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ABSTRACT 

LOW FLOW STUDY FOR BRAYS BAYOU 

BY 

PAULO AFONSO DA MATA MACHADO 

A channelized stream with large amounts of algae is 

studied in regard to dissolved oxygen concentration. 

It is concluded that only a control of nutrients for 

algae can avoid high depletions in dissolved oxygen 

levels at night due to algae respiration. 
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1. INTRODUCTION 

The City of Houston Health Department has conducted, together with 

Rice University, an effort to differentiate the impact of point 

source and stormwater runoff quality. This study includes a sampling 

program followed by a methodology application including the use of 

computer models. 

This study is part of the above program and its purposes are to: 

a) investigate the dissolved oxygen concentration in a concrete- 

lined urban stream channel; 

b) simulate the dissolved oxygen concentration along the channel 

as a function of hydraulics, temperature, degradable material 

and other pertinent parameters; 

c) determine if the critical levels of dissolved oxygen are 

below stream standards; 

d) evaluate possible reasons for violation of standard dissolved 

oxygen concentration, if any; 

e) recommend possible corrective solutions. 

1.1 Dissolved Oxygen Concentration 

Dissolved oxygen concentration (DO) is a key factor considered 

when measuring the sanitary conditions in a stream. In liquid 

wastes, very low DO results in anaerobic conditions, whose end 

products are often very obnoxious. DO is also a necessity for 

aquatic life, such as fish. The minimum level of DO required by 

the Texas Department of Water Resources is 5.0 mg/1 for most 

streams. 

Two important sources of oxygen exist in Brays Bayou: reaeration, 

due to oxygen transfer from the atmosphere, and photosynthesis. 

Supersaturated levels of DO are observed in Brays Bayou due primarily 

to photosynthesis. However, light is needed as a catalyst for 

that reaction and, therefore, it happens only during daytime. Like 

any other living substance, the chlorophyll-containing plants 

that produce DO through photosynthesis need oxygen to survive, 

performing a chemical reaction exactly the opposite of photosynthesis. 
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During the daytime, photosynthesis is the predominant reaction but, 

at night, DO is depleted to very low values through respiration in 

the system. Biodegradable material, which is sometimes the most 

important sink of DO, is present in Brays Bayou at low concentra¬ 

tions, and does not represent a significant effect on DO. 

1.2 Brays Bayou Study Segment 

Brays Bayou is located in the Houston area and drains a developed 

area, as can be observed in Fig. 1.1. It has two major tributaries 

Keegans and Willow Waterhole Bayou. It receives input from several 

sewage treatment plants, which are responsible for the presence of 

many chemical species. The portion of Brays downstream from the 

Southwest Freeway is concrete-lined with a trapezoidal cross sectio¬ 

nal area for the low flow channel (see Fig. 1.2). 

The major waste loading input is the outflow of the Southwest Treat¬ 

ment Plant. During low flow conditions, the Southwest Sewage Treat¬ 

ment Plant is responsible for the major flow of Brays Bayou. As the 

flow of the other sewage treatment plants is very small compared to 

the Southwest Sewage Treatment Plant, the study segment is defined to 

be from just upstream of the Southwest Plant input to MacGregor (refer 

to Fig. 1.3). 

The principal problem of this study is concerned with hydraulic cha¬ 

racteristics. A large variation in water velocity is observed along 

the study segment, indicating different slopes, which was not foreseen 

in the design of the channel, according to Turner Collie and Braden, Inc. 

(1971). In fact, due to problems since the building of the channel, 

a negative slope is observed near Greenbriar. 
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2. LITERATURE REVIEW 
6 

The prediction of DO variation along a stream was first studied by Streeter 

and Phelps (1925). Since then, advances in their research have been made. 

In the first section of this chapter, addition of terms to Streeter-Phelps 

equation are reviewed, finally arriving at the equation used by Quai II com¬ 

puter model to predict the DO sag curve. (Refer to Quai II user's Manual, 

(1972)). 

One of the most important coefficients in Streeter-Phelps equation is 

the reaeration coefficient which describes the rate of transfer of oxy¬ 

gen from atmosphere to water and, at super-saturated levels of DO, 

from water to atmosphere. Many formulas are available to predict this 

coefficient, but there is poor agreement among them. Studies of the 

calculation of the reaeration coefficient and a comparison among the 

existing equations are reviewed in the second section. 

The effects of attached algae have not been as thoroughly studied as the 

reaeration coefficient. Consequently, no simple models have been pro¬ 

posed to calculate the net DO produced by algae. A review of studies 

in the field of photosynthesis is presented in the third section. 

2.1 Improvements in Streeter-Phelps Equation 

Streeter and Phelps (1925) developed a formula to describe the 

variation of the DO deficit D (defined as the difference between 

the saturation and the actual DO concentration) with respect to 

travel time. 

dD = K L - K D (2.1) 
dt 1 z 

where and are deoxygenation and reaeration coefficients 

respectively and L is the total carbonaceous biochemical oxygen 

demand concentration (BOD). 

Streeter and Phelps equation cannot predict satisfactorily the 

DO concentration along a stream in all cases. The reason is that 

reaeration and BOD demand are not the only source and sink of DO 

in a stream. Nemerow (1974) listed the following sources and 

sinks of DO in a stream: 
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a) reaeration due to the physical reaction of air 

and water; 

b) photosynthesis; 

c) temperature decrease increasing oxygen saturation po¬ 

tential and decreasing microbiological activity; 

d) dilution from uncontaminated streams. 

Sinks : 

a) organic matter in the continuous flowing water; 

b) slime growth on attached rocks, debris, and other surfaces 

(shorelines) over which the water flows; 

c) primary organic bottom sludge deposits (benthal demand); 

d) secondary organic bottom deposits (dead algae); 

e) temperature rises causing oxygen vapor loss and increased 

microbiological metabolism; 

f) respiration needs of fish and other aquatic organisms; 

g) organic contamination in branch streams; 

h) salinity. 

By Streeter-Phelps equation, DO concentration in the stream 

remains constant at all times. In other words, equation 2.1 assumes 

steady-state conditions exist. As Rich (1973) stated, the time to 

reach steady-state condition in a stream, where dispersion is insigni¬ 

ficant, is simply the travel time from the point of pollution to the 

location under consideration. However, in streams with high concentra¬ 

tions of chlorophyll-containing plants, steady-state may not happen, 

since photosynthesis is a function of the apparent position of the sun 

in the sky. At night, in the absence of photosynthesis, the respiration 

requirements of plants decrease the DO. Consequently, much care has to 

be taken in assuming a steady-state situation in such a stream. 

Streeter and Phelps stated that deoxygenation is responsible for BOD 

decay. However, settling cannot be overlooked. Thomas (1948) defined 

a coefficient as the rate of BOD removal due to settling. On the 

other hand, unsteady and turbulent flow in a stream can dislodge the 

sludge deposit from the bottom, increasing the dissolved BOD. A coef¬ 

ficient L has been defined as the rate of BOD scouring from the bottom 

of the stream and re-dissolved into the water. As a result, the BOD 
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concentration can be defined as: 

L = L EXP (-K.+K.t) + L t (2.2) 
o 1 J a 

By derivation of equation 2*2, one can conclude that the removal of BOD 

due to settling is proportional to the amount in solution (as defined 

by Thomas), while the scouring rate is not* Attempts to combine both 

effects into one single coefficient have not been successful. 

An important sink of oxygen that Streeter-Phelps equation does not 

take into account is benthic demand. Fair et al (1941) showed that 

sludge deposits in a stream decompose slowly, affecting the oxygen 

balance. The rate of benthic demand is often considered in mass of 

oxygen per unit of surface area, per time. This coefficient divided 

by the average depth gives the rate of DO removed by benthic demand, 

per time. The average depth equals the quotient of the cross-sectional 

area of flow and the average width of the surface. Consequently, the 

rate of benthic demand K is defined as: 

where : 

(2.3) 

M = average depletion of oxygen per time (M/T) 

S * area of the surface of the reach (L^) 

W = average width of the surface (L) 

Ax = average cross-sectional area of flow at the reach (L ) 

Remembering that the surface area equals the product of the average width 

and the longitudinal length of the reach, equation 2.3 becomes: 

K 
f4 
Ax 

(2.4) 

where : is defined as the ratio of the average depletion of oxygen per 

time in the reach per unit of longitudinal length. 

The value of L0 in equation 2.2 represents the first-stage BOD, measuring 

only the carbonaceous matter. According to Sawyer and McCarty (1967), 

the nitrifying bacteria, responsible for oxidation of noncarbonaceous 

matter do not exert an appreciable demand for oxygen until about 8 to 10 

days have elapsed in the regular BOD test. Consequently, the 5-day test 



9 

does not measure the oxygen demand by the nitrogen cycle. The two 

phases of this cycle that occur in water are the oxidation of ammonia 

nitrigen to nitrite by the bacteria Nitrosomonas and nitrite nitrogen 

to nitrate by the bacteria Nitrobacter. Quai II adds two extra terms to 

Streeter-Phelps equation to explain the oxygen demand for oxidation of 

ammonia. They are: 

a5g lNl Snd a662N2 

where : 

a^ = rate of oxygen uptake per unit of ammonia oxidation; 

= rate of biological oxidation of ammonia; 

- ammonia concentration as nitrogen; 

dg = rate of oxygen uptake per unit of nitrite oxidation; 

$2 = rate of biological oxidation of nitrite; 

N2 r nitrate concentration as nitrogen. 

It is important to observe that not all nitrite present in water is 

available to oxidation to nitrate. According to Metcalf & Eddy (1972) 

some of the ammonia nitrogen is assimilated into cell tissue, accor¬ 

ding to the chemical equation : 

4C02 + HCO~ + NH^ + H20-> C5H7N02+ 502 (2.5) 

From equation 2.5, one can conclude that in this case, DO is produced 

instead of consumed. However, the principal chemical equations rela¬ 

ted to the nitrogen cycle in water are : 

NH,+ + 1.50 ■ N0~ + 2 H++ H.O 
4 2 2 2 

N0“ + 0.50. N0~,+ 2 H++ Ho0 
2 2 3 2 

The stoichiometric values of (5^ and (taken as mg of O2 per mg of N) 

are respectively 3.43 and 1.14. 

An important source of DO also not considered by Streeter-Phelps 

equation is photosynthesis. The chlorophyll-containing plants utili¬ 

zing light as catalyst, convert water and carbon dioxide into glucose, 

releasing free oxygen into the stream. The particular interest of this 

(2.6) 

(2.7) 
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thesis related to photosynthesis is concerned with algae, due to its 

high concentrations found in Brays Bayou. According to Mitchell (1974) 

direct proportion exists between algae growth and DO produced through 

photosynthesis. Quai II has a term to describe oxygen produced by 

algae through photosynthesis and oxygen taken up through respiration. 

The term is : 

(a- a3u) A 

where : 

a4 r rate of oxygen uptake per unit of algae respired; 

P r local respiration rate of algae; 

a^ - rate of oxygen production per unit of algae; 

y * local specific growth rate of algae; 

A = algae biomass concentration. 

The growth rate of algae is a function of the amount of nitrate and 

phosphates present in water, the light intensity and the temperature. 

As stated before, algae growth is responsible for the dynamic situa¬ 

tion existing in streams where they are present in large concentrations. 

As a result of the addition of these terms, Streeter-Phelps equation 

is modified as : 

dD - KjL - K2D + <x5 P Nx + a6 &2 N2 + ^4 - ( a4 P-c^y) A (2.8) 
dt A 

x 

D = C -C, where C is the saturation DO and C is the actual DO. The 
s s 

value of Cg has been found to be mostly temperature dependent. The 

first attempt to relate Cg and T was proposed by the Thirty-first Pro¬ 

gress Report Committee on Sanitary Engineering Research (1961). The 

equation used by Quai II to calculate the saturation coefficient Cg 

as a function of temperature T is the one presented by American Public 

Health, Inc. (1965) : 

C = 24.89 - 0.426T + 0.00373T2 - 0.0000133T3 (2.9) 
s 

with C in mg/1 and T in °F. Although C is also a function of atmos- 
s s 

phcric pressure and the chlorine concentration, Quai II does not cor¬ 

rect the value of Cg for these two parameters. In Brays, however, the 
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results of total chlorine have shown concentrations not higher than 

1.5 mg/1. According to the American Public Health Association, the 

solubility of oxygen in water decreases by approximately 0.008 mg/1 

per 100 mg/1 of chloride present. As the pressure in the Houston 

area is very close to the standard atmospheric pressure, no correc¬ 

tion is necessary in this field. 

Most of the coefficients of equation 2.8 are temperature dependent. 

It is assumed that the variation with temperature is in a geometric 

ratio. The standard temperature is 20°C and the quotient of the 

coefficient at any temperature and the coefficient for 20 C is 

with 8 assumed constant for each. case. However, that is not always 

true. According to Gotaas (1948), 0 for ranges from 1.131 for 

temperature between 5 and 10°C to 0.9742 at the range of 30 to 40°C. 

A constant value of 1.047, is reported by Phelps (1944). Fair (1941) 

found that a rise of temperature not only increased the rate of K^, 

but also simultaneously and independently increased the ultimate BOD 

with 8 => 1.02. Consequently, the overall increase of deoxygenation 

rate according to Phelps is 1.047 x 1.02 = 1.068 per degree centigrade 

of increase in the temperature. 

Different values of 0 have been reported for Table 2.1 shows 

some of the proposed values, but other researchers have found diffe¬ 

rent relationships for and temperature, like Truesdale and Vandike 

(1958) who concluded that is an arithmetic function of temperature . 



TABLE 2.1 

TEMPERATURE CORRECTION FACTORS FOR K2 

Author Year J8 

Streeter 1926 1.0159 

Streeter, et al 1936 1.047 

Elmore and West * 1961 1.0241 

Eckenfelder and O’Connor 1961 1.047 

* Thirty-First Progress Report, Comm, on Sam. Eng. Res. (1961) 
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The temperature correction factors used by Quai II were originally 

used by Quai I model. According to a description of Quai I model 

by March et al (1971), the values of 8 used for and ^ are res¬ 

pectively 1.075 and 1.047. No reference is made to the chosen value 

of 8 for K^. 

Benthic Demand Coefficient is also affected by temperature and its 

corresponding value of 8 has been reported as 1.065. Quai II, howe¬ 

ver, does not make its correction. The dependence of algae growth 

on the temperature is more complex, since it is a function of many 

other parameters, some of them also temperature dependent. Due to 

the complexity of calculating net effects of algae on DO as proposed 

by the model, some modifications were made. This topic is discussed 

in a subsequent section. 

This section has dealt generally with coefficients and variables of 

the modified Streeter-Phelps equation as proposed by Quai II computer 

model. In the following sections, some of the most important coeffi¬ 

cients for the Brays Bayou study will be discussed. 

2.2 Reaeration Coefficient 

Since Streeter and Phelps (1925) proposed their classic equation (2.1), 

many researchers have tried to calculate the value of the reaeration 

coefficient. Some of the studies are discussed herein. 

One of the first attempts at this calculation was made by O'Connor and 

Dobbins (1958). They developed two formulas for the prediction of the 

value of K2 : 

K_ (20°C) = 480 DjS 

H5/4 

(2.10) 

and 
K2 (20°C) « 127 (D V) 2 

. .m— 

H3'2 

(2.11) 

where : 
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D » molecular diffusion coefficient in ft /sec. 
m 

V 3 average velocity in ft/sec. 

H = average depth in ft. 

K2 - reaeration coefficient in sec ^ 

S ss slope of the reach 

They assumed the first formula was valid for nonisotropic turbulence 

and the second one for isotropic turbulence, which means that the 

degree of turbulence is the same in all directions. They considered 

the validity of the first formula for Chezy’s coefficient C less than 

17. When impossible to compute C, they assumed nonisotropic condi¬ 

tions for H less than 5 feet. 

Since this research was only theoretical, some remarks have to be 

made. One of their statement was, "the ratio between the velocity 

fluctuation and the mixing length has been assumed to define the 

ratio of surface renewal". Pasveer (.1953) stated that the surface 

monomolecular layer of water becomes saturated in a time of the order 

of 10 ? sec. If there is no mixing, the oxygen is transferred to 

deep layers of water only by diffusion. The diffusion coefficient 

of oxygen in water at 20°C is. reported to be 2.25 x 10 ® ft^/sec. 

In the absence of mixing, the reaeration coefficient will be very 

low. What makes the reaeration coefficient higher is the permanent 

renewal of the surface layer due to mixing. As a result, one can 

conclude that the reaeration coefficient is proportional to the de¬ 

gree of turbulence in the stream. As demonstrated by Churchill, 

et al (1962), different states of turbulence can be obtained with 

identical velocity distributions, invalidating the above statement of 

O’Connor and Dobbins. Besides, existence of chemicals can change the 

physiochemical properties and thus alter reaeration. Kehr (1938) had 

found that 6 ppm of soap reduced reaeration 51% at 20°C. A formula 

developed only by theoretical calculations does not take factors like 

this in consideration. 

Churchill et al (1962) calculated the value of by direct measure¬ 

ments of the change in DO with time. They developed 19 different 

equations and decided to use the one that was the simplest, since all 
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of them were equally accurate. The chosen equation is: 

K2 (20°C) = 5.026 V
0*969^1 2’673 x 2.303 (2.12) 

with K2 in day
--*- and V and H with the same units as in O’Connor 

and Dobbins equation. The last factor 2.303, which corresponds to 

In 10, is to change the value of K2 from common logs (as calcula¬ 

ted by them) to natural logs. The reason for two different ways of 

calculating the same variable is due to the integration of equation 

2.1, which gives : 

K L (e*"ltlt— e_k2fc )+D iK2 t 
D = 1 o o 

VK1 
(2.13) 

where L and D are the initial BOD demand and initial DO deficit 
o o 

respectively. If and K2 are divided by In 10, equation 2.13 

becomes : 

D 
K-L (10'klt-10_k2t) 
1 o 

VKi 
D0 10~

k2t (2.14) 

Churchill equation 2.12 was calculated experimentally. They measured 

the initial deficit DQ in reaches of the lower Clinch, Holston, French 

Broad, South Holston, Watanga, Nottely and Riwasse Rivers. In all the 

studied reaches, the values of BOD were very low (an average of 0.81 mg/1 

for five-day BOD). By measurement of D at the end of the reach, and 

the calculation of the travel time, the reaeration coefficient was cal¬ 

culated from equation 2.14 (LQ considered equal to zero) and can be 

shown as : 

1 log/D0] (2.15) 
2 c I07 

The influence of algae photosynthesis and respiration was taken into 

account, as they said, "From the field observations of light intensi¬ 

ties and the laboratory measurements from which was obtained the ratio 

of oxygen produced by photosynthesis to oxygen used in respiration, at 

various light intensities, the observed values of K2 were corrected for 
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the influence of both photosynthesis and respiration". 

Although they did not investigate sludge deposits that are responsible 

for benthic demand (probably present to some extent), Churchill's 

formula is a good way to calculate the reaeration coefficient. Howe¬ 

ver, because the research was developed in clean water and the effect 

of pollution is known to have influence on the reaeration coefficient, 

that formula has a limited application in polluted streams. 

Pakhurst and Pomeroy (1972) arranged the variables that produce effect 

on the reaeration coefficient and, citing Streeter et al (1936), stated 

that is better calculated by the product of the reaeration coeffi¬ 

cient per unit of surface area f divided by the average depth H. As 

they said, the temperature correction produces better results when 

applied to f instead of the traditional correction at constant geo¬ 

metric ratio. They stated that the value of the temperature correction 

9 is a function of the value of f at 20°C and varies from 9 = 1.037 

for f (20°C) as 0.0020 m/hr to 1.005 for f (20°C)=r 0.40 m/hr. 

Since many equations have been presented to estimate the values of 

(see Table 2.2), a study to determine the most useful one is needed. 

However, F-athbun (1977) stated that no equation is best for all streams. 

Wilson and Macleod (1974) had suggested that there is omission of one 

or more significant variables in the equations. They also said that an 

equation containing only the velocity and depth as variables (like 

Churchill equation) cannot predict satisfactorily the reaeration coef¬ 

ficient. 

Bennet and Rathbun (1971) compared the equations to predict the reae¬ 

ration coefficient by applying them to a set of data. The equations 

that gave the best fit were Dobbins (2.19) and Thackston and Krenkel 

(2.20). Equations such as Pakhurst-Pomeroy (2.29), however, had not 

been predicted at that time. 

Tsivoglou and Wallace (1972) divided the equations into empirical and 

semi-empirical ones. By using the radioactive tracer technique, they 

collected data in five different rivers in different states and eva¬ 

luated the accuracy of each equation by two statistical methods : 
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standard errors and normalize mean percentage errors. The results 

of their study are in Table 2.3. 

Wilson and Macleod (1974) developed a multiple regression analysis 

to evaluate the equations and concluded that the best ones are Dobbins 

(2.19) and Pakhurst-Pomeroy (2.29). The statement of these equations 

follows : 

Dobbins equation : 

K - 116,50 AE3/8 coth BE 1/8 (2.19) 
2 r 3/2 . _ 1/2 

C4 . H C4 

where : 

Ca = function of the increase of the surface area due to turbulence, 

approaching 1.0 in quiet streams; 

A = 9.68+ 0.054 (T-20) 

E = 30.0 SV 

C4 = 0.9+F 

B = 0.976 +0.0137 (30-T) 3/2 

-1/2 
F = Froude number : V (Hg) ' 

G = Gravity acceleration constant 

Pakhurst-Pomeroy's equation : 

K2 = aCpCa oB y CSV)
3/8ln 10 (2.29) 

where : 

a = function of impurities of water, approaching 1.0 in clean streams 

a r coefficient for units of measurement; 

Cp = constant, having a value probably between 2.5 and 3.0; 

B = function of the geometry of the stream, equal to 1.0 in regular 
cross-sectional area; 

y - temperature function 

lnlO s rate of conversion from*base 10 to base x 
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TABLE 2.2 

REAERATION COEFFICIENT FORMULAS (*) 

Author Year Equation Number 

O'Connor-Dobbins 1958 (**) 2.10 

0'Connor-Dobbins 1958 (**) 2.11 

Churchill, et al 1962 (**) 2.12 

Krenkel-Orlob 1963 234 (VS)°*
408

H"
0<66

° 2.16 

Owens, et al 1964 23.2 V°‘
73

H
-1

*
75 2.17 

Owens, et al 1964 21.6 v0,67^1"85 2.18 

Dobbins 1965 (**) 2.19 

Thackston-Krenkel 1966 24.9 (1 F0,5) u* H_1 2.20 

Langein-Durum 1967 7.6 VH “1,333 2.21 

Isaacs-Gaudy 1968 8.6 VH-1*5 2.22 

Negulescu-Rojansk 1968 10.9 v0-8V0-85 
2.23 

Cadwallader, et al 1969 337 (VS)°'5H-1 2.24 

Bennet-Rathbun 1971 106 v0*41^0-27^-1- 40S.25 

Padden-Gloyna 1971 6.9 v0*703^1*054 2.26 

Lau 1972 2514 u * 3V2H-1 2.27 

Tsivoglou-Wallace 1972 4133 VS 2.28 

Pakhurst-Pomeroy 1972 (**) 2.29 

Bansal 1973 4.7 (VS) °*5H_1 2.30 

[_*J Adapted from Rath Bun, R.E. (1977) 

{**} Expressed in the text 
2 

D : molecular diffusivity in water (ft /sec) 
m 

H : average depth (ft) 

K2 : reaeration coefficient (day 1) 

V : average velocity (ft/sec) 

shear velocity = R^S 
1/2 

gravity acceleration 
(ft/sec^) 
hydraulic radius (ft) 

slope 

Froude number - V (H ) 8 

g 
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STATISTICAL RESULTS OF APPLICATION OF REAERATION FORMULAS 

TO FIVE RIVERS * 

Statistical Method Order of Better Results 

Standard Errors 

Percentage Errors 

Empirical Models 

1. Padden-Gloyna 

2. Langbein-Durum 

3. Bansal 

4. Isaacs-Gaudy 

5. Negulescu-Rojanski 

6. Churchill, et^ al^ 

7. O'Connor-Dobbins 

8. Bennet-Rathbun 

9. Owens, et_ al 

10. Owens, et_ al_ 

1. Isaacs-Gaudy 

2. Langbein-Durum 

3. Padden-Gloyna 

4. Churchill, et_ al 

5. Bansal 

6. O'Connor-Dobbins 

7. Negulescu-Rojanski 

8. Owens, et^ al^ 

9. Bennet-Rathbun 

10. Owens, et al 

Semi-Empirical 
 Models  

Tsivoglou-Wallace 

Pakhurst-Pomeroy 

Thacks ton-Krenkel 

Dobbins 

Cadwallader, &t_ al 

Churchill, ^t al 

Bennet-Rathbun 

Krenkel-Orlob 

Lau 

Tsivoglou-Wallace 

Churchill, et. al 

Pakhurst-Pomeroy 

Thacks ton-Krenkel 

Dobbins 

Cadwallader, et al 

Bennet-Rathbun 

Krenkel-Orlob 

Lau 

« Tsivoglou and Wallace (1972) 
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2.3 Effects of attached algae on DO 

While the reaeration coefficient has been exhaustively studied, si¬ 

milar findings are not available for DO produced and depleted by algae 

attached to the bottom of channels. In some cases, algae attached to 

aquatic plants (Periphyton) are the most important source of photosyn¬ 

thesis. In other cases, phytoplankton (free-floating algae) can be 

better DO producers. However, in channels with appreciable concentra¬ 

tions of nitrates and phosphates (main algae nutrients), algae attached 

to the bottom (benthic algae) are usually the most important source of 

photosynthesis. 

The DO produced by photosynthesis is proportional to the light intensity, 

which has a sinusoidal variation during a day with clear skies. If 

the sky is overcast during part of the day, there is no available ma¬ 

thematical model to predict the variation of DO production with time 

in the day. As there is no way to measure algae respiration separate¬ 

ly from photosynthesis in a stream, the authors have used a term (P-R) 

defined as "photosynthesis minus respiration". 

The term (P-R) can be calculated by laboratory techniques if light in¬ 

tensity on the bottom of the stream is known. In general, it is more 

practical to measure (P-R) directly in the stream. 

Odum and Odum (1955), studying the DO produced by a coral reef commu¬ 

nity, measured the DO levels at two stations and, dividing the diffe¬ 

rence in concentration by the travel time between stations, stated that 

this quotient was (P-R). They recognized that diffusion of oxygen from 

and to the atmosphere was the major source of error. However, other 

factors like oxygen used by BOD material have to be taken into account 

also. Besides, the travel time has to be known with some degree of 

confidence. 

Odum (1956) improved the method described above using a spot of fluo¬ 

rescent dye to more accurately determine the travel time. The measu¬ 

rements were taken when the spot was adjacent to the station. 
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Another way of calculating the term (P-R) was used by O'Connel and 

Thomas (1965). To explain their research, some theoretical consi¬ 

derations have to be pointed out. 

The advection-dispersion mass transport equations for any water 

quality constituents can be written as (Masch (1971) ) : 

(A dx^C 
x 

- P(A D <^Ç)dx- MA VC) x m gx Q x 

** àK 

dx+ (A dx) 
x 

æ+ s 
dt 

where : 

C - 
3 

concentration (M/L ) 

x - distance (L) 

t = time (T) 

A m 
X 

cross-sectional area of flow or wetted area (L2) 

D = 
m 

dispersion velocity (L/T) 

V = stream velocity (L/T) 

S - source or sink (M/T) 

(2.31) 

The two derivatives with respect to time describe the local gradient 

and individual constituent changes. The term jiC , that represents 
dt 

individual constituent changes, include all kinds of reactions that 

occur in the stream, such as reaeration, deoxygenation, respiration, 

etc. If one wants to know the temporal variation of a constituent 

for a given station, the terms in dx will be equal to zero. Particu¬ 

larly with regard to DO, its temporal variation will be given by equa¬ 

tion 2.8 with t being time elapsed between two consecutive readings for 

the same station. O'Connel and Thomas assumed that the benthic demand 

due to sludge deposits was insignificant. They used (P-R) instead of 

( a^P - ) A in equation 2.8, and a term N for ammonia and nitrite 

DO demands. The final expression for (P-R) calculation was : 

(P-R) = AC+KjL - K2D + N (2.32) 
At 

where AC is the net oxygen produced during the interval At, L, D and N 

are the average BOD, oxygen deficit, and oxygen needed by the nitrogen 

cycle during the considered interval. 
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This process might give proportionately better results, because it 

avoids the calculation of travel time (very difficult to determine 

accurately for short distances between stations). However, the time 

interval At has to be small enough, to validate the use of the ave¬ 

rage values of L, D and N. The authors worked with a time interval 

of 30 minutes. 

Consequently, the determination of the values of net oxygen produced 

by chlorophyll-containing plants have been measured in indirect ways. 

In this thesis, the coefficient of DO produced (or consumed) by algae 

is also determined through indirect calculations. 
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3. DESCRIPTION OF METHODS 

This chapter describes the principal methods of estimating coefficients 

used in DO prediction. The first section describes the mathematical 

methods used to determine the hydraulic coefficients. A statistical 

determination of some of the relationships at the gage station at Main 

Street is presented in order to test the validity of the method. The 

following two sections show how coefficients K^, g^, and 0^ are chosen 
and provide discussion about which formula of is to be adopted. The 

fourth section describes the coefficient used for photosynthesis, algae 

respiration and benthic demand. In the last section, a description of 

Quai II model, as applied to the prediction of the DO sag curve, is 

presented. 

3.1 Hydraulic Coefficients 

Leopold and Maddock (1953) proposed the following relationships 

relating average depth H and velocity V with flow Q : 

H =.<*Q3 (3.1) 

V =aQ
b (3.2) 

with Q in cfs, H in ft and V in ft/sec. 

The units of g and b depend on relative values. Determination 

of a, b, a and g is generally made by statistical means, using 

data collected at gage stations. As there is only one gage sta¬ 

tion in the study segment and a large variation in the velocity 

values is observed, another method has to be used to compute 

the hydraulic coefficients. 

The average open channel flow velocities can be predicted 

by Manning equation : 

V = 
1.486 R

2/3
 S
1/2 

n 

where : 

R ■ hydraulic radius (ft), defined by wetted area 

(cross section area of flow) divided by wetted 

perimeter (ft). 

S = slope of the stream. 
-1/3 n = Manning roughness coefficient (ft . sec.) 

(3.3) 
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The average value of the Manning roughness coefficient for 

finished concrete is 0.012 ft ~ / sec, according to Streeter 

and Wylie (1975). Since benthic algae attached to the bottom 

increase the roughness, a higher value of n is expected for the 

channelized part of Brays Bayou. 

Figure 3.1 shows the values of velocity, flow and wetted area 

measured at some sites in Brays Bayou. Each site is located in 

a section where velocities do not vary much and thus it can be 

assumed that S and n are constant. Consequently, each section 

corresponds to a value of K defined as : 

K = 1.486 S1/>2 (3.4) 
n 

In most reaches, the water does not flow overbank in considerable 

amounts. As the cross sectional area of the flow channel is an 

isosceles trapezoid, the following relationship applies : 

R r (B * zY) Y 
B+2Y (l+zZj1/2 (3.5) 

where z is the inverse slope of the lateral sides. Refer to Fi¬ 

gure 3.2 for the definition of B and Y. The wetted area A can be 
x 

calculated by the following relationship : 

A - (B+zY) Y (3.6) 
x. 

By equations 3.3, 3.4 and the equation of continuity (flow 

equals average velocity multiplied by wetted area), the fol¬ 

lowing expression can be written : 

V = KR 2^3 (3.7) 

Q = KA R2^3 (3.8) 
^ x 

Equations 3.5, 3.6 and 3.8 give the following result : 

2/3 
Q = KY(B+zY) Y(B+zY) (3.9) 

B+2Y(1+Z
2
)
1/2 

Equation 3.1 relates the average depth H with the flow Q. It 

is shown in this section that such exponential expression also 

relates total depth Y and Q. Using Y instead of H in equation 
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J— y 
B 

Area Ax Hydraulic Radius, R Average Depth H 

(B+zY)Y . (B-t-zY)Y 

B+2Y (1+z2)1^2 

(B+zY)Y 

B+2zY 

Figure 3.2 Geometric Elements of Channel Trapezoidal 

Cross Section 



3.1 and taking logs, one gets : 

In Y = In a +.3lnQ 
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(3.10) 

Total depth for the measured flow can be obtained by 

equation 3.6. 

Using the values of and Y^ in equation 3.9, K is defined for 

each section. By using Y = 1 in equation 3.9, one can get Q^*» 1. 

If Y^ does not equal unity, substituting Y and Q by Y^ and 

and by 1 and Q 

solution is : 
y=i 

produces an equation system in a and 3 whose 

a exp (3.11) 

In Yf 

^Y 1 (3.12) 

From equations 3.5 and 3.7, one can get : 

gcK/(34zY)Y \2/3 (3.13) 

\B+2Y(l+z2)1/2y 

From equation 3.2, one gets: 

In V = In a+b In Q (3.14) 

For Y equals the unity in expressions 3.9 and 3.13, one gets 

the corresponding values Qy _ i and ^y -1* this pair of 

values and the field values and applied to equation 3.14, 

one gets an equation system in a and b, whose solution indicates: 

a = exp lnV^ 

Y = 1 

(3.15) 
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b = (3.16) 

Table 3.1 shows the values of Y for different flows recorded at 

the gage station of Main Street in the period 1970-1976. A re¬ 

gression analysis relating In Y and In Q gives a correlation 

coefficient r^ of 0.999. It confirms the statement that Y and Q 

can be related by an exponential expression such as equation 3.1. 

The values of a and $ obtained for the data of Table 3.1 by statis¬ 

tical means are respectively 0.173 and 0.548. Application of the 

method described in this section gives a * 0.185 and 8 = 0.574. 

The good agreement between both pairs of values demonstrates 

that the method can be applied. 

Figure 3.1 shows that the highest wetted area was found to be at 

site No 8, about twice the second highest value at site No 7. The 

overbank flow is considerable in this case, since the cross sec¬ 

tional area of low flow channel is about 21 ft^. The developed 

equations have limited application in this case. In addition, the 

value of the average velocity is incorrect in Fig. 3.1, as one can 

conclude by applying the equation of continuity. This is dis¬ 

cussed in a later section. 

Finally, the measured flow for site No 8 (refer to Fig. 3.3) is less 

than that measured at sites No 6 and No 7, implying that plug flow 

is not the best model to use in describing the movement of water, 

but it has to be taken into account that the values measured at 

site No 8 were harder to measure and are probably less accurate. 

3.2 Depletion Coefficients 

According to Standard Methods (1975), the value of can be 

obtained by exponential interpretation of BOD-time curves. BOD 

values in a stream can be predicted from equation 2.2. In the 

laboratory, L equals zero and; since the bottles are continually 
cl 

stirred, is also equal to zero. Consequently, equation 2.2 

becomes : 
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TABLE 3.1 

DEPTH AND FLOWS AT MAIN STREET GAGE ON BRAYS BAYOU 

* 

Height (ft.) 
** 

Depth Y Çft.) Discharge 

24.0 0.85 18.0 

24.1 0.95 22.5 

24.2 1.05 27.2 

24.3 1.15 32.0 

24.4 1.25 37.0 

24.5 1.35 42.5 

24.6 1.45 48.2 

24.7 1.55 54.0 

24.8 1.65 60.0 

24.9 1.75 66.9 

25.0 1.85 74.0 

25.1 1.95 83.7 

25.2 2.05 94.0 

* The height of the bottom of the channel is 23.15 ft. 
** 

Total depth of low flow channel is 2.1 ft. 

Q (cfs.) 
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L - L "Klt (3.17) o 

where t is the time elapsed after the initial reading of L. 

Theoretically, -Ki is the slope of In plotted versus t, 
^o 

or the slope of In L versus t. 

Standard Methods (1975) states that the BOD test has limited 

value in measuring the actual demand of surface water because 

conditions such as sunlight and water movement cannot be repro¬ 

duced in the laboratory, which makes the value of a gross over¬ 

simplification. The average value of at 20°C is 0.1 day ^ in 

common logs (about 0.23 in natural logs) but it has been shown 

that rarely equals this average value, and may vary from less 

than one-half to more than twice this value. 

As stated in section 2.1, the nitrifying bacteria do not exert 

an appreciable demand for oxygen until about eight to ten days 

have elapsed in the BOD test, which makes determination of g 

and $2 much more difficult. Quai II user's manual (1972) states 

that the rate for biological oxidation of ammonia to nitrite (g^) 

is approximately equal to and has a range of 0.1 - 0.5 day“l , 

and the rate of oxidation of nitrite to nitrite (Q^,) is approxi¬ 

mately five times this much and has a range of 0.05 - 2.0 day"i. 

These figures are used to calculate the values of g^and 

3.3 Reaeration Coefficient 

As discussed in section 2.2, a variety of equations exist to calculate 

K2 and no one is generally accepted as the best way to evaluate 

the reaeration coefficient. Quai II user's manual (1972) lists 

the five options for determination of contained in Table 3.2. 

The study of Bennet and Rathbun (1971) considered the Thackston 

and Krenkel equation to be the second best one. Both studies 

by Tsivoglou and Wallace (Table 2.3) indicated that the Langbein 

and Durum equation (2.21) is the second best empirical model to 

describe K2. The latter equation is used in this study. 



TABLE 3.2 

OPTIONS FOR DETERMINATION OF K- WHEN USING QUAL II 
COMPUTER MODEL 1 

Authors Equation 

Churchill, et al (2.12) 

O'Connor and Dobbins (2.11) 

Owens, et al (2.18) 

Thackston and Krenkel (2.20) 

Langbein and Durum (2.21) 
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The Langbein and Durum equation relates Kj with average depth 

and average velocity. Average velocity is calculated by the 

model through equation 3.2. However, the coefficients a and 6 

are not calculated to yield average depth H, as stated in equation 

3.1, but maximum depth Y (refer to Fig. 3.2) according to the equa¬ 

tion : 

Y = aQ3 (3.18) 

Consequently, the values of the reaeration coefficient calcula¬ 

ted by the model are actually : 

K'„ = 7.60 V 2  Yi:m (3.19) 

The value of K2» as given by the Langbein and Durum 

equation, can be expressed as : 

K 2 
1.333 

(3.19) 

The average depth in a trapezoid is given by the following 

equation : 

(B +zY) Y 
= B +2zY 

(3.20) 

The computer model outputs average values of the reaeration 

coefficient ^2' in this case) and average values of depth (Ÿ 

in this case) for each reach. Consequently, an average value 

of K2 can be estimated by using equation 3.21 : 

K 
2 

1.333 
(3.21) 

where H and Y are respectively average H and average Y for each 

reach. 

Besides the five options for determination of the reaeration 

coefficient contained in Table 3.2, the computer model allows 

the user to input a value for each reach. The value of cal¬ 

culated through equation 2.21 is considered constant for the 

entire reach. 
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As discussed in the last section, the hydraulic coefficients 

for the reach corresponding to site No 8 are not very accurate. 

Instead of using the described method of computation, K2 is cal¬ 

culated in a different way. The Langbein and Durum equation is 

used in the low flow channel and in the overbank With data from 

the hydraulic study. A weighted average, proportional to the 

wetted areas, determines the value of K2» which is assumed to 

be constant at all times. This calculation is shown in a later 

section. 

3.4 Model Calibration 

The modified Streeter-Phelps equation (2.8) is the one used by 

Quai II to calculate the DO sag curve. Not all the terms of that 

equation, however, can be used as stated due to lack of information. 

As discussed in section 2.3, the algae growth rate the respiration 

coefficient and the coefficient of benthic demand K, cannot be ea- 

sily determined. Consequently, the effects of photosynthesis, algae 

respiration, and benthic demand are combined in a single coefficient. 

Since the highest algae concentration in the study section is cons¬ 

tituted by benthic algae, it seems that the coefficient is the 

most appropriate to describe the three phenomenae. A negative value 

of indicates that photosynthesis dominates respiration and benthic 

demand; a positive value indicates the opposite. Therefore, the fol¬ 

lowing sequence takes place in calibrating the model to observe DO 

levels as measured : 

a) algae concentration A is assumed to be zero at the headwater 

and at the inflows; 

b) the DO sag curve is calculated for K^= 0; 

c) the best value is calculated by a process described below. 

The use of a value of different from zero makes the deficit oxy¬ 

gen concentration (and, as a result, the reaeration) change, accor¬ 

ding to the equation : 

dAD 
dt 

- K2AD (3.22) 

where D is the change in oxygen deficit. 
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Ax varies in a reach with changing flow. Consequently, AJ£ is not 

constant. In order to avoid unnecessary complications, an average 

value of Ax has been used for each reach. Let be equal to the 

division of by the average Ax. Equation 3.22 can be written in 

this form: 

dAD 

K5-K2AD 
= dt 

Integration of the above equation gives 

^1 
K„ 

In (K5 - K2AD) = t + C1 

Where C-^ is an integration constant. 

(3.23) 

The integration constant can be eliminated by using the boundary 

condition at t = 0, AD=0, and the following equation takes place: 

- In <K5 - K2AD) = t- (In K5> (3.24) 

In order to make the DO sag curve to pass through the measured DO 

values, the oxygen concentration for the element that corresponds 

to the station has to be changed by^C, equal to the measured DO 

at the station minus the calculated concentration for » 0. Using 

AD - -AC and t equals to the travel time ^ from the beginning of 

the reach to the element under consideration, equation 3.24 can be 

rewritten as : 

In (K + K AC) +1_ In K = t 

z J K2 51 

The value of K. 
4 

K4 " K5 ‘ 

can then be determined as : 

A = . AXK2ÛC «*^1 

X e^^ -1 

(3.25) 

(3.26) 

and C have opposite signs as expected* Since is required 

to be constant for each reach, it is more convenient to locate the 

sampling stations at the head or at the end of the reaches. 
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3.5 Quai II Model Description 

Quai II is a computer model used to simulate the behavior of some 

stream constituents. Basically, it integrates the advection-dis- 

persion mass transport equation (2.31) for the water quality cons¬ 

tituents to be modeled. 

The constituent of interest in this study is dissolved oxygen. The 

terms in the right side of equation 2.8 constitute the sources and 

sinks of DO. Quai II utilizes equation 2.8 to predict the DO sag 

curve. As stated, D is defined as the difference between the satu¬ 

ration and the actual DO. The saturation concentration is calculated 

through equation 2.9. The computer plots the DO as function 

of distance. Travel time between middle of elements can be 

obtained since average velocity is known, which is possible 

through equation 3.2. 

The best advantage of Quai II is that the output is easy to 

read and analyze, with a graph that helps in visualizing the 

effects of wasteloads. The main disadvantage is that instan¬ 

taneous mixing is assumed for each element. 

This computer model is also used to test the sensitivity of 

the results to the variables and coefficients discussed in section 

2.1. The method consists in making small changes in the value 

of each one separately (for example, - 20%) and verifying how 

the critical DO responds to that change. A sensitivity analy¬ 

sis is useful in predicting which variable or coefficient has 

larger effect in the DO sag curve and it is an important tool 

to propose solutions to avoid violations in standard substance 

concentrations. 

This section gives only an idea of the application of Quai II 

computer model in the prediction of the DO sag curve. For more 

detail, refer to the Qual user's manual (1972). 
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4. FIELD DATA 

This chapter describes the data collected by the City of Houston Health 

Department, with the assistance of Marc A. Curtis. In the first sec¬ 

tion, DO data are shown and a general discussion is presented. In the 

second section, the headwater flow is calculated, since it was not mea¬ 

sured at the time of data collection. An indirect method is used to 

compute them and a sensitivity analysis shows, in the next chapter, 

that small variations in headwater flow do not have significant effects 

on the critical DO. The third section presents data on BOD, ammonia, 

and nitrite concentrations. 

4.1 DO Measurements 

Two groups of DO measurements were furnished by the City of Houston 

Health Department within the study segment. The first survey was 

developed on September 29 and 30, 1977, and the second one on 

March 15 and 16, 1978. The purpose of collecting two sets of 

data was to investigate seasonal variations on DO. Tables 4.1 

and 4.2 show the results of diurnal DO measurements for both 

studies (refer to the sampling sites in Figure 1.3). 

From comparison among the values of DO at different times for the 

same group of data, it can be observed that the highest concentra¬ 

tion occurred at 2 PM, as expected, due to the highest DO produc¬ 

tion through photosynthesis at noon at constant overcast conditions. 

The highest DO is expected during the first few hours of the after¬ 

noon. For the case of Brays Bayou, since algae concentration is 

mostly on the concrete-lined section of the channel, the highest DO 

in the study segment is expected to be between noon and 2PM. Since 

no sample was collected between this interval, the highest measured 

concentration for both sets of data was observed at 2 PM. 

If algae respiration is constant during night, steady-state concen¬ 

tration is expected when a time interval equal to the travel time 

in the whole stream has elapsed. In Brays Bayou, however, since the 

flow of the sewage treatment plants decrease significantly with the 
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time at night, a steady-state condition is not reached. The 

lowest concentration was observed at 2 AM for the first set 

of data. 

A comparison between the values contained in Tables 4.1 and 4.2 de¬ 

monstrates that the highest values of DO were observed in March ra¬ 

ther than in September. That difference is probably due to the lower 

temperature of the water. The temperature affects the saturation con¬ 

centration (equation 2.9) and most coefficients of equation 2.8. The 

average temperature of the headwater at the first survey was 27.3 C 

(saturation DO equals 7.8 mg/1) and at the second one it was 18.4 C 

(saturation DO equals 9.3 mg/1). Since the interest of this study 

is to analyze low DO levels, the methodology is applied mostly to the 

data collected on September 1977. 

4.2 Headwater Flow 

Since flow at South Braeswood (the most upstream station of the 

study segment, or headwater) was not furnished, it has to be 

estimated by an indirect process. It is assumed that the flow 

measured at MacGregor during the hydraulic study was the same 

at 2 PM, September 29, 19-7. The headwater flow is considered 

to be the flow at MacGregor minus the flow of the inputs. 

Outflows of Southwest, Bellaire, and West University Sewage 

Treatment Plants (which correspond to inflows into Brays Bayou) 

are continually measured and plotted in charts. The values of 

such flows at 2 PM, September 29 and 2 AM, September 30 are 

presented in Table 4.3. 

Brays Bayou has some small tributaries within the segment. 

Flows higher than 0.5 cfs were measured; Table 4.4 shows 

the characteristics of such tributaries as measured at 2 PM 

in September, 1977. Table 4.4 also shows the characteristics 

of a bypass of West University Sewage Treatment Plant. 

The flow measured at MacGregor during the hydraulic study was 

92.35 cfs. Consequently, the headwater flow is assumed to 

be 92.35 - (59.95 +8.13) = 24.27 cfs. The headwater flow is 

considered to be constant and equal to 24.3 cfs for both 2 PM 

and 2 AM model runs. 
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TABLE 4.1 * 

DO MEASUREMENTS IN SEPTEMBER 1977 (mg/1) 

Time 

Station 10 AM 2 PM 6 PM 10 PM 2 AM 6 AM 

S. Braeswood 9.8 15.0 15.0 4.5 3.4 3.6 

Buffalo Spdwy. 9.8 13.1 9.4 5.8 5.2 4.8 

Kirby 11.9 11.0 8.7 5.4 3.6 4.7 

Main 10.9 11.9 9.6 5.4 4.0 4.6 

D. Greenbriar 10.4 11.0 11.0 5.8 4.3 ' 4.8 

MacGregor 8.4 11.6 9.6 6.1 4.2 5.2 

Southwest STP (**) 6.0 6.5 

Bellaire STP (**) 7.6 6.3 

Poor Farm Ditch (**) 11.5 

West University (**) 6.5 5.8 

* From Bedient et al. (1978); table 9, p. 50. 

** Refer to Fig. 5.1 to the location of inflows to Brays Bayou. 



TABLE 4.2 

DO MEASUREMENTS IN MARCH 1978 (mg/1) 

Time 

Station 

S. Braeswood 

Stella Link 

Buffalo Spdwy. 

Kirby 

Main 

D. Greenbriar 

MacGregor 

Southwest STP 

Bellaire STP 

Poor Farm Ditch 

West University STP 

10 AM 2 PM 6 PM 

8.9 16.8 15.8 

9.1 12.2 12.0 

10.2 13.6 12.1 

10.7 12.8 11.4 

12.1 14.5 11.0 

11.0 13.5 11.3 

11.3 13.5 11.5 

8.3 7.8 8.4 

10.6 11.4 9.6 

16.5 20.0 7.9 

8.3 9.3 8.3 

10 PM 2 AM 6 AM 

9.3 4.7 6.0 

9.0 8.4 8.2 

8.4 8.0 8.8 

7.8 8.6 7.6 

8.0 8.0 6.6 

7.8 8.0 7.6 

9.0 8.0 7.8 

9.0 9.2 10.4 

10.2 9.0 9.8 

9.0 6.5 9.0 

10.2 10.2 10.6 
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TABLE 4.3 

OUTFLOWS OF SEWAGE TREATMENT PLANTS (cfs) 

STP 2 PM 9/29/77 2 AM 9/30/77 

Southwest 54.15 38.69 

Bellaire 3.48 2.48 

West University 2.32 1.32 

59.95 42.49 
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4.3 BOD, Ammonia and Nitrite Data 

The values of BOD measured by the City of Houston Health Depart¬ 

ment at the first study are presented in Table 4.5. Ammonia and 

nitrite concentrations were measured during March 1978. Since 

that kind of data were collected for the second study, it seems 

reasonable to use them with the first set of data, since no large 

variations are expected during the year. Table 4.6 shows a 

summary of those data. 

Table 4.6 shows Kjeldahl nitrogen, (TKN), which corresponds to 

the addition of ammonia and organic nitrogen concentrations. 

Organic nitrogen is defined as organically bound nitrogen in the 

oxidation trinegative state. Oxidation of organic nitrogen only 

takes place after oxidation of carbon to which it is bounded, 

which makes it change to ammonia nitrogen and, as a result, the 

rate of oxidation of organic nitrogen is very low. Since the 

concentrations of organic nitrogen are not high, their effects 

on DO depletion are minimal and are neglected in this study. 



TABLE 4.4 

CHARACTERISTICS OF SOME INFLOWS TO BRAYS BAYOU 
(August 1977, Day time) 

Name Temperature (°E) DO (mg/1) BOD (mg/1) Flow (cfs 

Below 

Braeswood 82.4 7.0 10 0.45 

Stella Link 79.0 6.0 1 0.67 

Bevlyn 79.0 5.4 1 1.60 

P. Farm Ditch 83.0 11.5 119 1.28 

Greenbush 79.0 7.7 1 3.00 

Bypass 83.0 4.5 90 0.13 

TABLE 4.5 * 

BOD (mg/1) MEASURED ON SEPTEMBER 29/30, 1977 

Time 

Station 
10 AM 2 PM 6 PM 10 PM 2 AM 6 AM 

S. Braeswood 6 6 8 11 5 3 

Buffalo Spdwy. 7 3 11 10 9 

Kirby 8 15 5 7 

Main 6 6 11 6 5 5 

Greenbriar 2 4 7 6 6 6 

MacGregor 2 3 5 8 6 8 

Southwest STP 3 10 

Bellaire STP 3 4 

P. Farm Ditch 14 1 

W. Univ. STF 119 

* From Bedient et al., table 10, p. 50. 
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TABLE 4.6 

AMMONIA, NITRITE AND KJELDAHL NITROGEN IN mg/1 (March 15“16, 1978) 

. 10 AM 2 PM 2 AM 
Station 

NH4 N02 TKN NH. 
4 

N02 TKN NH4 N02 TKN 

S. Braeswood 1.48 0.35 4.0 1.27 0.42 4.6 3.93 0.42 9.6 

Stella Link 6.82 0.34 7.4 6.69 0.53 9.0 7.38 0.42 8.4 

Buffalo Spdwy. 7.09 0.39 7.4 7.38 0.60 8.5 7.38 0.48 9.0 

Kirby 6.56 0.54 6.6 7.38 0.77 8.5 6.69 0.61 10.0 

Main 6.56 0.49 6.6 6.69 0.73 7.4 7.15 0.49 10.0 

Greenbriar 7.09 0.52 6.6 6.61 0.71 8.5 7.15 0.50 9.1 

MacGregor 7.09 0.55 6.2 6.69 0.76 8.0 7.15 0.51 9.1 

Southwest STP 6.82 0.27 8.4 8.15 0.60 11.4 8.42 0.41 9.6 

Bellaire STP 5.40 0.19 5.2 4.31 0.21 5.5 6.26 0.23 7.0 

P. Farm Ditch 7.09 0.18 8.4 4.31 0.18 6.2 5.31 0.13 5.8 

W. Univ. STP 4.02 1.35 5.2 6.91 2.27 9.0 5.68 1.62 9.0 
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5. APPLICATION OF METHODS TO BRAYS BAYOU 

The methods depicted in Chapter 3 and applied to Brays Bayou are dis- 

cussed in this chapter. The first section contains the divisions of 

the segment in reaches and elements. Calculation of the deoxygenation 

coefficient and the rates of oxidation of ammonia to nitrite and of 

nitrite to nitrate are presented in the second section. The values 

of the hydraulic and reaeration coefficients are shown in the third 

section. The fourth section is concerned with the model calibration. 

5.1 Division in Reaches and Elements 

The length of all computational elements is required to be cons¬ 

tant for the entire segment. A value used by the Texas Water 

Quality Board in its study of Clear Creek (1977) was 0.5 mile. 

Since the simulated segment is only four miles long, an element 

length of 0.1 mile seems to be reasonable. 

The division in reaches follows two criteria: uniformity of 

the hydraulic coefficients and convenient location of the 

sampling stations at the head or at the end of each reach. 

Sites No 4 through No 9 in Figure 3.1 are within the study 

segment. Consequently, there are six different groups of 

hydraulic coefficients. Fig. 5.1 presents the final division 

into reaches. 

5.2 Depletion Coefficients 

The deoxygenation coefficient can be roughly determined 

by the BOD test. This test, however, as recommended by Stan¬ 

dard lêthods (3975), is a destructive one. The City of Houston 

Health Department performed a BOD test for determination, 

consisting of taking several bottle samples and titrating them 

every hour. The bottles were kept continually stirred. The 

results of this test are shown in Table 5.1. 
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Figure 5 .1 Division of Study Segment in 
and Elements 

> Inputs 

Below Braeswood 
Southwest STP 
Bellaire STP 
Stella Link 
Berlyn 
P. Farm Ditch 
Greenbush 
W. University 
Bypass 

Reaches 



TABLE 5.1   * 

RESULTS OF BOD TEST Kj DETERMINATION 

Time (hr) DO (mg/1) In (DO) 

0 11.75 2.46 

1 11.50 2.44 

2 11.35 2.43 

3 11.00 2.40 

* 
From Bedîent et al (19 78), p. 88 
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Figure 5.2 represents the best straight line obtained by regression 

analysis relating In (DO) and time. The inverse of the slope repre¬ 

sents the deoxygenation coefficient. K..is calculated as 0.51 day ^ 
2 1 

with a correlation coefficient r of 0.97. This value of is assu¬ 

med constant for the entire segment. 

Quai II user’s manual (1972) suggests that the rate of conversion 

of ammonia to nitrite is approximately equal to K., with a maximum 
-1 i 

value of 0.5 day . This maximum value is chosen for g^. For $2» 

the user's manual indicates that it is approximately five times the 

value of g^, but not greater than 2.0 day \ This maximum value is 

chosen, g^ and g2 are assumed to be constant for the entire segment. 

5.3 Hydraulic and Reaeration Coefficients 

The method described .in section 3.1 is used to calculate the 

values of the hydraulic coefficients with the data of Figure 

3.2, except for the reach corresponding to site No 8. Table 

5.2 shows the hydraulic coefficients calculated by that method. 

Leopold and Tâddock (3953) stated that the exponents should not 

vary in a large range. The highest range of and b is less than 

2% the average value, reflecting the values for site No 8. 

Figure 3.3 shows the wetted area of site No 8 as measured by 

the City of Houston Health Department with the assistance of 

Iftrc A. Curtis . Equation of continuity applied to both sections 

indicated in the figure gives results of 33.54 and 28.10 ft2 for 

the wetted areas of sections No 1 and No 2, respectively. Conse¬ 

quently, the average velocity at site No 8 is 1.43 ft/sec. for the 

flow of 87.91 cfs. These data are used to calculate the hydraulic 

coefficients for the corresponding reach (No 7). The depth calcu¬ 

lated by the model with the coefficients for site No 8 are made by 

assuming a constant trapezoidal shape and do not have any applica¬ 

tion in calculating the reaeration coefficient. 
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TABLE 5.2 
* 

HYDRAULIC COEFFICIENTS 

Site Reaches a a _b 

4 1 0.363 0.535 0.49 7 0.288 

5 2 0.240 0.528 0.89 5 0.284 

6 3 0.199 0.531 1.137 0.285 

7 4,5,6 0.220 0.527 1.008 0.283 

8 7 0.438 0.510 0.417 0.275 

9 8,9 0.185 0.534 1.229 0.287 

* 

Coefficients (calculated as explained in this section) for the relationships 

Y=aÿ 

V = 
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the reaeration coefficient is calculated by the method described 

in section 3.3, except for reach No 7, which is calculated at 

Table 5.3. Table 5.4 shows the average K£ values output by the 

model and the average total depth for each reach. The reaeration 

coefficient is computed by equation 3.19. 

The values of K£ for reaches No 3, No 4, No 5, No 6, No 8, and 

NO 9 are very high, when compared to the literature values. 

Clark et al. (1977) stated that ^ ranges from 0.20 to 10.0 day“T 

in common logs. The values in Table 5.4 are smaller than this 

upper limit. 

The reaeration coefficient for reach No 7 is calculated by a 

weighted average of the values of K£ calculated for sections No 1 

and No 2 by Langbein and Durum equation (2.21). A summary of 

this calculation is presented in Table 5.3. 

5.4 Model Calibration 

The coefficient K4 is used to calibrate the DO sag curve and, as a 

result, its values give only an indication of net DO produced by 

algae. Since the term in equation 2.8 that contains is K4/Ax, 

in order to calculate the net DO produced by algae per time (P-R) - 

neglecting DO depleted by sludge benthic deposits - K4 is multi¬ 

plied by -V/Q (where Q and V are the average flow and velocity in 

the reach) and the results reduced to mg/l-day. Calibration of 

the model for the data collected at 2 AM and 2 PM (Table 4.1) gives 

the values of in Table 5.5. 

Table 5.5 shows good agreement with what was expected. (P-R) 

at 2 AM is always negative and most values at 2 PM are positive. 

The only discrepancy is observed in reach No 8, where both values 

of (P-R) are negative and the value at 2 PM has the higher absolute 

value. The problem of negative slope at reach No 7 is responsible 

for this anomaly, because it creates a higher degree of mixing down¬ 

stream. Since there is a gradient of DO with depth at 2 PM, due 

to photosynthesis, the collected DO samples reflect only the si¬ 

tuation at the surface water. At reach No 8, due to high level 
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TABLE 5.3 

CALCULATION OF REAERATION COEFFICIENT FOR REACH SEVEN 

Wetted area at section 1: 60.37 - 1.8 = 

Area of low flow channel: (5.75+14.17) 7 2 x 2.1 - 

Area at section 1 above low flow channel: 

33.54 - 20.92 : 

Depth above low flow channel: 12.62 + 14.17 = 

Average depth of low flow channel (equation 3.20) = 

Average depth at section 1 : 1.45 +0.89 - 

Average at section 1 (equation 2.21) = 

Wetted area at section 2 : 27.54 i 0.98 = 
♦ 

Average depth at section 2: 28.10 f (61.2 - 14.17) 

Average at section 2: (equation 2.21) » 

33.54 ft 

20.92 ft 

12.62 ft2 

0.89 ft2 

1.45 ft 

2.34 ft 

4.40 day 

28.10 ft2 

0.60 ft 

14.72 day 

Average for reach No 7 : 

K 
2 

4.40 x 33.54+ 14.72 x 28.10 

33.54 +28.10 
- 9.10 day 

-1 
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TABLE 5.4 

REAERATION COEFFICIENT 

2 AM 2 PM 

Reach 
f 

K2 
Ÿ K2 

K2 Ÿ K2 

1 6.322 1.358 9.161 6.322 1.358 9.16 

2 7.823 2.211 12.657 7.137 2.481 11.85 

3 12.431 1.888 19.400 11.358 2.114 18.19 

4 9.778 2.052 15.553 8.941 2.296 14.59 

5 9.585 2.105 15.335 8.780 2.350 14.40 

6 9.457 2.140 15.188 8.662 2.389 14.26 

7 - - 
# 

9.10 - - 9.10 

8 14.196 1.854 22.063 12.987 2.074 20.70 

9 14.196 1.854 22.063 12.987 2.074 20.70 

^Calculated at table 5.4 
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TABLE 5.5 

VALUES OF K4 (mg/l-day) : Data of September 29- ■30, 1977 

Reach 

2 AM 

K^Ong/ft-day) P-R (mg/l-day) 

2 PM 

(mg/l-day) P-R (mg/1- 

1 3000 - 5 -117000 188 

2 19000 -30 -150000 195 

3 17000 -33 -136000 222 

4 _17000 -29 -136000 195 

5 127000 -209 66000 -92 

6 25000 -40 -250000 340 

7 25000 -16 -250000 135 

8 14000 -28 40000 -67 

9 46000 -92 -94000 159 
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TABLE 5.6 

VALUES OF (mg/l-day) : Data of March 15-16,1978. 

Reach 

H 

2 AM 

K^, (mg/ft/day) P-R (mg/1/day) 

2 PM 

(mg/ft/day) P-R (mg/1/day) 

1 - - - - 

2 34000 -46 -99000 127 

3 31000 -53 -72000 116 

4 31000 -47 -144000 204 

5 -30000 43 12000 -16 

6 99000 -140 -383000 513 

7 99000 -56 -383000 205 

8 23000 -40 67000 -111 

9 17000 -30 -42000 70 
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of mixing, DO at the surface is probably about the same as in 

deeper water. In reach No 5, although the coefficient (P-R) is 

negative at 2 PM, it has higher absolute value at 2 AM, which 

indicates that at 2 PM of that day algae respiration and benthic 

demand were greater than prior to photosynthesis. Some additional 

comments should be made about Table 5.4. Since there is no sam¬ 

pling station at reaches No 1 through No 4, the values of K4 cannot 

be considered separately. Other combinations of K4 values for such 

reaches could produce results matching with the field data (it is 

like having four unknowns and one single equation). For the same 

reason, the values for reaches No 6 and No 7 cannot be considered 

separately. Their high values of K4 are probably due to higher 

degree of mixing in reach No 8. 

Consequently, Table 5.4 cannot be regarded as containing accu¬ 

rate values of (P-R). The values of make the measured va¬ 

lues of DO fit to the DO sag curve. However, other factors un¬ 

explained by the model also have influence on the DO sag curve. 

A comparison among the values of during September and March 

is possible through the use of Table 5.6, which contains the 

value of that coefficient used to calibrate the model for the 

data collected on March 1978 and the corresponding (P-R). The 

headwater has been changed to Stella Link (refer to Figure 4.1). 

The apparent random variation between Tables 5.5 and 5.6 is due 

to seasonal variations. In fact, stormwater flow can alter 

algae deposits. Concentration of benthic algae is expected to 

vary along the year. 

The positive value of (P-R) at 2 AM (Table 5.6) is probably due 

to the tributaries at Bevlyn and Greenbush whose flow and DO 

were not measured at that time. 
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6. COMPUTER OUTPUTS AND RECOMMENDED SOLUTIONS 

Quai II model is run for input data calculated in chapter 5 and listed 

in Table 4.1. The data that reflect the critical DO conditions were 

collected at 2 AM, September 30, 1977, but computer runs for data col¬ 

lected at 2 PM of the previous day are also made by comparisons A 

sensitivity analysis of major parameters is presented. At the end of 

this chapter, a solution is proposed to avoid standard DO violations 

in Brays Bayou. 

6.1 Computer Results 

Quai II model predicts the DO for each element, as discussed in 

section 3.5. Using the data collected at 2 AM, September 30, 1977, 

the corresponding DO for each element is presented in Table 6.1. 

The lowest concentration is observed at element 1 of reach No 1 

(refer to Figure 5.1). The second lowest value is observed at 

element 7 of reach No 5 and its low value is certainly due to 

algae respiration within the segment. 

Figures 6.1 and 6.2 show the plotting of the DO sag curve for 

both sets of data of September 1977. Since there is not a steady- 

state condition in either one, the curves only reflect responses 

for various points in time and for this reason, it is advisable 

to conduct a detailed sensitivity analysis. 

A sensitivity analysis is useful to test which parameter is the 

most important in the prediction of the DO sag curve. For appro¬ 

ximate values of coefficients and absence of a steady-state con¬ 

dition, it is particularly important. 

Variation in one parameter or group of parameters alters the cri¬ 

tical DO. The lowest DO is observed at the first element of the 

first reach (refer to Figure 5.1 and Table 6.1). A sensitivity 

analysis with respect to this element would require the use of data 
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TABLE 6.1 

DISSOLVED OXYGEN In mg/1 (OUTPUT OF QUAL II MODEL) FOR DATA 

COLLECTED AT 2AM, September 30, 1977. 

Element 
1 2 

Reach 

1 3.58 3.80 

2 5.41 5,44 

3 5.48 5.49 

4 5.51 5.51 

5 5.19a 4.81 

6 3.66 

7 3.74 3.83 

8 3.97c 4.06 

9 4.29 4.28 

3 4 5 

5.44 5.45 5,45 

4.51 4.36 4.12 

4.14 4.23 4.30d 

4.27 4.26 4.24 

6 7 8 

5.45 5.46 5.46 

3.86 3,61b 

4.23 4.22e 

9 10 11 

5,46 5.46 5.46 

a Buffalo Speedway 

b Kirby 

c Main 

d Downstream Greenbriar 

e MacGregor 

12 

5.46 
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upstream of the study segment. For this reason, the element con¬ 

sidered critical is number 7 in reach No 5, which represents the 

lowest concentration downstream of the input of the Southwest 

Sewage Treatment Plant. As a result, changes in input data for 

reachs No 6 through No 9 do not have effect in this analysis, 

because they are downstream of the critical element. Table 6.2 

summarizes the sensitivity analysis. 

The smallest range in Table 6.2 is for the first line and shows 

that BOD, NH^ and NÛ2- are not very important parameters in de¬ 

pletion of DO in Brays Bayou. In fact, the levels of these pollu¬ 

tants are low in the stream. Reaeration is more important, since 

the average velocity of water is high, and the stream at low flow 

conditions is shallow. Unfortunately, as discussed at length in 

section 2.2, no laboratory technique or empirical formula can pre¬ 

dict exactly the value of I^. 

The highest range is obtained in line 3, for variation of K^. Since 

the values for for reaches No 1 through No 4 are undetermined, 

that range can vary according to the chosen values for the reaches. 

However, the high value of all coefficients, as presented in Table 

5.5, and the corresponding range in Table 6.2, confirm that algae 

respiration is the most important sink of DO in the segment. 

Variation in flow of the sewage treatment plants is found to be 

important in the DO levels. An increase of 20% in the flow of 

Southwest and Bellaire Sewage Treatment Plants produces an increase 

of 0.36 mg/1 in the DO of the considered element. This fact could 

be taken as an indication that, since the outflows of the sewage 

treatment plants increase with the population, eventually the cri¬ 

tical DO will meet the standard value of 5.0 mg/1. However, con¬ 

tinuous increase in flow will make the level of water above the 

low flow channel in the entire segment, increasing the area for 

algae to attach. Variation in headwater flow produces a range of 

only 0.22 mg/1. Consequently, the inaccuracy of the flow at South 

Braeswood does not produce large errors in the calibration. 
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Variation in DO of sewage treatment plants produces the second 

highest range in Table 6.2. It has to be noted, however, that 

an increase of 20% in the DO of the Southwest Sewage Treatment 

Plant means supersaturated level for the measured temperature. 

On the other hand, due to the small flow and low DO, the range 

for variation of dissolved oxygen concentration of the head¬ 

water produces a range of only 0.22 mg/1. Finally, DO is found 

not to be very sensitive to a change of 8°F in temperature. 

This apparent contradiction with the large variation of DO when 

measured at different temperatures (Tables 4.1 and 4.3) can be 

explained by three reasons: first, a variation in temperature 

conditions also affects the headwater DO as one can see in 

Tables 4.1 and 4.3; second, is not corrected for the tempera¬ 

ture; the third reason is concerned with the high variation of DO 

of the sewage treatment plants with temperature. For instance, 

DO at the Southwest Sewage Treatment Plant at 2 AM, September 30, 

1977 was 6.5 mg/1 for the temperature of 82.4°F. At the same 

time on March 16, 1978, DO was 9.2 mg/1 for the temperature of 

62.6°F. (Saturation DO equals to 9.6 mg/1). 

6.2 Recommended solution 

Since the critical DO is found to be very sensitive to variation 

in DO of the sewage treatment plants, mechanical aeration is the 

first solution to investigate, due to its high efficiency. Using 

the model to calculate the DO sag curve with saturation oxygen levels 

at the Southwest and Bellaire Sewage Treatment Plants, the critical 

DO only goes to 3.95 mg/1 assuming the same coefficients. Even 

if the headwater is saturated with DO, the concentration in the 

critical element increased to 4.65 mg/1., still below standard. 

Besides, saturation concentration at the headwater cannot be ob¬ 

tained at night only by the mechanical aeration of the upstream 

sewage treatment plants, because of the high algae concentration 

upstream of the study segment. 
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TABLE 6.2 

SENSITIVITY ANALYSIS * 

Input Data -20% + 20%** Range 

*1*1» H 3.64 3.58 0.06 

K2 3,31 3.87 0.56 

K4 
4.17 3.05 1.12 

STP Flow 3.24 3.91 0.67 

Headwater Flow 3.49 3.71 0.22 

STP DO *** 3.25 3.97 0.72 

Headwater DO 3.72 3.50 0.22 

Temperature 3.74 3.48 0.26 

* Initial value: 3.61 mg/1. 

**For temperature, 4°F. 

***The DO of Southwest STP was 6.5 mg/1; the corresponding saturation 
value for the measured temperature was 7.7 mg/1. 
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Since aeration is not a solution, another alternative is to 

decrease algae concentrations by decreasing, nutrients for algae 

growth. This appears to be the best solution for Brays Bayou. 

Phosphorous concentrations in Brays Bayou are very high. Average 

values of 4.25 mg/1 were found in one station, according to 

Bedient ejt al (1978). Nitrate concentrations have also been found 

to be very high. The high levels of found in this study are 

probably caused by the output of the Southwest Sewage Treatment 

Plant where NO3 concentration at 2 PM, March 15, 1978, was mea¬ 

sured as 0.81 mg/1, a very high value, as demonstrated herein. 

The low DO levels found upstream of input of the Southwest Sewage 

Treatment Plant may be due to a large golf club area in watersheds 

No 6 and No 7 (Figure 1.1), which provides nutrients for algae 

growth in that area. Since it is upstream of the study segment, 

it is beyond the scope of this thesis. 

Algae growth is associated with nutrient concentrations, accor¬ 

ding to the Michaelis-Menten equation : 

y a umax C (6.1) 
C + K 

s 

where pis growth rate, C is nutrient concentration, and K is 
s 

called half saturation constant. The values of Kg for nitrogen 

and phosphorous are reported to be 0.3 and 0.04 mg/1., respecti¬ 

vely. Besides the carbon dioxide, nitrogen and phosphorous, algae 

require some trace elements for growth, which, in some cases, may 

be the limiting nutrients. The most important trace elements are 

iron, copper, and molybdenium. 

It is noteworthy that the problem of preventing excessive algae 

growth has centered around nutrient removal. Some scientists ad¬ 

vocate the removal of nitrogen, while others recommend the removal 

of phosphorous. 

Regarding the nitrogen removal, nitrification-denitrification pro¬ 

cess has the highest potential removal efficiency. In the first 

step, ammonia is aerobically converted to nitrate, as shown in 
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equations 2.6 and 2.7. In the second step, the nitrates are anae¬ 

robically converted to nitrogen gas by addition of methanol, accor¬ 

ding to the equation of McCarty et al (1969) : 

Nitrification requires the mean cell residence time beyond about 

10 days, and a continuous aeration system. Although nitrification 

can be accomplished in the activated-sludge reactor, problems can 

develop with the operation of the settling tank due to rising sludge, 

and a separate tank may be indicated. Economic cost is the main 

objection to nitrogen removal by nitrification-denitrification. 

Phosphorous can be removed by precipitation through addition of 

chemicals such as lime, alum, and ferric chloride or sulfite and, 

sometimes\ polymers in conjunction with lime and alum. Normally, 

these chemicals are added to the raw sewage, and phosphorous con¬ 

taining précipitants are removed in the primary sedimentation 

tanks. 

When only one of the alternatives is to be used (nitrogen or phos¬ 

phorous removal), the efficiency for the latter has to be much 

higher, due to the low value of phosphorous half saturation cons¬ 

tant. 

N03 + 1.08 CH3 OH +H 0.065 C5H702N + 

0.47N2+ 0.76 C02+ 2.44 H20 (7.2) 
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7. CONCLUSIONS 

From the data collected for this study and from the computer model 

applications, the following conclusions can be drawn : 

a) a concrete channelized stream with a large diurnal variation in DO is 

characterized by large amounts of attached algae that produce DO 

during the day through photosynthesis and deplete it at night 

through respiration; 

b) there is a seasonal variation of DO produced and depleted, due to 

differences in sunlight and temperature; 

c) stormwater may scour the bottom of the channel, affecting the DO 

levels ; 

d) measurements of surface DO do not always represent an accurate way 

of sampling, since gradients of DO with depth may be observed in 

streams with large algae concentrations; 

e) net DO produced by algae may be estimated through indirect calcu¬ 

lations; 

f) control of algae nutrients is a possible solution to avoid standard 

DO violation in such streams* 
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