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WHEN YOU have an effluent, do you really know what

the discharge Is or are you simply making a best guess?

For that matter, do you know how the permit limits are

set? In the United States, a discharge permit generally

contains a few critical numbers: the daily maximum and

monthly average. Under the Clean Water Act's latest revi"

sions, noncompliance can lead to substantial penalties —

potential fines of $2,500 to $25,000 per day of violation
or a year in jail or both, with each day ofnoncompliance

counting as a separate ofFense in civil or criminal actions.

This underscores the importance of determining your

permit limits at the time the permit is issued. You should

identify and agree upon the type of statistical distribution

applied in setting the permit limits.

Water quality standards generally set the maximum

amount of contaminants you legally can discharge. The

minimum discharge may not be zero even when the

facility is shut down due to environmental and non-

process-related factors such as groundwater or contami-

nated stormwater on the site.

Conditions beyond a plant operators control can

disrupt industrial and municipal treatment systems;

these minor and major upsets can cause permit violations.

The maximum amount of contaminants discharged is

limited only by the size of the initiating event, the type of

contaminant, the effect on the wastewater treatment system,

environmental factors (rainfall, snowmek, fuewater dis-

charges, etc.) and the operator s ability to intercept and stop

the event.

Some wastewater discharge permits are based upon

a lognormal distribution for toxics, and a student's T or

normal distribution for "conventional contaminants,

(While some minor differences exist between the student's

T and normal distributions, here we'll treat them as m-

terchangeable.) Generally, the daily average discharge is a

INTERESTED IN WASTEWATER TREATMENT?
Written by this article's author, "Practical Wastewater Treatment,"

2nd ed., published last year, provides an updated and expanded

guide for handling industrial wastes and designing a wastewater

treatment plant, For more details, go to: https://bit.ly/2AsOJ95.
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WASTEWATER TREATMENT PLANT DISCHARGES
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Discharge Value

Figure 1. Upper and lower 95.5% confidence intewals fall outside the
range of the sample population.

factor of two times the monthly average. With a standard

normal distribution for conventional pollutants (BOD ,

TSS, N0^, etc.), the daily maximum is set at two times

the standard deviation on either side of the mean (monthly

average) value. The two times standard deviation Is sup-

posed to represent 95.5% of the values of the population of

possible discharges. But is this realistic?

A TELLING EXAMPLE

Let's consider a population of 51 random numbers between

5 and 60 representing typical effluent concentrations (In

mg/L) from a waste treatment plant discharge for a period

of two months. Figure 1 depicts the frequency of 51

random values which represent discharge concentrations

from a wastewater treatment plant for a 51-day period. The

values were grouped for clarification, rather than listing

all 51 values. For example: a number between 37 and 39

appeared three times in the sample, and there were no

numbers in the intervals of 7-9, 35-37, and $1-53. If we

WEIBULL DISTRIBUTION FAMILY

WEIBULL SHAPE
FACTOR

Figure 2. Shape factor, p, significantly affects the contour of the curve,

use conventional" statistics, the average of the discharges

is 30.73 mg/L. The standard deviation of the population

of discharges is 15.85 mg/L. That means that 95.5% of all
possible discharges from a facility would be between -0.975

mg/L and 62.44 mg/L. Ttie upper and lower 95.5% conR-

dence intervals are outside the range of the population. So,

what's happening?

The idea is that over time an equal number of data

points will fall above and below the mean — but they won t.

This distribution violates rationality because no facility can

have a negative discharge value and discharge values signifi-

cantly below the mean are rare (and highly improbable,

some operators and engineers would say).

A wastewater treatment plant's lower discharge value

may approach zero but the maximum discharge value most

often is beyond the operator's control and depends on outside

influences such as spills, rainfall, industrial chemicals in the

influem, etc.

A lognormal analysis of the effluent data shows us a

slightly better situation. The lognormal distribution is

prepared using normal distribution procedures, except that

log^C-v) or ln(^) replaces x in the population construction.

The lognormal distribution boasts the advantage of having

no negative values.

A lognormal distribution also has a fat upside tail,

meaning a more forgiving and larger daily maximum

discharge value. This also Is true ofaWeibull distribu-

tion. Equation 1 shows the probability function, X, for a

lognormal distribution:

X^e^^ (1)

where Z is a standard normal distribution variable, 0 is

the standard distribution and p is the mean of the popula-

tion of the variable's natural logarithm, You can evaluate

the parameters of the lognormal distribution once,you

know G and p, which often are referred to as the scale (^)

and location (a) parameters.. Running a lognormal analy-

sis of our sample population gave P = 0.6992 (±0.2812)

and a = 3.2335 (±0.3893). From that, you can construct

the probability density function and cumula.tive density

function for the sample. The distribution has a correlation

coefRcient, JR , varying between 0.96 at lower values and

0.64 at higher values.

WEIBULL DISTRIBUTIONS
Equation 2 shows the Weibull distribution:

f(x) = (p/a)(x/a)^lexp(-[^/a]?) (2)
where a is the scale parameter and (3 is the shape factor. While

Equation 2 looks formidable, it is very easy to compute.

Figure 2 illustrates the different type of curve shapes

obtained through Weibull analysis.
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When the shape parameter (3 exceeds 1, the

curve begins to resemble a standard dismbu-

tion. At (3 = 3.44, the distribution looks like a

lognormal distribution. Values above 4 start to

indicate a specific type of material or equipment

failure. The shape parameter of the distribution

can provide information about failure modes

— and, indeed, is widely used for evaluation of

failures and preventive maintenance on a broad

variety of process equipment. You certainly could

argue that treatment plant systems depend upon the reli-

ability of their mechanical equipment and, thus, a'WeibulI

analysis is relevant.

A Weibull distribution features a longer right tail and fits

the data. It could be an ideal way to establish permit limits

when a facility is starting up or already running. A Weibull

analysis will simulate normal, beta, lognormal and Weibull

distributions based on your data. You can use inexpensive

statistical programs and spreadsheets to calculate a Weibull

distribution. A number ofwebsites and online papers discuss

the application of the Weibull distribution.

For our example, the Weibull distribution determined

the following coefiiclents: [3 = 2.010 and a = 34.61. Ttie cor-

relation coefRcient for the distribution is 0.9531 and varies

from 0.89 at lower values to 0.97 at higher values, which is

better than the lognormal distribution.

The linearity of the data points, as shown by the straight

lines in the quartile-quartile plots in Figure 3, illustrates the

goodness of fit of the Weibull and lognormal distributions.

CREATING AWEIBULL DISTRIBUTION

Two easy procedures exist for creating a "Weibull distribu-

tion of your data using a spreadsheet. The first involves

RELATED CONTENT ON CHEMICALPROCESSING.COM
"Equipment Maintenance: Savor Statistics," https://bit,ly/304CJDA

"Put Uncertainty Analysis to Work," https://bit.ly/3eJsHMf

Measure Your Progress," https://bjt.ly/3glzNmb

"Are Your Certain About Uncertainties?" https://bit.ly/2zHzdof

Get a Handle on Random Errors," https://bit.ly/2TZwD3T

"Process Engineering: Looking for Good Data," https://bit.ly/3gPyXnV

using the Weibull distribution function of the spreadsheet

itself. Enter the data in column form, arrange the data from

smallest to largest values, specify the range on the built-in

software, and let the software do the work.

The second procedure requires slightly more work but

gives you control — but first select data points to remove

zeros.

Start by sequentially numbering all your data points, 1

through n, and create a column we 11 call A with n number

of rows. If you have 25 data points, n will go from 1 to 25.

Enter the actual data in a second column we 11 call Z. Then,

rank the Z data from smallest to largest. You may have to

copy the data using the paste values command but you can

use the software to order the data from smallest to largest.

Create a column F for calculating the rank ofZby

computing individual numbers from column A into column

F by the following formula:

F^(a-0.5)/n (3)
where a is the rank number In column A, (The -0.5 pre-

vents you from topping out the scale and ca-n be omitted for

very large data sets.)

Thien, use another column we'll call X to take the natural

log (In) of values of Z.

COMPARISON OF DISTRIBUTIONS'

QQ plot (Log normal) QQ plot (Weibutl)

20 40 60 80 100

Lognormal (meanlog = 3.23, sdlog = 0.69}

10 20 30 40 50 60

Weibull [shape = 2.01, scale = 34.61)

Figure 3. Weibull distribution provides a better fit than lognormal distribution.
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Create a column Ythst contains the natural log of the

natural log of 1/(1-77). For all values, use:

y=ln(ln[l/(l^J) (4)
Plot Vversus X, making the natural log of Z the hori- .

zontal axis and the values of Yas the vertical axis. You'll

come up with a series of points on a graph that will have

some negative values on the vertical axis.

Use the software to plot a straight line through your data

and give you the equation for that line. It will be in the form

ofy = mx + b, where m is the Weibull shape parameter P. (The

value of b probably will be negative but that's all right.) Also,

have the software find the correlation coefficient.

Now compute a by solving:

a = exp(-^/m) (5)

EXAMPLE CALCULATION AND PLOT

How to get F, X, and V: Example: for Rows (4 and 5) in A:

For AW, F- (4-0.5}/7 = (3.5/7) = 0.5000
ForA(5), F= (5-0.5)/7 ° (4.5/7)= 0,6429

X (For X(n) where n = 4, X(4) ° ln(35) = 3.555; where n

Y(For Y(n) where n = 4, Y(4) = ln(ln(1/[1-0.5D) = ln(ln 2)
W where n = 5, \/(5) = I n (I n(1 ,[1-0.6429])) = 1n(ln 2.800)

A [Rank]

1

2

3

4

5

6

7

2 [Data]

5

20

35

28

45

58

40

Ordered

5

20

28

35

40

45

58

Shape =1.4122

Ff=(a-0.5)/nl

0.0714

0.2143

0.3571

0.5000

0.6429

07857

0.9286

Scale .

5, X(5) » In (40) = 3.688

in(0.69315)"-0.3665;
ln(1.0297) =0,0293

XE=ln?))]

1.609

2,996

3.332

3.555

3.689

3.807

4.06

39.44

YE=nl{Eln[1/(1-f1}]

-2.602

-1.422

-0.817

-0.367

0.0293

0.4321

0.9704

Note that the Shape and Scale were computed by least squares fit for the data — shown in the chart
below by solving for the y= mX+b as discussed above, mis the slope of the line from the least
squares fit of data and is called the shape factor ()3); the scale factor (a) is computed by a = e<"tAril.

X=ln(z)

1.609

2.996

3.332

3.555

3.689

3.807

4.06

y=ln(ln(1-F))

-2.602

-1.422

-0.817

-0,367

0.029

0.432

0.970

y=1.4119x-5.1881
R2=0.9187

Figure 4. This illustrates the entries in the columns on the spreadsheet and the resulting graph.

where exp is base e to get the scale parameter. Congratula-

tions, you have created a Welbull plot that is mathemati-

cally rigorous.

Figure 4 gives some example data in the various col-

umns of a spreadsheet for calculating a Weibull distribu-

tion as well as the resulting plot. Of course, a larger data

set could provide different and more-accurate values.

One useful online resource for these calculations is

www.wessa.net/rwasp_fitdistrweibull.wasp.

PROBABLE ERRORS AND PERMITS

Other challenges are to find out what you actually are

discharging and to measure the discharge as accurately as

reasonably practical.

The discharge is mass based and

equals the concentration times the flow.

If uncertainties exist in the mea-

surement of any of these parameters,

you have a permit uncertainty or prob-

able error. Sometimes, the uncertainty

can be as large the measured value. The

probable error in a measurement, M, is

composed of individual and indepen-

dent functions, f^... f, per:

M=f^x) +^(x) +/^) + . . ./^} (6)
The total probable error in Mb given

by:
e1 = (^ck/d/7 + (^(Wd/,)2
4-... {e^dx/dff (7)

where e is the error of measurement

in the individual parameter.

M.ost Howmeters, including mag-

netic and doppler devices, have an ac-

cumcy to within ±2% depending upon

the meter technology and design. Weirs

and open-channel flowmeters can have

a probable error of up to 10% depend-

ing upon installation conditions.

For a specific case, you can estimate

the accuracy of the permit measure-

ment. For example, say, the total

suspended solids (TSS) concentration

is 10 mg/L and the wastewater flow

is 11,880 m3/d as measured by your

flowmeter. The published accuracy for

a suspended solids test according to

standard methods is 15%. The mea-

sured discharge 118.8 kg/d.

If the flowmeter is accurate to

within about 2% and the laboratory

JULY 2020 © CHEMICALPROCESSING.COM



is accurate to within 15% on the particular testi then the

relative error is

e = (0.152 + 0.022)^ = 0.15132 or 15.13%.

At the specified conditions, this error means your dls-

charge could be anywhere between 100.1 and 135.85 kg/d.

Similarly, if the reading is close to your maximum permit

value, you actually could be over or under.

The value of the error will vary with the accuracy of each

of the individual parameters; you can reduce that error by

multiple sampling or detailed analysis using the partial dif-

ferentials above. Multiple analysis of the TSS Will have great

impact because the probable error decreases by the square

foot of the number of analyses.

There are a number of other errors in sampling; most

of them depend upon the sampler. You might assume

that the samples you collect are representative but they

may not be. The U.S. Environmental Protection Agency

(EPA) explored the issue of sampling devices and accuracy

("Sampling of Water and Wastewater," EPA-60 0/4-77-03 6,

August 1977, https://bit.ly/3eRpxGH (page 16)). Its efforts
indicated that the ratio of the composite sample concentra-

tion to actual concentrations could vary between a low of

68% to a high of 135% depending upon the sampler and
flow conditions. Most of the samplers averaged between 90

and 99% accuracy.

Tlie US. Bureau of Reclamation's publication frWater

Measurement Manual" is an excellent reference for flow

measurement and should be a part of every- environmental

engineer's technical library; it is available online at https://

on.doi.gov/2yS2JRa.

Accurate discharge measurement is a science and must

be approached with accuracy and caution.

More information and a paper on sampling are

available in the downloads section of my website: www.

globalenvironmemal.biz. @

DAVID L. RUSSELL, PE, is president of Globa! Environmental

Operations, Inc., Lilburn, Ga, Email him at dlr@mindspring.com.
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IKASolid-Liquid Mixing i;n Batch Processes
/// Rapid Powder Dispersion Solutions with the CMX

A MODERN PROCESS APPROACH
The CMX offers a simple, functional and cost-efficient method of

incorporating solids into liquids, without the need foradditional

powder dosing systems or pumps.

BENEFITS
Considerable reduction of manufacturing times

Self-regula-ting input of solids and liquids

Reliable prevention of agglomerates

Reduced material addition time

Prevention of dust and solvent emissions

Accomodation of mass solid feeding devices

Engineered Solutions Available] Processing, Detailing, Design

IKA Works, Inc.
2635 Nortlichase Parkway SE Wilmington, NC 23405
Phone:+1 910452-7059, Fax:+1 910452-7693
eMa'l; proces5@itou5a.com, web: www.ikausa.com
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