mass transfer coefficient. In 

one study [29], both the heat and the mass transfer coefficient were 

predicted from shear stress correlation. Pierson and Jackman [30] 

compared the accuracy of several available evaporation formulas. 

These fonnulas are more applicable to laboratory or well controlled 



conditions rather than the uncontrolled natural conditions. Lambuex 

[31] generated working formulas relating evaporations from lakes to

experimental pan evaporation data. Schooley [32] used the concept 

of diffusion sublayer thickness to compare evaporation from air-sea 

interface to laboratory measured data. All the above models and 

many others on evaporation, were summarized by Paily, et. al. [33]. 

Wind initiates surface mixing due to the shear stress which acts 

on the interface, and this affects the temperature profile in the 

water. Some investigators [20,21 ,34-46], have accounted for this 

type of mixing by using an effective eddy diffusivity that varies 

with depth. In general, however, the eddy diffusivities variation 

that were used were obtained by forcing the predicted temperature 

profile to agree with measured temperature profiles. This approach 

might give good correlation, however, it is not based on a sound 

physical development and could not be extended to predict performance 

in a new reservoir. In order to account accurately for the vertical 

mixing due to wind induced shear stress on an hourly basis it is 

necessary to use wind velocity profile to determine the shear stress 

at the surface and then solve the governing momentum equation for 

the velocity distribution in the water. This approach is complicated 

and its usefulness is questioned due to the lack of accurate boundary 

conditions. Liggett [37] examined the two dimensional horizontal 

circulation using the above approach for a given reservoir geometry. 

Other work in this area has been presented by Janowitz [38,39]. 

Stefan [40] used the work of Wu [41] in determining shear stress 

relations at smooth and rough air-sea interface in order to determine 

the energy dissipated by the wind in the water. In the approach 

7 
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kinetic energy produced was balanced with the potential energy to 

detennine the depth of the mixed layer resulting from the wind mixing. 

D. OPTICAL PROPERTIES OF WATER

One other factor, which is important to this study, is the

optical properties of the water such as: refractive index, absorption 

and scattering coefficients. These properties will play a major 

role in the determination of the radiative flux distribution. 

There is a great deal of discrepancies [42-45] in the determina­

tion of the attenuation coefficients for distilled or pure water in 

the visible range. Much of this can be blamed on the difficulty of 

defining and obtaining pure water. Some of the differences, however, 

could possibly be attributed to the differences in the scattering 

between the samples. Very little work has been published on the 

properties of turbid water where scattering and attenuation coeffi­

cient are clearly separated. In most cases an overall attenuation 

coefficient is given and the absorption coefficient of distilled 

water are subtracted to yield the monochromatic scattering coeffi­

cient. It is questionable whether such a procedure is accurate since 

absorption could be caused by impurities in the water. Hulburt [45] 

measured the absorption and the scattering properties of natural 

water and listed values in the visible region of the spectrum for 

distilled, coastal, and bay water. He claims that for bay water, 

his most turbid sample, one can assume that the scattering coeffi­

cient is independent of wavelength. Fairchild [46] summarizes the 

literature dealing with the measurements and the prediction of the 

optical properties of water and reports these properties at various 



depths for few lakes in the eastern United States. His deduced values 

are based on isotropic scattering and no particulate attenuation. 

In this study, solar energy will be considered as collimated and 

its angle of incidence (time dependent) will vary in accordance with 

its daily behavior. Its magnitude and spectral distribution will be 

deduced from the irradiance at the top of the atmosphere [47,48] by 

using appropriate spectral atmospheric transmission coefficients 

[49,50]. The directional reflectance of the air-water interface will 

be evaluated through the Fresnel relations [51] and will be used to 

evaluate the reflected and the transmitted solar energy across the 

interface. Thennal and optical properties of water will be those of 

distilled and turbid water. Due to the lack of published values for 

the turbidity levels of natural water, this parameter will be 

analytically generated by increasing the scattering properties. The 

solar flux distribution will be treated on monochromatic basis 

through the transport equation to allow for multiple scattering. Am­

bient conditions such as temperature, humidity and wind speed will be 

modeled to resemble natural condition. Wind mixing will be treated 

as suggested by the proposed model of Stefan [40]. The above will 

be incorporated in the conservation of energy equation and boundary 

conditions to determine the diurnal temperature distribution in clear 

and turbid water reservoir. 

9 
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III. MATHEMATICAL FORMULATION

Consider a deep clear water impoundment of large extent such that 

the energy transfer is only in the vertical direction. The problem 

becomes essentially one-dimensional. Thermal and optical properties 

of the water (scattering and absorption coefficient and refractive 

index) are considered as independent of temperature over the range 

of temperatures encountered and dependent on wave length. The 

initial temperature distribution is uniform, simulating early spring 

conditions for this local area (Phelps Co.). Water inflow and outflow 

are negligible and surface winds are small to the extent that the 

water surface can be considered as smooth. The water body is exposed 

to the diurnal solar load and exhibit convection, evaporation and 

radiation heat transfer from its interface. Under the above assump­

tions the transient energy equation governing the temperature distri­

bution is given by, 

in which H(x,t) is the divergence of the transmitted total radiative 

flux and T(x,t} the temperature, both of which are functions of 

position x as measured from the air-water interface, and time, t. 

The tenns p, C
P
, and K indicate density, specific heat, and thermal 

conductivity of the water, respectively. The initial condition is 

assumed to be that of uniform temperature, 

T(x,O} = T. 
l 

(1) 

(2)



At the air-water interface, energy is transferred by convection, 

Fc(t), evaporation, Fv(t), and radiation, F
rad

(t), as given by,

11 

(3) 

Deep in the impoundment the temperature remains uniform at the initial 

value and the flux is given by, 

aT(oo,t} =
ax 

o. (4) 

The difficulties associated with modeling the diurnal temperature 

distribution in a natural impoundment, through the solution of the 

above governing equation, is to accurately supply the behavior of the 

solar flux distribution, F(x,t), in the water and the energy transfer 

components at the interface, Equation (3). These parameters depend on 

latitude, season, time of day, meteorological conditions and the 

impurities of the water. It will be difficult if not impossible to 

specify accurately these terms over a large area and for a long 

period of time. For that reason the models that are used in this 

study to predict these quantities are kept simple in order to simulate 

the trends of the diurnal behavior as discussed in sections VI and 

VII.
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IV. ATTENUATION OF SOLAR FLUX BY TURBID WATER

For the case of semi-infinite isotropically scattering medium 

with refractive index, n
;>..
, larger than unity and with an incident

radiation collimated at angle e , F,(e ), on its interface Armaly and 
0 A 0 

Lam [52] developed an algebraic expression for the monochromatic 

source function S
:>..
(x) distribution given by:

(5) 

(6) 

(7) 

(8)



The above relations for c1A and c
2A are not suitable for the con­

servative case or when wA equal 1. For that case the following

relations should be used. 

and 

13 

(9) 

( 10) 

Where SA is the monochromatic extinction coefficient defined to be

the sum of the scattering coefficient (crA) and the absorption

coefficient (KA), wA, scattering albedo, is the ratio of the

scattering coefficient to the extinction coefficient, p1A(e0 ) is the

monochromatic interface reflection due to radiation incident from 

the air side of the interface in the direction of 0
0 

and is calculated

by using the Fresnel relations [51]. The constant "a" is the one 

used in the exponential approximation to the exponential integral [53] 

and has a value of a = 2 in this study. The other constants q and 

pare the ones used in the exponential kernel approximation to the 

interface function [54] and for water, the refractive index is 1.33. 

These constants have values of q = 1.177 and p = 0.375. The mono­

chromatic flux at the interface due to collimated radiation in the 

direction of a
0 

is given by: 

( 11)
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Another constant is given by: 

2 2
d = a (1 - w )

o:\ :\ 
( 12) 

The intensity distribution through the medium was calculated 

using Equation (5} for the source function and the flux distribution 

was then evaluated from the intensity distribution as outlined in 

reference [52]. The expression for the flux distribution in the 

positive and negative directions, FA+(x,0
0
) and FA-(x,0

0
), were

determined to be 

( 13) 

and 
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( 14) 

( 15) 

The parameterµ, a dummy variable in the integration, is equivalent 

toµ = cos e, where e is the angular direction in the water. Notice 

that the interface reflectance for incident radiation from the water 

side of the interface in the direction of e is given by p
A
(e) and is

calculated by using the Fresnel relations. The net monochromatic 

flux is given by 

( 16) 

and a monochromatic transmittance can be defined as the ratio of the 

local flux to incident flux, given by: 
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( 17) 

The influence of turbidity (i.e. changes in wA) on the mono­

chromatic transmission is presented as Figure l in the case of 

normal incident solar radiation. Analysis of this figure indicates 

that the increase of scattering albedo w
A 

while maintaining the 

extinctions coefficient constant will cause the net flux to decrease 

for small depth and it reverses that trend as the depth increases. 

At higher scattering levels the difference in magnitudes of the fluxes 

in the positive and negative directions becomes small causing the 

net flux and the transmittance to decrease rapidly. 

The total flux is given by 

and the divergence of the total flux which is the term appearing in 

the energy equation, Equation (36), is given by 

( 18) 

( 19)
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Figure 1. Monochromatic Transmittance of Nonnal 
Incident Collimated Radiation 



V. OPTICAL PROPERTIES OF TURBID WATER

The attenuation of the solar flux through the water depends 

strongly on the magnitude of the spectral absorption and scattering 

coefficients. Unfortunately very little if any has been published 

18 

on the magnitude of these properties for turbid water. In fact, there 

are descrepancies in the published values for distilled water [55]. 

Recently, Fairchild [46] reported on the measurements of the extinction 

coefficient for several natural water bodies. By using the assumption 

of isotropic scattering and no particulate absorption he deduced and 

reported the scattering coefficient of these water bodies. Optical 

properties of distilled water have been reviewed and analyzed in 

reference [56]. 

To examine the influence of water turbidity on the attenuation 

of the total solar flux, five different sets of optical properties 

were used to simulate different bodies of water and will be referred 

to as Cases 1 through 5. Case 1 uses the properties of clear non­

scattering distilled water [55] shown in Figure 2. This case will 

be used as a reference to compare and judge the influence of increasing 

either the scattering or the absorption on the attenuation of the 

solar flux. Cases 2 and 3 represent the Yates and Benson ponds 

respectively for which Fairchild [46] reported the spectral absorption 

and scattering coefficients. Case 4 is an analytically generated 

model which is used to examine the influence of increasing the 

scattering coefficient, or simulating turbid water. Measurements by 

Hulburt [57] suggest that the scattering coefficient of turbid water 

is independent of wave length. The properties for Case 4 were then 
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Figure 2. Absorption Coefficient for Distilled Water 



generated from those of distilled water by increasing the scattering 

coefficient in a manner so as to maintain the extinction coefficient 

at constant value of O.l (l/cm) through the spectral range where its 

magnitude was smaller. Outside the spectral range its magnitude 

was maintained at the same values as that of distilled water. This 

procedure increased the extinction coefficient by more than two 

orders of magnitudes in the spectral region between 0.45 and 0.5 

microns. Some inland turbid ponds indicate the above level of 

attenuation. Case 5 is also an analytically generated model which 
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is used to examine the influence of increasing absorption, simulating 

dirty but non-scattering reservoir. The properties for Case 5 were 

generated by increasing the absorption coefficient of the Yates 

pond water [46] by one order of magnitude. The extinction coeffi­

cients for the five cases are shown as Figure 3. The scattering 

coefficient and the albedo for the cases 2, 3, 4 and 5, where 

scattering was part of the extinction coefficient, are presented in 

Figures 4 and 5 respectively. 
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VI. DIURNAL SOLAR FLUX DISTRIBUTION

The monochromatic optical properties of the five water cases were 

used with directional and spectral solar load in an isotropic radiative 

transport model to evaluate the total diurnal solar flux and divergence 

distribution. The total flux distribution for each case is shown as 

Figures 6 and 7. The magnitude of the flux decreases with increasing 

incident angle because the solar load decreased, by the longer 

atmospheric path, and the rapid decrease of interface transmittance 

at larger angles. It can be observed from these figures that changes 

in the optical porperties of water significantly affect the attenuation 

of solar radiation. 

As expected, an increase in the absorption coefficient, Case 5, 

causes a significant drop in the transmitted total flux (about 12 

percent in the first tenth of a centimeter at normal incident). It 

did not change significantly the rate of change with depth (divergence) 

until the depth is below one meter. An increase of the scattering 

coefficient, on the other hand, Case 4, raises the divergence signifi­

cantly in the upper layers (to depth of one-half meter) and therefore 

causes the rapid decline in the magnitude of the total flux. The 

divergence of the flux for all cases is presented in Figures 8 and 9. 

The curves for the first three cases are approximately the same up to 

depths of one meter, then the effect of scattering begins to show 

up (the more turbid cases drop faster). The highly turbid water, 

Case 4, had the fastest decrease with depth and Case 5 had the 

largest divergence at the surface. The angle of incident does not 

seem to change the relative shape of the curves, only the magnitude. 
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The results indicate only the trend and the effect of the optical 

properties on the flux distribution. For a more realistic prediction, 

the monochromatic optical properties of the turbid water needs to be 

measured at the location of interest. 
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VII. ENERGY EXCHANGE AT THE AIR-WATER INTERFACE

The energy exchange models at the air-water interface will 

detennine the surface temperature and influence strongly the tempera­

ture distribution below the interface. Therefore, it is important 

that the models do represent realistic natural conditions. As 

stated in Equation (3), the energy exchange at the interface is due to 

convection from and to the surface, Fc(t), evaporation from the

surface (condensation is neglected), Fv(t), and radiation from and to

the surface, Frad(t). The last component consists of diffuse

incident radiation absorbed at the surface, Fd(t) and the energy

emitted by the water surface, Fs(t). The thermal energy balance at

the interface is presented by: 

In addition to the above thennal energy tenns, a mechanical energy 

which is due to wind mixing at the surface must also be included as 

a part of the total energy balance. This tenn will be treated 

separately later. 

A. CONVECTION

Energy loss or gain by convection at the interface is governed 

by Newton's law of cooling which is given: 

where he is the convective heat transfer coefficient and T(o,t) is 

the transient surface temperature. Energy leaving the surface is 

(20) 

(21)



considered as a negative quantity in our system. The heat transfer 

coefficient is predicted by relating frictional forces and heat 

transfer. The heat transfer coefficient is given by [58] 
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(22) 

Tis the shear stress at the surface of the water and is defined for 

rough water surface by [29] 

(23) 

where Pa is the density, C is the specific heat, K is the thermal
pa a 

conductivity, µa is the absolute viscosity of the air and Va(t) is

the wind speed. The quantity g
c 

is a dimensionless constant used for 

consistent units g
c 

= 1 m kg/n sec
2
.

B. EVAPORATION

Energy loss from the surface due to evaporation is one of the 

major modes of energy transfer. It can be expressed in terms of 

Ficks law by 

(24) 

where hm{t) is the mass transfer coefficient, hfg is the latent heat

taken as 2452 KJ/kg and Cw(t) and Ca(t) is the water vapor concentra­

tion at the water surface and the ambient air respectively. The 

heat and mass transfer analogy is used to determine the mass transfer 

coefficient given by 
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(25) 

where Le is the Lewis number and for air-water interface is taken to 

be 0.845. The water vapor concentrations are calculated using the 

ideal gas relation 

P /R [T(o,t) + 273] 
0 W 

(26) 

(27) 

where Pa and P0 are the partial pressure of the water vapor in the

atmosphere and at the water surface respectively, Rw 
is the gas

constant, T (t) and T(o,t) are the temperature in degrees Centigrade 
a 

in the atmosphere and at the interface respectively and� is the 

relative humidity. The mass transfer due to either condensation or 

evaporation is neglected and only the energy associated with that 

process is taken into account in this model. 

C. SURFACE RADIATION

Mostly long wave radiant energy is emitted and absorbed at the

surface of the water. The atmospheric radiation is considered to 

be entirely absorbed at the surface and is given by 

where the atmospheric emissivity, £a' is a function of the ambient

temperature in degrees Kelvin, T
aK' and it is given by [58]

(28)
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(29) 

The water surface may be assumed to emit or lose radiant energy at a 

rate given by 

where Ew is the total hemispherical water emittance and equal to

0.9 and cr is the Stefan Boltsmann constant. The interface boundary 

conditions expressed by Equation (3) becomes 

(30) 

(31)
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VIII. AMBIENT CONDITIONS

One of the difficulties associated with modeling the stratifica­

tion development of a reservoir is the inability to describe accurately 

the transient behaviors of ambient conditions. The models used in 

this study are described below. 

A. AMBIENT TEMPERATURE

Based on measurements in our region, the transient ambient

temperature variation in the spring part of the year for Phelps Co. 

can be expressed by the following equations: 

TTt 
= 10 + 16.67 sin� (32) 

. TT(ts - N)
= 26.67 - 16.67 sin 20 (32a) 

where ts is the time from sunrise measured in hours, N and D are the

night and day length in hours respectively and Ta(t) is the ambient

temperature in degrees Centigrade. Temperatures resulting from this 

model are presented as Figure 10 with some measured data [61]. 

B. WINO SPEED

The wind velocity model that will be used in this study has

been introduced and used by Hill and Viskanta [25]. It is based on 

average measured behavior during spring and summer months in Indiana. 

(33)



25 

20 

-

0 
0 

15 

10 

e 
e E> 

e e e 

4 

a 

EJ 

••tai 8

a 

4 

0 

E) 

• E)

E) 

8 12 16 

t ( hrs) 

Figure 10. Ambient Temperature Model 

EJ 

A
A 

20 

a 

E) 

24 

w 

u, 



where Va(t ) is the ambient wind speed in meters per second and t
m m 

is the time measured from midnight in hours. A comparison between 

the model and data for our region [61] is shown in Figure 11. 

C. RELATIVE HUMIDITY

36 

Based on measured data [61] in our region, the relative humidity,

l, during the spring time of the year can be modeled by the following 

equations: 

0 < t < N -
s -

N _< t < 24 
s -

A comparison with measured data is shown in Figure 12. It is 

interesting to note that the characteristic variations of ambient 

temperature and humidity have cycles of the same period but out of 

phase by half of a period. 

Sunrise, sunset, day length, incident angle, and level of the 

solar load for our local (Phelps Co.) conditions were evaluated 

through models outlined by Duffie and Beckmann [59]. 

(34) 

(34a) 
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IX. FINITE DIFFERENCE SOLUTION

The numerical solution of the energy equation, Equation (1), 

with the initial boundary conditions as expressed by Equations (2), 

(4) and (31) respectively was obtained using explicit finite differ­

ence method. The finite difference equations governing the solution

are given below. The temperature at the surface is given by

39 

2rui t t. t + T(o,t)[l - �] - pC H(o,t) (35) 
t.x 

where qs(t) is the surface energy loss given by Equation (20). The

temperature within the medium is given by 

cwt T(x,t+t.t) = -2 [T(x+t.x,t) + T(x-t.x,t)]
t.x 

+ T(x,t)[l - 2M�] - �� H(x,t)
t.x 

At the point where the node distance changes from �x to t.x1 the

temperature is given by 

+ T(x,t)[l - 2Mt ] - �t H(x t) �x�x1 pC ' 

(36) 

(37)
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The resulting finite difference solution accounts for the energy 

added to the interface by the wind shear forces. To account properly 

for this additional mode of energy transfer, the velocity distribution 

needs to be examined through the momentum equations and additional 

tenns should be included in the energy equation to describe this 

physical phenomenon. The mixing motion which results from the wind 

action on the interface plays a major role in distributing the energy 

through the reservoir and it will affect its stratification structure. 

The exact treatment of that affect is, however, beyond the scope of 

this study and will be accounted for through an approximate but 

physically realistic model. 

Most of the methods used to date for predicting stratification 

development in lakes or reservoirs, either ignored the effect of 

wind or included that effect indirectly through the use of selected 

turbulent diffusion coefficient. That method has the disadvantage 

that time and depth variable diffusivity must be selected or derived 

from measured flow and temperature distribution. Stefan and Ford [40] 

introduced a method, which will be used in this study, that accounts 

for wind energy input in a more direct fashion. Turbulence obtained 

from wind acting on the water surface or from convection due to 

unstable buoyancy gradients will result in complete isothermal mixing 

of the upper strata to a level called "Mixing Depth". The temperature 

and the depth of the mixed layer is predicted by making a balance 

between the energy of stirring induced by the wind and the change in 

potential energy induced by buoyant forces. 
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A discrete element approach which is used in the finite difference 

calculations of the temperature distribution was also used to determine 

the mixing depth. The energy input to the surface by the wind during 

a time period �t is given by 

E = TV*A �t
k s 

where V* is the shear velocity on the water side of the interface, 

(38) 

Tis the shear stress and A
s 

is the surface area. Since shear stress 

is constant across the interface, the shear velocities are related [60] 

by 

V* = (p /p) 112u* � 0.035U* a (39) 

Pa 
and pare the densities of the air and the water respectively and

U* is the shear velocity at the air side of the interface. Wu [41 ] 

expressed the shear stress and shear velocities in tenns of a shear 

stress coefficient, C, which is a function of both wind speed, U, and 

surface roughness. The shear velocity is given by 

and the shear stress is given by 

T = Cp u2

a 

(40) 

(41) 

For wind speeds below 1 5 meters/sec, the stress coefficient is given 

by 
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(42) 

Utilizing the above equations, the energy input, as expressed by 

Equa tion (37), can be expressed by 

(43) 

The density is in Kg/m3, As in meters, �t in seconds, U in meters per

seconds and C is dimensionless. The resulting energy is in Newtons­

meters. 

The potential (buoyant) energy deficit of the mixed isothermal 

layer relative to a layer i1T1Tiediately below it can be evaluated from 

m m 

E = g I A(i,K)�zi[p(m+l,K) - p(i ,K)] I �z.p i=l j=i J 

g is the acceleration of gravity equivalent to 9.8 m/sec2, �zi is

(44) 

the thickness of the individual layers (elements) in meters, p(m+l,K) 

and p(i,K) are the densities of the m+l element and the ;th element

in kg/m3 at time K and A(i,K) is the area of the ; th element at time 

K. If the mixed layer of thickness L = � �z- entrains another
i =1 l

element 6Zm+l' the thickness of the new mixed layer becomes L1 =
m+l 
i�l 

6z;. The entrainment of the new element will usually change the

bulk density and the temperature of the mixed layer as well as its 

potential energy. 

The critical condition for wind induced mixing, has been dis­

cussed in detail by Stefan and Ford [40] and stated in tenns of the 



energy ratio (Ek/E
p
) = 1. If Ek< E

p
, the thickness of the mixed

layer is not varied. If Ek> E
P
, the thickness of the mixed layer
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is increased by an element. As a result of this entrainment, the 

density, temperature and potential energy of the mixed layer changes. 

This process is continued until the critical energy ratio is reached 

and mixing ends. At every time increment during the finite difference 

scheme, the decision of mixing and no mixing is decided by evaluating 

the energy ratio and comparing it to the critical ratio of 1. 

The finite difference solution of the governing equation was 

perfonned on an IBM 370/168 digital computer. To satisfy the 

stability and the convergence criteria [26], the time increments 

were selected as t = 0.04 hours and node distances were varied 

with depth as follows, 6X = 0.00762 meters for 0 � x � 0.03048, 

ll.x = 0.03048 meters for 0.03048 $ x $ 0.3048 and 6x = 0.3048 meters 

for x � 0.3048. 

To study the effect of changing �x, on the convergence and 

stability criteria of the solution, case 4 which is the highly 

absorbing medium was selected. This case will exhibit the most 

stringent convergence criteria because its divergence at x = 0 is the 

largest one. The elements, �x•s, in the surface layer (0-0.3 meters} 

were changed to 0.003 meters and to 0.015 meters in comparison to 

the ones used for the results which were 6x = 0.0076 meters. The 

simulation was carried for a period of ten days and a comparison of 

the significant results are presented in Figure 13 and Figure 14. It 

can be seen from Figure 13, that surface temperat�re at 2 p.m. indicate 

differences of 4 and 2 degrees for the different sizes of �x, which 

indicates that convergence has not been achieved. It should be noted, 
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however, that for that time of the day differences between the three 

cases existed only in the upper 0.02 meters of the medium. Below 

that level the three cases predicted the same development. 

If on the other hand, surface temperature at 6 a.m. and the 

mixing depth are used as the criteria for convergence, it is clear 

from these figures that convergence has been reached. Obviously the 

smallest 6x will generate a more accurate profile throughout the 

simulation period. Indeed there are no mathematical difficulties 

that are associated with using a smaller 6x. There is, however, an 

economical consideration associated with the computer time required 

for simulation. When x = 0.003 meters, the time increment must be 

set at 6t s 0.008 hrs to maintain stability. This adjustment (6x =

0.0076 meters to 6x = 0.003 meters) increases the simulation time 
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for ten days by a factor of 9 (from 2.8 min of CPU to 25 min of CPU). 

Since our objective is to simulate stratification development 

over a long period of time (months) and not the hourly fluctuation 

of surface temperature, the choice of 6x = 0.0076 is justified. In 

addition, one should be aware that in natural situation wave mixing, 

which is not included in our model, will stir the upper layer and 

eliminate the high gradients appearing close to the surface at noon. 

For that reason mean surface temperatures should not be considered as 

representing natural conditions and should not be used as the 

criterion for convergence. 
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X. RESULTS AND DISCUSSION

The ambient conditions described in the previous models were 

used with the finite difference solution of the energy equation to 

determine the influence of increased scattering or absorption on the 

stratification development of deep water impoundment. The initial 

temperature of the impoundment was taken as uniform at 44 ° F (6.66° C) 

simulating early spring conditions for Phelps Co. The simulation was 

performed for one month period without changing the daily behavior 

of the solar load or the ambient conditions. Conditions simulating 

the month of April were selected using Duffie and Beckmann's models 

[59], sunrise at 5:35 a.m., sunset at 6:65 p.m. were determined making 

the day length 12.27 hours. Results are presented for Case l (non­

scattering), Case 3 (lake benson), Case 4 (highly scattering) and 

Case 5 (highly absorbing) medium. 

Surface temperature variations as it develops during the first 

month of the stratification process is shown in Figures 15 through 17. 

Figures 15 and 16 present the daily temperature at 6 a.m. and 2 p.m. 

respectively. They represent approximately the maximum and the 

minimum temperatures of each day. It is clear from these figures 

that the surface temperature at 2 p.m. is higher for the more turbid 

cases while the 6 a.m. value becomes almost independent of the 

turbidity level of the water. The 2 p.m. value does not change after 

the fourth day of simulation while the surface temperature at 6 a.m. 

continues to increase (but at a decreasing rate) throughout the 

simulation period. The higher surface temperature, which is associated 

with the higher extinction coefficient, causes a larger energy loss 
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to the surroundings by convection and radiation during the cooling 

period of the day (from 2 p.m. to 6 a.m.). Since these processes 

are independent of the turbidity levels of the water they cause the 

surface temperature at 6 a.m. to be also almost independent of that 

parameter. The hourly variation of the surface temperature is 

presented in Figure 17 for the 30th day of the simulation. In all 

of the water cases the surface temperature was higher than the 

ambient temperature at 2 p.m. and lower than the ambient temperature 

at 6 a.m. 
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The development of these surface temperature profiles seems to 

indicate an eventual convergence that is a function of the prescribed 

ambient conditions. Figure 17 represents roughly the equilibrium 

surface temperature resulting from the present simulation model. It 

should be emphasized, that the natural behavior does not vary in a 

cyclic manner day after day as modeled, but will actually change from 

one day to another in an unpredictable fashion. This will cause the 

surface temperature to continuously vary in accordance with the 

existing ambient conditions. In addition, the first few days of this 

simulation exposes the water to strange ambient conditions that do 

not match with its thermal status and thus should not be considered 

as natural behavior. The simulation shows the influence of turbidity 

on the stratification development. 

Temperature distributions through the impoundment during the 

30th day of the simulation at both 2 p.m. and 6 a.m., are shown in 

Figures 18 and 19. They demonstrate the cyclic behavior experienced 

by the upper water layer. When the extinction coefficient is small, 

the solar radiation penetrates to very large depths and causes the 
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temperature there to increase. The region which is affected by the 

solar radiation laffected region} is shown in Figure 20 and as 

expected it is a strong function of the turbidity level of the water. 

For the non-scattering case (Case 1), that region reaches 10 meters 

in fourteen days while for Case 4 (the highly turbid case) it is 

less than 2 meters. The daily cycle of heating and cooling plus the 

wind mixing cause the upper layers of the water to mix daily. The 

development of this mixing depth is shown as Figure 21. Similar to 

the affected region, the mixing depth depends strongly on the 

turbidity levels of the water. This depth continues to increase 

beyond the 30th day of simulation. The magnitudes of the energy 

transfer components at the interface are presented as Figure 22. 

The emission and the absorption of radiation at the surface represent 

the major components and they are opposite in direction. The con­

vection and evaporation components are of the same order of magnitudes. 

The above results indicate that the turbidity level of the water 

will affect the surface temperature during the heating part of the 

day and its affect diminishes during the cooling part of the day. 

The turbidity levels has significant influence on the stratification 

development (turbid water will stratify sooner and shallower) because 

it affects both the mixing depth and the affected region. These 

two parameters are still developing beyond the 30th day of simulation 

while the surface temperature appears to have reached equilibrium 

level. The trends of the predicted results are similar to observed 

natural behavior. 
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XI. CONCLUSIONS AND RECOMMENDATIONS

The results of this study indicate that turbidity is an important 

parameter in the stratification development of water reservoirs. Its 

influence is felt primarily in the development of the thermocline 

depth and not in the surface water temperature, which appears to be 

a function of ambient conditions. Very turbid water causes the 

thermocline to be established more quickly, and causes thermoclines 

to develop at a lesser depth than the less turbid cases. 

The next steps for the continuation of this study are the 

investigation of the effect of turbulent diffusivity, to determine 

whether this will aleviate the problem of an afternoon temperature 

spike; and the generation of fluxes with appropriate boundary condi­

tions to model behavior in a finite media. 
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