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FOREWORD ~

Today's rapidly developing ard changing technologies and industrial
products and practices frequently carry with them the increased generation
of solid and hazardous wastes. These materials, if improperly dealt
with, can threaten both public health and the enviromment. Abandoned
waste sites and accidental releases of toxic and hazardous substances to
the enviromment have important envirommental and public health implica-
tions. The Hazardous Waste Engineering Research Laboratory assists in
providing an authoritative and defensible engineering basis for assessing
and solving these problems. 1Its products support the policies, programs,
and regulations of the Envirommental Protection Agency, the permitting
and other responsibilities of State and local governments and the needs
of both large and small businesses in handling their wastes responsibly
and economically.

This report presents all of the informaticn necessary to calculate
freeboard requirements for hazardous waste surface impoundments. Each
factor is discussed and incorporated into the mathmatical procedure for
determining freeboard. This information will be useful to designers and
pemit reviewers for surface impoundments. For further infomation,
please contact the Land Pollution Control Division of the Hazardcus Waste
Engineering Research Laboratory.

Thomas R. Hauser, Directof
Hazardous Waste Engineering
Research Laboratory



ABSTRACT -

A rule-of-thumb minimum freeboard requirement of two feet (60 cm)
has been used in the past for hazardous waste surface impoundments. In
many situations, however, this minimum value may not be sufficient to
prevent overtopping. Consequently, a procedure was developed for calcu-
lating freeboard values in surface impoundments where the liquid depths
are shallow and the fetches are short, as is typical in hazardous waste
surface impoundments. The procedure takes into account all of the
parameters which influence freeboard and presents the information in a
format which can be used on a site-specific basis. Additional support
information in the repcrt includes an example calculation of freeboard
requirement, site specific data obtained from research using a mass
liquid balance, and a listing of the various types of iiquid level
detection equipment.
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SECTION 17
INTRODUCTION

Limited information has been supplied to owners, operators, and agency
personnel concerning freehoard determination and liquid level control for
surface impoundments. The rule-of-thumb which has generally been used in
establishing freeboard, regardless of the size of the impoundment, has been
to use two feet (60 cm) as a minimum requirement. In many situations this
"minimum" value may not be sufficient to prevent overtopping during natural
climatic events. This document presents a procedure for calculating
freeboard which takes into account all of the factors which determine the
behavior of a liquid in an impoundment.

PURPOSE AND SCOPE

The purpose of this document is to present all of the information
necessary to calculate freeboard requirements on a site-specific basis.
Section 3.0 presents the procedure for calculating freeboard and provides
a discussion of the factors which influence freeboard, such as fetch,
1iquid depth, wave height and period, wind set-up, and wave run-up. Each
factor is discussed and incorporated into the mathematical procedure for
determining freeboard. Section 4.0 presents information on the two basic
methods for detecting and maintaining a predetermined liquid level. Both
methods, active and passive level control, are discussed along with
suggested saftey margins.

Supplemental material included in the appendices is intended to aug-
ment the information presented in the body of the document. The appendi-
ces include: 1) a list of technical term definitions (Appendix A);

2) the procedure for calculating freeboard using & hypothetical surface
impoundment design (Appendix B}; 3) data collected from a field study on
a liquid mass balance at a surface impoundment {Appendix C); and 4) a '
discussion of the various types of liquid level detection equipment which
are currently available (Appendix D).

REGULATORY CONTEXT

Regulations listed in 40 CFR require owners and operators to maintain
surface impoundment liquid levels in a manner which prevents overtopping.
Requlations which address overtopping are found in CFR 264, 265, and 270.
Part 264 addresses the operational standards for hazardous waste treatment,
storage, and disposal facilities. Part 265 presents interim standards for



these facilities and Part 270 discusses the current pemitting require-
ments. Regulations, current through July 15, 1985, are presented
below: '

Section 264,221.f) states:

“a surface impoundment must be designed, constructed, mainta‘-ed,
and operated to prevent avertopping resulting from normal or abnormal
operations; overfilling; wind and wave action; rainfall; run-on;
maifunctions of level controllers, alarms, and other equipment; and
human error."

Section 264.226(b)(1l) states:

""while a surface impoundment is in operation, it must be inspected
weekly and after storms to detect evidence of deterioration,
malfunctions, and improper operation of overtopping control systems."

Section 265.222(&) and (b) state:

(a) "A surface impoundment must maintain enough freebonard to
prevent any overtopping of the dike by overfilling, wave action, or a
stom. Except as provided in paragraph (b) of this section, there
must be at least 60 centimeters (two feet) freeboard.”

(b) ™A freeboard Tevel less than 60 centimeters (two feet) may
be maintained if the owner or operator obtains certification by a
qualified enginecer that alternate design features or operating plans
will, to the best of his knowledge and opinion, prevent overtopping
of the dike. The certification, along with a written identification
of alternate design features or operating plans preventing overtopp-
ing, must be maintained at the facility."

Secticn 265.226(a)(1) states:

"The owner or operator must inspect the freeboard level at least
once each cperating day to ensure compliance with 265.222."

) Additional information requirements are necessary for the
Environmental Protection Agency (EPA) to determine compliance with the
part 264 standards, including:

Section 270.17(b)(2):

“Detailed plans and an engineering report describing hcw the
surface impoundment is or will be designed, constructed, operated and
maintained to meet the requirements of 264.221." This submission
addresses the prevention of overtopping.



Sections 270.17(d):

"A description of how each surface impoundment, including the
liner and cover systems and appurtenances for control of overtopping,
will be inspected in order to meet the requirements of 264.226 (b!.
This information should be included in the inspection plan submitted
under 270.14(b)(5)." -

The EPA plans to update the above regulations. These new regulations
should be consulted to determine if any changes have been made to those
given above. - ’

One intent of this document is to present a method for calculating
freeboard which complies with regulations concerning overtopping as defined
by 40 CFR 264, 265, and 270. These regulations have been formulated with
the goal of eliminating, to the extent practical, the overtopping of
liquids from surface impoundments. No single system, however, provides for
absolute prevention of escape. Therefore, it is also the intent of this
document to present information for use in designing a contaimment system
which provides the maximum, practically achievable, level of freeboard
safety during the cperational life of the facility.

The goal o this decument is to present performance guidelines and
operating characteristics rather than specific numerical design values.
However, a minimum freeboard of two feet is recommended. Information
provided in this document is intended to of fer the owner/operator
flexibility in designing a suitable overtopping prevention system without
dictating rigid design requirements.

Procedures set forth in this document for calculating minimum
freeboard are based on current technology. Sevaral design methods exist,
however, which meet the requirements of 40 CFR 264.221(F). It is the
responsibility of the owner/ operator to docuuent the integrity of = the
selected system as well as the ability of the system to meet the regulatory
requirements.



SECTION 2 ~
SUMMARY AND RECOMMENDATIONS

Proceduras used in the past for calculating freeboard at surface
impoundments were generally based on procedures and information developed
by the Waterways Experiment Station (Corps of Engineers, 1984) and by
Saville (1956). Much of this information is dated and does not take into
account some of the variables which affect the ultimate freeboard value.
To address these short-falls a new procedure was developed which addresses
all of the factors which detemmine freeboard and incorporates them into
an easy-to-follow format. Many of the coefficients used in the original
work have been updated using new values derived from ongoing research
(Herbich, 1986a). Unfortunately, updated information was not available
for all parameters (e.g., roughness coefficient), therefore, values were
either extrapolated or out-of-date published values were used. In spite
of these limitations, the nav procedure presented in this report repre-
sents the most up-to-date method for determining freeboard. The proced-
ure takes into account all of the climatic factors and liquid characteris-
tics which influence freeboard.

Based on the information gathered during preparation of the freeboard
equation, two areas where information was lacking were noted. These
included (1) the absence of roughness coefficients for smooth surfaces
suych as synthetic liner materials and (2) curves to determine wave run-up
on these surfaces in impoundments where fetches are short and liquid
depths are shallow. Therefore, it is recommended that a study be con-
ducted to verify the roughness coefficient values established by Saville
(1956) and to establish new coefficients for the synthetic materials
commonly used to construct surface impoundment liners. Once these coeffi-
cients have been e-tablished it will be necessary to generate curves
specifically designed to determine wave run-up in surface impoundments.
One other area which may nead attention in the future is determining the
effects random waves have on run-up values. The equation presented in
this document assumes all waves are monochromatic.
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SECTION 3
FREEROARD DETERMINATIONS

The overall design for freeboard allowance should be tailored to

surface impoundments on a case by case basis to ensure that overtopping
does not occur. To minimize the potential for overtopping, surface
impoundments should include the following:

1.

Passive autfalls from the surface impoundment, such as weirs or
spillways which are insensitive to inflow should be incorporated
into the design. In the event waste is released, these
structures direct liquid waste to an on-site holding or treatment
facility. Passive autfall structures are intended for use only
ir the event of an automated level control system malfunction,
gross human error, or unforeseen catastrophic natural events;

If outfall structures are sensitive to infiow (i.e., where
outfall rates must be increased to mintain freeboard as inflow
increases) automatic control should be provided via signals
fron level sensing instruments. In these situations the
automated system should include a high level alarm;

For surface impoundments receiving waste via inflow structures,
design features should be incorporated which allow for flow of
waste to the surface impcundment to be haited immediately in
the event of overfilling or failure of any surface impoundment
canponent. The flow of waste can be controlled by an automated
level sensing system which, in the case of a system failure,
can be operated manually;

Run-on control structures should be designed to divert the peak
discharge from a 100 y2ar/24-hour storm unless it can be shown
that the surface impoundment is engineered to accept the
additional volume without sacrificing minimum freeboard;

Freeboard should be defined as the minimum distance between the
highest liquid level in the surface impoundment, where the
highest liquid level includes changes in water elevation due to
a2 100 year/24-hour stom surge, and the liquid level which
would result in the release of stored liquid from the surface



impoundment by overtopping (Figure 3.1). Freeboard allowances
should be calculated 7or all surface impoundments using the
maximun fetch (usually the diagonal measurement across the
surface impoundment) and the maximum historically determined
sustained wind speed to calculate wind set-up, wave height, and
wave run-up. The minimum amount of freeboard maintained in the
impouncment should be based on site specific calculations but
should never be less than two feet (60 cm) except as provided
for in 40 CFR 265.222(b). If the impoundment is equipped with a
passive outfall such as a weir or spiliway, freeboard should be
measured from the highest allowable liquid level to the luwest
discharge level of the passive outfall structure. When no
passive outfalls are present, the freeboard should be the
distance from the highest allowable liquid level to the top of
the lowest elevation of the retaining structure. Freeboard
should not be considered as storage capacity. Changes in liquid
level due to a 100 year/24-hour storm should be engineered into
the normal storage capacity of the surface impoundment; and

6. A weekly inspection scheduie of all overtopping prevention
equipment should be followed along with a daily inspection of
freeboard. Additional inspections should be conducted
following significant rainfall events to verify the integrity
of the system and that minimum allowable freeboard has been
maintained. Inspections should be made on level control
sensors, alamis, and outfall structures. A written record
should be maintained which documents the liquid Tevels, when
inspections were conducted, who performed the inspections, and
any observations made as to the integrity of the overtopping
control systems. It is also recommended that a routine
maintenance schedule be implemented for all overtopping control
systems.

FACTORS WHICH AFFECT FREEBOARD

Determination of freeboard requires that several specific parameters
be accurately measured. They include:

1. Fetch;
2. Lliquid depth; and
3. Etmbankment slope.

Fetch, as used in this document, is defined as the maximum unobstructed
distance across a free liquid surface over which wind can act. Typically,
the longest fetch will be the diagonal measurement across the surface of
.the impoundment (Figure 3.2). Liquid depth, for the purpose of
calailating freeboard, is the maximum possible depth of liquid {dm} in
the surface impoundment (including storm surge). Embankment slopes of
the surface impoundment should be clearly expressed for each sidewall of
the impoundment (i.e., 3 horizontal to 1 vertical). If the embankment
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slopes vary, calculations should be perfonnéd using each slope value to
determine which slope results in the greatest calculated freeboard.

Other parameters which affect freeboard include:

Wind speed;

Slope roughness; -
Wind set-up;

Wave height and wave period; and
. Wave run-up.

U B Wr) -

Wind speeds used in freeboard calculations should be based on local
historical data for maximum sustained winds. 1In the absence of such
data, it is suggested that a value of 75 mph be used for areas which are
not subject to hurricanes anu a value of 100 mph for areas which are
hurricane prone. For the purpose of this docment, "hurricane prone
areas" are considered to be any area which is within 50 statute miles of
a coastline subject to hurricanes.

A roughness factor for the interior face of the berm should be
determined to establish freeboard requirements. Roughness factors will
vary from a value of 1.0 for smooth synthetic liners to 0.45 for coarse

.surfaces such as rip-ra2p (Corps of Engineers, 1984). A rough surface
will dissipate wave energy more quickly than a smooth sliope, thereby
resulting in a smaller value for wave run-up. Curves which relate slope
roughness to other freeboard parameters are an acceptable means for
determining roughness effects (assuming a roughness coefficient of 1.0 is
appropriate in most situations.) Using a roughness coefficient of 1.0
means that no correction is required for any of the wave forecasting
equations included in this document.

Wind set-up is an important parameter to be considered when
detemining freeboard requirements since it has the net effect of raising.
the water level on the downwind side of the impoundment (Figure 3.3). As
wind acts on the liquid surface, the liquid is "pushed” to the far side
of the impoundment, causing a slight gradiant on the water surface.

Wave height and wave length will detemmine the type of waves
generated within a given impoundment. The relationship between these
two parameters will define whether shallow or deep waves are generated
and if the wave will break. Under most circumstances waves will be
shallow and non-breaking, therefore, all of the equations included in
this document are for use in situations where waves do not break.

The final and most important parameter, wave run-up, is dependent on
many of the preceding parameters. Run-up is defined as the vertical
height to which water rises above the still water level on a sloped
embankment (Figure 3.4). Final freeboard determinations must be based on
this value.
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POINT OF MAXIMUM WAVE RUN-UP’

FIGURE 3-4. DOEFINITION SKETCH FOR WAVE
RUN-UP
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Values for these variables must be acaurately defined to determine
freeboard requirements for surface impoundments. Consequently,
owners/operators should use site-specific data in calculating all
parameters. In instances where site-specific data is unavailable,
conservative estimates of these values should be incorporated into
calculations of minimum freeboard. -

CALCULATING FREEBOARD

The following procedure was developed to allow estimation of
freeboard in conditions where short fetches and shallow liquid depths
predaminate. For the purpose of this document, short fetches will be
considered any distance less than 5,280 feet (1,600 meters) and shallow
depths will be defined as values less than 30 feet (9 meters). These
values were selected because more than 90% of hazardous waste surface
impoundments fit into these definitions.

The first step in calculating freeboard is to accurately measure the
physical dimensions of the surface impoundment. These measurements
include Tength and width to determine the maximum fetch as well as the
maximum liquid depth possible in the surface impoundment. Sidewall
slopes should be measured or determined from as-built engineering
drawings. Having derined these values it will be necessary to collect
local information on such weather conditions as rainfall and wind speed.

Based on this information, the following calculations for wave
height, wave period, wind set-up, and wave run-up can be used to
detemine freeboard requirements. In the following equations, U is wind
speed (ft/sec) and U, is a wind stress faftgs (ft/sec). The relationship
between these two values is: U, = 0.583 U'°<~,

Wave Height:

g\ &5 )
0.75 0.00855 | —
d | U
M 0.283 tann | 0.53) ¥m tanh ol &
Uf— Ff h|0.53 Pl
tan .
W )
a
Where:
U, = Wind Stress Factor (ft/sec)
H = Wave Height for Shallow Water {ft)
F = Fetch (ft)
d = Maximum Depth of Impounded Liquid (ft}
g = Acceleration of Gravity (32.16 ft/sec¢)

12



Wave Periond:

T

(V]

a -

7 =17.54 tanhl-0.333 om tani.-
; RECIE

[ 90\ 9-375 7

0.0379 | —
( ?

QF) 0.333

tanh [0.833 (

9

51 0375
vl .

a

Where:
U; = Wind Stress Factor (ft/sec)
T = Wave Period (sec)
F = Fetch (ft)
dp = Maximum Depth of Impounded Liquid (ft)
g = Acceleration of Gravity (32.16 ft/sec?)
Wind Set-Up:
' 2 0.5
s AU +( B(U,-Ug) \)x(::\) .
_F 9dp, ydm F
given:
0.33
_ gP\VI
Ug = 21.0 | ———r
Ca
Where:
A =3.30 x 10-6
B =2.08 x 10-4
Uy = Wind Stress Factor (ft/sec)
Up = Wind Speed; Formula Characteristic Velocity (ft/sec)
F = Fetch (ft)
S = Set-up (ft) 3
/ﬁ = Density of Liquid .Impounded S]bs/ft )
pa = Density of Air (0.075 1bs/ft” @ 29°C and 760 mm Hg)
Y1 = Kinematic Viscosity of Liquid (ft%/sec)
dp = Maximum Depth of Impounded Liquid (ftg
g = Acceleration of Gravity (32.16 ft/sec?)

13
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Wave Run-Up:

Unlike the previous parameter determinations, wave run-up is an
involved procedure of calculating and adjusting formula variables. The
procedure which will be followed is adapted from Herbich, 1985b. Much of
the data which support the various types of freeboard calculations can be
found in the Shore Protection Manual (U. S. Army Corps of Engineers,
19%1) and Saville (1956). Steps in determining wave run-up are as
follows: :

- Calculate deep water wave length (L,).

Ly = (%ﬂ) T2 = 5.12 T2 (in feet)

- Calalate dp/Lg.

- Locate the value of d/Ly (dp/Lg) in Table 4-1 and read
corresponding values for d/L and H/Hy. If d/Lg (dp/Le) is
greater than or equal to 1.000, then H = H/Hg.

- Calculate the value of Ho' from H/H;.

Ho Ho
- Calculate __ and
2
Lo qT

. . 1, 22 <. .
Obtain R using Hy/gT* from Figure 3-5.

Ho
Where:
dp = Maximum Liquid Depth (ft)
Hy = Deep Water Wave Height (ft)
H = Shallow Water Wave Height (ft)
T = Wave Period (sec)
Lo = Deep Water Wave Length (ft)
L = Shallow Water Wave Length (ft)
R = Run-up (ft)
g = Acceleration of Gravity (32.16 ft/sec?)

Once a value for run-up (R) has been established it will be necessary
to correct this value using a coefficient of 1.67 (Re = 1.67 R; where R,
is the corrected run-up value}, The preceding wave forecasting calcula-
tions are based on averages for the highest wave which would occur out of
three waves generated (Hy/3). It is advisable to use 3 more conservative
approach in handling hazardous wastes. One such conscrvative approach
would be to use R values which account for the highest wave that would
ocair aut of 100 waves generated (Hy,1gg). The coefficient used to find
R, is based on work by Longuet-Higgins and Stewart (1964) and can also be
found in Kimsman (1965).

14



[
Il
3
]
|

onj——de
1
1

b SN D H U ERE R FEEE

[ h-1-14-] 'F ou) i mf 0 0 B of i 0] o0
4 -1 - - e R Bt e B -4 -3-4
B O i b HH Y ,.Ani.«
- . e 114 Lo - -3 .
2ESES SNaEEEy SEEIIFAEIUE
JREaRE = gRis ¢ 3
H : A JESR
1 RamaBiiiitsibilime ZHOHA T

13- 1k 8 ! A2 .ﬁn\

] ! . A

T
T
i
1
P
)
[HERLY
—
=
'
ISR

1
L Py

o
T
R
0

0.¢f

-

15

Q.00!

SAVILLE, 1956).

>30;

'
o]

AERES N8P .
-V
R . . ' |44 ]

T34 EREgE = TR 3=
£ m" saBEES Hi{1E1: AR A A L LR
6 v SERES 311 s
e eIk t 1 1A HiE
3% hH HHEHHHPL HiE
3% ] i in S
Mw - 141 HH m;i. [

&g T :
£3 N HEezcallite EEE =
{ o -

DU [ P v— o

iR i BY NN

oy I TR T

EER

I SH -

EE= it ik HIHTE

A.H“H ' ST

: HIREREE HlITNEER il i
Lﬁ..; LT

10
8.0
8.0
5.0
40
3
20
08
06

COMPARISON OF WAVE RUN-UP ON SMOOTH SLOPES (DATA

FOR d/H
* VALUES GREATER THAN 0.015 MAVE BEEN EXTRAPOLATED.

Q.0003

FIGURE 3-5.



FREEBOARD ALLOWANCE

The minimum freeboard which should be observed is the sum of the
calculated values for set-un (S) and corrected wave run-up (R.) from the
preceding equations., Changes in liquid elevations due to the 100 year/
24-hour storm surge should never be included in the freeboard aliowance.

Wave forecasting is not an exact science and these equations assume
ideal conditions using monochromatic waves and in some cases extrapolated
values for short fetches and shallow water depths. For surface impound-
ments that handle hazardous wastes, it is advisablé to add a safety
factor of 25% to the freeboard allowance and to never allow the freeboard
to be less than two feet, except as provided for in 40 CFR 265.222(b).
The 25% correction should apply to the sum of the corrected run-up (R.)
ard set-up (S). Therefore, the total freeboard allowance (f) should be
expressed as follows: '

f =1.25 (Re + S) if it is less than 2 feet, use the recommended
2 foot minimum.
Where:
f = Freeboard (ft) )
Rc= Wave Run-up, corrected (ft) .
S = Wind Set-up (ft)
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SECTION 4

FREEBOARD MANAGEMENT

Maintaining 1iquid level can be viewed as a two phase problem.
First, there is the need to monitor and control the liquid level at or
below the established value. To accomplish this, passive and active
(electrically operated) level control systems may be employed. .Regard-
less of the type of system selected, it is advisable to identify a
specific system prior to finalizing impoundment design so needed modifi-
cations can be incorporated into the design and construction plan
for the impoundment.

The second phase in the design of a SI should include a passive
level control device such as a weir, spillway, or outflow pipe. The
purpose of the passive structure i< to prevent catastrophic failure of
the impoundment dike in the event that the active level control system
fails or an unforeseen natural event ocaurs. Passive level control
devices should be designed for use only in emergency situations, not as
part of nomal facility operations unless the passive structure is part
of a flow through treatment process. In an emergency, the passive level
control should direct the liquid to a tank or another surface
impoundment.

ACTIVE LEVEL CONTROL

Once freeboard allowances have been detemined it will be ne:essary
to implement some type of system which monitors liquid level. Numerous
systems have been used in the past, most of wiich require human input to
function properly (e.g., staff gauges). By and large, these types of
systams are incapable of sensing the liquid level and therefore can not
be used to control freeboard directly. Bearing this in mind, it is
advisable to consider the use of an automated (active) liquid level
sensing system. Active level sensing systems offer several advantages
including continuous level monitoring which can be used to automatically
maintain freeboard, the ability to translate level readings into a volume
for waste inventory when interfaced with a controlling unit, and the
inherent fail-safe feature of many systems which virtually eliminates
human error.

Active control of the liquid level in a surface impoundmant is
typically comprised of four phases. The overall objective of the
integrated four phase system is to control the liquid level in such a
manner that a predetermined maximum level (and minimum level if necessary)
is not exceeded. To this end, each of the four phases must be linked
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together in a logical controlling sequence, The four phases include:
1) the primary element, 2) the measuring element, 3) the controlling
element, and 4) the final control element (Figure 4-1).

The primary element, Phase 1 (e.q., float, prche, ultrasonic heam,
etc.) detects or senses changes in the liquid level. The measuring
element, Phase II, receives the signal from the primary element and
measures th- amount the liquid°level has deviated firom a set point or
from the last measurement. The controlling element, Phase 111, uses data
from the measuring element to activate or alter power to the final
control element. The controlling element is generally a computer, Such
as a digital or analog type, where the liquid level limits are set and
the decision is made as to the amount of liquid to be allcwed to inflow
or outflow. The final control element, Phase IV, is typically a pump or
valve which actually influences the amount of liquid flowing intc or out
of the impoundment.

The primary and measuring elements are qenerally combined into a
single unit referred to as the level detection system. A wide variety of
level detection equipment is available, and generally is the most
variable of the elements in total level control system (Table 4-1). The
level detection, monitoring and control system described above may be
designed to uperate as a totally automated system. That is, the system
can detect, monitor and contrcl the liquid level with littie contant from
technicians other than routine maintenance and calibratien.

As stated, controlling liquid level in a surface impoundment is a
“process which includes several phases. Figure 4-2 gives a visual
display of the level monitoring and control procedure, including inflow
to the impoundment and outflow from the impoundment. To aid in system
selection a discussion of the various types of level detecting devices is
offered in Appendix D and can also be found in greater detail in Shiver
et al. (1985).

PASSIVE LEVEL COMTROL

The easiest types of systems which can be used to control liquid
Tevel are passive outfall structures such as a spillways, weirs, or
pipes. Many of these types of structures can be engineered to meter the
rate of flow, and as a whole are typically insensitive to inflow, meaning
that as the rate of inflow to the impoundment increases the rate of flow
through the outfall structure increases without recalibration or manual
adjustment. The use of these types of outfall or outlet works are comnon
in flow- through processes (e.g., settling hasins or polishing ponds).

In these situations the liquid outfall is directed from the impoundment
to the next step in the treatment process via the outlet structure, and
therefore does not constitute an uncontrolled release.
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Table 4-1.

Lliquid Level Detection Systems.

System

Capacitance

Conductivity

Dlaphragm

Dittfecentiai
Pressure

Displacers

Floats

irLedance
Probe

Level Gauge

Intrared

Sensors

Raslistant
Taons

Tharmal
Sensors

Vitrasonlic

Appilcation

Non-corrosive wastes;
corrosive w/mod

Non-corros.ve,
conductive mat'ls

Non-corrosive and
corroslve wastes

Mon-corrosive and
corrosive w/mod

Non-corrosive wastes,
corrosive w/mod,
non-coating wastes

‘Non-corrosive and

corrosive waste v/
mod

Non-corrosive, coat-
ing wastes, corros-
Iva w/mod

Non—corrosl|ve and
corrosive wastes

Non-corrosive, non-
coating and some
corrosive wastes

Non=-corrosive ang
corroslve wastes

Non-corroslve, non-

‘coating liquids

Non-corrosive and

corrosive

Principle ot
Operation

Measurement of stcred
electrical charqge

Completion of circult
through the lliguid

Measurement Of pres-
sure Increase due to
tiquid head

Measurement of pres-
sure differeance be-

tween !iquid bottom

and atmospheric

Measurement ot trrce
of displaced tlioar,
converted to depth

Float remains in con-
tact w/llquid surtace
10 measure ¢luctustion

Same as capacitance
w/ shielding to over-
come coating atfects

Basically visual level
monitoring and reccrd-
ing from gauge

Detection ot retlected
or refracted light

Contact of two elements
due 10 prassure of
~lsing llaquid

Datect temparature be-
tveen prote and liquid
ar vapoc

Rt lacttion ot ultra-
sonic dbaem to llquid
surtace

Advantages

Fall sate operation,
easy operation

€asy Installation,
{nexpensive

Dlaphragm does not
contact {iquld,
unatfected by minor
surface agltation

Sensor does not
contact waste

Used tor contlinuous
fevel monitoring,
can detect Intertace

Contlnuous leve! mon=-
itoring, Inexpensive

Not as affected by
coating wastes, no
moving parts

Direct level measiire-
ment,. inexpensive

Yery soensitive, sate
in tiammable lliquids

Continuous lTevel mon-~
itoring, not usually

_ atfected by coatlngs

Contlnuous level mor-~
itoring, accuracy

Does not contact
liquid, continuous
iavel monitoriag

Limitations

Based on ilqulid dlet-
ectrlic constant,
affected by coating

Primerily point level
only, requires con-
ductive liquids

Poor sensitivity to
small lavel change,
based on {igquid
density

Based on llyuld
density

Must be callbrated
for each Ilaquld,
based on density

Constant contact w/
wvaste, atfected by
surtace agitation

Dependent on dlelec-
tric constant, rela-
tively expensive

Requires taschnician,
ditficuit to lincor-
porate Into second-
ary controtls

Fouled by coating,
expenslve, bdasically
point level sensing

Qansity sensitive

Density sensitive,
atfected by coatling

Inaccuracies due to
surface turdulencs
or toam
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Surface impoundments used for 1iquid storage or disposal are notably
different than the flow-through process discussed above. In these types
of surface impoundments, passive outfall structures should only be used
to control ligquid level in order to prevent overtopping in the event
active level contral systems fail. Therefore, in these situations the
passive outfall structure should be viewed as a backup "safety valve"” to
the active level control system with the sele purpose of preventing
overtopping which could cause catastrophic dike failure. Since most of
these types of impoundments are not designed to return liquid to a
treatment process, any flow of liquid through the passive structure would
constitute an uncontrolled release.

Regardless of the situation where the passive outfall is to be used,
there are general design specifications which should be observed. First,
the ‘ype of autlet to be used must be identified. Spillways or weirs
will represent the most desirable option for most situations. These
types of structures can be easily sized to meet the cutflow needs of the
impoundment, are relatively inexpensive, and when used with a stage
recorder can be used to meter the flow of liquid. Pipe or conduit outlet
works are not generally recommended because they require placing a hole
through the liner and bemm of the impoundment. If a good seal is not
realized around the conduit, seepage of liquid may occur which ultimately
could lead to piping of the soil, thereby resulting in failure of the
berm. If pipes are to be used it is recommended that metal pipes be
avoided. Since many types of waste are corrosive and most soils are
inherently co rosive to some extent, metal pipes will have a finite life
exnectancy. If metal pipes are used, consideration should be given to
coating the pipes with a resistant material and/or providing cathodic
protection.

Designing an outlet for a surface impoundment will require defining
the relationship between inflow and outflow volumes. Unlike the more
conventional applications for passive outlet structures such as dams at
lakes, the inflow to a surface impoundment can easily be determined from
sperational processes and climatic data which define the maximum
operating level. Having identified the maximum volume which can be added
to the impoundment, the outflow structure can be designed to handle this
volume. The following weir equation {(Linsley and Franzini, 1979) defines
the discharge volume over a spilliway:

Q= c,Lh¥/2
where: Q = Discharge
C,= discharge coefficient
L = Length of the crest ,
h = head on the spillway (vertical distance from the

crest of the spillway to the reservoir level).
The discharge coefficient will vary dependirg on the design of the

spillway and amount of head. Figure 4-3 jllustrates coefficients for a
standard crest shaped spillway.

22



FL.
— X
r
Iy T
x-85_ o 085,
b a *0.175h"
b=z0282n
1 q =z0.50N
.y r2=0.20h'

WHERE h' 1S THE DESIGN HEAD

TYPICAL CREST SHAPE

42

— J23p
[}
= 4l Z
5 40 o 2
5 L1 122 &
- e -
3 39 T w
e h'/Hd o J;ZL Z
u 38 7/, 2! »
r 3z / 3
Q= / 74 =
w36 A 320 =
z 74 w
g . o
&34 A e 4
w = / h= GIVEN HEAD 3
O 33 h's DESIGN HEAD x
= -8 w
;‘ 3.2 , >

3 £

- / 17

3.0

0O 02 O04 Q6 08 10 12 |4
h/n'

FIGURE 4-3. DISCHARGE OF AN OVERFLOW SPILLWAY
( LINSLEY AND FRANZINI, 1979).

23



[f the use of a weir is proposed, several different designs can be
selected including the V-notch, rectangular, and the Cipolletti types
(Figure 4-4). A related structure which may be considered is a flume.
The specific goal of these structures is to provide a passive outfall
which allows the flow of liquid through the structure to be metered.
Flow calculations for each are listed below.

-

Fran Considine (1974):

V-Notch Weir: 60° Notch Q = 1.46 /2

(see Figure 4-4a)
90° Notch Q = 2.52 HZ2.47

Rectangular Weir: Q = 3.33(L - 0.2H)3/2 (see Figure 4-4b)
Cipolletti Weir: Q = 3.367 LH3/2 (see Figure 4-4c)
From Linsley and Franzini (1979):

1.52280-026
Parshall Flume: Q = 4Bh, (see Figqure 4-44).

The final category of passive outfalls includas pipes, nozzles, and
conduits. As previously mentioned, these types of outfalls are not
generally recommended for use at surface impoundments. Problems which
may arise when these structures are used include liner leakage or metal
pipe corrosion which may lead to soil erosion and dike failure, seepage
of waste through the liner, and the limited ability of the structure to
adjust to increases in liquid flow volume. Determination of flow through
pipes can be calculated as follows:

Darcy-Weisbach Formula for fairly smooth pipe (Hicks, 1972):

hF = 0.38 L Vl‘86 solve for V and use Q = VA
1000 p'-25
where: hg = friction head (ft) D = diameter of pipe (ft)
L = length of pipe (ft) Q= flow volume (ft)
V = velocity of liquid (ft/sec) A = area of pipe (ft2)

Manning Formula for full flow through round pipes (Hicks, 1972):
2.159Q n 3/8

b=
I A
S
where: D = diameter of pipe (ft) Q= flow volume (cfs)
n = roughness coefficient S = gradient of pipe (hL/L)
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0.009 for smooth brass of glass
0.013 for concrete

0.014 for average drain tile
0.021 for corrugated iron

e.g.:

3 3303 8
o oun

The above procedures are only a brief overview of the techniques
available to passively control liquid levels. If further information is
required or there is a specific need for an unusual situation it is
advised that the listed references be consulted.

QUALITY ASSURANCE

It is advisable to implement a quality assurance program to ensure
that the freeboard control system selected operates according to the
manufacturer's design specifications. Since a specific freeboard control
system (or any components of the system) are not recommended, no specific
quality assurance program will be recammended. Rather, the approach
taken is to present general procedures which should be observed to ensure
that all level contrcl devices are installed correctly and operate
properly.

A1l surface impoundments should use accurately calibrated equipment
to measure both inflow and outflow. Automated inflow and outflow struc-
tures, when used, should have the capacity to be operated manually in
the event automatic controls fail to requlate the flow of liquid. All
surface impoundments should be equipped with fail safe high level alamms.
It is also advisable to install level sensing probes which interface with
inflow and outflow structures.

Regardless of the type of overtopping system selected, the owner/
operator should maintain a written record documenting the procedures used
to install and calibrate all equipment and structures associated with
liquid level control. In addition, documentation should include verifi-
cation that the type of system selected is’ compatible with the type
of waste impounded. Once installed, the system should be tested to
verify that it-is fail safe. These tests should be designed to test the
integrity of the entire system, including deliberate actions to verify
operation of all fail safe aspects of the system.

After the system has been verified as operating properly, the
calibration and testing procedures should be incorporated into a program
for routine maintenance of all liquid level control system components.
Personnel assigned the responsibility for daily inspection and routine
maintenance of the liquid level control system should be familiar with
operation of all system campenents and shouid have a written protocol
detailing the lines of authority, the procedures and schedule for
testing the equipment (including calibration specifications), reporting
requirements, and all asscciated contingency plans.
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DEFINITION OF TECHNICAL TERMS

Fetch - The maximum unobstructed distance across a free liquid surface
over which wind can act (typically the diajonal measurement
across an impoundment}.

Freeboard - The distance between the highest calculated liquid level
in a surface impoundment and the liquid level which would
result in the release of stored liquid from the impoundment.

Monochromatic - Waves which all have the same wave length (as used in
this document).

Qvertopping - Flow of stored liguid over the top of the dike or levee.

Qutfall - A structure, e.g., weir or spillway, that diverts and controls
the liquid flow.

Qutrun - Flow of liquid out of the impoundment othar than by
overtopping.

Roughness Factor - A measure of smoothness of the berm inside wall which
varies from 1.0 for synthetic plastic liners to 0.45
for stone rip-rap.

Run-On - A flow of liquid into the surface impoundment due to rain
and the local topography.

Wind Set-Up - The extent to which a gradient on the water surface is
caused by wind pushing the liquid to the far side of an
impoundment.

WAVE .

Wind Run-Up - The vertical height to which liquid rises above a still
liquid level on a sloped embankment due to waves.
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B.l1 INTRODUCTION

The following procedure was designed to estimate freeboard in

impoundments where short fetches and shallow liquid depths predominate.

For the purpose of this document, short fetches will b2 considered any

distance less than 5,280 feet (1,600 meters) and shallow depths will be

defined as values less than 30 feet (9 meters),

In the following equations, U is wind speed (ft/sec) and U, is a wind

stress factor (ft/sec).

0.589 yl-

B.2 WAVE
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a
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. 0.00565

w2
a
< ad, 0.75
tanh [}.53 (67—)
\ B /

gF) 0.333

U
a
a

0.0379 (.7?
T9a) 0-3757
zmn[msn (Fﬁ J



B.4 WIND SET-UP
\ -

-i . AUa ’( B(Ua°uo)2) ‘( dm) 0.5

F 9m | gd, F
given:

.33
U, = 21,0 98IV
Pa

Where:

A = 3.30 x 10-6

8 =2.08 x 1074

U, = Wind Stress Factor (ft/sec)

Uy = Wind Speed; Formula-Characteristic Velocity (ft/sec)

F = Fetch (ft)

S = Set-up (ft)

1 = Density of Liquid Impounded 51bs/ft3)
a = Density of Air (0.075 1bs/ft> @ 2Q°C and 760 mm Hg)
1 = Kinematic Viscosity of Liquid (ft</sec) :

dn = Maximum Depth of Impounded Liquid (ft%

g = Acceleration of Gravity (32.16 ft/sec¢)
B.S WAVE RUN-UP

involved procedure involving calculating and adjusting formula variables.
The procedure which will be followed is adapted from Herbich (1986).
of the data which support the various types of freeboard calculations
presented here can be found in the Shore Protection Manual (U. S. Army

Corps of Engineers, 1984) and Saville (1956).

Unlike the previous parameter determinations, wave run-up is an

run-up are as follows:

Calculate deep water wave length (L,).

Lo = (3-) T2 = 5.12 T2 (in feet)

Steps in determining wave



- Calculate dg/Lq-

- Locate the value of d/L, (dm?Lo) in the Appendix and read
correspanding values for d/L and H/Hy. If d/Lg (dm/Lg) is
greater than or equal to 1.000, then H = H/Hg

- Calculate the value of Hy from H/Hge

H.' Hn'
. = Calculate __°- and _:.
Lo qT
R

- Obtain

using Hy'/qT2, as depicted in Figure B-1.
Ho' |

Where:

dp = Liquid Depth (ft)
Hy' = Deep Water Wave Height (ft)

H™ = Shallow Water Wave Height (ft)

T = Wave Period (sec)

Lo = Deep Water Wave Length (ft)

L = Shallow Water Wave Length (ft)

R = Run-up (ft)

g = Acceleration of Gravity (32.16 ft/secz)

The preceding wave forecasting calculations are based on avérages for
the highest one-third of waves generated (H1/3L For example, if waves
generated during a one hour storm have wave periods of two seconds, it is
anticipated that a total of 1800 waves will be generated, 600 of which will
equal or exceed the run-up value calculated using Hy/3e Obviously a more
conservative approach should be used when dealing with hazardous wastes.
One approach is to use a correction factor which converts the Hy/3 to
H1/100 values khighest average wave generate& out of 100 waves). To make
the run-up correction, a coefficient of 1.67 is used (Rc = 1.67 R; where R,
is the corrected run-up value). The coefficient used to find R is based
on work by Lonquet-Higgins and Stewart (1964) and can also be found in

Kinsman (1965).

B-3



"4 * Ma» 'q“ h\l
- B I BN
o h ] ! oeritd iae !
B 1 { 1 YL AR N
T
+H- - : H ITH RS
4= 23 B e B 4-% 4~ -1 T 1]
1335 §2338 X T
= - 33 = H E .
311 111 1 { 11
p » P oo - {4 ERED
9 -{- » . -+
HHE shid e RE N i By AL A N pEun
IPZRE 1431 ¢ 44 . m
111 i3 1A~ 2
1413340 AHIEEREE | A1 -4
- 1111133 213|inen AT BB
shbpugpa 9 3317 344 BEN
s)jmen rapy M ap mm .
i 1 :,..&u;* " F
H 14 N

T

bt
|
+
Y

Y

"
1
3
1
-
4+
Pkt
R N

0.0

3
5%
S
1
1
)
T
:
-
>y
L
+
Y
-
-
¢
1
N
BE
-
:
[

B-4

JJ.

SAVILLE, 1956).

0>30;

s A THA ' N
mm ' ] H FHIRAEEEE AN S {H: HIEEHES
Q F13- ofeisas mijpsasps {11HE: =
- s - 1t Ha: A {1z
g phl hmaiimm 13+ Rs L1
wm ] M 11 - 1T
¢ T i 1] 4358 jageRaitiit|ft I
mu e HH {1855 131 L _ Jo-
* gisen 1 -
.M = ¥
K ] = ittt [ H -
H ‘ . 11 B
-4 B -~
N T 1-
4 Y- -
~ f 1] w, ! N =
H- : 1 ey ” 8
r_ 111111 { -
" 1 ! -

0
11
1931
14
M
ne o
pebtan

I
o
K]
et
+- -
1
e

——
o ld
|BEE!
ity
oy
o1
S —

==
-

!
i
B3 333, 3333
,w FEE I SRERER
: - Hisipeess HHH
. ol €4 Lt

L)
8.0
8.0
&

COMPARISON OF WAVE RUN-UP ON SMOOTH SLOPES (DATA

FOR d/H

* VALUES GREATER THAN 0.013 HAVE BEEN EXTRAPOLATED.

FIGURE B-1.



B.6 FREEBOARD ALLOWANCE

The minimum freeboard which should be observed is the sum of the
calculated values for set-up (S) and corrected wave run-up (R.), from ;he
preceding equations. Changes in liquid elevations due to the 100 year/24
hour storm surge are not included in this freeboard allowance calculation
(Figure 8-2).

Wave forecasting is not an exact science since it assumes ideal
conditions using monachromatic waves, and in some cases extrapolated values
for short fetches and shallow water depths, It may be advisable to include
a margin of safety (e.g. 25%) in the final freeboard allowance. If a
correction factor is used, it should apply to the sum of the correcfed run-

up (Rc) and set-up (S).

Example:
Given a SI his a maximum fetch of 300 feet, a liquid depth of 10 feet,

sidewall slopes of 3 horizontal to 1 vertical, and is located in an area

not subject to hurricanes, calculate the minimum freeboard requirement.

F = 300 feet
dn = 10 feet
STope = 3:1

U =75 mph (wind speed)
Firsc it is necessary to convert U and Ua into units of ft/sec.
75 miles 1 hour 5,280 ft

U= X X ® 110 ft/sec
hour 3,600 sec 1 mile

Ua = 0.589 (110 ft/sec)}-23 = 191 ft/sec
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B.6.1 WAVE HETGHT

Substituting given values into the wave hé%ght equation yields:

0.75
(32.16 ft/sec?) H _ 0.283 tanh |0.53( (32.16 ft/sec?)(10 ft) \\\
{191 ft/sec)? (191 ft/sec)® //
(32.16 ft/sec?)(300 ft) -3
0.00565 ©
(191 ft/sec)®
tanh '
2
tanh | 0.53 (32.16 ft/sec¢)(10 ft)
' (191 ft/sec)®
H =0.92 ft

B.6.2 WAVE PERIOD

Solving the wave period equation gives:

0.37
(32.16 ft/sec?) T 7.54 tanh |0.833 <Eiz.1s ft/sec?)(10 ft) 375
(191 ft/sec) (191 ft/sec)®

.33
(32.16 ft/sec?)(300 ;;qo 3

0.0379 “
(191 ft/sec)? _J
tanh ' J
' 2 0.375
tanh | 0,833 /[ {32-16 ft/sect)(10 ft)
(191 ft/sec)?
T = 1.08 sec.
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B.6.3 WAVE SET-UP
Using the wave set-up équation solge-for S given the liquid has a
kinematic viscosity of 0.22 H2/sec a density of 53.06 1bs/ft3 and the
density of air is 0.075 1bs/ft3, ‘
//(32.16 ft/sec2)(53.06 1bs/ft39(0.22 ftZ/sec)\\0'33

Ug = 21.0
° (0.075 1bs/ft3)
Up = 359 ft/sec
S _ (33 x 10-6)(191 ft/sec)? , 208 x 1074 (191 ft/sec - 359 ft/sec)? y

(300 ft) (32.16 ft/sec?)(10 ft) (32.16 ft/secl)(10 ft)

10 ft \ 0-5

300 ft
S = 1.11 ft

B.6.4 WAVE RUN-UP
To calculate wave run-up, use the following procedure:
Find the deep water wave length

Ly = 5.12 ft/sec? T2

(5.12 ft/secz)(1.08 sec)2

5.97 ft

n

Find the ratio of dm/L, = 10 ft/5.97 ft = 1.68
Since the ratio of dm/Ly > 1.0, there is no need to correct the H value
derived earlier (H§ = 0.92 ft).
Find Hy/Lo and HY/qT?
Hy/Lg = 0.92 ft/5.97 ft = 0.15
Hy/9T2 = 0.92 ft/(32.16 ft/sec?)(1.08 sec)? = 0.025



From Figure B-1 find R/Hj using H(',/gT2 for-a 1:3 slope.
R/Hy = 0.75 '
R = 0,75 (0.92 ft) = 0.69 ft

Solve for the corrected run-up value:

R. = 1.67 (0.69 ft) = 1.15 ft

B.6.5 FREEBOAxY ALLOWANCE
Using the preceding ca1cu1ations,©find the freeboard allowance (f).

f

1.25 (R¢ * S)
1.25 (1.15 ft .+ 1.11 ft)

n

2.83 ft’

1]

For this impoundment, 2.83 feet represents the minimum amount of freeboard

which should be maintained.
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C.1 INTRODUCTION

The primary purpose of this study was to investigate the use of tie
water balance method to quantify seepage from surface impoundments. Water
balance parameters tnat were examined included surface inflow and outfiow,
precipitation, evaporaticn, change in storage, and seepage. A field study
was conducted using selected methods and instruments. A discussion of what
is known about surface impoundment: nd what would be gained by conducting
water balances on these facilities follows.

A recent study by the EPA (1983) determined that there were over
180,000 surface impoundments in the United States. These impoundments are
used to treat, store, and dispose industrial, municipal., agricultural,
mining, and oil production wastes. Approximately 28,000 of the impound-
ments contained industrial wastes such as those covered under EPA hazardous
waste regulations.

Over 50 percent of the industrial impoundments are locatec over un-
saturated zones that are either very thin or very permeable. This would
provide very little potential for attenuating hazardou: waste constituents
before these pollutants reach groundwater. Over 80 percent of tie indus-
trial impoundments are located over thick and very permeable aquifers.:
This would allow rapid movement of contaminant plumes once these pollutants
reach groundwater. Over 40 percent of the industrial sites are located in
areas with thin or permeable unsaturated zones and overlie high flow rate
aquifers containing water that is currently in use or of high quality.
Only two percent of the sites are located more than one miie from high
quality grcundwater. Finally, only seven percent of the sites are Jlocated
in hydrogeologic settings that provide a high degree of groundwater protec-
tion (EPA, 1983). Only 30 percent of the industrial sites are lined.

Groundwater contamination has already been documented at hundreds of
the 28,000 industrial surface impoundments. Over 30 percent of these
documented cases of contamination are from impoundments associated with the
jndustrial category of "Chemical and Allied Products”. The cause of
groundwater contamination in the vast majority of cases (86.3 percent) was
listed as seepage or liner failure (EPA, 1983). Ffor the failed sites that
were lined, the primary reason for fajlure was loss of liner integrity.

Contamination was detected most often (45 percent) by the discovery of
adversely affected water supplies. About 30 percent of the cases were
detected by monitoring wells, but many of the impoundments had monitoring
wells installed only after seepage was noted. In less than five percent of
the cases, a watcr balance was used to detact seepage prior to obvious
groundwater contamination. It is highly probable that had a water balance
been maintained on the other surface impoundments, excessive seepage would
have been detected before groundwater contamination had occurred.

Water balances have long been used to quantify leakage trom large

lakes and drinking water reservoirs. The degree of sophistication used to
determine the water balance of a body ot water can vary from extremely
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simple to extremely complex (Mather, 1978). HWnhile the most complex methods
may require highly skilled personnel, the simplest methods may be extremely
inaccurate. The approach taken in this water balance study was to aim for
the highest level of accuracy possiblie using metnods that could be rou-
tinely used by unskilled personnel.

Conclusions and recommendations derived from the water balance study
are given in Sections (.2 and (.3, respectively. Materials and methods are
presented in Section C.4, and Section C.5 offers interpretations of the
data. '

° C.2 CONCLUSIONS

There is a need for a method to quantify seepage from surface impound-
ments. Such a method should be easy to operate, accurate in field condi-
tions, and sensitive enough to detect small rates of seepage. In addition,
the method should both be relatively inexpensive and generate unambiguous
data to facilitate its interpretation by the user and regulatory communi-
ties. The water balance method described in this report can satisfy all of
the above objectives.

When performing a water balance to quantify seepage from a surface
impoundment, the primary concerns are accuracy and sensitivity. There
should be a high degree of accuracy in the measurement of the individual
parameters. The water balance should also sense the smallest practical
rate seepage in order to serve as an early warning of impending groundwater
contamination. In most cases, the one water balance parameter that cannot
be measured is seepage. The water balance equation is, therefore, used to
solve for this unknown parameter. The sensitivity and level of accuracy
for the measurements of the other water balance parameters will determine
the magnitude of seepage that can be detected. Methods and instruments used °
to perform the water balance will define the sensitivity and accuracy of
the system. .

Two of the methods that can be used to solve the water balance equa-
tion are calculating volume changes and calculating level changes. By
calculating volume of the impoundment and monitoring all volumetric inputs
and outputs, it is possible to define volumetric seepage. This procedure
has neither the accuracy nor sensitivity necessary because it uses calcula-
tions based on an impoundment vclume equation which can introduce large
errors. Therefore, in most situations, this approach should not be used.
The second method is based on using a level recorder to directly measure
level changes to within 1l mm. Both short term and continuous inputs and
outputs can be documented extremely accurately as water level changes.
This procedure eliminates many of the sources of error inherent in the
volumetric water balance calculaticns. The iargest source of error in
calculating 'evel changes results from the need to distinguish between
seepage and evaporation losses. Since baoth are output parametars which are
not short-term events, the accuracy with which evaporation is measured will
define what rate of seepage can be detected. Therefore, the method used to
monitor evaporation losses becomes the largest remaining source of error.
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Many methods :xist ftor wmonitoring evaporation losses tron surtace
impoundments. Thes: range from extremely complicated energy budget metnods
to the simple evaporation pan method. It is generally teit that the more
complicated methods offer a higher degree of accuracy and *hat accuracy is
compromised by using the simplest approach. The intensity with which
evaporation must be monitored for an energy budget method and the skill
level necessary to use the required instruments renders the method too
complex for routine use. In contrast, the use of evaporation pans requires
Tittle skill and the devices can readily be used for routine monitoring.
Many types of evaporation pans are available and each has advantages and
disadvantages. Generally, evaporation from pans that are buried and con-
tain larger volumes of water will more accurately approximate the evapor-
ation from the impoundment.

Relating the evaporation rate of the pan to that of the impoundment is

the most critical step in the water balance method. Correlation of the

,evaporation values is done by means of a pan coefficient. Pan coefficients

vary depending on the type and size of pan used. The value of pan coeffi-

cients are usually based on annual data and caution should be used when
evaluating evaporation for a shorter period of time.

It appears that the level monitoring method is the most accurate and
most sensitive method for this type of study as long as the following
conditions exist:

1} The level recording device is as accurate as possible and
has a sensitivity of 1 mm.

2) Inputs and outputs are short-term events of known duration.
'3) The.pan coefficient used is based on annual data.

If these conditions are met, the water level of an impoundment can be
monitored with the degree of accuracy necessary to quantify very low seep-
age rates.

C.3 RECCMMENDATIONS

A standard method should be estzblished for the routine monitoring of
the water balance in hazardous waste surface impoundments. During this
study, a method was developed that can adequately monitor the water balance
of most surface impoundment configurations. The level menitoring method
can be a very accurate and easy to use technique which is capable of
quantifying small seepage rates. Two areas where uncertainty exists in-
clude 1) the correlation of evaporation values between the pan and impound-
ment and 2) the accuracy of volume calculations in a water balance equa-
tion. Further research should be conducted to:

1) establish evaporation pan coefficients as they apply to
various wastes over long time periods;
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2) derive volume formulas within known error values;

3) determine the limitations ot the level method in areas where
freezing temperatures and solid precipitatiocn are prevalent;

4) develop a system of monitoring for solids accumulation; and
5) reevaluate this method when used for clay lined impoundment.

Additional research is needed to develop long term data on several
actual impoundments using the level monitoring method of evaluating water
balances. This would provide the EPA with the information necessary to
establish quidelines for future surface impoundment monitoring plans. If
the level monitoring water balance technique is required, consideration
should be given to requiring a detailed documentation of impoundment dimen-
sions following the completion of impoundment construction.” This would
allow a more accurate calculation of storage capacity for the impoundment
and, consequently, the seepage value calculated would be more accurate.

C.4 MATERIALS AND METHODS

This section presents information about how the monitoring system for
the water balance system was set up. Special equipment needed to conduct
the study, such as the PVYC pier, are discussed. A discussion of-the
operation of the instruments is included along with their associated error
term and/or sensitivity setting. Also presented is the schedule used to
monitor the system and alternatives to this schedule which might be con-
sidered. °

C.4.1 Sfte Description

Research for this project was conducted on the campus of the Southwest
Research Institute which is located on the southwest side of San Antonio,
Texas. The site is characterized by gently rolling terrain and native
vegetation. Climatic conditions for the area are summarized in Table C-1
which lists normal values for temperature, precipitation, and relative
numidity from National Weather Service records for the period, 1941-1970.

The impoundment where the study was conducted is lined with high
density polyethylene plastic and measures 61 x 61 m (200 x 200 feet) and is
approximately 2.1 m (7 feet) deep {Figure C-1). It is situated on the side
of a gently sloping hill with three sides. constructed from elevated berms.
Extending from the bottom of the impoundment is a discharge pipe to which
an in-line flow meter was connected (Figure C-2) This type of flow meter
should be positioned to ensure continuous, non-turbulent, full pipe flow.
This was accomplished by raising the pipe that extended past the meter to a.
height which would maintain a constant nead sufficient to ensure full pipe
flow.

c-4



8-J

Table C-1. National Weather Service Climatic Normals for San Antonio, Texas
for the Period from 1941 to 1970.

Temperature Wind Speed Relative Humidity* Precipi-

Month Min Max  Ave  Dir Fast Mile' 00 ~ 6 12 I8 tation
Jan 39.8 61.6 9.2 N 35 76 81 60 53 1.66
Feb 43.4 65.6 5.9 NE 35 75 80 57 83 2.06
Mar 49.1 72.5 10.6 SE 35 72 719 583 47 1.54
Apr 58.8 80.3 10.6 SE 39 77 83 57 %2 2.54
May 65.7 86.2 10.2 SE 40 81 88 56 51 1.07
Jun 12.0 92.4 10.1 St 35 80 88 S6 51 2.719
Jul 73.8 95.6 9.2 St 48 75 87 S1 45 1.69
Aug 73.4 §5.9 8.6 SE 35 74 86 51 46 2.41
Sep 68.6 89.8 8.5 SE 42 78 86 55 52 3.71
Oct 59.2 81.8 8.5 N 31 77 84 53 53 2.84
Nov 48.2 71.1 8.9 N 32 76 81 55 56 1.77
Dec . 41.8 64.6 8.7 N 30 . 76 80 57 57 1.46
Year . 57.8

79.8 9.4 SE 48 76 84 55 82 27.54

t Fastest sustained wind speed for one minﬁte.
* 24-hour time.
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On the eastern side of the impoundment, a PYC pier was constructed to
support the level recording device (Figure C-3). PVC was selected because
of its resistance to corrosion and the light weight construction offered
iby four-inch schedule 40) without sacrificing strength, Attached to the
pier is a stilling well constructed trom {10-inch inside diameter) PVC pipe
(Figure C-4). The stilling well was mounted to the pier so that the upper
1ip was flush with the pier deck and the lower lip was several inches from
the bottom of the impoundment. A baffle was installed in the lower portion
of the stilling well. The baffie consisted of a 10-inch diameter plexi-
glass plate with a 1/4 inch hole in the center to which a flexible hose was
connected. "The plexiglass plate was mounted in position at the bottom of
the stilling we!l and sealed by silicone caulk with the 1/4 inch flexible
hose extending from the center hole. The hose was then coiled and placed
on the bottom of the impoundment where it acted as a damping chamber to
eliminate the effects of wind and wave action.

On the northern side, a monitoring station was constructed consisting
of two evaporation pans with level recording devices, a precipitation
gauge, and a data logger (Figure C-5). Both «f the evaporation pans were
buried in the ground with four inches of “freeboard” exposed. Each pan was
tnen filled with water to the point that the water level was equal to the
ground Tevel. A stilling well was placed in both evaporation pans to
improve the accuracy of the float recorder by removing unnecessary movement
caused by wind and wave action. Each pan was covered by wire screen (2-
inch mesh) to prevent access to the water surface by wildlife and to reduce
the amount of debris that mignt blow into the pan. The level recorder for
each evaporation pan was mounted on four-inch channel iron which was then
placed across the edge of the pan. By placing the iron bar on the edge of
the pan, errors that might result from settling of the pan or bar can be
avoided (Figure C-6). :

Precipitation at the site is measured by a tilting bucket rain gauge
which is recessed in the ground so that the arifice of the gauge is flush
with the ground surface. A splash guard, consisting of plastic garden
edging, was placed around the orifice, The edging was pushed into the
ground so that approximately one inch remained exposed. It was arranged in
a spiral extending from the orifice outward to a distance of fourteen
inches with each successive spiral being an inch and a half from the
preceding spiral (Figure C-7). Grass was then planted between the spirals
to stabilize the soil and to help prevent splash-in during a rainfall
event. :

A fence, of two-inch mesh chicken wire, was constructed to enclase the
evaporation pans and rain gauge to prevent disturbance by wildlife. Qut-
side the fence, an instrument shelter was constructed to house the data
logger which was linked to the evaporation pan level recorders and the
precinitation gauge. By placing the data logger in the sheiter it was
possible to shade the unit as well as ground it, to reduce any interference
wnich might result from excessive heat or static electricity.
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C.4.2 Study Instruments

The thrust of this section is to design a standard system which can be
installed at any surface impoundment. A brief overview of each component
of tne system will be discussed as to how it tits into the system and why
it was selected. In choosing the various components, thc following cri-
teria were used; accuracy, ease of operation, compatibility within the
system, and cost. -

For the initial study, the on site parameters which must be measured
include precipitation, evaporation rates of the pan and the impoundment,’
and the values for the amount of waste added and discharged. For a more
complete understanding of the climatic conditions affecting the study site,
it will be necessary to measure and record several temperature-values such
as aijr temperature, and the temperatures of the waste in the impoundment
and in the evaporation pans.

To maintain complete records with the required level of accuracy, it
is necessary to use an automated system. The heart of this automated
system will be the recorder. Advantages offered by a recorder include
continuous monitoring, reduced maintenance, and removal of human errors or
bias associated with taking measurements.

Precipitation, as mentioned before, is a difficult parameter to mea-
sure accurately. The accuracy of the measured value will depend on the
type of gauge selected, the location of the gauge, and the type cf precipi-
tation measured. The type of gauge which should be used i3 a tipping
bucket gauge. This type of gauge offers an unlimited capacity with
accuracy and resolution values of 0.5 percent and 0.01 irnches, respec-
tively. By placing the gauge orifice at ground level, the recorded pre-~
cipitation rata should express the "true" precipitation rate. It will be
necessary to protect the gauge frem splash in by placing a splash guard
around the gauge. This type of system wil] be most effective if the
predominate form of precipitation is rainfall.

Evaporation measurements are c¢ritical in that any error in measurement
would have the tendency to mask or exaggerate the presence of a leak. The
proposed system would include an evaporation pan which should be as large
{and deep) as practical since the larger volume would be more representa-
tive of the impoundment. The pan should be buried near the impoundment
with only four inches of the rim expased above ground. By burying the
system, daily fluctuations in temperature should be more representative of
the impoundment. The evaporation rate should be measured by a float re-
corder which responds to small changes in the level of the waste. A float
system is preferred over other systems because a float gives a direct
measurement of the waste level regardless of the type of waste being con-
sidered. The accuracy of float systems varies widely but instruments are
available that are sensitive to changes ot less than 1 mm. Two level
gauges will be necessary, one for the impoundment and one for the
evaporation pan.



Waste addition and discharge values can accurately be measured by a
simple flow meter which records total flow.volume. The recorded value
should be very accurate provided the metering system functions properly.

In selecting each of the instruments a conscious effort was made to
select the best instrument based on accuracy, ease of operation, minimum
maintenance, and reasonable cost. Instruments were selected to measure
precipitation, waste inflow and outflow, and level changes of the impound-
ment and evaporation pan. The remainder of this section will deal with the
individual instruments selected stating their specifications and mode of
operations.

Waste inflow and outflow volumes are to be monitored by a Model MLFT-
SGH-1 Main Line Flanged Tube Meter (3-inch) produced by Badger Meter Inc.
of Milwaukee, Wisconsin. The tube is constructed of cast iron and is
partially lined with stainless steel. Moving parts of the unit are sealed
to prevent corrosion and are constructed from bronze, Graphitar, and high
density plastic. Flow values are recorded by a sealed six digit totalizer
which is accurate to within +2 percent of actual flow. Restrictions which
govern the use of this unit are: 1) that 10 pipe diameters, 76 cm (30
inches), of unobstructed straight piping be placed before and after the
tube meter to reduce turbulent flow; and 2) the pipe must be filled during
flow to ensure accuracy. :

For the initial study it was decided that two evaporation pans would
be needed; one to measure the evaporation of water and the other to measure
the evaporation rate of the waste., The evaporation pans will consist of
two galvanized circular stock tanks which measure 2.4 m (8 feet) in
diameter by 0.6 m (2 feet) deep. To record level changes of the two
evaporation pans, a Data Acquisition System (DAS) will be employed which is
produced by Leupold and Stevens, Inc. of Reaverton, Oregon. The DAS con-
sists of a Hydromark data logger, a hand-held data programmer, a two stand
alone pulse generators to measure level changes, as well as a tilting
bucket precipitation transmitter. Accuracy of the pulse generators is 1 mm
(0.003 foot) with a 1:1 gear ratio and a 7-iay chart capacity. Power for
the system will be provided by a 12 volt battery. Changes in the surface
level of the impoundment will be measured by Type F Water Level Recorder
which is also manufactured by LlLeupold and Stevens. The Type F Recorder
is a free standing instrument sensitive to a level! change of 1 mm (0.003
foot) with a 7-day chart capacity at a gear ratio of 1:1. Floats used on
all three recorders measure 20.3 cm (8 inches) in diameter and were
selected because of the increased sensitivity offered by the larger size.
In addition to the larger size it was necessary to sue filoats constructed
from stainless steel to eliminate any complications associated with corro-
sive waste. v

Precipitation will be recorded by Leupold and Stevens Tilting Bucket
transmitter which is connected to the DAS. The tilting bucket system is
accurate to 0.5 percent with a resolution 0.25 mm (0.01 inch) and has an
unlimited capacity.
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A1l of the above systems are designed to operate on DC voltage pro-
vided by a standard 12 volt battery, or.they are fr.e standing reguiring no
external power source. The overall system is designed to require main-
tenance only once every 7 days. Each component of the system is weather
proof which eliminates the need to provide an instrumcnt shelter.

€.4.3 Data Collection

Data were collected for a two-month period from mid-March to mid-May.
Ouring that time, the site was visited an average of once every seven days.
Each visit consisted of acgquiring data from three sources: the data acgquis-
ition system (DAS) which monitored level changes in the evaporation pans
and the precipitation gauge; the float recorder used to measure level
changes of the impoundment; and the in-line flow meter which recorded
discharge volume through the drain line. All data collected during the
study are presented in Section C-5.

The DAS is designed to accumulate and transmit data in an encoded
digital format. Input to the data logger was from the two pulse generators
and the tilting bucket rain gauge. The pulse generators were designed to
respond to a level change of 1 mm. When this threshold was exceeded 2
signal was sent to the data logger where it was recorded. It is possible
to either set the threshald of the data logger to an increment that is the
same as the pulse generator in which case every signal is recorded, or set
. the threshold at some higher 1imit that would require several signals from
the pulse generator before a value is recorded. Precipitation was measured
in increments of 0.25 mm (0.01 inch). During a rainfall event, each tip of
the rain gauge (0.25 mm) would send a fignal to the data logger where the
time of each pulse and a running total of the amount of precipitation would
be recorded.

Information once stored can be obtained by interrogating the data
loggar by means of the hand-held programmer which presents the data one
event at a time or by connecting the data logger to a compatible printer
which will present a "hard” copy of the stored information. For this study
the data were obtained by using the hand-held programmer.

Level changes of the impoundment were recorded by a mechanical float
_recorder which operates by means of a float pulley. The changes in water
level were recorded by a pen which traversed the chart at a given Speed as
the float pulley rotated the drum chart. This type of system allows losses
and gains in water volume to be recorded as well as the time that the event
occurred. :

Although th.s system was monitored once every seven days it would have
been possible to monitor the instrument less frequently. The longest time
frame that the impoundment float recorder can operate autonomously is
Timited by the maximum chart capacity of 32 days. The cther instruments
generally have the capacity to operate autonomously for greater than the
32-day period.



One limiting factor present in both the pulse generators and the
impoundment tloat recorder 1is that of adequate float cable. These instru-
ments operate by a float pulley which is driven by looping a cible around a
pulley which is in turn connected to a tioat and counter weight. The cable
used to nperate the system must be sufficiently long to allow for the
change in water level expected. For example, if the impoundment level is
to be lowered by one meter (3.3 tfeet) there must be 3 minimum of one meter
of free cable between the counter weignt and the float pulley to accom-
modate the level change. -

C.5 DATA INTERPRETATION

As previously described, tne parameters measured included pan
avaporation (in duplicate), impoundment level fluctuations, precipitation,
and impoundment discharge. Meteorological observations (e.q., temperature,
wind, and relative humidity) were obtained from the local San Antonio
office of the National Weather Service. Data for the test period are
presented in Table C-2.

€.5.1 (Climatic Conditions

The c¢limate during the study was typical of early spring in this
region, characterized by periodic passage of maritime polar air masses on a
three to four day cycle. Thus, a look at the record of temperature, wind,
and relative humidity shows the expected wide fluctuations. Such changes
in turn greatly affect the evaporative loss nf water, as can be seen by
comparing pan evaporation over time with a graph of temperature variacions
during the same period (Figure C-38).

Alternating between polar and tropical air masses influences
evaporative losses in a number of ways. As just mentioned, air
temperatures brought about by advection of air masses influenced the
evaporative demand by altering the saturation vapor pressure of the air
(i.e., the concentration of water vapor that can potentially be supported).
These differences are slightly counteracted by the much lower vapor
pressure usually associated with the polar air masses compared to humid
tropical air. When evaporative demand was high Jdue to waru to hot
‘temperatures in the tropical air, the associated winds were relatively
light. Since the rate of water vapor transported away from a surface also
controls evaporative losses, light winds that limit advection and turbulent
mixing decrease the evaporation losses, Topographic effects that are
manifested by chianges in wind direction may also have significant effects,
as will be discussed later.

C.5.2 Evaporation
Since precipitation was only slignht during the study, comparisons of

pan versus impoundment evaporation can be arrived at quite easily. Graphs
of evaporation for both pans (averadgec; and the impoundment are shown in

c-17



Tcble C-2. Meteorological Data from the National Weather Service, |
San Antonio, TX, for the Study Period.

Tesperature {°F) Mind Speed {(mph} Relative Humidity (1)
Veak Fast
Qate Mia Max Ave Ave  Gust Ofr Mtle v 1] 6 12 18
March U 40 'Y s9 1.9 b4 L 16 % 713 6 28
21 43 18 8 10.7 4 SE 18 63 73 a7 1.
22 6 18 61 13.0 26 SE Fal] o7 81 4y 55
b3 ] 62 83 66 10.3 r{3 [] b1 ] 81 84 51 14
24 43 T8 n 8.1 F4% ] k¥ BV 3 a
2s 43 80 43 9.8 pd SE \7 4 713 3 W
2 02 8» 62 8.0 16 St 12 6 18 <1 W
27 64 96 74 15.7 W NW 10 81 W7 12 14
P4 47 o] V] 19.3 3y L] n 37 st 21 18
3 ht:) . 59 $.8 16 L] 13 3 62 2 A
p¥) 3 2 ss 1l.8 3\ € 16 37 s2 3 B
k) 56 b, ] 63 6.6 14 SE 12 17 90 S7 S0
Aprtl |} L3 12 64 11.9 P&} SE 18 B4 83 o5 59
2 53 84 89 9.4 0 NN 16 84 90 S5 4
3 46 43 (1 11.1 2% 1] 18 61 3 16 12
4 SQ 76 63 11.0 30 N 17 7 a4 2
S 40 13 7 4.8 13 b 13 41 65 31 26
[ 47 bz (] 10.4 U SE 16 49 69 S9 68
? 62 73 (5] 10.5 22 St 16 8 84 71 84
8 54 84 69 10.1 rat W F3\ 87 15 3
9. 43 91 70 9.0 2 SE 15 48 14 23 20
10 54 88 n 10.0 29 SE 20 1 N7 iz 19
11 S2 88 70 7.7 17 S 14 6 6§89 22 2w
12 S4 a2 10 8.7 r) X 20 S1 7 3t A
13 s1 89 10 7.2 16 S 10 42 4 19 1
1¢ 52 81 67 13.9 26 Ny 21 76 24 15 1S
15 44 Ts 63 12.9 29 NW 22 3 3 2z
16 113 19 63 10.9 29 NW 21 L 16 13
17 4] 86 64 1.5 19 S 15 Yy 49 16 12
18 49 92 n 7.2 20 M 12 45 66 17 W
1y s? 9y 14 8.1 rall S 14
20 70 94 b2 12.9 b} $ 17
F3% 6b b,V 19 12.8 W wd 18
22 59 ¥l v 4.8 29 L} 18
24 S 8BS 0 1.6 23 P} 14
2¢ S5 90 73 12.8 35 S 2V
2S S4 - 74 (1] 12.% n St 17
26 10 96 8l 10.7 S S 14
27 58 8y 4 13.1 31 N 21
24 66 87 17 8.3 20 SE 13
29 ] 93 81 13.9 i NW 21
30 59 18 69 12.1 26 L] 17
My 60 '} 13 8.4 Fa ¥ SE 1S
2 70 88 19 8.2 21 SE 13
3 69 95 82 11.7 B} L] 18
4 69 100 82 10.9 JS S 1?7
S 13 100 87 12.7 29 S 17
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Figures C-9 and C-10. Air mass effects are readily apparent and result in
wide diurnal fluctuations. Thus, data should be expressed on a weekly or
monthly basis to damp out these air mass effects and indicate broader
trends. However, the daily data do allow a more detailed comparison of the
pan versus impoundment evaporation rates.

The data are in agreement in that measurement of evaporation in both
the pans and the impoundment changed at nearly the same time in response to
changes in evaporative demand. The slight lags in the evaporation rate of
the impoundment during periods of rapid heating (e.g., days 8 and 9, and
days 15 and 16) are expocted due to the larger heat storage capacity of
the impoundment. In the early part of the study, the evaporation rate of
the pan was less than or approximately equal to the evaporation rate of the
impoundment. This is the expected relationship. What happened later in
the study, was not expected. OCuring the last three weeks of the study the
evaporation rate of the impoundment exceeded that of the evaporation pans.
The reason for this is that the level in the impoundment was several feet
{approximately 5 feet) below the berm. At that point, the water in the
impoundment was less than Q.6 meters (2 feet) deep. This low level coupled
with the heat absorption capacity of the black liner allowed the water
temperature to fluctuate more quickly. This resulted in more rapid in-
creases and decreases in the evaporation rate of the impoundment.

During the'course of the study, the level of water in the evaporation
pans was allowed to drop. At no time during the study was any water added
to replace that which was 1ost due to evaporation. The reasoning behind
this was to mimic the low water level present in the impoundment. It is
felt, however, that the lower water level in the evaporation pan set up a
saturated air layer over the pan which reduced the evaporation rate dispro-
portionally to that of the impoundment.

The pan coefficient for this study was 1.09. This value represents
the average chtained over the 45-day period. It is felt that this value is
too high and the actual value should lie between 0.90 and 1.00. Daily
valuaes for pan coefficients varied from 0.25 and 3.50 {Table C-3) while
extremes for weekly pan coefficients vary from 0.80 to 119 (Table C-4 and
Figure C-11). Variability of the daily and weekly pan coefficients differ
in the magnitude of the range covered and it is felt that the longer the
data are collected, the more accurate the pan coefficient will be.

C.5.3 Calculations and Error

In acquiring data, there is always an associated error due to the
manner in which the data are collected or because of the inherent in-
accuracy in the instruments used. The following discussion will present
each term of the water balance equation and the associated error. Also
included is an examination of several of the terms which can be disregarded
in some situations.

The basic water balance equation for evaluating seepage consists of
seven components and is written as:

c-20
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‘Table C-3. Daily Evaporation Data for B-di‘h_ Evapbration Pans and the Impound-

ment*
Pan 1 Pan 2 Ky K2 [mpoundment

Date Day (mm) (mm) (mm)
Mar 21 1 8 7 = .56 .71 5.0
22 2 3 4 1.00 .75 3.0
23 3 5 S .90 .90 4.5
24 4 5 4 1.30 1.63 6.5
25 5 6 6 1.08 1.08 6.5
26 6 3 3 .33 .33 1.0
27 7 10 9 .60 .67 6.0
28 8 7 8 1.57 1.38 11.0
29 9 5 4 .90 1.13 4.5
30 10 7 7 1.00 1.00 7.0
31 11 2 2 1.50 1.50 3.0
Apr 1 12 3 3 1.33 1.33 4.0
2 13 2 <2 1.00 1.00 2.C

3 14 9 8 .89 1.00 8.0

4 15 6 7 1.42 1.21 8.5

5 16 4 4 2.13 2.13 8.5

6 17 3 3 1.33 1.33 4.0

7 - 18 1 1 3.50 3.50 3.5

8 19 4 3 .25 .33 1.0

9 20 7 7 .57 .57 4.0
10 21 8 7 .88 1.00 7.0
11 22 s 6 1.50 1.25 7.5
12 23 6 6 1.17 1.17 7.0
13 24 4 4 1.25. 1.25 5.0
14 25 10 9 1.00 1.11 10.0
15 26 7 8 1.21 1.06 8.5
16 27 6 6 1.25 1.25 7.5
17 28 6 6 1.08 1.08 6.5
18 29 3 3 1.50 1.50 4.5
19 30 5 5 .80 .80 4.0
20 31 6 6 1.17 | 1.17 7.0
21 32 9 10 1.11 1.00 10.0
22 33 6 6 1.G8 1.08 6.5
23 34 6 7 1.17 1.00 7.0
24 35 8 6 1.13 1.50 9.0
25 36 2 2 1.50 1.50 3.0
26 37 5 S .90 .90 4.5
27 38 7 7 1.14 1.14 8.0
28 39 3 3 1.33 1.33 4.0
29 40 6 6 1.08 1.08 6.5
30 41 6 6 1.33 1.33 8.0
May 1 42 3 3 1.33 1.33 4.0
2 43 2 2 .75 .75 1.5

3 44 7 7 1.07 1.07 7.5

4 4s 7 7 1.29 1.29 9.0

* Pan coefficients (K) are given which relate the pan values to the im~

poundment values. c-23



Table C-4. Weekly Evanoration Data for Both- Evaporation Pans and the

Impoundment *
Week Pan 1 (mm) Pan 2 (mm) Ky K Impoundment (mm)
1 40 38 .80 .84 32
2 35 ’ 34 1.13  1.16 39.5
3 33 32 1.08 1l.11 35.5
4 44 45 .95 .93 42
5 43 43 1.12  1.12 48
6 32 32 1.19 1.19 38

Total 227 224 1.04 1.05 235

* pan coefficients (K) are given which relate the pan values to the im-
poundment valve.
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PAN COEFFICIENT (K)

1.207

1.104
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FIGURE C-Il. WEEKLY PAN COEFFICIENTS FOR THE

STUDY PERIOD FROM MARCH 2I- MAY
5. THE AVERAGE K VALUE FOR THIS
PERIOD IS [.09.
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Oy = Ig + Iy 41y =0g=0p- S

- where:
Q, = underground outputs or seepage
I¢ = surface inputs or run-on and waste received
ID = precipitation intercepted by the impoundment
[, = underground inputs -
0; = surface outputs or discharges
0, = evaporation losses
g = change in storage

Each component has an associated error term (n). It is necessary to define
the limits of each error term as either a percent error or as a level of
resolution or sensitivity.

Since 0, {underground output) represents the unknown parameter, the
equation is solved in terms of the six known parameters. The sum of the
error factors associated with the known parameters will equal the error
factor for Ou'

In most cases underground input (I,) will not be a factor since most
surface impoundments are above the water table and, in situations where the
impoundment might be in contact with the water table, the hydraulic head of
impoundment would usually prevent water inflow. In this study, I, is
assumed to be zero and there would, therefore, be no associated error germ
for I,. .

The accuracy of measurements made of precipitation intercepted by the
impoundment (Ip) is dependent on both the size of the impoundment and the
accuracy of. the rain gauge. For this study, a tilting bucket rain gauge
with an accuracy of 0.5 percent was used. In addition to the error term
associated with the instrument chosen, there is an error associated with
the positioning of the rain gauge. By placing the rain gauge in a pit with
its orifice at ground level, the expected error value due to placement was
limited to to 1.5 percent (Bleasdale, 1958). Therefore, the total expected
error value associated with measuring rainfall in this study is 2 percent.

Surface inputs (Is) may be in the form of surface run-on or input of
waste. In the case of surface run-on the magnitude of the resulting error
will depend on the intensity and duration of the run-on event. Since, in
most cases, run-on events are not metered, the magnitude of the resulting
error is unknown. Ideally it is best to eliminate all possibility of
surface run-on. If this is accomplished, the associated error value tor
run-on will be zero. When liquid is added to the impoundment, it should be
directed through a metering d2vice. During this study, a in-line flow
meter was used which is accurate to :2 percent.

Surface output (O.) is very similar to surface ‘nput in the sense that

unmetered surface output should not occur. I[f unmetered output were to
occur, the amount is likely not to be known. Consequently, the error value
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would also be unknown, 1f no surface output occurs, then there would be no
associated error term. In this study, discharge of liquid was measured by
the same meter that measured surface input, therefore, the error value of
*2 percent also applies to the Og term,

Output due to evaporation (0p) in most situatiuns is the hardest of
the parameters to measure and usually has the largest associated error
term. Evaporation during this study was measured hy a float recorder which
is sensitive to a level change of 1 mm. This degree of level measurement
sensitivity yields an error of less than oné percent. The main source of
error in evaporation measurement, therefore, will result from using evapor-
ation pans to estimate the evaporation rate of impoundments. This error
term will vary from site to site and depend on the type of pan used., In
addition, evaporation error will depend on whether it is calculated on the
hasis of daily, weekly, monthly, or yearly average evaporation data. The
pan used in the study is very similar to pans which have pan coefficients
of 0.92 to near unity (Brutsart, 1982), These values represent the conver-
sion factor used to calculate evaporation from large bodies of water. For
example, if the pan coefficient is 0.9 and 0.2 meter of water is lost from
the pan, 0.18 meters would be the expected loss from the impoundments.
Values for the pan coefficient obtained from this study vary from 0.25 to
3.5 on a daily basis to 0.80 to 1.19 on a weekly basis. The overall pan
coefficient for the study was 1.09. This suggests that the longer the time
period used to calculate the pan coefficient, the more accurate the value
will be. It is felt that in this case 1.09 represents the upper-limit on
the pan coefficient. In most cases, the upper limit rarely exceeds unity
(1.00) when the coefficient represents an annual average. The lowest Timit
seen on a weekly basis was 0.08. When two weeks of data were averaged the
lowest value was 0.98. Consequently, a conservative estimate for the
lower limit can be established at 0.90. 1In this case, the maximum error
expected would be 10.0 percent.

Monitoring for changes in storage will be done in terms of changes in
water level. The level change will be recorded by a level gauge which is
sensitive to 1 mm. This means that the recorded value is always within
1 mm of the actual level of the impoundment. Therefore, the error term
will be a constant which equals 1 mm.

By pulling all of these terms together the total error value can be
calculated. The total calculated error value may change depending on
events which occur during the observation period. For example, if no
precipitation occurs, then the error value due to precipitation is zero.
The water balance equaiton can now be stated as:

Oy = (Is *n) + (I #n) + (Iy #n) - (Og #n) - (0 #n) - ( S +n) The
value of n either represents the value of the paramter multiplied by the
percent error for that parameter or is given as a constant error. Where a
percent error is used, the magnitude of error will depend on the magnitude
of the parameter being measured, Once a value for each parameter has oeen
established and an error value determined for each, these factors are added
to express the total error range for the underground output. If there is a
decrease in storage that significantly exceeds the summation of the error

c-27



terms, then there is a quantifiable volume of seepage. If the decrease in
storage does not exceed the total error, then the leakage rate is too small
to quantify by this method.

There are two ways to approach the water balance problem. One is to
account for all the water in terms of volume. To do this every cubic meter
in and every cubic meter out plus every cubic meter in storage is calcu-
lated. The second approach would be to mepresent a voiume in terms of the
water level.

The second approach of monitoring level changes was adopted for this
study. This method has the advantage of eliminating error associated with
calculating volume changes using the volume formula. An additional advan-
tage is that the level recorders (with floats in stilling wells) can mea-
sure level to within 1 mm of the actual level. The main disadvantage is
that the level recorders cannot distinguish between sources of outputs or
inputs. For example, surface output (discharge) and evaporation are both
losses and both are registered as a drop in level. It is possible to
eliminate this problem if one recognizes the following:

1) evaporation is a long term event; and

2) surface output is normally a shcrt term event which occurs
over a known time period.

In a similar sense, increases in level due to precipitation and surface
input can be measured since they are associated with known short term
events.

In using the level monitoring method for calculating the water
balance, it was necessary to establish a base line water depth in the
impoundment., This value was measured to be 1.030 meters. Cumulative
values for the water balance parameters measured during the study period
are as follows:

I =0 | B}
I) = 0.0185 m :

19 = 0

05 = 0.4300

0> = 0.2255

§ - -0.6775 m

The water balance equation with these values inserted is:

Oy =0+ (0.0185 m +n) + 0 - (0.4300 m +n) - (0.2255 m +n) - (-0.6755 m #n)

u

The error value of 1 mm is the error term used in this calculation for I,
0., and S. This is because each of these parameters is measured by a
ffoat recorder which is sensitive to changes in level equal to 1 mm. The
error term for 0e will includc the 1 mm value and the error value asso-
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ciated with converting the evaporation value of the evaporation pan to that
of the impoundment. The conversion factor (K) established for this study
was 1.09. It would be premature to define the error value associated with
the pan coefficient. This is because the study period was too short to
establish a reasonable average pan coefficient. For the sake of completing
the calculation, an error value of +10 percent will be assumed. (This
value should be reduced significantly with the collection of longer term
data.) Using that error, the pan coefficient will lie between 0.90 and
1.10, with the observed value of 1.09 Tying near the upper limit of the
error term. The n value for 0, will be (0.2255 m) 0.10 + 0.001 m. There-
fore, n for Oe will equal 0.0235. Putting these values into the water
balance equation gives: .

0

"

y = (0.0185 + 0.0010 m) - (0.4300 m + 0.0010 m) . (0.2255 m + 0,0235 m) -

(-0.6755 m + 0.0010 m)

o
"

0.0385 m + 0.0265 m

From these data, a leak is suggested which may be as large as 0.0650 m or
as small as Q.0120 m. Additional data would be needed to substantiate this
finding by statistical analysis.
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0.1 INTRODUCTION

As discussed in Section 4.0, liquid level control consists of a four
phase system, with level detesztion consisting of the primary and measuring
elements in the sequence. The following sections discuss veri-as types of
level detection systems and offer information on their operation, the
advantages and disadvantages of these systems, and such specifications as
accuracy and generalized price. A quick reference to the types of systems
discussed is provided in Table D-1.

In most of the following sections, information concerning the type of
electrical output is absent. This is because the type of output signal for
most liquid level sensors consists of a 4 to 20 mA signal, where the lower
power setting represents the off signal and the higher power setting
represents the on signal. This type of output is standard within the
industry and is easily adaptable to most types of electrical controlling
systems. In situations where a different output signal is required,
engineei'ing changes are possible to allow the level sensing device to
interface with the level controlling elements. Therefore, the type of
output signal gmitted by the liquid detection devices should be adaptable
to the system selected.

D.2 CAPACITANCE PROBES

Principle of Operation

Tnis type of system operates on the ability of the unit to measure the
ratio of a2 stored electrical charge for a given potential difference
between two terminals separated by an insulator with a known dielectric
constant. Typically, the probe forms one terminal or plate, and the
sidewall of a metal pipe of stilling well forms the other. As a
microelectric current is passed through the system, changes in the
capacitance are measured as a function of the differences in the dielectric
constants (K), which register a signal proportional to the length of the
probe covered by the vapor phase (Kl) and the liquid phase (KZL

Considerations for sizing a probe include the diameter of the pipe or
stilling weli, the dielectric constant of the liquid, and special coating
used on the probe, if any. To use a capacitance probe in an impoundment,
it will be necessary to mount the probe in a conductive shield which will
serve the same function as the sidewall of a tank.

Capacitance probes have the ability to continuously measure liquid
level and provide an analog output af 4-20 mA. They are equally capable of
operating point relays to be used as high level or low level indicators.
These point relays could be engineered to activate secondary liquid 1eve1
control systems such as pumps, valves, or alarms.
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Table D-1.

Liquid Level Detection Systems.

Svsteom

Capacitance

Conductivity

Oiephragm

Ditterential
Pressure

Disptacers

Ficats

impedance
Probe

Laval Gauge

Intrared

Sensors

Resistant
Tapes

Thermat
Sensors

Uttrasoric

Application

Non-corrosive wastes;
corrsilive w/mod

Non=corrosive,
conductive mat'is

Non—corroslve and
cor=nslve wastes

Non—corrosive and
corroslve w/mod

Non—corrosive wastes,
corrosive w/mod,
non—coating wastes

Non=corrosive and
corrosive waste v/
mod

Non-éorroslvo. coat-
lng wastes, corros-
Ive w/mod

Non-corrosl|ve and
corroslve wastes

Mon-corrosive, non-
coating and some
corrosive wastes

Non-corrosive and

corrosive wastas

Non—corroslve, non-
coating llquids

Non-corrosive and
corrosive

Principie of
Operation

Measurement of stored
electrical charge

Completion of circuit
through the liquld

Messurement of pres-
sure increase due to
{iquid heed

Messurement of pres—
sure difference be~
tween llquid dottom
and afmospheric

Measurement of force
ot displaced tloat,
converted to depth

Float remains in con-
tact w/lliquid surface
to messure fluctuation

Seme as capacltance
w/ shielding to over-~
coms coating attects

Basically visual leovel
monitoring and record-
ing from gauge

Detectfon ot refiected
or refracted light

Contact of two elements

due to pressure of
rising llquid

Detect tamperature be-
tween prode and lliquid
or vapor

Reflectlion ot uitra-
sonic beam to llquid
surtace ’

Advantagus

Fall sate operation,
o33y operation

Easy finstallation,
{nexpensive

Olaphragm does not
contact liquig,
unattected by minor
surtace agitation

Sensor does not
contact vaste

Used for contlnuous
level monltoring,
can detect Intertace

Contlinuous levei mon-
itortng, inexpensive

Not as atfected by
coating wastes, no
moving parts

Plrect level measure-
mont, lnexpensive

Yery sens!tive, safe
in flammadle |lquidgs

Continuous level mon-
itoring, not usualliy
attected by coatings

Continuous level mon-
itoring, accuracy

Does notf contact
fiquid, continuous
level monitoring

Limitations

Based on liquid dlai-
ectric constant,
attected by coet’'ng

Primarily point ievel
only, requires con-
ductive llquids

Poor sensitivity to
small level change,
based on llquid
density

Based on 1iquid
dens ity

Must be calibrated
for eech |liquid,
based on density

Constant contact w/
waste, afttecred by
surtace agitation

Dependent on dlelec~
tric constant, rela-
tively expensive

Requires technlcian,
difticult to incor-
porate into second-
ary controls

Fouied by coating,
expensive, dDasically
point level sensing

Density sensitive

Density sensitive,
altscted by coating

Inaccuraclies due to
surtface turdulence
or toam




Advantages and Disadvantages

Advantages i1nclude ease ot installation and operation, versatility, a
relatively inexpensive price, and availability. They may be coated with
materials which are resistant to nostile environments, and are engineered
to function safely near explosive or ignitible materials.

Disadvantages include the probe's dependence on the dielectric
constants of the waste. The dielectrit constant is different for most
wastes and is sensitive to changes in temperature. The chanyging
dielectric constant in impoundments which receive wastes that vary sligihtly
in composition and consistency will compromise the accuracy of the probe.
The pxobe is also subject to error due to coating, which may cause a false
signal., ’

Range of Operation

Capacitance probes can be engineered to virtually any length for
continuous liquid level measurement. Also available are high level and low
level probes which sense critical liquid levels and have the capability to
activate secondary level control systems. Normally, capacitance probes are
designed to operate in storage tanks, but they can be modified for
operation in open environments. Protective coatings are available for
probes wnich will come in contact with corrosive or "sticky” materials.

o

Specifications

Costs: $250 - $450 for high level or low level switches
$350 - $700 (and up) for continuous level probes; cost in-
creases as the length of the probe increases; special c¢oatings
would be an additional cost

Accuracy: up to :}Z
References: Bailey, 1976
Liptak and Venczel, 1982

Reason, 1984
Siegwarth, 1981

D.3 CONDUCTIVITY PROBES

Principle of Operation

Conductivity probes work on the princiole of passing an electrical
current through a conductive material, The probe(s) is situated at a
critical point above a liquid and "actively monitors" the absence of a
conductive 1iquid by maintaining an open ¢circuit., When the level of the
liquid comes in contact with the probe, the circuit is closed, thus
causing a relay to activate a secondary 'evel control system.
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Advantages and Disadvantages

Conductivity probes have no moving parts and are extremely easy to
install and operate. They operate on simple electrical current and require
no encoding of an cutput signal. Typically, they are among the most
inexpensive level detection system available.

Conductivity probes have limited use in liquids which are highly
conductive, They are also influenced by the wave action and presence of
tfoam on top of the liquid. Inherent difficulties arise by passing an
electrical current through a liquid whizh is ignitible or explosive.
Electrolytical corrosion and build-up of material on the probe are
possible, and will cause the probe to fail.

Range of Operation

Conductivity prcbes are incapable of continuous level measurement, but
are commonly used as high or low level indicators. The probes are limited
in their use in highly -conductive liquids or bulk materials.

Specifications

Cost: typically under $400
Accuracy: approximately :_1/8 inch for on-off actuation
References: Belsterling, 1981
Hall, 1978
Liptak and VYenczel, 1982
Scott, 1972
0.4 DIAPHRAGM DETECTORS

Principle of Operation

Diaphragm detectors operate on the simple principle of detecting the
pressure exerted on a sensitive membrane. The pressure sensitive switch is
usually mounted on the top of a riser pipe wnich extends into the liquid to
be monitored. The riser pipe is sealed at the top by the pressure switch
and is open at the other end, wnhich is submersed in the liquid. As the
liquid level rises, the air isolated in the riser pipe is compressed. The
increased air pressure is recorded as a rositive level change. As the
liquid level drops, the air pressure in the riser pipe is reduced, which
results in a decreased reading by the pressure switch.

Advantages and Diﬁadvantages

Tne advantages of diaphragm devices include low cost and ease of
operation. They are adaptable to use with many types of liquids, including
corrosive wastes, since the diaphragm does not come in contact with the
material. Reports by industry indicate these types of switches are
reliable.
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Disadvantages include poor sensitivity to small level changes, which
limits the accuracy of these-devices. Since the actuating mechanism is
dependent on pressure, and since pressure is a tunction ot the density ot
the liquid, variations in liquid composition may lead to error in level
calculations. Additionally, temperature variations may be csufficient to
alter liquid density, which could affect the accuracy of the instrument.

Range of Operation

-

Diaphragm devices provide continuous level monitoring with the
capability of sensing high and low criticai levels. Continuous level
monitoring is virtually unlimited. Some devices are limited to riser pipes
which do nofexceed 50 feet and are designed for use in atmospheric tanks.
Electronic sensors operate over ranges of 0 to L5 meters and pressures of
0 to 300 psig {gauge pressure in pounds/inch<). :

Specifications

Costs: $100 to $500 for mechanical diaphragm devices, $750 to $1500
for electronic devices

Accuracy: Poor; + 1-€ inches for mechanical; + 0.3% full scale tor
electronic devices

References: Hall, 1978
Lawford, 1981

Liptak and Yenczel, 1982
Cheremisinoff, 1981

D.S5 OIFFERENTIAL PRESSURE DETECTORS

Principle of Operation

)

Liquid level detection by differential pressure is an indirect methad
based upon measurement of the difference in pressure between the bottom of
the liquid column and atmospheric pressure. Simply, two pressures can be
sensed, one atmospheric and one at the bottom of the liquid column, and the
difference taken. Knowing the density of the liquid, the depth can then be
found. In practical applications, it is common to use a single pressure
ditference sensor to ensure the intrinsic balance of the static pressure
levels. This arrangement wili eliminate the inherent inaccuracies and
problems associated with two independent pressure sensors.

Several types of differential pressure devices are available,
including dry force balance and dry motion talance designs and manometers.
Most devices employ a flexible diaphragm, bellows, liquid column or other
insulating mechanism between the high and low pressure sides. As the level
of the liquid increases, pressure on the high side of the sensor increases
and movement of the insulator occurs in response to the pressure increase.
Insulator movement is mechanically or electronically interpreted as
pressure change, and the differential is calculated and c¢onverted to liquid
level. The signal may also be used to trigger controlling devices and
alarms. ‘
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Advantages and Disadvantages

Advantages ot the differential pressure device include its
adaptability to a wide range of wastes and situations, as well as easy
calibration and operation and ability for continuous level mcnitoring. The
mechanism is generally sealed and does not come in direct contact with the
waste. It is also unaffected by material conductivity, foam and minor
surface agitation,

Disadvantages include its dependence upon the density of the liquid.
The unit must be recalibrated for each new waste according to the density
of the waste. Furthermore, the system is typically not app11cab1e for
detection of a liquid-liquid interface.

Range of QOperation

Differential pressure devices are used for continuous level monitoring
of a wide variety of wastes. The devices are not, however, recommended for
corrosive or hard to handle wastes. The system is applicable for storage
and disposal impoundments containing non-corrosive wastes.

Specifications

Costs: moderate to high; $200 and up for local indicators, $600 and
up for transmitters

Accuracy: up to + 1/2%, dependent upon the system and the depth of
liquid -

References: Duncan, 1979
Lawford, 1970
Lawford, 1981
Liptak and Venczel, 1982

D.6 DISPLACERS

Principle of Operation

Displacer level detectors operate on the Archimedes' principle, which
states that an object, when partially or completely submerged, will
displace a volume of liquid whose weight is equal to the buoyant force
exerted on the object. If the object (displacer) is connected to a weignt
sensitive device, any change in the displacers weight due to contact with a
liquid can be detected. Depending on the shape and density of the
displacer and the density of the liquid, specific measurements for either a
continuous or a high/low level can be made.

For continuous level measurements, an elcngate displacer (torque tube)
with a known weight and shape is used. As the displacer is submerged, the
weignt of the displacer is reduced and the liquid level can be calculated
proportional to the submerged depth.
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High/low level measurements can be made using a flattened dJdisc shaped
displacer which registers a buoyant force when it comes in contact with a
liquid surtface. This type of displacer will detect discrete level changes
as well as registering boundaries between layers which nave different
densities. When operated with a pulley system this type of displacer can
be Towered to the liquid surface at regular intervals to take measurements
and then be retracted.

Advantages and Disadvantages

The main advantage of this type of system (disc displacer) is its
ability to detect varying layers of different densities.

Disadvantages include the need to carefully calibrate the displacer to
the situation. This calibration is dependent on the density of the liquid,
therefore, a varijation in density will result in error when measuring the
liquid level. Also, since the displacer has a known critical weight, any-
thing which would change this weight, such as coating it with a viscous
material, will alter the displacer's accuracy.

Range of Operation

Torque tube displacers can operate up to ranges of ten feet. Disc
displacers are virtually unlimited in the range they can measure,
Displacers can be designed to operate in open or closed environments.

Specifications

Costs: $500 - $1,500 depending on engineering specifications.
Accuracy: + 1/22
References: Bailey, 1976
Hall, 1978
Liptak and Venczel, 1982
Young et al., 1975
D.7 FLOATS

Principle of Operation

The operation of float actuated level detection devices is based upon
the movement of a float with the rise and fall of the liquid level it is in
contact with. The flioat movement is translated by various means into a
number of control actions. Float devices are traditionally applied to
liquid surface detection, but can be modified tor liquid-liquid interface
detection. Many float actuated designs are available and most operate
using a buoyant sphere or disk.

Float and lever designs employ a float which is attached to a lever
arm or mechanism. When the fioat moves up or down, the level arm activates
a controlling element or output device. This type of device is generally
fixed and is used as a point-level indicator.
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Chain and tape level monitoring devices consist ot a tloat connected
with a2 flexible tape or chain to an uptake reel or wheel. The reel is
connected to a level recording or detection mechanism. The tloat remains
in constant contact with the liquid surface, thus enabling the level
recorder to give continuous level monitoring as opposed to point-level
detection. Tne float may also travel along vertical guide wires. Switches
can be Jocated at desired elevations along the guide wires to trigger pumps
or valves as well as alarms or other warning devices and for the purpose of

volume control.

Advantages and Disadvantages

Advantages of the float level devices include simple and easy opera-
tion and adaptability to many situations. They can be relatively
inexpensive, and measure the liquid level directly. '

Disadvantages include constant contact with the liquid, which limits
its apolicability with corrosive wastes. Floats are also affected more by
waves or surface turbulence than some other methods unless stilling wells
are used.

Range of Operation

Float level devices may be used for point-level or continuous level
detection and monitoring. They are generally used for tracking the liquid
surface but can be modified for monitoring a liquid-liquid interface. They
can also be constructed of materials suitable for use in hostile
environments.

Specifications

Cost:xéénera11y low to moderate; $200 and up

Accuracy: in the range of 12, with greater accuracy in the more
expensive systems

References: Cheremisinoff, 1981
Liptak and Venczel, 1982
Sandford, 1978
Scott, 1972

D.8 IMPEDANCE PROBES

Principle ot Operation

Impedance probes operate on the same principle as the capacitance
lavel detection systems. Capacitance probes, unlike impedance probes,
incur problems with wastes which are sticky and tend to build up. To
overcome problems caused by waste build up, impedance probes employ a
capacitance orobe which is surrounded by, and insulated from, a secondary
probe. The secondary probe is in turn insulated from the liquid (Figure D-
1). In the capacitance probe, build up from the liquid completes the
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FIGURE D-l1. IMPEDANCE PROBE.
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cfrcuit between the probe and containment wall by a low resistance patn
through the waste, Since a.low resistance path results in a "positive”
reading, waste build up will cause a normal -capacitance probe to fail.

The impedance probe was designed to "short circuit” the low resistance
path caused by waste building up. The low resistance path is isolated trom
the capacitance probe by passing an electrical current through the
secondary probe. The integrity of the capacitive path is then preserved,
allowing the probe to function normally regardless of waste build up. When
the liquid level rises and ccmes in contact with the probe, the capacitance
path is completed by the internal capacitance probe. This output can be
used to engage the system design (pump, alarm, etc.). Tne added features
of the impedance probe make it applicable to a wider range ofo wastes than
the standard capacitance probe. )

Advantages and Disadvantages

Advantages of the impedance probe include its ability to handle sticky
build up of wastes on the probe. The impedance probe also has the
advantage of no moving parts, therefore, it requires less maintenance than
mechanical systems.

Disadvantages of the impedance probe include its dependeace on the
knowledge of the dielectric constant and conductivity of the waste.
Changes in these waste characteristics wil] affect the accuracy of the
device. The thickness of the coating which may build up on the probe can

-also have an effect on the accuracy of the unit. Impedance probes are alsc
not well suited for non-conducting materials.

Range of Operation

. Impedance probes are well suited for sticky, conductive wastes which
tend to build up on the probe. The probe insulators can be designed to
withstand many corrosive wastes and are used for point-level and continuous
level monitoring. The prdbes are applicable in storage and disposal
impoundments containing corrosive and some non-corrosive wastes.

Specifications

Cost: generally high; $700 and up for tixed point-level units; $1100
and up for continuous level probes

Accufacy: dependent upon probe sensitivity and waste characteristics

Reterences: Liptak and Yenczel, 1982

D.9 LEVEL GAUGES

Principle of Operation

Yisual levei gauges have been used for many years and are an
inexpensive and reliable method of level indication. However, this method
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usually requires the efforts of a technician to correctly read and record
the liquid level and to recognize levels which require action. Visual
techniques include statf gauges from which the liquid level is read
directly. The staft gauge may be permanently set within the impoundment or
be a gauge which is placed in the liquid when a level reading is desired.
Another level gauge uses a tape and plumb bob to measure the depth trom
1iquid surface to a known elevation. A more sophisticated visual technique
is a magnetically coupled gauge in which a float travels along with the
Viquid surface. A magnet, attached to the flgcat, moves up and down a
guide, triggering a column of indicators which relate to liquid level. All
of these techniques are relatively inexpensive and easy to install and
operate, but lack the automation which is at times desired or required.

Advantages and Disadvantages

Level gauges are easy to operate, are usually inexpensive, require
very little maintenance, and many measure the liquid level directly. They
are also available for many corrosive wastes.

Disadvantages include the need for personnel to read the liquid level
and the lack of automation for full time level monitoring. Most of the
techniques are also not readily applicable to any form of secondary
function, such as triggeri- . ips or alarms. Due to these problems, it is
not recommended that thes:t _,p.es of level gauges be considered for use at
hazardous waste surface impoundments.

Range of Operation

Level gauges are applicable to storage ard disposal impoundments
cuntaining non-corrosive and some corrosive wastes. Continuous level
measurement is the general rule, but as previously mentioned, any level
measurement requires routine monitoring by on-site personnel.

Specifications

Cost: low to moderate; $100 and up dependent upon the system
Accuracy: dependent upon the system and personnel making measurement
References: Belsterling, 1981
Liptak and Venczel, 1982
Young et al., 1975
D.10 INFRARED SENSORS

Principle of Operation

Infrared sensors detect liquid level using the principle of refracted
lignt, as defined by Snell's law. Snell’s law defines the behavior of
light when it contacts a boundary between two substances when each
substance exhibits a diftferent index of refraction. When light passes from
one substance to the other, the light is refracted at a predictable angle
based on the indices of refraction of the twu substances.



This principle is used in intrared sensors where a light beam is
passed through a conical tipped conductor (quartz crystal) in whichn the
conical tip is designed to retlect the light to a4 phototransistor within
the conductor (Figure D-2). As long as the conductor is in contact with
air or vapor, the light beam is reflected within the crystal. However,
when the conical tip comes in contact with a liquid, the lirht is refracted
at the crystal tace into the liquid, thereby preventing internal reflection
which would normally be received by the phototransistor. When the light
beam is interrupted, the phototransistor will emit a signal. This signal
can be used to activate a secondary level control device.

Advantages and Disadvantages

Infrared sensors are very sensitive. They will also function in
virtually any type of liquid, and are sate for use in explosive or flamable
environments.

Disadvantaqes include fouling of the system by coatings which may
collect on the tip of- thne conductor causing a false reading. Infrared
sensors are also relatively expensive and ire not considered to be very
durable. .

Range of Operation

When mounted in a fixed position, these devices are limited to
high/low level sensing, but can be adapted to a movable level gauge for
continuous level detection. Infrared sensors will operate in various types
of liquids regardless of color, viscosity, density, dielectrics, or
conductivity. °

Specifications

Costs: $450 - $600 .
Accuracy: very good with sensitivities of +lmm

References: Cheremisinoff, 1981
Liptak and Venczel, 1987

D.11 RESISTANCE TAPES

frinciple of Operation

Resistance tapes have a helical resistance element wound in close
proximity to a contact strip. Both are protected by a flexible, corrosion
resistant sheath which acts as a pressure diaphragm (Figure D-3). The
unit operates by detecting hydraulic pressure which causes the two elements
(the nelical coil and the contact strip) to come into contact, As the
liquid Jevel cnanges, the increased hydraulic head compresses the
protective sheath, forcing the elements together. A pressure change of (.2
psi 1s required to activate the tape. When the two elements tcuch, that
portion of the tape shorts-out. The point of the short registers the
liquid level.
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Since a minimum pressure is required to activate the system, the upper
must contact between the elements is some distance below the actual liquid
surface. This distance is proportional to -the density ot the liquid, and
the tape must be calibrated accordingly.

Advantages and Disadvantages

Advantages include the absence of moving parts and ease of
installation and maintenance. Most applications are inexpensive and can be
installed in hostile environments. They require only a micro-electrical
current to operate and are safe to install in areas near explosive or
ignitible materials. Since pressure is required to activate the unit,
coating the tape will not result in fouling any contacts. Tapes can be
manufactured to virtually any length to continually monitor liquid level.

Disadvantages include the need to calibrate the tape to the density of
the liquid being measured and the need to maintain internal sheath pressure
at the same pressure as that of the external ‘environment.

Range of Operation

Resistance tapes can be manufactured to virtually any length up to 100
feet, and have the ability to measure levels of solids, slurries, and
numeroys liquids in clean and hostile environments. Some tapes also have
the capability of continuously monitoring temperature (-15° C to +82° C) in
addition to monitoring liquid level. Resistance tapes are suitable for use
in closed or atmospheric environments.

Specifications

Costs: dependent on length and level only or level/temperature
specifications; $450 - $1,300

Accuracy: resolution of +1/8 inch for compensating tapes
References: Cheremisinoff, 1981
Hall, 1978
Liptak and Venczel, 1982
D.12 THERMAL SENSORS

Principle of Operatiion

Thermal sensors operate by detecting temperature and thermal
conductivity differences between a liquid and vapor phase. The thermal
probe consists of a resistant heating element which is monitored for temp-
erature changes. As the probe is lowered into a liquid, the thermal
conductivity of the liquid "“cools" the probe by absarbing heat. When the
thermal sensor is exposed to a vapor phase, the heating element warms the
probe since the vapor's thermal conductivity is incapable of conducting a
significant amount of heat away from the sensor. The heating and cooling
‘ot the probe is detected by a temperature sensitive relay which is capable
of activating a secondary level control system.



Advantages and D‘sadvantages

Advantages include the ability to detect small changes in liquid
level, ease of operation, and no moving parts.

A major disadvantages is that thermal sensors can not be employed in
situations where .process liquids can coat the probe.

Range of QOperation -

Typically, thermal sensors are used for point-level! monitoring of
critical liquid levels in materials where the temperature characteristics
of the liquid do not vary widely. With the propei protective coating,
these types of sensors can be employed in virtually any situation.

Specifications

Cost: $200 to $750

Accuracy: +1/4 inén

References: Britz et al., 1982
Liptak and Venczel, 1982
Reason, 1984

D.13 ULTRASONIC DETECTORé

Principle of Operation

Ultrasonic level devices use sound waves, generally 20 kHz or above,
to detect the liquid surface.- An sscillating circuit within the device
transmits the ultrasonic waves. The ultrasonic waves will either be
dampened by the liquid or reflected off the liquid surface and used for the
determination of the 1liquid level. The unit may be positioned at a desired
level above the impoundment bottom for point-level detection. It may also
be mounted above the impoundment for continuous level detection and
monitoring. The unit is usually best situated for use with clean liquids,
and may be employed for the detection of liquid-liquid interface.

Several types of ultrasonic devices are available. Basically, the
units may be divided into dampened sensors, on-off transmitters and
echometer types. Campened sensors vibrate at their resonance frequency as
long as the sensor face is not in contact with the liquid. When the liquid
rises and comes in contact with the sensor, the vibration is dampened out
and the level control action is activated. On-off transmitters contain a
transmitter and receiver which generate and receive ultrasonic pulses. As
the pulse beam is interrupted with the rise of the .liquid, the level
control action is carried out. The echometer type level detector operates
using a burst of ultrasonic energy emitted by the unit. Tnhe sound waves
are reflected off the top of the liquid surface and the return echo is
detected by a receiver in the unit. The time required for sound waves to
travel from .transmitter to receiver is converted into liquid level based
upon the veiocity of sound.
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Advantages and Disadvantages

Advantages ot ultrasonic level detection devices include tne absence
of moving parts. The components of the device are sealed within the unit
and require much less maintenance than a mechanical system. Some ot the
ultrasonic devices (echo) are also capable of continuous level monitoring
without contacting the liquid. Also, ultrasonic Systems are not dependent
upon such properties of the liquid as density or specific gravity. The
systems are easy to install and maintain; and are generally accurate.

Disadvantages of the system include problems with build-up on those
units (dampened and on-off) which contact the liquid. This system should
be used with clean liquids. 17 the unit contacts a waste which is viscous
and accumulates on the probe, the .device may respond with an inaccurate
level reading. Units which do not contact the waste, such as the echometer
type, will not have this tendency. Ultrasonic units are also affected by
surface turbulence and foam.. Many of the units require special filters or
¢ircuits to prevent false readings from random noise.

Range of Operation

Ultrasonic level detectors are used for point-level and continuous
level monitoring of a wide variety of wastes., Those units which do not
contact the waste are not affected by waste characteristics. Those units
which do contact the waste are not recommended for corrosive wastes or
wastes which may coat the sensor. Generaliy, all types of ultrasonics are
applicable in storage and disposal impoundments containing corrosive or
non-corrosive wastes,

Specifications

Cost: moderate to high; $200 and up for point-level indicators;
$1800 and up for continuous indicators

Accuracy: up to +0.1%

References: Gillespie et al., 1982
Liptak and Yenczel, 1982
Reason, 1984
Smith and Nagel, 1985
Sublett, 1976
Yearous, 1979

D.14 OTHER METHODS OF LEVEL DETECTION

This section addresses level detection systems which are not easily
adaptabie for use at hazardous waste surface impoundments. These systems
are offered to illustrate th2 wide variety of other level detection systems
available.
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Antenna Level Sensors

These Jevel sensors employ an antenna which is placed vertically or
horizontally in the impoundment liquid. As the liquid rises and the
antenna is covered, the signal transmitted from the antenna changes due t¢
the changing dielectric constant in the transmitting medium {i.2., air to
liquid). The signal received from the antenna is then related to liquid
level depth.

Bubblers

Bubbler level monitoring devices use an air supply which is fed
through a tube to the bottom of the impoundment. A gauge measures the
pressure required to tforce air from the tube. Knowing the liquid density,
the recorded pressure can then be converted to liquid depth. The system
may be used for continuous level mon1tor1ng and may be operated manually or
automatically.

Microwave Level Detectors

Microwave level detectors use an oscillating source which emits
microwaves. These microwaves are then received by a detector. As the
liguid level rises, the microwaves are attenuated within the liquid. The
receiver determines liquid level from the microwave Tevels detected. These
systems are usually expensive and difficult to install, and are not
usually used for continuous level monitoring.

Optical Level Sensors

Optical level sensors use a beam of 1ight to detect liquid level. A
light source emits a beam of light, which is diffused into the liquid or
reflected off the liquid surface. A receiver then detects the presence of
liquid, and by judging the intensity of the light received determines the
depth to 1liquid surface. Several systems are available including
noncontact systems which may be used with corrosive wastes and those which
are placed within the liquid.

Radiation Level Sensors

Radiation level sensors use a radiation source to transmit gamma rays
which are received by a detector. Since the attenuation of gamma rays is
dependent upon the density of the medium, the 1liquid level can be
determined by the amount of radiation detected.

References: Barnik et al., 1978
Cheremisinoff, 1981
Gaeke and Smalley, 1975
Liptak and Venczel, 1982
Reason, 1984
Sandford, 1978
Williams, 1979
Yearous, 1979
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