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Hot water discharges and potential chemical spills are factors that threaten water 

quality in cooling reservoirs of chemical and power plants. In this thesis, three models are 

used to analyze the impact of these factors in a particular case study. A thermal model 

was developed to simulate the water temperature increase due to proposed extra heat 

water discharges. Coupled transport and fate models, DYNHYD5 and TOXICS, were 

used to simulate concentration in the water and suspended sediments due to potential 

chemical spills. To simplify the use of the model, a computer program package was 

developed as a friendly interface to help set up a variety of heat and chemical spill 

scenarios. The methods were applied to a case study of reservoirs at the Eastman 

Chemical Co. plant in Longview, Texas. 
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CHAPTER I 

INTRODUCTION 

Chemical spills and heat water discharges are potential threats to the water quality of 

cooling reservoirs in chemical plants. A toxic chemical spill could be dangerous to 

aquatic ecosystems [1]. Heat discharges also generate potential impacts on the aquatic 

organisms [2]. To understand impacts on water quality in cooling reservoirs from 

potential chemical and heat spills, models are needed to simulate the thermal and toxic 

dynamics in the reservoir [3]. The models aid plant management by providing guidance 

on issues such as arrangement of chemical storage tank and discharges of hot water. Also 

the models provide help in planning and implementing mitigation strategies and practices. 

The Eastman Chemical plant in Longview, Texas, has two coupled cooling 

reservoirs (Figure 1). The larger part on the west side is called Ferguson and the smaller 

one on the east side is called Tanyard. Ferguson has a surface area of about 275 acres and 

a water elevation of about 269 feet. The surface area of Tanyard is 98 acres and water 

elevation is about 277 feet. There is a gravity pipe, 54" diameter, connecting Ferguson 

and Tanyard. Because the elevation of Tanyard is higher than that of Ferguson, the water 

flows from Tanyard to Ferguson driven by gravity. There are 19 outfalls and 3 pump-outs 

spread along the bank side. The outfalls and pump-outs drive the water currents of the 

reservoirs to flow in a circulation pattern. 
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Figure 1. Locations of return outfalls, pump stations and survey sites 
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The plant is located in the middle, surrounded by the reservoirs. There are two major 

issues of concern to the Eastman Company, which initiated this research. One issue is 

calculating the impact of new heat discharges; what is the temperature increase at a given 

location due to a potential new teat discharge in the reservoir?. The other issue is the 

impact of potential chemical spills, from one of the many storage tanks set along the bank 

side; what will be the spatial distribution of the chemical concentration respect to time in 

the reservoir?. Both of these issues can be examined with models. The models should be 

easy to operate in order to be used by the model non-specialists at the plant. 

A model network (Figure 2) was built to represent the spatial configuration of the 

reservoirs and to serve as the basis to build and run the models. In this network, the 

reservoirs were divided into 43 segments, each representing a different location within the 

reservoirs. The physical and chemical features within each segment are considered 

uniform even though they may be different between segments. The transport of the spilled 

chemical and hot water in the reservoirs are simulated in the model by assuming that they 

are advected from segment to segment through the lines connecting the segments, called 

channels. 

A modeling framework was developed to simulate potential heat and chemical spills 

in the Eastman cooling reservoirs consisting of three major models: 1. thermal model, 

which predicts the temperature increase due to the extra heat water discharge; 2. 

hydrodynamic model, DYNHYD5 [4], which simulates the physical circulation of water 

driven by hot water outfalls and pump returns; 3. transport and fate model, TOXIC5 [5,6], 

which simulates the transport and fate of toxic chemicals after a hypothetical spill. 
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Figure 2. Eastman cooling reservoir segments and channels 
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The thermal model was developed specifically for this diesis and a computer 

program was written for convenience of use. The DYNHYD5 and TOXIC5 models are 

supported by U.S. EPA for hydrodynamical and water quality simulation in various 

aquatic situations, such as rivers, ponds, estuaries, etc. These two models are generic and 

therefore very detailed input files are needed to customize them to the specific situation. 

Because of the possibility of teat discharge variation, changing hydrodynamical 

conditions, and varying spill scenarios, as well as the requirement of easy utilization, a 

computer interface, SPILHEAT [7], was developed to integrate all three models and 

provide a flexible and friendly interface to perform various scenarios. The interface 

makes the models accessible to non-specialists by fixing part of the input file. This, of 

course, entails loss of generality. 

In order to evaluate the model, the temperature increase at pump station, B-9 (Figure 

1), due to the current hot water discharges in the reservoirs was simulated. The 

hydrodynamical model was calibrated using survey data. The hydrodynamical model was 

then linked to the toxic model to simulate hypothetical spills of Dibuthyl Phthalate (DBP) 

and an insoluble chemical. 

The thermal part of the model predicts the temperature increase with small relative 

error. The thermal simulation reveals the fact that wind speed is the dominant controlling 

factor of teat loss of the reservoirs. After calibrations, the hydrodynamic model simulates 

the water velocity with relatively good accuracy, the result is close to the measured data. 

The model shows that the water velocity is very slow, 1- 10 mm/sec, in most parts of the 

reservoirs. This gives enough time for a spilled chemical to mix with the rest of the water. 



Transport and fate models [8] simulate five aspects: advection, dilution, diffusion, 

sorption and chemical decay. The simulation of DBP shows that dilution will be the 

dominant factor among these five affecting the soluble chemical concentration in the 

reservoirs. For insoluble chemicals, the settling speed is the dominant factor that will 

determine the distance over which it may be advected by the water flow. 

The thesis is arranged in the following manner. Chapter II describes the fundamental 

and mathematical principles of the models. The general ideas developed there can be 

applied to modeling in a different situation. Chapter ID describes the procedure used to 

customize the general model to the Eastman specific situation and the computer interface. 

Chapter IV presents several simulations using hypothetical data sets to illustrate the 

operation of the model. Chapter V discusses the characteristics of the Eastman reservoirs, 

the limitations of the model and summarizes the conclusions. 



CHAPTER n 

FUNDAMENTAL PRINCIPLES OF THE SUB-MODELS 

H-l Thermal Model 

Fundamental Principle 

The thermodynamic model simulates the potential water temperature increase due to 

a new heat discharge into the cooling reservoir. The physical principle of this model is 

shown in Figure 3. In this model, a heat discharge to the cooling lake is assumed to 

potentially increase the lake water temperature and that the warm water will remain on 

the surface due to its lower density. The warm surface layer will dissipate heat into 

atmosphere, which leads to a temperature decrease. The approach followed here was to 

develop a simple first-order approximation of the potential temperature increase [9] by 

considering two major simplifications: ignoring heat storage due to mixing and assuming 

equilibrium conditions. These assumptions imply that the excessive heat is small and that 

it will remain at the surface, leading to optimum conditions for heat dissipation at the 

water-air interface. 

There are five fundamental assumptions used to derive the mathematical model: 

1. Heat transfer at the water surface is the major factor in determining water 

temperature decrease. The water-air interface will be considered as the only pathway for 

heat dissipation. 



atmosphere h e a t d j s c h a r ge 

Y 
heat excha 

warm water layer 

cold water layer 
benthic layer 

Figure 3. Diagrammatic representation of the layered 
structure and physical principles of the 
thermal model. 

L b 
R s R s j i H e 

\ \ H e 

\ r \ r 
1 

V V \ r 

v i 
/ 

~ >< 

Figure 4. Components of heat transfer at the water surface 



2. Excessive heat increases surface water temperature and heat loss until a new 

thermal equilibrium is established. 

3. Excessive heat load and loss are balanced in one lake circulation. 

4. The temperature difference between the discharge point and the intake point is 

equal to the temperature increase due to the heat source. 

5. Decrease of water temperature is proportional to the lake surface area. 

Surface heat exchange coefficient 

Using assumptions one and two, the surface heat exchange coefficient (HEQ [10] 

was determined. The HEC is defined here as the increase in surface heat loss rate per unit 

area resulting from the rise of one degree in water surface temperature for given 

meteorological conditions. 

The components of heat transfer at the water surface are shown in Figure 4. The net 

heat flux (Hs) at the water surface is calculated as a balance of heat sources and sinks in 

the following equation 

Hs=(Rs -Rsr) +(Ra -Rar) -Lb -He±Hc (1) 

where: 

Rs = incident solar radiation (short-wave radiation), 

Rsr - reflected short-wave solar radiation, 

Ra - atmospheric radiation (long-wave radiation from the atmosphere), 

Rar = reflected long-wave atmospheric radiation, 

Lb = long-wave radiation emitted from the water surface, 
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He - evaporative (latent) heat, 

He = conductive (sensible) heat, 

The budget of incoming radiation terms is the net radiation Rn 

Rn =(Rs -Rsr) +(Ra -Rar) (2) 

and therefore we can re-write the net heat flux as 

Hs(Ts) =Rn -Lb{Ts) -He(Ts)±Hc(Ts) (3) 

where we assume that all terms (except the net radiation) depend on water surface 

temperature (75). All these terms also depend on meteorological conditions, which is a 

function of time; however, all of the following calculations are done at equilibrium and 

the temporal or transient changes are ignored. 

The change of Hs resulting from the increase of water surface temperature from Tn, 

the previous temperature, to T, the new temperature, is obtained by subtraction, 

AHs =Hs(T) -Hs{Tn) 

= -Lb{T) +Lb(Tn) -He{T) +He(Tn)-Hc(T) +Hc(Tn) (4) 

where the net radiation Rn cancels because it is assumed to be independent of water 

temperature. 

All these terms can be calculated from first principles. The long-wave radiation heat 

flux Lb emitted by a body is related to the temperature of a body by the Stefan-Boltzmann 

equation 

Lb=oe(T+273)4 (5) 

where: 
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a - 5.67* 10"8 watts-m"2- °K A is a constant, 

e= 0.97 is total hemispherical emissivity for oil free natural water, 

Tis the water temperature in°C. 

The evaporation or latent heat flux, He is determined from the wind speed, humidity 

and temperature difference between air and water, using 

He = XNV2(PS-P2) (6) 

where: 

X = 2495* 103 Joules/Kg is the latent heat of evaporation, 

V2 is the wind speed at two meters above the water surface (in m/sec), 

P2 is partial pressure of water vapor (in N m'2) also at two meters above the water surface, 

N is the mass transfer coefficient calculated from the difference in temperature between 

the air (7\) and the water (both in°C) 

AM.04-108 [l-0.03(r2-D] (7) 

Ps is the saturation water vapor pressure of air at the water surface temperature, and can 

be calculated as 

Ps= 610 exp[19.7071-5383(7+273)-'] (8) 

The conductive heat flux, He, can be calculated as proportional to the latent heat flux 

Hc=B'He (9) 

using the Bowen ratio B that in turn depends on temperature, humidity and atmospheric 
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pressure P (in N ra'2) in the following manner 

£=6.M(T4-P (T-T2) (Ps-P2y
l (10) 

To obtain a first order or a linear approximation for all the previous heat flux 

components Hb, He and He, equation (5), (6) and (9) are expanded in Taylor series 

around mi arbitrary base temperature and all terms of second order and higher are dropped 

Hb(T)= Hb(Tn) * 40€(7>273)3(r-rn) (11) 

He(D = HJJn)+5383.2 X NV2Ps(Tn)(Tn+213y2 (T-Tn) (12) 

HC(T) = Hc(Tn) + 6.1 10'4 PXNV2(T-Tn) (13) 

Substituting all these three equations (11), (12) and (13) into equation (4) and 

rearranging 

T-Tn 

=4oe(7h +273)3 + AJW2[5383.2 Ps(Tn) (7n+273) 2+6.M0 4P] (14) 

to show the HEC as the increase in water surface heat loss per unit area (AHs) resulting 

from one degree change in water surface temperature. HEC is determined by three 

meteorological variables (72, V2, P) and the previous water temperature Tn. 
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Temperature decrease 

The temperature is assumed to decrease linearly (Figure 5) with the surface area 

available for heat loss downstream from the discharge (assumption 5) that is to say 

Ar(A) = -oA+P (15) 

where: 

A is the surface area, 

oris a coefficient, 

P is the intercept. 

For simplicity, assume constant width (W), so that the area is proportional to the 

distance x downstream from the discharge, 

A T(x)=-ax+b (16) 

where x is the distance, a is a coefficient and b the intercept. 

Using assumption four, the temperature decrease due to heat loss is equal to the heat 

load, that is to say 

AT(xJ-AT(xJ=-^—AT, (17) 
Qpc 

where: 

Xj is the position of intake, 

xu is the position just before the discharge, 

q, is the heat load (heat flow rate) carried by cooling water from the plant (J/hr), 

Q is the total flow rate in the channel (m3/hr), 



p is the water density (g/m3), 

C is the water heat capacity (4.18 J/g°K), 

AT, is the channel water temperature increase after the cooling water is discharged into 

the channel. 

Substitute equation (17) into equation (16) to solve for coefficient a 

A r i 
fl=~^T <18> 

and now using assumption three to balance the heat loss with the load 

X X u u 

q^f(HEC) WbT(x)dx - (HEC)—f(-ax+b)dx (19) 
Xj " Xj 

where Ar is the total area for cooling (in m2) 

A t = W x u (20) 

integrating and solving for b, 

AT. 
b=ATa+—- (21) 

2 

where ATa is the average temperature increase of the lake from the discharge to the 

intake 

ATa= (22) 
HEC At

 K ) 

Substitute equations (21) and (18) in equation (16), to get temperature decrease as a 
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linear function of surface area A as in Figure 4, which determines temperature decrease as 

a function of surface area. 

Ar. A7\ 
A7W - 1 -1) (23) 

i * gr» Z 

n-2 Hydrodynamical Model, DYNHYD5 

DYNHYD5 [4] solves the one-dimensional equation of continuity and momentum 

for branching or channel-junction, computational networks. The physical principle of 

DYNHYD5 is shown in Figure 6. The general ideas are: first, the water flow in a channel 

is produced by the difference of head, friction at bottom and wind on the surface, which 

leads to the equation of motion; second, the water volume in each segment is conserved, 

which means that the change in head is determined by inflow and outflow of this 

segment, leading to the equation of continuity. 

The equation of motion expresses the physical assumption that gravitational 

acceleration, produced by head difference, frictional acceleration and wind stress 

acceleration determine the total water motion acceleration 

6U TJdU 
— = -{j— + a, + a, + a , 
dt dx g* f w'x 

where: 

dU/dt is the rate of change of velocity with respect to time, 

U d(J/dx. is the Bernoulli acceleration, 



17 

channel 

wmd force 

down stream 

friction force 

up stream head ) strep 

yntnu//) rnn ntnmnttnm/tu 
down stream segment benthic layer \ 

upstream segment 

Figure 6. Physical principle of the hydrodynamical model, DYNHYD5 
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as X is the gravitational acceleration along the A. axis of the channel, 

ay is factional acceleration, 

awX is wind stress acceleration, 

U is the velocity along the axis of channel, 

x is the distance along axis of channel. 

Hie equation of continuity expresses the physical assumption that head change in the 

segment is determined by water volume change of the segment 

BdH = _dQ 
dt dx 

where: 

B is the width of rectangular channels, 

dti/dt is the rate of water surface elevational change with respect to time, 

dQ/dx is the rate of water volume change. 

By writing these two differential equations in finite difference form and applying to 

the specific link-node network, these equations can be solved for velocity and head 

elevation in each segment. The link-node network is discussed in the next chapter. 

fl-3 Transport and Fate Model, WASP5 

Some inorganic and organic chemicals can cause toxicity to aquatic ecosystems. The 

WASPS [5,6] model simulates the transport and ultimate fate of chemicals throughout a 

water body. A soluble chemical will dissolve in water, diffuse and be transported by the 

flow which will move the chemical from segment to segment. Meanwhile, part of the 
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compound sorbes to the suspended sediments and is deposited in the benthic layer. The 

chemical degradation is also simulated using a first-order lumped decay rate. The 

insoluble chemical will be simulated as full sorption to the suspended solids, and 

deposited in the benthic layer. In the application of this model to the Eastman reservoir, 

only the chemical in the water column is simulated. 

The principle of the conservation of mass is assumed to hold. The mass balance 

equation for a one dimensional channel is given by 

— = -—(1/ O +—(£ —) +S, + SB - S. 
dt dxK x ' dxK Xdx L B k 

where: 

C is the concentration of the water quality constituent, 

t is time, 

Ux is the longitudinal advective velocity, 

Ex is the longitudinal diffusion coefficient, 

SL is distributed loading rate, 

SB is boundary loading rate, 

SK is total kinetic transformation rate. 

After writing this equation in difference form and applying it to the network, the 

equation for chemical concentration in each segment can be solved. 



CHAPTER IE 

APPLYING THE MODELS TO THE EASTMAN CHEMICAL 

COMPANY COOLING RESERVOIR 

m . l Customizing DYNHYD5 and TOXIC5 to the Cooling Reservoir 

The Eastman Chemical Company in Longview, Texas, has two cooling reservoirs 

(Figure 1). The larger part on the west side is called Ferguson and the smaller one on the 

east side is called Tanyard. The features of the reservoirs are listed in die following table. 

Table 1. Reservoir data 

Ferguson Tanyard 

Spillway elevation (feet) 270 280 

Normal water elevation (feet) 269 277-278 

Area at spillway elevation (acre) 275 98 

Volume at spillway elevation (acre-feet) 3000 1120 

There is a gravity pipe, 54" in diameter, connecting Ferguson and Tanyard. Because the 

elevation of Tanyard is higher than that of Ferguson, the water will flow from Tanyard to 

Ferguson by gravity. There are 19 outfalls and 3 pump-outs spread along the bank side. 

These outfalls and pump-outs produce the water head difference in the reservoirs. The 

head difference becomes the driving force which makes water flow in a circulation mode. 

The water velocity is determined by flow rates and the bathymetry of the reservoirs. The 
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flow rate is the very important input parameter in the hydrodynamic input file. It can be 

written into the data input file using the interface. 

To simulate the hydrodynamic conditions, not only is the flow rate needed but also 

the bathymetry of the reservoirs. A bathymetry survey was conducted by the Eastman 

engineers. The sonic depth finder was used to scan the cross-section of the reservoirs at 

13 locations. A map of the reservoirs was also provided. With these data, the bathymetry 

of the reservoir was obtained by interpolation. 

A network (Figure 2) was developed to include the hydrodynamical data of the 

reservoirs. This network will be used as the base to run the three sub-models. This 

netwoik divides the reservoirs into 43 contiguous segments. Each segment represents a 

portion of the reservoir. The features of each segment, such as depth, temperature and 

chemical concentration, are considered uniform. Each segment acts like a water container 

with flat bottom; the collection of these containers connected as in the network was used 

to mimic the bathymetric of the reservoirs. 

To simulate the water flow and velocity in the reservoir, channels are defined 

between adjoining segments. There are 48 channels defined in the reservoirs. A channel 

functions like a pipe conveying water between the water containers. Channel depth is 

calculated by the model using the depth of the segments it links. The channel length is 

defined as the distance between the centers of the adjoining segments. The channel width 

is adjustable to make the modeled velocity meet the velocity from the reservoir survey for 

calibration in the following manner. 

A hydrodynamic simulation was run first based on information of outfalls and 
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pump-out rates obtained from the current plant operational conditions which were 

assigned to the corresponding segment, according to their location. From this 

hydrodynamic simulation, the water velocity in each channel was obtained. Then a 

velocity survey of the reservoir was made by the Eastman engineers. Nine survey sites 

(Figure 1) were selected in the reservoirs. The measured velocities were then compared 

with the simulated velocity. Then the channel widths were adjusted. After that, a second 

simulation was run using the updated network. The simulated velocity was compared 

with the measured velocity again. After several rounds of comparison and adjustment, the 

simulated velocity was made to conform with the measured velocity. The network was 

integrated into the three sub-models. & is hidden from the user through the interface to 

facilitate usage by non-specialists. It does not need to be changed unless the bathymetry 

of the reservoirs is altered. 

After the network was embedded into the sub-models, it is ready to apply to the 

hydrodynamic model and the transport and fate model. The interface, SPILHEAT [7], 

provides a menu-driven input interface to simplify model operation. With the "Dynhyd 

input menu", the user can run various scenarios by entering different outfall and pump out 

rates. After the hydrodynamic simulation is completed, the hydrodynamic result file will 

be linked to the transport and fate model by selecting it in the 'Toxic input menu", 

through which the user can run different scenarios by entering different spill parameters. 

These input menus will generate the required DYNHYD5 and TOXIC5 input files. To 

run the simulations, the user just selects the input file. The model will run automatically. 



23 

HI.2 Customizing Thermal Model to the Cooling Reservoir 

The original THERMAL model is based on the assumption that the water is pumped 

out at one end and returned at the other end; water current in the reservoir is in a single 

circulation loop. However, the boundary conditions established in DYNHYD5 include 

outfall rates at different locations that drive three main circulation branches (Figure 7). 

Therefore, the calculation of the cooling surface area to be included in THERMAL should 

consider these branches. The outfall location controls the surface area of each branch. 

In Table 1, note that the relative surface area used to cool the water is almost 

proportional to the relative outfall rate. So it may be assumed that the discharged water in 

each branch will attain the same relative temperature change. A weighting factor (Wi) was 

calculated in Table 1 for each branch i =1,2,3 from the average of the relative values of 

outfall rates mid the surface area. 

When heated water enters the reservoir in one branch, it flows to segment 43 (pump 

station at building 9), goes through the pump and is discharged to the starting point of 

each branch. Note that the heat discharge is split into three parts (i =1,2,3), according to 

the outfall rate, and cools in each branch according to the surface area, Si, of the branch. 

The heat discharged in a segment in branch i will affect the temperature of a segment in 

branch j, via a weighted cooling surface area (A) calculated from the following equation. 

A=Si+— 
Wj 
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figure 7. Main circulation branches to determine heat dissipation 
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Table 2. Relative area and rates for three circulation branches 

Branch 1 Branch 2 Branch 3 

Relative area to total 0.230 0.560 0.210 

Relative outfall rate 0.300 0.470 0.230 

Weight Factor (Wi) 0.265 0.515 0.220 

Due to circulation, a heat discharge in one arm of the reservoir will lead to 

temperature increases in the other arm. A computer program package [7] was developed 

to allow quick exploration of meteorological, operational and discharge site scenarios. 

m.3 Integrating Models into an Interface 

One requirement of the Eastman Chemical Company is that the model should be 

easy to operate for a non-specialist. So a computer interface was developed to simplify 

the use of the model. The three sub-models, thermal model, DYNHYD5 and TOXIC5 

were integrated in one common interface. The thermal model was written as an 

independent computer program in the C language. The model can be run through a one-

screen menu (Figure 8). Where the user inputs different scenarios and the result will be 

displayed immediately. 

The DYNHYD5 and TOXIC5 used originally part of another program package 

called WISP [7]. Actually the DYNHYD5 and TOXIC5 are two separate models which 

can do hydrodynamic and toxic transport/fate spill simulation respectively. WISP is an 

interface which integrates DYNHYD5 and TOXIC5, and includes a graphical 

postprocessor operating on the output file from DYNHYD5 and TOXIC5. Both the input 
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UNTENSC MODELING LAB 
EASTMAN CHEMICAL COMPANY COOLING RESERVOIR THERMAL MODEL 

Enter the number of the item to modify 
OPERATIONAL DATA 
1. Total poop capacity (kgpm): 150.00 
2. Average tenqierature of reservoir (F): 98.00 
3. Water ( tap at pmop station before new discharge (F): 98.00 
METEOROLOGICAL DATA 
4. Wind speed 2m above water surface (m/s): 2M 
5. Atmospheric pressure (inches of mercury): 29.92 
6. Air temperature (F): 8ZS8 
SCENARIO NEW DISCHARGE 
7. Old discharge temperature (F): 0.00 
8. Old discharge rate (kgpm): 0.00 
9. New discharge rate (kgpm): 25.00 
10. New discharge temperature (F): 106.00 
11. Discharge location (segment #): 22 
12. Location where temp to be predicted (segment #): 40 
13. Quit 
RESULTS 
Water temperature increase at segment 7 (F): 0.33 
heat (w/m2.k): 38.96 

Figure 8. Thermal model interface 
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files of DYNHYD5 [4] and WASP [5,6] are organized in a very specific format, which is 

very difficult to edit for the beginner. Two friendly menu input interfaces (Figure 9 and 

Figure 10) were designed to accept the user's input with explicit prompts and store them 

in the input file according to the specific format required by the DYNHYD5 and WASP. 

After that, an interface, SP1LHEAT (Figure 1 la), was built to link all these programs into 

a simple menu, so that the user can launch all the different programs within this interface. 

The interface can schematically be represented as in Figure 1 lb. 

In the whole process of modeling the reservoirs, four major tasks have been 

accomplished. First, a network which includes all the bathymetric and pumping 

information of the reservoirs was built as the base for the three models. Second, the single 

circulation loop thermal model was customized to the multi-loop condition in the 

reservoirs by applying the proper weight factor and a computer model was developed. 

Third, to simplify the building of DYNHYD5 and TOXIC5 input files, two parameter 

input interfaces were developed. Fourth, to simplify the operation of the models, an 

interface, SPILHEAT [7], was developed to integrate the thermal model, WISP, and the 

parameter input interfaces. 
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UNT ENV MODELING LAB 
EASTMAN COOLING RESERVOIR 

HYDRODYNAMIC INPUT FILE MODIFICATION MENU 

Enter the choice 
1 .Segmc rat 1 outfall rate 12750 gpm 
2 . Segmc at 3 outfall rate 8200 gpm 
3 , Segmc »t 10 outfall rate 0 gpm 
4 .Segmc ut 11 outfall rate 1100 gpm 
5 .Segmc at 12 outfall rate 0 gpm 
6 .Segmc at 13 outfall rate 700 gpm 
7 .Segmc at 14 outfall rate 42000 gpm 
8 . Segmc at 17 outfall rate 12000 gpm 
9 .Scgmc at 18 outfall rate 7750 gpm 
lO.Segm cut 25 outfall rate -12000 gpm 
ll.Segia Est 31 outfall rate 500 gpm 
12.Segm nit 32 outfall rate 1050 gpm 
13.Segm eat 33 outfall rate 26200 gpm 
14.Segm cat 43 outfall rate •100000 gpm 
15.Coad itioa:(0 for normal, 1 for overflow) 0 
16. Dydi;d5 input file name dynormal 
17. Exit 

Figure 9. Hydrodynamic input file modification menu 

UNT ENV MODELING LAB 
EASTMAN COOLING RESERVOIR 

CHEMICAL SPELL SIMULATION INPUT FILE MODIFICATION MENU 

Enter the choke 
1 . Hydrodynamic data file name(no extension) dynormal 
2 . Simulation time (days) 12.0 
3 . Spill location (segment number) 8 
4 . Spill amount (pounds) 155000 
5 . Spill duration (hours) 4.0 
6 . Lumped chemical half life time (days) 4.52 
7 . Dispersion Coefficient (m2/s) 0.00100 
8 . Sediment Settling Speed (m/day) 0.00 
9 . Adcorptioa Coefficient (L/kg) 100.0 
10. Wasp input ffle name 
11. Exit 

Figure 10. Chemical spill simulation input file modification menu 
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UNT ENV MODELING LAB 
EASTMAN CHEMICAL COMPANY RESERVOIR CHEMICAL SPILL, THERMAL MODEL 

Enter the choice 

1. Change hydrodynamic simulation input file 

2. Change chemical spill simulation input file 

3. Run simulation model 

4. Run thermal model 

5. Exit 

Figure 11a. Interface main menu 

Main — — H y d r o d y n a m i c input 

— • C h e m i c a l spill input 

Run simulation ^ * W I S P ^ D Y N H Y D 5 

• T O X I 5 

Thermal Thermal 

Figure lib. Interface schematic 



CHAPTER IV 

APPLICATION OF THE MODELS TO HYPOTHETICAL DATA SETS 

IV-1 Hypothetical Thermal Spill 

Hypothetical data representing the summer condition are presented to illustrate how 

the thermodynamic model may be applied to estimate the temperature increase due to the 

heat discharge. In this example, the potential temperature increase of segment 43 due to 

the three main heat discharges in segments 33,14 and 1 is simulated. 

According to data provided by Eastman Chemical Company on lake temperature and 

flows, the following hypothetical data for the cooling reservoir in August are constructed. 

Air temperature 82.58 °F 

Atmospheric pressure 29.92 inches of mercury 

Wind speed 2.4 m/s 

Total pump capacity 112 kgpm 

Average temperature of reservoir 80°F 

Water temperature at pump station 
before new discharge 80°F 

Old discharge temperature 80°F 

According to the plant data provided by Eastman Chemical Co., after the water 

flows through the plant, its temperature will increase by ~12°F, therefore the new initial 
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discharge temperature will be 92 °F. The outfalls in the cooling reservoir are simplified 

and divided into three portions: 33 g.p.m. in segment 33; 54 g.p.m. in segment 14; and 25 

g.p.m. in segment 1. Three scenarios were made to simulate the temperature increase in 

segment 43 due to the corresponding heat discharges in these segments. The scenario data 

and results are listed in table 3. 

Table 3. Thermal spill simulation results 

| Discharge location Segment 33 Segment 14 Segment 1 

I Discharge rate (kgpm) 33 54 25 

New initial discharge temp (°F) 92 92 92 

Temp increase at seg 43(°F) 4.0 6.2 2.4 

The total temperature increase in segment 43 due to three discharges is 12.6°F. 

Because the return hot water is 12°F higher than the water pumped out at segment 43, the 

finial new discharge water temperature at segment 1,14 and 33 will be about 104.6°F, 

sum of 12.6°F and 92°F. The estimated temperature at segment 43 in August and 

September is 92.6 °F, sum of 12.6°F and 80 °F. The measured water temperature is 

around 91 °F. We can see that the model predicts the temperature with ~2% relative 

error. 

IV-2 Hypothetical Soluble-Chemical Spill 

There are 41 kinds of chemicals stored in the tanks around the reservoirs. Most of 

them are organic chemicals. Many are the special products of the Eastman Chemical 

Company and the properties are not available. One of them, Dibutyl Phathalate is a 
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commonly used organic chemical and data on its properties are available [11]. For this 

reason, DBP was selected as the chemical for a hypothetical scenario spill. 

The following are some properties of DBP. "Molecular formula: C16H2204; Boiling 

point: 340°C; Melting point: -35 °C; Molecular weight: 278.34; Water solubility: 11.2 

mg/L at 25 °C; Aquatic fate: if release into water, DBP will adsorb moderately to 

sediment and will complex with humic material in the water column. Biodegradation 

rates are rapid with 90-100% degradation being reported in 3-5 days in industrial rivers 

and pond water and 2-17 days in water from a variety of freshwater and estuary sites. 

Volatilization will make a small contribution to loss in natural bodies of water. Photo-

oxidation and hydrolysis would not make significant contribution to DBP's loss in the 

water, with the possible exception of oligotrophic alkaline waters where hydrolysis may 

be significant (estimated half-life 76 days at pH 9)" [11, volume I, pp217-229]. 

Hypothetical data representing a possible DBP spill situation is presented to 

illustrate how the hydrodynamic model and transport and fate model may be applied to 

estimate the soluble chemical spill. Brief introductions of the input parameters are also 

presented. 

Hydrodynamic Simulation 

Running the hydrodynamic model is the first step to simulate the chemical spill, 

because part of the change of chemical mass in a particular segment is determined by 

advection. The flowing water with dissolved chemical advects the chemical from segment 

to segment, and the hydrodynamic simulation provides the flow pattern and consequently 

the water velocity values. 



Table 4. Outfall and pumping rates of the reservoirs 
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I Segment # Outfall rate (gpm) | I Segment # Outfall rate (gpm) 

1 1 12750 1 7 12000 
3 8200 18 7750 
10 0 25 -12000 
11 1100 31 500 
12 0 32 1050 
13 700 33 26200 

U « 
Mote: Positive value means that the flow is into the segment. Negative value means that 

the flow is out of the segment. 

Table 5. Hydrodynamic simulation results 

1 Channel Vel (cm/s) From To Channel Vel (cm/s) From To 
1 1 0.6 1 2 23 0.0 23 24 

I 2 0.5 2 3 24 2.8 10 19 

1 3 0.5 3 4 25 3.2 26 27 

1 4 0.4 4 5 26 0.0 27 28 

1 5 0.3 5 6 27 2.2 27 29 

1 6 0.4 6 7 28 1.9 29 30 

I 7 0.3 7 8 29 2.3 30 43 
8 0.5 8 9 1 30 1.0 31 32 
9 0.5 9 10 I 31 3.2 32 43 
10 0.0 7 11 I 32 5.5 33 34 
11 0.0 7 12 I 33 8.3 34 35 
12 -0.1 10 13 34 8.3 35 36 
13 3.2 14 15 35 8.3 36 37 
14 3.0 15 16 36 0.7 37 38 

1 15 2.0 14 20 37 0.6 38 39 

1 16 1.3 17 18 38 0.7 39 40 

I 17 1.5 18 19 39 0.5 40 41 
18 1.7 19 20 40 0.5 41 42 
19 1.4 20 21 41 1.1 42 43 
20 0.6 21 22 42 1.3 40 43 
21 0.7 22 23 43 11.6 25 26 
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The flow driving force in the Eastman cooling reservoirs is the head difference 

produced by the outfalls and pump stations. Therefore, only outfall and pump out rates 

are needed as input parameters. Table 4 presents data entered according the information 

provided by Eastman. The simulated water velocities in each channel are listed in table 5. 

Spill Simulation 

hi the following, the TOXIC5 input parameter values are explained. 

A total lumped chemical half life time is the simplest chemical decay rate allowed by 

TOXIC5. It specifies a spatially-variable first order decay rate constant for each simulated 

chemical. Because it is a lumped decay reaction, the chemical transformation [12] to 

daughter products is not simulated. 

The half life time of a chemical is the time it takes 50% of the total initial mass to 

degrade. For DBP, biodegradation rate is such that 90-100% degrades in 2-17 days in 

fresh water [11, volume I, pp217-229]. So, 90% degradation in 15 days is taken as its 

lumped degradation rate. The lumped half life time is required by the model. So the 

lumped degradation rate is converted to lumped half life time using the following 

formula. 

ffr=]og05 b 
loga 

where: 

AT is the half life time in days, 

a is the percent of the amount left after b days, 
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b is the time it takes the chemical to decay until an amount a is left (days). 

After substituting a = 10% and b = 15 days into the equation, the lumped half life time 

4.52 days is obtained for DBP. 

Sorption is the bonding of dissolved chemicals onto solid phases, such as suspended 

and benthic sediment, biological material, and sometimes dissolved or colloidal organic 

material. Sorption may cause the chemical to accumulate in bed sediment or bio 

concentrate in fish, hi this application only sorption to suspended sediment is simulated. 

The equilibrium sorption is linear with dissolved chemical concentration [5]. The 

equilibrium sorption is expressed by following equation. 

C, = Kps • C„ 

where: 

Cs is the mass of chemical in unit mass of suspended sediment, 

Cw is the mass of dissolved chemical in unit volume of water, 

Kps is the partition coefficient. 

The partition coefficient varies depending on different conditions. It can be obtained 

from laboratory experiments [13]. The common range for the partition coefficient is 10"' 

to 105 L/kg. In this model 100 L/kg was selected for the value of partition coefficient 

arbitrarily, just for illustration. 

Sediment transport is an important process in aquatic systems [14]. Many chemicals 

sorb strongly to sediment and thus undergo settling, scour, and sedimentation. In the 

Eastman cooling reservoirs the water current is generally slow. Therefore it is assumed 
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that sediment particles such as sand and silt will settle quickly to the benthic layer. Only 

small particles with low density will remain in the water. The sediment density is set to 

50mg/L at equilibrium. To maintain the equilibrium the settling speed is set to 0 m/day 

when soluble chemicals are simulated. The settling speed will be used later for unsoluble 

chemical simulations. 

Dispersive water column exchanges significantly influence the transport of dissolved 

and particulate pollutants in reservoirs, lakes and estuaries. Dispersion includes 

horizontal and vertical directions. In this model only horizontal dispersion, which 

happens between adjoining water segments, is simulated. Dispersion is expressed by the 

following equation. 

dMt _ Ei} • Aa 

~dt E 
L=-* 1 ( C j - Q 

where: 

(Mi / dt is the mass change rate of chemical in segment i, 

Ay is the interfacial area shared by segments i and j. 

Ltj is the characteristic mixing length between segments i and j. 

Cj, Cj is the concentration of chemical in segment i and j. 

Eij is the dispersion coefficient for exchange, m2/sec. 

The value selected is 0.001 m2/sec for dispersion coefficient arbitrarily, just for 

illustration. The spill amount, duration and location were treated as a scenario. Because 

the DBP tank capacity in the plant is about 155,000 lbs. The total chemical spilled is 
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assumed to be 155,000 lbs. Spill duration is defined as time from the start of the spill to 

the end of the spill. In this scenario, the spill duration is arbitrarily assumed to be four 

hours for illustration. Spill location is the segment where the spill is assumed to happen. 

In this scenario, spill location is segment 8. 

After a simulation run using the above hypothetical data, Figure 12 shows the DBP 

concentration in segment 8. The peak value is 380000 jig/L and it happens at 1.16 days, 

that is at about the end of the spill. Then DBP decreases gradually because of advection, 

decay and dispersion. Figure 13 shows the effect of the transport of DBP. The three lines 

show the concentration in segment 20, 25 and 43. The results of the hydrodynamic 

simulation (Table 5) illustrates that the water flows from segment 20 through 25, then to 

43. The peak in segment 20, 24000 jig/L, happens at about 3.98 days. The peak in 

segment 25,7900 fig/L, happens at 7.16 days. The peak in segment 43, 3800 jug/1, 

happens at 9.36 days. The sequential change of the peak value reveals the DBP transport 

sequence and direction. Figure 14 shows the DBP concentration in segment 7. From the 

hydrodynamic simulation (Table 5), we know that segment 8 is on the downstream side 

of segment 7. So the chemical spilled in segment 8 will not reach segment 7 by 

advection. It is the water column dispersion that carries the DBP into segment 7. 

The sorbed portion of the chemical behaves like the dissolved portion, but its 

concentration is lower and it is controlled by the partition coefficient and suspended 

sediment concentration. Figure 15 and Figure 16 show the sorbed DBP in segment 8,7, 

20,25, and 43. 
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figure 12. Dissolved chemical, DBP, in segment 8 
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Figure 13. Transport of dissolved chemical, DBP. 
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Figure 15. Sorbed DBP in segment 8 
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Figure 16. Sorbed DBP in segment 7,20,25 and 43 
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IV-3 Hypothetical Insoluble Chemical Spill 

Insoluble chemical is defined as "being readily soluble in nonpolar organic solvents 

but only sparingly soluble in water" [15]. A spill of chemical with the same properties as 

DBP except it is insoluble, is simulated. It is assumed that the chemical will be totally 

sorbed to the suspended sediment by using a very large partition coefficient, so that it will 

be all transported with the sediments. The suspended sediment settling speed simulates its 

depositing to a benthic layer. All input parameters are the same as in the previous 

example except the partition coefficient and sediment settling speed. 

Because WASP can not simulate the insoluble chemical. In order to simulate the 

insoluble chemical, it is assumed that the insoluble chemical will be totally sorbed to 

suspended sediments. Under this assumption, the insoluble chemicals can be treated as 

solid. In this scenario, the partition coefficient is set to 109. 

The hydrodynamic simulation shows that the water speed is slow in the reservoirs, 

so the suspended sediment will be very small. It is assumed that the suspended sediment 

has an average particle diameter of 0.05 mm and average particle density of 2.5 g/cm3. 

The settling speed will be 120 m/day according to Stoke's Settling Velocities [11, Table 

3.1 page 38]. 

Figure 17 compares the insoluble chemical and DBP in the previous simulation in 

segment 8. The peak value of an insoluble hypothetical chemical B is small and drops 

quickly due to the fast deposition to benthic layers. Table 6 lists the peak values in the 

two scenarios respectively. 
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Table 6. Comparison of soluble and insoluble chemical transport 

SEG8 SEG9 SEG10 SEG 19 SEG 20 

CHEM B (ug/L) 98000 2100 63 11 0.058 

DBP (UE/L) 380000 110000 74000 29000 24000 

The hydrodynamic simulation demonstrates that the current will flow in the direction 

of segments 8,9,10,19,20. The peak values of the insoluble chemical are very small 

compared with DBP which means most of the insoluble chemical will deposit to the 

benthic layer. In segment 19 and segment 20 the value is very low which means the 

insoluble chemical will not reach there. 



CHAPTER V 

DISCUSSION AND CONCLUSION 

Wind speed is the most important controlling factor of heat loss of the reservoirs. 

Figure 18 shows the temperature increase at segment 43 with respect to different wind 

speed assuming that all other parameter remain constant. A heat discharge was assumed 

in segment 14. The temperature increase declines greatly with wind speed at the low wind 

speed range, which means that the temperature is very sensitive to wind speed change in 

this area. The meteorological data from the National Solar Radiation Data Base (NSRDB) 

for the area shows that wind speed ranges from 2.4 m/s to 3.5 m/s over a year in 

Longview, where the reservoirs are located. There could be several days with very low 

wind speed during the summer. The model cannot, however, be used to simulate the 

water temperature only for these days, as it will not give the right result because a longer 

time average is need. The temperature predicted will be higher than real. Because the 

reservoirs have very large water volume compared with the discharge rate, they will 

initially store the heat with little temperature increase. The temperature can not reach the 

equilibrium in just one circulation, but it will take a longer time. When the temperature 

tends to increase too much due to the low wind speed, the wind speed may increase and 

bring the water temperature down. So an average temperature over a month period is 

recommended. 

AO 
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Figure 18. Temperature increase as a function of wind speed 
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Some of the limitations on the thermal model are: the warm water is assumed to 

remain at the lake surface and can efficiently dissipate heat by transferring it to the 

atmosphere; the model does not include teat diffusion between the surface water and 

deeper water layers; and it is assumed that water temperature will be at equilibrium after 

several circulations under constant meteorological conditions. These assumptions are a 

simplification of reality: there is heat diffusion between water layers and mixing of 

surface water with deeper layers driven by wind. The lower part of the lake will gradually 

absorb the surface heat and store it under critical conditions and dissipate it later at a 

slower rate. It will take more circulations to reach thermal equilibrium. The use of a linear 

approximation limits the validity range of the model. The excessive surface water 

temperature should not exceed ~ 10°F. Also, the new discharge water flow rate should 

not exceed a small fraction of the total water flow rate (the threshold estimated here is 0~ 

Q/6). 

Dilution is the dominant factor in the four processes, advection, dilution, sorption 

and chemical decay, which affect the soluble chemical concentration in the reservoir. A 

scenario was made to simulate a DBP spill in segment 1. Table 7 compares the DBP 

concentration of two different scenarios in several segments with no decay and decay 

(half-life constant equal to 4.52 days, or 90% decay in 15 days) when DBP is spilled into 

segment 1. From segment 1 to segment 29, the peak value decreased about 200 times. 

Chemical decay contributes with further decrease in the peak value, but this is less 

important for segments near the spill. The decrease near the spill is driven by inflow 

dilution. 
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Table 7. Gradient of peak DBP concentration from segment 1 to 29 for conservative (T 

large) and non-conservative (with T = 4.52 days) chemicals. 

1 seg# 1 3 5 7 9 19 21 23 26 29 

Tlarge 2660 480 190 102 74 34 16 16 15 13 

T=s4.52d 2660 430 140 52 26 8 3 3 2 2 

Note: DBP concentration ] has been converted to mg/L. 

Suspended sediment settling speed is the controlling factor that affects the insoluble 

chemical density in the reservoirs. In the previous simulation, Figure 16 compares the 

soluble and insoluble chemical concentration for the same spill amount. The peak value 

of insoluble chemical is very small compared with that of soluble chemical. The insoluble 

chemical concentration decreases quickly meaning that most of the chemical will deposit 

to the benthic near the spill location. The very small value in the downstream segment 

means that the insoluble chemical will not be advected too far by the water current. 

In the thermal model, there are two key concepts that make the temperature 

increase in the reservoirs to be predictable. The first one is the heat exchange coefficient 

(HEC) [9,10] which predicts the extra-heat loss due to the excessive temperature 

increase. The second is the assumption of linear temperature decrease [9] from the 

discharge location to the pump out location. The temperature decrease may not 

necessarily be linear, other decreasing function may also be assumed. It can be derived 

from the field data. 

In the hydrodynamic model and the transport and fate model, the network is a very 

important part; it needs to be built carefully and a velocity calibration is also needed. The 
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properties of the chemicals may differ over a wide range. The selection of the proper 

value depends on the knowledge and experience of the model operator. The procedure 

used in the thesis may be used as a reference, but may not be justified in being strictly 

followed. 

The interface makes the model easier to use, but is not necessary for running the 

model. The advantage is that it makes the model usable to the non-specialist. It makes it 

possible for the academic model to step out of the laboratory and be available to the 

untrained user. Although it requires the modeler to spend more time on the interface, it 

widens the use of the model. 
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